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Abstract: Living organisms do not disregard the laws of thermodynamics and must therefore con-
sume energy for their survival. In this way, cellular energy exchanges, which aim above all at the
production of ATP, a fundamental molecule used by the cell for its metabolisms, favor the formation
of waste products that, if not properly disposed of, can contribute to cellular aging and damage.
Numerous genes have been linked to aging, with some favoring it (gerontogenes) and others blocking
it (longevity pathways). Animal model studies have shown that calorie restriction (CR) may promote
longevity pathways, but given the difficult application of CR in humans, research is investigating the
use of CR-mimetic substances capable of producing the same effect. These include some phytonutri-
ents such as oleuropein, hydroxytyrosol, epigallo-catechin-gallate, fisetin, quercetin, and curcumin
and minerals such as magnesium and selenium. Some of them also have senolytic effects, which
promote the apoptosis of defective cells that accumulate over the years (senescent cells) and disrupt
normal metabolism. In this article, we review the properties of these natural elements that can
promote a longer and healthier life.

Keywords: phytonutrients; epigallo-catechin-gallate; oleuropein; curcumin; fisetin; quercetin; selenium;
magnesium; senolytic; senescence

1. Introduction

Aging is largely defined as a time-dependent gradual and progressive decline in living
organisms’ cellular and organ functions, leading to increased susceptibility to chronic
diseases and death [1]. Senescent cells are implicated in a number of biological functions,
from embryogenesis to aging. Significantly, an excessive accumulation of senescent cells is
associated with a decline in regenerative capacity and chronic inflammation. Mitochondria
have been increasingly identified as the pivotal players in the aging process. Mitochondrial
dysfunction, characterized by a reduced oxidative capacity and a consequent increase in ox-
idative damage, is believed to contribute decisively and significantly to biological aging [2].
Mitochondria are the only cell organelles known to have their own DNA (mitochondrial
DNA, or mtDNA) that is distinct from nuclear DNA (nDNA). They are double-membrane
organelles present inside our cells, which contain the enzymes of Krebs cycle oxidative
phosphorylation and are involved in the biosynthesis of fatty acids. Their main function
is to produce energy through a metabolic process called oxidative phosphorylation (OX-
PHOS). This process occurs in the inner membrane of the mitochondria via a series of redox
reactions performed by the four respiratory chain enzyme complexes [3,4]. Each mitochon-
drion is tailor-made to provide the needs of the cell in which it resides. Indeed, there are
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several mitochondria with specialized metabolic functions for many of the 250 different
types of cells in our bodies [3]. A multitude of experimental studies consider the aging
process to be the result of damage to cellular biomolecules due to the excessive production
of highly toxic reactive oxygen species (ROS) [5]. Since mitochondria are the main produc-
ers of ROS in the cell, the mitochondrial theory of aging has been developed according to
which mitochondria, with age, accumulate damage induced by excessive levels of ROS
and become poorly functional or non-functional. Mitochondria are the primary source of
energy in cells, and their damage has been involved in the aging process. This, over time,
leads to cellular dysfunction responsible for aging and inevitable cell death. In the field of
the prevention of mitochondrial damage, there is still much to understand [6].

Physical exercise can have a beneficial effect in counteracting mitochondrial dysfunc-
tion and favoring the biogenesis of new mitochondria [7]. Due to this action, physical
exercise can be considered a non-pharmacological tool in the prevention and therapy of
pathological conditions that are typical in older adults, such as cardiovascular or metabolic
diseases [8,9]. As for nutrition, a dietary pattern rich in antioxidants, such as the Mediter-
ranean diet, is known to have a protective effect on mitochondria, interacting with their
dynamics [10]. In the last few years, the discovery of natural products that affect mitochon-
drial function has become an interesting field of research in the development of innovative
drugs. Some pharmacologically active substances called senolytics, including both natural
(e.g., quercetin and fisetin) and artificial substances (e.g., dasatinib, have been approved
for clinical use in the United States since 2006), can stimulate apoptosis in senescent cells
(SC), and have shown potential in blocking and reversing conditions associated with the el-
derly [11]. This review analyzes some phytochemicals and minerals involved in antioxidant
and senolytic effects: oleuropein, quercetin, epigallo-catechin-gallate, fisetin, curcumin,
selenium, and magnesium.

2. Physiological Decline and Physiology of Aging

All organisms use metabolic processes to take advantage of energy in a very efficient
way, but there is also a need to counteract the increase in entropy, which manifests as
waste products and dissipative forces. This can induce chemical/physical damage in
the cell [12]. Progressively, however, the entropy of an open system increases locally,
and cells age, with significant alterations in their physiology. The transport of metabolic
energy in biological processes takes place along hierarchical network systems that have
evolved with competitive feedback mechanisms [13,14]. These networks must be able to
reach any part of the body in order to provide nourishment for cells, mitochondria, and
respiratory complexes and allow intracellular functions. Despite the efficiency of these
systems, metabolic reactions continuously cause damage in order to take place, which
ultimately has the most serious, rooted, and significant consequences at the cellular and
intracellular levels and more specifically where the exchanges of nutrients and energy take
place: at the level of blood capillaries and mitochondria, whose properties are not related
to the size of the organism [15].These networks occupy the entire physical space and must
reach the mitochondria in every area of the body, so the damage is distributed consistently
and continually throughout the body. This explains why aging is spatially homogeneous
and uniform and the declines in functions such as the maximum respiratory capacity, vital
capacity, renal plasma flow, and glomerular filtration rate, all related to mitochondrial
function and health, are clearly evident in aging [12].

3. Mitochondria and Metabolic Energy

At the biochemical level, metabolic energy is produced in semi-autonomous molecular
units called respiratory complexes. The molecule that plays a central role in metabolism is
ATP. It contains the stored metabolic energy in the form of a high-energy phosphate bond.
This metabolic energy, which is released and made available by the breaking of this bond,
ultimately allows every vital function of the cell to be carried out, including cellular damage
repair. Only under proper energy conditions can life processes be maintained [16,17].
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The mitochondrial production of ATP is based on the work of the four complexes
(I–IV) of the electron transport chain, which gradually transfer electrons until oxygen is
reduced to form water. The respiratory complexes that generate ATP are placed on rip-
pled membranes inside the mitochondria, tiny organelles floating inside the cells. Each
mitochondrion has five hundred to a thousand respiratory complexes, and each cell has
between five hundred and a thousand mitochondria, depending on the type of cell and its
energy needs. All cells convert energy in a similar way, through the hierarchy of respira-
tory complexes and mitochondria. Respiratory complexes are the critical elements of the
network, and the optimal functioning of mitochondria occurs if the respiratory complexes
act in a coordinated manner to provide energy to the cell [16,18]. Mitochondria are not only
important for cellular bioenergetics but have recently been shown to be key regulators of
stress responses and cell death [19]. These organelles, being responsible for various genetic
diseases due to hereditary mutations of mitochondrial DNA (mtDNA), also playing key
roles in the processes of inflammation, aging, carcinogenesis, and neurodegeneration and
have attracted more interest in recent years in the field of biomedicine [20]. The regulatory
role of mitochondria in intracellular metabolism is a potential and obvious link with senes-
cence. Interestingly, in a screening for factors that could overcome senescence, it was found
that the overexpression of the glycolytic enzyme cytosolic phosphoglycerate mutase was
sufficient to bypass RAS-induced senescence [21]. Therefore, the balance between anaerobic
cytosolic glycolysis and mitochondrial metabolism would seem to be an important modifier
of whether a given senescent trigger induces stunting. Similarly, the direct inhibition of
mitochondrial function, for example, by treating cells with rotenone or antimycin electron
transport inhibitors, has been shown to be sufficient to cause senescence [22,23].

These observations place mitochondria both as effectors of downstream senescence
and as potential initiators of upstream senescence. Interestingly, in the study in which
electron transport inhibitors were able to induce senescence, it was also observed that a
wide range of mitochondrial perturbations could trigger senescent cell arrest.

4. Gerontogenes

The term “gerontogene” is used to refer to a genetic element that influences the
lifespan of an organism by influencing the speed and/or onset of aging [24]. The story of
the discovery of the genetic pathways of longevity (longevity pathways) began in 1988,
when it was discovered, in the United States, that a worm, Caenorhabditis elegans, can live
65% longer if the gene “AGE-1” is eliminated from its DNA [25]. Seven years later, it was
found that silencing another gene in a yeast model achieves the opposite effect, namely the
shortening of lifespan. SIRT was the first gene of longevity to be discovered. Since 1988,
about twenty gerontogenes and longevity genes have been identified in different species.
Gerontogenes and longevity genes can also be found in mammals. It is hypothesized that,
in humans, there are one hundred gerontogenes [26] P66 is a gerontogene that plays an
important role in mitochondria. The p66 protein acts in the mitochondria, where it accepts
electrons and binds them to oxygen molecules to produce hydrogen peroxide (H2O2) [27].
Gerontogenes such as P66 are the consequence of selection in the course of biological
evolution in order to increase fat reserves and support cellular life in hostile environments
with a scarcity of resources and low temperatures [28]. In 1999, it was discovered that the
suppression of the P66 gene in mice extends the lifespan by 30% [29]. Animal KO models
for the P66 gene are not only more long-lived but are also leaner and resistant to obesity.
Furthermore, p66 influences energy metabolism, insulin sensitivity, and adipogenesis [30].

Finally, with the deletion of P66 in mice, there is also a reduction in tumors that can be
explained by a lower production of adipokines, molecules produced by adipose tissues that
can drive tumor growth [31–33]. Mice without P66 that are transferred to a stable in Siberia
do not survive the cold temperatures, while those expressing p66 survive [34]. Ultimately,
p66 is capable of increasing cellular resistance in hostile environments and leads damaged
cells to apoptosis, a mechanism that ultimately allows the replacement of eliminated cells
by stem cells. However, the pool of stem cells and the possibility that they will differ and
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replace the removed cells decrease with aging. The number of stem cells also decreases as a
result of the arrest of the multiplication process of these cells because during each division
telomeres, which have a protective function for the DNA, are shortened. When telomeres
become too short, the cell can no longer divide and falls into a state of senescence. This
leads to an increase in inflammation and an increased risk of tumors related to aging. This
is linked to cellular DNA damage and reduced repair mechanisms. This is also due to the
fact that p66 within the mitochondria helps to transform oxygen into hydrogen peroxide.
H2O2 can cause reactions that lead to the formation of a hydroxyl radical, which is harmful
to proteins and DNA [35,36].

Additionally, the enzyme superoxide dismutase (SOD) converts two molecules of
superoxide—the product of reducing molecular oxygen with an electron—into one molecule
of oxygen and one molecule of H2O2. The superoxide radical is known to be the most dan-
gerous because it interacts with transition metals and H2O2. This leads to the production
of hydroxyl, the most oxidizing radical found in nature, which is very aggressive towards
protein structures and DNA [37,38].

Basically, SOD makes sure that superoxide and hydrogen peroxide are not present at
the same time, thus producing an important antioxidant defense. However, H2O2 is also
used for physiological processes by the cell, and in some cases its mitochondrial production
acts as a messenger of the redox state [39], but it can also originate from NADPH oxidase
and monoamine oxidase [40]. If the excess is not neutralized, it causes oxidative stress [41].

NADPH oxidase (NAO) is an enzyme, discovered by B. Babior, found on the outer
membranes of macrophages and leukocytes. NAO produces superoxide and therefore
other ROS, representing a defensive mechanism against bacteria or their components and
constituting an important element of the innate immune response. NAO characterizes
virtually all cells. The hydrogen peroxide produced by superoxide dismutation, catalyzed
by SOD, plays a role in signal transduction pathways, similar to that produced in mi-
tochondria [42,43]. Alongside P66, genes encoding peroxiredoxins (Prxs) have recently
emerged as gerontogens linking aging to genome stability and nutrient-sensitive signaling.
Prx deficiency causes accelerated aging in yeasts, worms, flies, and rodents [44–47]. Prxs
act as scavengers of H2O2 and organic hydroperoxide and are catalytically inactivated
during the aging process due to a modification caused by hydrogen peroxide itself [48].
The presence of gerontogenes explains the interaction between aging and the genome
through the mechanisms of biological evolution. These genes are very active during an
abundance of macronutrients and help to increase cellular metabolic activity to obtain as
much energy as possible and store it as a caloric reserve in adipose tissue. The evolutionary
purpose is twofold: to have an energy surplus available for reproduction and to accumulate
energy in adipose tissues to ensure a reserve that can become indispensable in the case of
starvation [49]. Humans had always dealt with periods with the availability of food and
long periods of famine and fasting. The life of modern man has changed a lot, and we
no longer live in primitive habitats. On the contrary, today we live in ecological niches
with the continuous availability of food, but genes continue to be set to obtain as much
energy as possible within the perspective of a potential paucity of nutrients. This behavior
implies a shortening of life, resulting from the fact that the overproduction of energy in
the cells takes place at the level of the mitochondria to obtain the primary source as ATP,
but this process has a cost in terms of oxidative stress and cellular damage [50–54]. At the
physiological level ROS act as redox messengers, while excesses damage cells [55]. ROS
can play several physiological roles (i.e., cell signaling) and are normally generated as
by-products of oxygen metabolism; despite this, environmental stressors (i.e., UV, ionizing
radiations, pollutants, and heavy metals) and xenobiotics (i.e., antiblastic drugs) contribute
to greatly increase ROS production, thereby causing the imbalance that leads to cell and
tissue damage (oxidative stress). The idea that free radicals can cause aging dates back
to the theory formulated by Denham Harman in the 1950s. However, the theory was
wrong in the light of new knowledge [51]. Free radicals are not necessarily harmful and
are rather useful for regulating mitochondrial respiration and the cellular response to
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danger [56]. In fact, free radicals, rather than attacking DNA and proteins randomly, are
able to activate or deactivate certain key signaling proteins (including the mTOR protein,
which regulates cell growth), which in turn regulate the activity of hundreds of genes and
proteins. Consequently, we now know why high doses of antioxidants can eventually
also produce harm and not just benefits [55,57], and oxidative damage is only one type
of injury associated with aging [58]. In addition, programmed cell death (apoptosis), a
process that is governed by mitochondria, is initiated by an increased release of free radicals
from these organelles. Therefore, the production of some free radicals leads to apoptosis,
which eliminates the cellular debris of old and dysfunctional cells. However, aged and
dysfunctional mitochondria can block apoptosis, preventing this vital process, which is
essential for cell renewal, and promoting the formation of senescent cells [59]. Harman’s
theory needs to be revised into a new version that instead highlights the fact that the
lifespan varies in almost all species in relation to the release of free radicals. The faster
the escape of free radicals from the mitochondria to the cell, the shorter the lifespan. In
general, the rate at which free radicals (FR) disperse depends on the metabolic rate, namely
the rate at which cells consume oxygen [60,61]. If the escape of free radicals is fast from
leaky mitochondria, degenerative diseases develop prematurely, while if it is slow, they
occur later or do not emerge. It is common knowledge that lifespan reduction is inversely
proportional to the cellular metabolic rate. The metabolic rate also decreases as the mass
of an animal grows, so the damage per cell is reduced, with the result that larger animals
live longer [62,63]. However, it is known that reducing the amount of food (i.e., eating less)
is able to lower the cellular metabolic rate and FR release, thus potentially increasing the
lifespan. Nevertheless, calorie restriction (CR) is still a controversial strategy to improve
health. CR can both reduce inflammation and induce side effects such as body composition
impairment, increased sensitivity to cold, reduced muscle strength, menstrual irregularities,
infertility, the loss of libido, osteoporosis, slower wound healing, food obsession, irritability,
and depression [64]. CR is supposed to exert its effects, at least in part, through metabolic
pathways controlled by gerontogenes and longevity assurance genes [65]. If an animal
is fed 30–40% less calories, it lives longer: 30% longer in mice and up to 200% longer in
flies and spiders. Calorie restriction in animals not only increases the lifespan but also
reduces diseases typical of aging, such as cancer and cardiovascular and neurodegenerative
diseases [66]. A 30-year study showed how CR increases the lifespan by 30% in monkeys,
halving the incidence of aging diseases such as cancers, cardiovascular diseases, diabetes,
etc. [67,68]. It is believed that the effects of calorie restriction also apply to humans, but a
30% reduction in calories per lifetime in humans is difficult to achieve in normal socializing,
where compared to laboratory experiments, there is no possibility of dosing food accurately,
along with the risk of inducing malnutrition [69,70].

5. Calorie Restriction Mimetics and Senescence

Geroprotectors (GPs) are a set of substances that counteract aging, and they include
antioxidants, hormones, immunomodulators, mimetics of caloric restriction, adaptogens,
and others. GPs can have an outcome on aging similar to CR [71]. Thus, it is possible to
have the benefits of CR without the drawbacks or dangers. Therefore, an easier way to take
advantage of CR is the consumption of vegetables containing molecules that stimulate the
same metabolic and molecular signaling pathways activated by CR, so called CR mimetics.
These substances can be found naturally in several foods, such as red onions, capers, apples,
extra-virgin olive oil, green tea, and others [72].

This strategy can lead to (1) the inhibition of gerontogenes and the activation of
longevity genes, (2) the slowing of cellular aging through the activation of cellular stress
response mechanisms, (3) a decline in cellular aging through the activation of molecular
pathways and enzymes involved in age-related diseases such as type 2 diabetes and neu-
rodegenerative and cardiovascular diseases, and (4) an improvement in mitochondrial
function (Figure 1) [73–75]. Furthermore, aging is linked to an increase in the number of
senescent cells (SCs). SCs are characterized by an irreversible replication arrest, resistance
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to apoptosis, and the frequent acquisition of a proinflammatory secretory phenotype as-
sociated with tissue senescence (SASP). SCs accumulate in different tissues with aging
and characterize many chronic diseases and pathologic conditions. SASP may contribute
to inflammation related to senescence, metabolic dysregulation, stem cell dysfunction,
aging phenotypes, chronic diseases, geriatric syndromes, sarcopenia, fragility, and a loss
of strength. SCs interfere with the normal metabolism and functioning of cells. Slowing
the accumulation of senescent cells or reducing their presence is associated with the delay,
prevention, or attenuation of multiple conditions associated with senescence [76,77]. Sub-
stances that clear SCs are called senolytics, and their benefits are under investigation [78].
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Figure 1. Mechanisms by which CR mimetics restrain the induction and propagation of cellular
senescence. CR is a mild stress that provokes a survival response in the organism, which boosts
resistance to stress and counteracts the causes of aging. CR mimetics reverse aging-derived effects
by igniting numerous cellular mechanisms involved in the improvement of the lifespan. CR: calorie
restriction; ROS: reactive oxygen species.

6. Mitochondrial Aging and Natural Products with Protective Potential

Caloric restriction (CR) is widely studied for its ability to delay the onset of many
disorders related to the aging process. CR is the most robust non-genetic intervention that
reduces the rate of aging in mammals and other organisms and increases the lifespan [79].
The mechanisms responsible for the anti-aging effects of CR involve several processes,
such as the activation of cell survival mechanisms. Among these, the reduced production
of ROS by mitochondria is the main factor explaining the anti-aging effects of CR. Many
experiments have established that CR stimulates mitochondrial biogenesis [79,80]. This,
in the context of delayed mitochondrial aging, has generated growing interest in the
scientific community. It was found that mitochondrial activity decreases with aging and
that degeneration is linked to the reductions in mitochondria, mRNA transcripts, protein
expression, and mtDNA and increased oxidative stress. In particular, reduced protein
synthesis hinders protein turnover. The inability to replace damaged proteins may explain
why aging is related to reduced mitochondrial function [79]. Mitochondria, the cellular
organelles that produce most of the ATP, become dysfunctional during aging. This condition
is coupled with inflammation, oxidative stress, and reduced cellular functionalities in every
organ. Numerous genes have been linked to aging, with some favoring it (gerontogenes)
and others blocking it (genes of longevity pathways). The desire for eternal youth is
a constant in the history of humanity. The increased life expectancy in industrialized
countries has unfortunately also led to a significant increase in the incidence of age-related
diseases (ARDs) such as neurodegenerative diseases, diabetes, cardiovascular diseases, and
cancers [81].

In this regard, caloric restriction (CR) can play a fundamental role by favoring the
pathways of longevity, but being difficult to apply in a daily routine, it may be preferred
to use CR mimetics, synthetic or natural compounds, to promote the same effects. These
include certain phytonutrients such as oleuropein, epigallo-catechin-gallate, fisetin, and
quercetin and minerals such as selenium that are able to exert their biological effects by
influencing mitochondrial biogenesis, either directly by inhibiting specific enzymes or
indirectly by modulating the signal to or from the mitochondria [20,82,83]. Some of them
also have senolytic effects, which promote apoptosis in defective cells that accumulate
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over the years (senescent cells) and alter normal metabolism. Table 1 summarizes the main
effects of natural vegetable compounds against aging and metabolic diseases.

Table 1. Main effects of natural vegetable products against aging and metabolic diseases.

Compound Main Features Reference

OLE/HT
Antioxidative effect

Anti-inflammatory effect
Autophagy inducer

Proteasome activator
UPR blocker [83–88]

QUE
PGC-1α activator

Senolytic effect
Mitochondrial biogenesis stimulator

Anticancer effect
Cardioprotective effect

Anti-inflammatory effect
[89–95]

EGCG
Anticancer effect

Anti-neurodegenerative effects
Antidiabetic effect

Anti-inflammatory effect
Antioxidative effect

Immunomodulatory effect
[96–100]

CUR
Antioxidative effect

Anti-neurodegenerative effects
UPR blocker

Antiobesity effect
Autophagy inducer [101–103]

FIS Anti-inflammatory effect
Senolytic effect

Autophagy inducer
Apoptosis inducer [104–107]

6.1. Senolytic Effects of Oleuropeine and Hydroxytyrosol

Oleuropein (OLE) is one of the most abundant phenolic compounds extracted from
olive oil and leaves, and it exerts anti-inflammatory and antioxidant effects related to
more general cardio- and neuroprotective actions [83]. In vitro studies have shown anti-
senescence effects that are mainly mediated by the induction of autophagy [84]. Oleuropein
and its metabolite hydroxytyrosol (HT) have a powerful antioxidant activity, which could
be responsible for the main antioxidant and anti-inflammatory activities associated with
the use of olive oil [85]. The antioxidant activity of the phenolic compounds of olive oil has
been studied through many experimental models. These compounds, including oleuropein,
mainly tend to release hydrogen, forming intramolecular hydrogen ionic bonds between
the free hydrogen compounds of the hydroxyl group and their radicals [108]. Moreover,
they contribute to the regeneration of vitamin E and chelate iron ions, which in turn are
able to initiate and propagate lipid pre-oxidation [109].

The consumption of extra-virgin olive oil is associated with reduced risks for most
age-related diseases, including cardiovascular and neurodegenerative diseases (CVD and
NDD) as well as some types of cancer [110]. Some of these effects are related to epige-
netic mechanisms, especially histone modifications that modulate gene expression [110].
OLE has antioxidant, anti-inflammatory, antiatherogenic, hypoglycemic, lipid-lowering,
and antiviral properties [83–85,108–111]. OLE also activates AMPK, a cellular sensor of
the energy state that is linked to CR and is an activator of autophagy [86]. A portion
of OLE is metabolized in humans as tyrosol and HT [87], substances with potential an-
tiobesity effects [112]. There is extensive literature on HT on its multiple anti-aging and
mitochondrial-function-enhancing effects [113,114]. Furthermore, OLE activates the pro-
teasome system. This system is involved in many essential cellular functions, such as cell
cycle regulation, cell differentiation, signal transduction pathways, antigen processing for
appropriate immune responses, stress signaling, inflammatory responses, and apoptosis.
Thanks to the proteasome, the cell periodically removes aberrant and defective proteins
while avoiding the unfolded protein response (UPR), a cellular response related to the
inability to degrade defective proteins, which leads to diseases typical of aging, such as
neurodegenerative diseases [115,116]. The UPR and an altered proteasome characterize
aging cells and chronic diseases [88,117].
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6.2. Quercetin

Quercetin (QUE) is a natural flavonoid found in various vegetables. The foods richest
in QUE are onions, apples, capers, blueberries, kale, chili peppers, tea, and broccoli. QUE
from foods and supplements is bioavailable, in particular if consumed with fatty foods.
The most absorbable form is the glucoside found in onions [118]. QUE is able to exert many
actions on molecular signaling pathways by increasing the transcription of PGC-1α [89].
PGC-1α is a transcription coactivator of longevity-related genes that improve cellular
antioxidant defenses by promoting mitochondrial activity and simultaneously lowering
oxidative stress. In such a way, PGC-1α activation reduces inflammation and insulin
resistance [119]. The reductions in inflammation and oxidative stress are able to lower
senescence in experimental models [90]. QUE can modulate pathways associated with
mitochondrial biogenesis, the mitochondrial membrane potential, oxidative respiration and
ATP anabolism, and the intramitochondrial redox state; moreover, the apoptosis is correctly
modulated [91]. Mitochondrial biogenesis is fundamental for healthy aging. Healthy
immunosenescence allows the repair of cellular structures. Mitochondrial biogenesis can
optimize cell function and survival in vitro and in vivo and determines cellular recovery
from injuries caused by damaging environmental, pathophysiological, and/or infectious
factors [120,121]. Moreover, QUE has other numerous beneficial effects on human health,
acting as an anticarcinogen [92], an anti-infective [122], and a psychostimulant [123]. It also
inhibits lipid peroxidation and platelet aggregation as well as the production of enzymes
that produce inflammatory mediators such as cyclooxygenase (COX) and lipoxygenase
(LOX) [124,125]. QUE also has a modulating and regulatory action on inflammation and
immunity [126] and has shown protective effects against dexamethasone-induced skeletal
muscle atrophy by regulating the Protein-Bx/Bcl-2 ratio and abnormal ∆Ψm, leading to
the suppression of apoptosis [127]. Moreover, QUE exerts positive metabolic effects on
blood pressure, HDL cholesterol, and triglycerides [93] and pleiotropic effects on senescent
cells [94]. Furthermore, QUE can have an inhibitory effect on adipogenesis [128]. In clinical
trials, QUE is often combined with dasatinib, a tyrosine kinase inhibitor. This combination
induces apoptosis in adipocytes [76] and increases the senolytic effect [90]. QUE, like other
CR mimetics such as curcumin and EGCG, can protect the heart from aging and failure [95].

6.3. Epigallo-Catechin-Gallate

Epigallo-catechin-gallate (or EGCG) is a natural compound of plant origin belonging
to the group of catechins, i.e., flavonoids from the family of polyphenols. Various types
of tea contain ECGC, and the richest varieties are green tea and cocoa products [129].
Studies have reported that EGCG has many bioactivities, such as anti-inflammatory [96],
anti-oxidant [97], antiviral [130], antimicrobial [131], antidiabetic [98], antiapoptotic, and
anticarcinogenic properties [99], activities that underlie its role in cardiovascular and
neurodegenerative diseases and metabolic syndromes. EGCG has anti-inflammatory effects
by blocking proteins and factors that promote inflammation, in particular NF-kB, MAPKs,
STAT, AP-1, and COX-2 [132]. In vitro and in vivo studies have shown that EGCG is
able to decrease cytokine production, endothelial activation, and neutrophil migration in
inflammatory disorders. Tea and ECGC may also reduce cardiovascular risk by improving
endothelial function. Moreover, due to its chemical structure, it acts as a scavenger of
free radicals and therefore has strong antioxidant properties, preventing the formation of
reactive oxygen species and providing protection against oxidative damage [100].

EGCG can inhibit the progression of various types of tumors. It is claimed that EGCG,
combined with other anticancer drugs (e.g., doxorubicin, cisplatin, and sunitinib) or other
natural compounds (e.g., curcumin, ascorbic acid, quercetin, genestein, and caffeine) [133],
has a synergistic effect for the treatment of hepatocellular carcinoma, breast cancer, and
colon cancer [132].

It is also known as an important catechin with a neuroprotective effect due to its ability to
maintain cellular homeostasis by modulating crucial intracellular signaling pathways implicated
in the regulation of cell survival and apoptosis. Due to its ability to suppress the active
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oligomers of α-synuclein and amyloid aggregation, EGCG has been shown to be potentially
prophylactic/therapeutic for Parkinson’s [134] and Alzheimer’s diseases, respectively [135].
In experimental models, EGCG increased the healthy lifespan in the worm Caenorhabditis
elegans. The mechanism of the extension of life appears to work by stimulating the EGCG-
induced production of ROS. In addition, EGCG activated mitochondrial biogenesis by restoring
mitochondrial function. The increase in lifespan induced by EGCG depends on energy sensors
such as AMPK/AAK-2, SIRT1/SIR-2.1, and FOXO/DAF-16 [136]. It is assumed that it is possible
through the mechanism of para-hormesis, whereby a small dose of a substance stimulates the
antioxidant defense mechanisms [137]. EGCG as well as curcumin and hydroxytyrosol activate
the antioxidant response after being oxidized. This is due to their strong electrophilic nature,
which is highly prone to oxidation [138]. After their oxidation, EGCGs activate the transcription
of genes controlled by the ligands of an antioxidant response element (ARE). This, later renamed
the “electrophile response element”, is triggered by a nuclear factor (Nrf2). Activated Nrf2
translocates from the cytosol to the nucleus. The stimulus translator is a protein named Keap1.
Keap1 can induce degradation or translocation, depending on the electrophilic nature of the
ligand via cysteine residues [139].

Many studies have fully demonstrated that EGCG has anti-inflammatory and an-
tioxidant properties and improves lipid metabolism in animal experiments and human
studies. EGCG increases longevity-related Sirt1 and FOXO1 protein expression by reducing
oxidative stress and ROS generation. EGCG also influences the metabolism of fatty acids by
inhibiting the activity of free fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC1)
and the catalysis of palmite synthesis from acetyl-CoA and malonyl-CoA and by suppress-
ing the synthesis of free fatty acid (FFA). Thus, the lifespan prolongation mechanism of
EGCG-fed rats is related to metabolic effects [140,141]. The consumption of green tea is
associated with a reduced risk of death from all causes. Tang et al. (2015) performed a
meta-analysis of five studies including 200,884 subjects, concluding that drinking 2–3 cups
(16–24 ounces) of green tea per day is associated with a maximum reduction in the risk of
all-cause mortality of approximately 10% [142].

6.4. Fisetin

Fisetin (FIS) is a 3,7,3′,4′-tetrahydroxyflavone bioactive flavonol found in fruits and
vegetables such as strawberries, apples, persimmons, grapes, onions, and cucumbers
at concentrations between 2 and 160 µg/g. The average human daily intake is esti-
mated to be around 0.4 mg [143]. FIS is considered to be an anti-inflammatory, hypolipi-
demic, hypoglycemic, antioxidant, neuroprotective, anti-angiogenic, and chemopreven-
tive/chemotherapeutic agent [104]. Moreover, mitochondrial membrane depolarization
and apoptotic cell death were reduced in aging rat brains treated with FIS through increases
in the expression of autophagy genes and decreases in the expression of inflammatory
genes [105]. Interestingly, it was shown that treatment with FIS diminished brain edema
and deficit by decreasing the levels of proinflammatory cytokines. Moreover, a reduction
in proinflammatory NF-κB signaling was evidenced after FIS treatment [144,145]. Intrigu-
ingly, an in vivo study on aging senescence-accelerated prone 8 (SAMP8) mice proved
that FIS prevents cognitive and locomotor deficits. Additionally, three proteins linked to
synaptic function were reduced in aged mice compared to young mice, and FIS treatment
blocked their reduction almost completely [146]. Moreover, FIS significantly reduced ROS
generation induced in mouse brains by D-galactose (a senescence accelerator), along with
neuroinflammation-related pathways and pro-apoptotic markers [147]. Furthermore, FIS is
considered an inducer of apoptosis, has a protective effect on the skin and the extracellular
matrix, and increases the synthesis of collagen and the availability of glutathione, the main
intracellular antioxidant in the human body [148,149]. FIS can protect LDL from oxidation
and modulates SIRT-2, supporting cell repair after radical damage [150]. Recently, FIS
has been recognized to have a senolytic activity, as it can eliminate senescent cells. A
comparison between flavonoids revealed that fisetin was more effective than quercetin as a
senolytic agent. FIS, unlike many others, can work as a single senolytic agent to counteract
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senescence, influencing lifespan and health [106]. FIS supplementation may provide neuro-
protection against aging-induced oxidative stress, apoptotic cell death, neuroinflammation,
and neurodegeneration in the rat brain. These physiological effects have been related to its
ability to maintain the redox balance, ameliorated mitochondrial membrane depolarization,
apoptotic cell death, and impairments in the activities of synaptosomal-membrane-bound
ion transporters in the aging rat brain. FIS also acts by upregulating the expression of
sirtuin-1 genes and autophagy genes (Atg-3 and Beclin-1) and downregulating the ex-
pression of inflammatory genes (IL-1β and TNF-α) and Sirt-2 in the aging brain [105]. In
a rat model of accelerated senescence induced by D-galactose and in naturally aged rat
erythrocytes, FIS supplementation significantly increases antioxidant levels and activates
the plasma membrane redox system by suppressing aging-induced increases in ROS levels,
eryptosis, lipid peroxidation, and protein oxidation [107]. Collectively, these effects favor
correct cell functioning and slow aging.

6.5. Curcumin

Turmeric (Curcuma longa), a rhizomatous herbaceous perennial herb, is a popular medicinal
plant from Asia. Curcumin (CUR) is the main natural polyphenolic compound contained in
turmeric, along with other secondary curcuminoids [151]. CUR is known for its effect against
obesity and is particularly effective against ectopic fat. This is due to multiple mechanisms [152].
CUR’s effects on aging are progressively emerging. In Eastern populations with high consump-
tions of the spice curcuma, neurodegenerative diseases such as Alzheimer’s and Parkinson’s
diseases have low incidences. As in the case of oleuropein and other molecules, this effect
appears to be mediated by the action on the UPR, a mechanism that blocks the removal of
aberrant proteins and is commonly found in diseases related to aging [101]. CUR modulates
nutrient-sensing signaling pathways such as sirtuins and AMPK. Therefore, it is able to mimic
caloric/diet restriction and increase the benefits linked to mild physical activity. CUR reduces
the levels and activity of proteins involved in SASP and stimulates autophagy, favoring the
renewal of cellular structures [153]. However, its role as a senolytic is not widely accepted [154].
Furthermore, curcumin can have an anti-aging effect via telomere protection; anti-inflammatory
effects by the inhibition of NF-kB; and antitumor effects by modulating p53 [102]. The antioxi-
dant effect of CUR is highlighted by the reduction in malondialdehyde, a marker of peroxidation,
and the rise in the total antioxidant capacity, together with metal chelation and the augmented
expression of enzymes related to ROS protection [103].

6.6. Senolytic Effect of Magnesium

In addition to the known effects of polyphenols, mineral salts also play a very impor-
tant role in our health and in the prevention of cellular aging [155,156]. Magnesium, for
example, plays an important role in many of the processes involved in regulating telomere
structure, integrity, and cellular function. It is a divalent cation with a critical role in cellular
metabolism [157] and is found in foods (whole grains, legumes, nuts, fruits, and vegeta-
bles) [158]. Water can also be a good source of magnesium [159]. The clinical relevance and
biological significance of magnesium (Mg) has been documented in recent decades. Ferrè
et al. demonstrated how Mg acts through the induction of the proinflammatory cytokine
interleukin (IL)-1 alpha in cultured human endothelial cells. Indeed, the inhibition of IL-l
alpha prevents the low-Mg-induced adhesion of monocytoid cells to the endothelium as
well as the upregulation of the cdk inhibitor p21 [160]. Mg deficiency induces several char-
acteristics typically associated with endothelial senescence. Mg deficiency, in addition to
having a negative impact on the energy production pathway required by the mitochondria
to generate ATP, also reduces the threshold antioxidant capacity of the aging organism and
its resistance to free radical damage [161]. In fact, Mg also acts as an antioxidant against
the damage of free radicals in the mitochondria [162]. Chronic inflammation and oxidative
stress have both been identified as pathogenic factors in aging and various age-related dis-
eases [81]. Mg deficiency over time causes the excessive production of oxygen free radicals
and low-grade inflammation [162,163]. Despite the abundant distribution of magnesium in
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foods, several studies have indicated deficient intake, so much so that in American adults
dietary magnesium intake is ∼70% lower than the reference dietary intake (DRI). As an
essential mineral, the amount of magnesium within an organism must be continuously
regulated, and distribution to individual cells must be ensured [164]. In the 1950s, the
pathological focus of magnesium for various conditions in humans was introduced, and
thereafter the importance of magnesium in physiological processes and in medicine was
widely established [165]. The magnesium content in adult humans is about 0.4 g/kg, of
which more than half is associated with bone connective tissue, while 38% is intracellular,
mainly in plasma. Magnesium is mainly stored in bones but is also stored in striated
muscle tissues, where it is associated with adenosine triphosphate, phospholipids, and
proteins. In addition to carrying out structural functions, magnesium acts as a cofactor in
about 300 enzymatic reactions, some of which are fundamental in glycolysis and the beta
oxidation of fatty acids [164,166]. Magnesium in its ionic form (Mg2+) regulates various
processes, including antioxidant and anti-inflammatory responses, and plays an important
role in the proper functioning of other micronutrients, such as vitamin D [167]. Mg2+

participates as a second signaling messenger in the activation of T lymphocytes. Mg2+

deficiency can cause immunodeficiency, an exaggerated acute inflammatory response, a
loss of antioxidant capacity, and an anti-inflammatory response by reducing the levels
of nuclear factor kappa B (NF-κB), interleukin (IL)-6, and tumor necrosis factor alpha.
Furthermore, supplementing Mg2+ improves mitochondrial function and increases the
antioxidant glutathione (GSH) content, reducing OS [166,168]. Therefore, supplementing
with Mg2+ is a potential way to reduce inflammation and OS while strengthening the
immune system to manage COVID-19 [165,167]. These narrative reviews address the Mg2+

deficiency associated with worse disease prognosis, the supplementation of Mg2+ as a
potent antioxidant, and anti-inflammatory therapy during and after COVID-19 and suggest
that randomized controlled trials are needed. Studies show that chronic Mg deficiency
can lead to increased oxidative stress and low-grade inflammation, which can be linked
to various age-related diseases, including a greater predisposition to infectious disease.
Hypomagnesemia is strongly related to oxidative stress markers, contributing to reductions
in the expression and activity of antioxidant enzymes (glutathione peroxidase, superoxide
dismutase, and catalase) and decreased concentrations of cellular and tissue antioxidants,
in addition to increases in the production of hydrogen peroxide and superoxide anions by
inflammatory cells [162]. Furthermore, an inadequate daily intake of magnesium can make
an individual susceptible to infectious diseases. Alzheimer’s disease is one of the leading
causes of dementia. This disease is the sixth leading cause of death in the United States,
with over 79,000 deaths annually [169,170]. Some researchers have studied the magnesium
balance in patients with mild to moderate Alzheimer’s disease. The study group included
101 older patients (73.4 ± 0.8 years of age; 42 men and 59 women) who were evaluated for
total serum magnesium and ionized serum magnesium concentrations and underwent a
Mini-Mental State Examination. This study showed that ionized magnesium concentrations
were significantly related to cognitive function and not physical function, and individuals
with Alzheimer’s disease had significantly lower Mini-Mental State Examination scores
(20.5 ± 0.7 versus 27, 9 ± 0.2; p < 0.001) and significantly lower scores for physical function
tests. This indicates that there is a correlation between the ionized magnesium concentra-
tions and individuals with mild to moderate Alzheimer’s disease [171]. This knowledge
shows us how magnesium can be considered a senolytic element, which is worth inves-
tigating in order to understand how it can be used to prevent or delay the processes of
aging, an activity that magnesium could activate through a possible modulation of the
SASP phenotype [172]. This could lead to new therapeutic strategies in humans towards
related aging pathologies. Table 2 summarizes the main effects of magnesium.
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Table 2. Main effects of mineral products against aging and metabolic diseases.

Compound Main Features References

Mg
Immunomodulatory effect

Anti-neurodegenerative effects
Mitochondrial protection

Antioxidative effect
Cardioprotective effect

Anti-inflammatory effect
[161–163,167,172]

Se Immunomodulatory effect
Mitochondrial biogenesis stimulator

Anti-inflammatory effect
GPX stimulant [173–177]

6.7. Selenium

Selenium (Se) is an essential trace element that was identified by Berzelius in 1817 and
is involved in a multitude of cellular processes. Selenium was originally identified as a toxic
element. However, in 1957, studies showed that selenium (along with vitamin E) was essential
for the prevention of liver necrosis [178]. This led to the awareness that selenium deficiency was
responsible for cell death in skeletal muscle cells, vascular smooth muscle cells, human uterine
smooth muscle cells, and cardiomyocytes and was a contributing factor to Keshan disease in
humans [179,180]. Although toxicity at higher levels is still a serious problem, appropriate
amounts of this element are required for optimal human health [181]. Inorganic selenium is
mostly stored in plants via the sulfur assimilation pathway, whereas animals and humans utilize
these sources later as vegetables, meats, and dietary supplements [182].

In recent years, there has been an increasing interest in compounds containing selenium for
their environmental, biological, and toxicological properties and especially for their various ac-
tivities in the prevention and treatment of diseases, including cancer and infections [183]. Small
amounts of selenium are protective against liver necrosis in vitamin-E-deficient rats [184]. Sele-
nium deficiency has been associated with reduced immunity and chronic inflammation [185].

A significant amount of research conducted on cell cultures and animal models indi-
cates that Se plays essential roles in regulating the migration, proliferation, differentiation,
activation, and optimal functioning of immune cells, thus influencing innate immunity, the
production of B-cell-dependent antibodies, and cell-mediated immunity [173]. Recent evi-
dence on the roles of selenium and selenoproteins in the production of eicosanoids, deriva-
tives of PUFAs with 20 atoms of carbon, which are involved in inflammatory responses,
suggest that selenium supplementation could mitigate the dysfunctional inflammatory
responses that contribute to the pathogenesis of many chronic health conditions [174,186].
Se has been shown to exert antioxidant and neuroprotective effects by modulating mito-
chondrial function and activating mitochondrial biogenesis [187]. Its biological function
is achieved through the insertion of this trace element into a family of proteins known as
selenoproteins. Among these, the glutathione peroxidase (GSH-Px) family, which includes
six isoforms (GPX 1–6) that have selenocysteine on each subunit, is a family of selenium-
dependent enzymes [182]. GPX is a component of the antioxidant glutathione pathways
that detoxify lipid peroxides and provide protection to cellular and subcellular membranes
against the reactive oxygen species (ROS) damage responsible for many diseases such as
inflammation, anemia, cardiovascular disorders, and atherosclerosis [175]. Mammalian
selenoproteins also include thioredoxin reductase (TR 1–3), iodothyronine deiodinases
(D 1–3), selenophosphate synthetase (SPS2), methionine-R-sulfoxide reductase 1 (MsrB1),
and several thioredoxin-like selenoproteins, some of which may act as safeguards against
oxidant-induced toxicity in cells [176]. Normal cellular oxygen metabolism in aerobic organ-
isms results in the production of ROS. The impairment of intracellular redox homeostasis
leads to the condition of oxidative stress, which can damage biological macromolecules,
with consequent alteration of the cellular functions and molecular mechanisms controlling
cellular senescence [188]. In this context, cellular senescence represents the risk factor for
several age-related diseases, including neurodegenerative, oncological, and cardiovascular
diseases [189]. Therefore, the reduction in ROS and the related cellular damage is the
primary objective of the prevention of age-related diseases. Aging leads to reduced cellu-
lar functioning and therefore reduced fitness as well as other effects. The protein, lipid,
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magnesium, phosphorus, selenium, and niacin intakes seem to promote a better quality of
life [177]. Table 2 summarizes the main effects of Selenium.

7. Concluding Remarks on the Senolytic Actions of Natural Products

The biologically active molecules present in foods or natural extracts interact with
each other, and these interactions can increase their biological activity, creating a synergistic
effect [190,191]. Usually, bioactive substances (such as polyphenols or others) are formed
by organic molecules represented by heteroatoms, such as nitrogen, oxygen, and sulfur
and a metal ion in the center that has a key role in the structure, in particular in the receptor
interaction and in the rigidity of the structural conformation, which are probably the
result of a long evolution from natural selection [192,193]. Furthermore, the association
of several polyphenols can increase bioavailability and synergies. Some examples of
this effect could be the synergy between quercetin and EGCG or the case of foods rich
in apigenin and rutin that improve the absorption and activity of quercetin [193,194].
Plant compounds are metabolically neutralized by hepatic detoxification processes or by
increasing their urinary excretion. These metabolic pathways can lead to reduced biological
action. Mounting evidence suggests that the metabolism of certain phytochemicals may
actually increase their biological activity, as seems to be the case for flavonoids. Previously,
it was thought that the absorption of nutrient and non-nutrient molecules mainly took place
in the upper small intestine and that the gut microbiota contributed to biotransformation,
degradation (catabolism), and excretion. Some opinions in phytochemical research are
now considering the impact of the microbiota on human health [101,195]. There are also
additional confirmations indicating that phytochemicals, such as flavonoids and other
polyphenols, may not even require absorption to exert their biological activities. Emerging
evidence suggests that polyphenols affect the body directly in the gut through interactions
with bacteria and human immune processes in the gastrointestinal tract and then other
areas of the body [196]. Antioxidants from food and supplements can feed the microbiota
and select health-related species [197].

In conclusion, a diet with an abundance of vegetables and sufficient variety, such as
the Mediterranean diet, can ensure the supply of a series of phytonutrients that contribute
to increasing life expectancy and health [198,199]. It is emerging from animal models and
human trials how the supplementation of some of these nutrients can counteract mitochon-
drial dysfunction and promote the apoptosis of senescent cells, which are responsible for
the alteration of the metabolism that is common in aging and can therefore help prevent
and possibly manage the typical diseases of the elderly, such as tumors, CVD, and neu-
rodegenerative diseases, and help in conditions such as obesity or metabolic surgery that
may exhibit nutritional deficiencies or increased needs [200]. This seems to be linked, in
particular, to an improvement in cellular energy production and a reduction in inflamma-
tory processes [72,201–204]. A combination of the correct dose of physical activity [9,205],
an appropriate gut microbiota [199], and genetic predisposition [206], together with an
antioxidant-rich diet, is the key for successful aging. Cellular senescence has been shown
to be a key mechanism driving aging, and CR can prevent senescent cell accumulation in
both mice and humans. There is growing evidence that supplementation with some natural
compounds can mimic CR without its side effects, protecting mitochondrial function and
lowering inflammation.

In this review, we have summarized the current knowledge on the cellular events
associated with CR and discussed the potential roles of some natural senolytic agents in
the treatment of age-related diseases.
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Pierzynowska, K.; et al. Mitochondria and Reactive Oxygen Species in Aging and Age-Related Diseases. Int. Rev. Cell Mol. Biol.
2018, 340, 209–344. [CrossRef]

6. Haas, R.H. Mitochondrial Dysfunction in Aging and Diseases of Aging. Biology 2019, 8, 48. [CrossRef]
7. Joseph, A.M.; Adhihetty, P.J.; Leeuwenburgh, C. Beneficial Effects of Exercise on Age-Related Mitochondrial Dysfunction and

Oxidative Stress in Skeletal Muscle. J. Physiol. 2016, 594, 5105–5123. [CrossRef]
8. Sorriento, D.; Di Vaia, E.; Iaccarino, G. Physical Exercise: A Novel Tool to Protect Mitochondrial Health. Front. Physiol. 2021, 12, 660068.

[CrossRef]
9. Velluzzi, F.; Cossu, G.; Fosci, M.; Montisci, R.; Zaccheddu, R.; Minerba, L.; Musu, M.; Pintus, E.; Fortin, D.; Romano, F.; et al. Effect

of a Low-Moderate Exercise Program on Dysmetabolism in Older Adults: Results of a Randomized Controlled Trial. Nutrients
2022, 14, 3337. [CrossRef]

10. Kaliszewska, A.; Allison, J.; Martini, M.; Arias, N. Improving Age-Related Cognitive Decline through Dietary Interventions
Targeting Mitochondrial Dysfunction. Int. J. Mol. Sci. 2021, 22, 3574. [CrossRef]

11. Al-Naggar, I.M.A.; Kuchel, G.A.; Xu, M. Senolytics: Targeting Senescent Cells for Age-Associated Diseases. Curr. Mol. Biol. Rep.
2020, 6, 161–172. [CrossRef] [PubMed]

12. Samaras, T. T: The Law of Entropy and the Aging Process. Hum. Dev. 1974, 17, 314–320. [CrossRef] [PubMed]
13. Strehler, B.L. Time, Cells and Aging; Academic Press: Cambridge, MA, USA, 1962.
14. Hayflick, L. Entropy Explains Aging, Genetic Determinism Explains Longevity, and Undefined Terminology Explains Misunder-

standing Both. PLoS Genet. 2007, 3, E220. [CrossRef] [PubMed]
15. Javadov, S.; Jang, S.; Chapa-Dubocq, X.R.; Khuchua, Z.; Camara, A.K. Mitochondrial Respiratory Supercomplexes in Mammalian

Cells: Structural versus Functional Role. J. Mol. Med. 2021, 99, 57–73. [CrossRef] [PubMed]
16. Vercellino, I.; Sazanov, L.A. The Assembly, Regulation and Function of the Mitochondrial Respiratory Chain. Nat. Rev. Mol. Cell

Biol. 2022, 23, 141–161. [CrossRef]
17. Barros, M.H.; McStay, G.P. Modular Biogenesis of Mitochondrial Respiratory Complexes. Mitochondrion 2020, 50, 94–114.

[CrossRef]
18. Sousa, J.S.; D’Imprima, E.; Vonck, J. Mitochondrial Respiratory Chain Complexes. Subcell. Biochem. 2018, 87, 167–227. [CrossRef]

[PubMed]
19. Galluzzi, L.; Kepp, O.; Kroemer, G. Mitochondria: Master Regulators of Danger Signalling. Nat. Rev. Mol. Cell Biol. 2012, 13, 780–788.

[CrossRef]
20. Gibellini, L.; Bianchini, E.; De Biasi, S.; Nasi, M.; Cossarizza, A.; Pinti, M. Natural Compounds Modulating Mitochondrial

Functions. Evid. Based Complement. Alternat. Med. 2015, 2015, 527209. [CrossRef]
21. Mycielska, M.E.; James, E.N.; Parkinson, E.K. Metabolic Alterations in Cellular Senescence: The Role of Citrate in Ageing and

Age-Related Disease. Int. J. Mol. Sci. 2022, 23, 3652. [CrossRef]
22. Lee, M.; Yoon, J.H. Metabolic Interplay between Glycolysis and Mitochondrial Oxidation: The Reverse Warburg Effect and Its

Therapeutic Implication. World, J. Biol. Chem. 2015, 6, 148–161. [CrossRef]
23. Lee, Y.H.; Park, J.Y.; Lee, H.; Song, E.S.; Kuk, M.U.; Joo, J.; Oh, S.; Kwon, H.W.; Park, J.T.; Park, S.C. Targeting Mitochondrial

Metabolism as a Strategy to Treat Senescence. Cells 2021, 10, 3003. [CrossRef]
24. Rattan, S.I. Gerontogenes: Real or Virtual? FASEB J. 1995, 9, 284–286. [CrossRef]
25. Stein, G.M.; Murphy, C.T. The Intersection of Aging, Longevity Pathways, and Learning and Memory in, C. elegans. Front. Genet.

2012, 3, 259. [CrossRef]

http://doi.org/10.1002/bjs.10053
http://www.ncbi.nlm.nih.gov/pubmed/26771470
http://doi.org/10.1155/2012/646354
http://doi.org/10.1038/s41580-020-0210-7
http://doi.org/10.1016/j.beem.2012.05.003
http://doi.org/10.1016/Bs.Ircmb.2018.05.006
http://doi.org/10.3390/biology8020048
http://doi.org/10.1113/JP270659
http://doi.org/10.3389/fphys.2021.660068
http://doi.org/10.3390/nu14163337
http://doi.org/10.3390/ijms22073574
http://doi.org/10.1007/s40610-020-00140-1
http://www.ncbi.nlm.nih.gov/pubmed/33777657
http://doi.org/10.1159/000271354
http://www.ncbi.nlm.nih.gov/pubmed/4426613
http://doi.org/10.1371/journal.pgen.0030220
http://www.ncbi.nlm.nih.gov/pubmed/18085826
http://doi.org/10.1007/s00109-020-02004-8
http://www.ncbi.nlm.nih.gov/pubmed/33201259
http://doi.org/10.1038/s41580-021-00415-0
http://doi.org/10.1016/j.mito.2019.10.008
http://doi.org/10.1007/978-981-10-7757-9_7
http://www.ncbi.nlm.nih.gov/pubmed/29464561
http://doi.org/10.1038/nrm3479
http://doi.org/10.1155/2015/527209
http://doi.org/10.3390/ijms23073652
http://doi.org/10.4331/wjbc.v6.i3.148
http://doi.org/10.3390/cells10113003
http://doi.org/10.1096/fasebj.9.2.7781932
http://doi.org/10.3389/fgene.2012.00259


Int. J. Mol. Sci. 2022, 23, 16219 15 of 21

26. Rattan, S.I. Ageing Genes: Gerontogenes. In Encyclopedia of Life Sciences; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2018.
[CrossRef]

27. Giorgio, M.; Migliaccio, E.; Orsini, F.; Paolucci, D.; Moroni, M.; Contursi, C.; Pelliccia, G.; Luzi, L.; Minucci, S.; Marcaccio, M.; et al.
Electron Transfer between Cytochrome c and P66Shc Generates Reactive Oxygen Species That Trigger Mitochondrial Apoptosis.
Cell 2005, 122, 221–233. [CrossRef]

28. Austad, S.N.; Hoffman, J.M. Is Antagonistic Pleiotropy Ubiquitous in Aging Biology? Evol. Med. Public Health 2018, 2018, 287–294.
[CrossRef]

29. Migliaccio, E.; Giorgio, M.; Mele, S.; Pelicci, G.; Reboldi, P.; Pandolfi, P.P.; Lanfrancone, L.; Pelicci, P.G. The P66shc Adaptor
Protein Controls Oxidative Stress Response and Life Span in Mammals. Nature 1999, 402, 309–313. [CrossRef]

30. Ranieri, S.C.; Fusco, S.; Panieri, E.; Labate, V.; Mele, M.; Tesori, V.; Ferrara, A.M.; Maulucci, G.; De Spirito, M.; Martorana, G.E.; et al.
Mammalian Life-Span Determinant P66shcA Mediates Obesity-Induced Insulin Resistance. Proc. Natl. Acad. Sci. USA 2010, 107,
13420–13425. [CrossRef]

31. Pinton, P.; Rimessi, A.; Marchi, S.; Orsini, F.; Migliaccio, E.; Giorgio, M.; Contursi, C.; Minucci, S.; Mantovani, F.; Wieckowski,
M.R.; et al. Protein Kinase C Beta and Prolyl Isomerase 1 Regulate Mitochondrial Effects of the Life-Span Determinant P66Shc.
Science 2007, 315, 659–663. [CrossRef]

32. Berniakovich, I.; Trinei, M.; Stendardo, M.; Migliaccio, E.; Minucci, S.; Bernardi, P.; Pelicci, P.G.; Giorgio, M. P66Shc-Generated
Oxidative Signal Promotes Fat Accumulation. J. Biol. Chem. 2008, 283, 34283–34293. [CrossRef]

33. Weindruch, R.; Walford, R.L. Dietary Restriction in Mice Beginning at 1 Year of Age: Effect on Life-Span and Spontaneous Cancer
Incidence. Science 1982, 215, 1415–1418. [CrossRef]

34. Giorgio, M.; Berry, A.; Berniakovich, I.; Poletaeva, I.; Trinei, M.; Stendardo, M.; Hagopian, K.; Ramsey, J.J.; Cortopassi, G.;
Migliaccio, E.; et al. The P66Shc Knocked out Mice Are Short Lived under Natural Condition. Aging Cell 2012, 11, 162–168.
[CrossRef]

35. Napoli, C.; Martin-Padura, I.; de Nigris, F.; Giorgio, M.; Mansueto, G.; Somma, P.; Condorelli, M.; Sica, G.; De Rosa, G.; Pelicci, P.
Deletion of the P66Shc Longevity Gene Reduces Systemic and Tissue Oxidative Stress, Vascular Cell Apoptosis, and Early
Atherogenesis in Mice Fed a High-Fat Diet. Proc. Natl. Acad. Sci. USA 2003, 100, 2112–2116. [CrossRef]

36. Trinei, M.; Berniakovich, I.; Beltrami, E.; Migliaccio, E.; Fassina, A.; Pelicci, P.; Giorgio, M. P66Shc Signals to Age. Aging
(Albany NY) 2009, 1, 503–510. [CrossRef]

37. Yim, M.B.; Chock, P.B.; Stadtman, E.R. Copper, Zinc Superoxide Dismutase Catalyzes Hydroxyl Radical Production from
Hydrogen Peroxide. Proc. Natl. Acad. Sci. USA 1990, 87, 5006–5010. [CrossRef]

38. Cadet, J.; Delatour, T.; Douki, T.; Gasparutto, D.; Pouget, J.P.; Ravanat, J.L.; Sauvaigo, S. Hydroxyl Radicals and DNA Base
Damage. Mutat. Res. 1999, 424, 9–21. [CrossRef]

39. Stone, J.R.; Yang, S. Hydrogen Peroxide: A Signaling Messenger. Antioxid. Redox Signal. 2006, 8, 243–270. [CrossRef]
40. Bao, L.; Avshalumov, M.V.; Patel, J.C.; Lee, C.R.; Miller, E.W.; Chang, C.J.; Rice, M.E. Mitochondria Are the Source of Hydrogen

Peroxide for Dynamic Brain-Cell Signaling. J. Neurosci. 2009, 29, 9002–9010. [CrossRef]
41. Sies, H. Hydrogen Peroxide as a Central Redox Signaling Molecule in Physiological Oxidative Stress: Oxidative Eustress. Redox

Biol. 2017, 11, 613–619. [CrossRef]
42. Babior, B.M. NADPH Oxidase. Curr. Opin. Immunol. 2004, 16, 42–47. [CrossRef]
43. Shekhova, E. Mitochondrial Reactive Oxygen Species as Major Effectors of Antimicrobial Immunity. PLoS Pathog. 2020, 16, E1008470.

[CrossRef]
44. Neumann, C.A.; Krause, D.S.; Carman, C.V.; Das, S.; Dubey, D.P.; Abraham, J.L.; Bronson, R.T.; Fujiwara, Y.; Orkin, S.H.; Van Etten, R.A.

Essential Role for the Peroxiredoxin Prdx1 in Erythrocyte Antioxidant Defence and Tumour Suppression. Nature 2003, 424, 561–565.
[CrossRef]

45. Oláhová, M.; Taylor, S.R.; Khazaipoul, S.; Wang, J.; Morgan, B.A.; Matsumoto, K.; Blackwell, T.K.; Veal, E.A. A Redox-Sensitive
Peroxiredoxin That Is Important for Longevity Has Tissue- and Stress-Specific Roles in Stress Resistance. Proc. Natl. Acad. Sci.
USA 2008, 105, 19839–19844. [CrossRef]

46. Lee, K.S.; Iijima-Ando, K.; Iijima, K.; Lee, W.J.; Lee, J.H.; Yu, K.; Lee, D.S. JNK/FOXO-Mediated Neuronal Expression of Fly
Homologue of Peroxiredoxin II Reduces Oxidative Stress and Extends Life Span. J. Biol. Chem. 2009, 284, 29454–29461. [CrossRef]

47. Timmermann, B.; Jarolim, S.; Russmayer, H.; Kerick, M.; Michel, S.; Krüger, A.; Bluemlein, K.; Laun, P.; Grillari, J.; Lehrach, H.;
et al. A New Dominant Peroxiredoxin Allele Identified by Whole-Genome Re-Sequencing of Random Mutagenized Yeast Causes
Oxidant-Resistance and Premature Aging. Aging (Albany NY) 2010, 2, 475–486. [CrossRef]

48. Molin, M.; Yang, J.; Hanzén, S.; Toledano, M.B.; Labarre, J.; Nyström, T. Life Span Extension and H(2)O(2) Resistance Elicited by
Caloric Restriction Require the Peroxiredoxin Tsa1 in Saccharomyces Cerevisiae. Mol. Cell 2011, 43, 823–833. [CrossRef]

49. Berry, A.; Cirulli, F. The P66(Shc) Gene Paves the Way for Healthspan: Evolutionary and Mechanistic Perspectives. Neurosci.
Biobehav. Rev. 2013, 37, 790–802. [CrossRef]

50. Brunstrom, J.M.; Drake, A.C.L.; Forde, C.G.; Rogers, P.J. Undervalued and Ignored: Are Humans Poorly Adapted to Energy-Dense
Foods? Appetite 2018, 120, 589–595. [CrossRef]

51. Speakman, J.R.; Blount, J.D.; Bronikowski, A.M.; Buffenstein, R.; Isaksson, C.; Kirkwood, T.B.; Monaghan, P.; Ozanne, S.E.;
Beaulieu, M.; Briga, M.; et al. Oxidative Stress and Life Histories: Unresolved Issues and Current Needs. Ecol. Evol. 2015, 5,
5745–5757. [CrossRef]

http://doi.org/10.1002/9780470015902.A0003059.Pub3
http://doi.org/10.1016/j.cell.2005.05.011
http://doi.org/10.1093/emph/eoy033
http://doi.org/10.1038/46311
http://doi.org/10.1073/pnas.1008647107
http://doi.org/10.1126/science.1135380
http://doi.org/10.1074/jbc.M804362200
http://doi.org/10.1126/science.7063854
http://doi.org/10.1111/j.1474-9726.2011.00770.x
http://doi.org/10.1073/pnas.0336359100
http://doi.org/10.18632/aging.100057
http://doi.org/10.1073/pnas.87.13.5006
http://doi.org/10.1016/S0027-5107(99)00004-4
http://doi.org/10.1089/ars.2006.8.243
http://doi.org/10.1523/JNEUROSCI.1706-09.2009
http://doi.org/10.1016/j.redox.2016.12.035
http://doi.org/10.1016/j.coi.2003.12.001
http://doi.org/10.1371/journal.ppat.1008470
http://doi.org/10.1038/nature01819
http://doi.org/10.1073/pnas.0805507105
http://doi.org/10.1074/jbc.M109.028027
http://doi.org/10.18632/aging.100187
http://doi.org/10.1016/j.molcel.2011.07.027
http://doi.org/10.1016/j.neubiorev.2013.03.005
http://doi.org/10.1016/j.appet.2017.10.015
http://doi.org/10.1002/ece3.1790


Int. J. Mol. Sci. 2022, 23, 16219 16 of 21

52. Basile, A.J.; Renner, M.W.; Hidaka, B.H.; Sweazea, K.L. An Evolutionary Mismatch Narrative to Improve Lifestyle Medicine:
A Patient Education Hypothesis. Evol. Med. Public Health 2021, 9, Eoab010. [CrossRef]

53. Isaksson, C.; Sheldon, B.C.; Uller, T. The Challenges of Integrating Oxidative Stress into Life-History Biology. BioScience 2011, 61, 194–202.
[CrossRef]

54. Freese, J.; Klement, R.J.; Ruiz-Núñez, B.; Schwarz, S.; Lötzerich, H. The Sedentary (r)Evolution: Have We Lost Our Metabolic
Flexibility? F1000Res 2017, 6, 1787. [CrossRef]

55. Pruimboom, L.; Muskiet, F.A.J. Intermittent Living; the Use of Ancient Challenges as a Vaccine against the Deleterious Effects of
Modern Life—A Hypothesis. Med. Hypotheses 2018, 120, 28–42. [CrossRef] [PubMed]

56. Naviaux, R.K. Perspective: Cell Danger Response Biology-The New Science That Connects Environmental Health with Mitochon-
dria and the Rising Tide of Chronic Illness. Mitochondrion 2020, 51, 40–45. [CrossRef]

57. Zahra, K.F.; Lefter, R.; Ali, A.; Abdellah, E.C.; Trus, C.; Ciobica, A.; Timofte, D. The Involvement of the Oxidative Stress Status
in Cancer Pathology: A Double View on the Role of the Antioxidants. Oxid. Med. Cell. Longev. 2021, 2021, 9965916. [CrossRef]
[PubMed]

58. Gladyshev, V.N. The Free Radical Theory of Aging Is Dead. Long Live the Damage Theory! Antioxid. Redox Signal. 2014, 20, 727–731.
[CrossRef]

59. Vasileiou, P.V.S.; Evangelou, K.; Vlasis, K.; Fildisis, G.; Panayiotidis, M.I.; Chronopoulos, E.; Passias, P.G.; Kouloukoussa, M.;
Gorgoulis, V.G.; Havaki, S. Mitochondrial Homeostasis and Cellular Senescence. Cells 2019, 8, 686. [CrossRef]

60. Shields, H.J.; Traa, A.; Van Raamsdonk, J.M. Beneficial and Detrimental Effects of Reactive Oxygen Species on Lifespan:
A Comprehensive Review of Comparative and Experimental Studies. Front. Cell Dev. Biol. 2021, 9, 628157. [CrossRef]

61. Di Meo, S.; Venditti, P. Evolution of the Knowledge of Free Radicals and Other Oxidants. Oxid. Med. Cell. Longev. 2020, 2020, 9829176.
[CrossRef]

62. Shigenaga, M.K.; Hagen, T.M.; Ames, B.N. Oxidative Damage and Mitochondrial Decay in Aging. Proc. Natl. Acad. Sci. USA 1994,
91, 10771–10778. [CrossRef]

63. Barja, G. Mitochondrial Free Radical Production and Aging in Mammals and Birds. Ann. N. Y. Acad. Sci. 1998, 854, 224–238.
[CrossRef] [PubMed]

64. Rasa, S.M.M.; Annunziata, F.; Krepelova, A.; Nunna, S.; Omrani, O.; Gebert, N.; Adam, L.; Käppel, S.; Höhn, S.; Donati, G.; et al.
Inflammaging Is Driven by Upregulation of Innate Immune Receptors and Systemic Interferon Signaling and Is Ameliorated by
Dietary Restriction. Cell Rep. 2022, 39, 111017. [CrossRef] [PubMed]

65. Hodes, R.J.; McCormick, A.M.; Pruzan, M. Longevity Assurance Genes: How Do They Influence Aging and Life Span? J. Am.
Geriatr. Soc. 1996, 44, 988–991. [CrossRef] [PubMed]

66. Weindruch, R.; Sohal, R.S. Seminars in Medicine of the Beth Israel Deaconess Medical Center. Caloric Intake and Aging. N. Engl.
J. Med. 1997, 337, 986–994. [CrossRef]

67. Mattison, J.A.; Colman, R.J.; Beasley, T.M.; Allison, D.B.; Kemnitz, J.W.; Roth, G.S.; Ingram, D.K.; Weindruch, R.; de Cabo, R.;
Anderson, R.M. Caloric Restriction Improves Health and Survival of Rhesus Monkeys. Nat. Commun. 2017, 8, 14063. [CrossRef]

68. Colman, R.J.; Anderson, R.M.; Johnson, S.C.; Kastman, E.K.; Kosmatka, K.J.; Beasley, T.M.; Allison, D.B.; Cruzen, C.; Simmons, H.A.;
Kemnitz, J.W.; et al. Caloric Restriction Delays Disease Onset and Mortality in Rhesus Monkeys. Science 2009, 325, 201–204. [CrossRef]

69. Maxmen, A. Calorie Restriction Falters in the Long Run. Nature 2012, 488, 569. [CrossRef]
70. McCartney, M. Calorie Restriction and Longevity: Fast and Loose? BMJ 2012, 345, E6872. [CrossRef]
71. Moskalev, A.; Chernyagina, E.; Kudryavtseva, A.; Shaposhnikov, M. Geroprotectors: A Unified Concept and Screening Ap-

proaches. Aging Dis. 2017, 8, 354–363. [CrossRef]
72. Gurău, F.; Baldoni, S.; Prattichizzo, F.; Espinosa, E.; Amenta, F.; Procopio, A.D.; Albertini, M.C.; Bonafè, M.; Olivieri, F. Anti-

senescence compounds: A potential nutraceutical approach to healthy aging. Ageing Res. Rev. 2018, 46, 14–31. [CrossRef]
73. Franco, R.; Navarro, G.; Martínez-Pinilla, E. Hormetic and Mitochondria-Related Mechanisms of Antioxidant Action of Phyto-

chemicals. Antioxidants 2019, 8, 373. [CrossRef] [PubMed]
74. Martel, J.; Ojcius, D.M.; Ko, Y.F.; Ke, P.Y.; Wu, C.Y.; Peng, H.H.; Young, J.D. Hormetic Effects of Phytochemicals on Health and

Longevity. Trends Endocrinol. Metab. 2019, 30, 335–346. [CrossRef] [PubMed]
75. Zhang, L.; Pitcher, L.E.; Prahalad, V.; Niedernhofer, L.J.; Robbins, P.D. Targeting Cellular Senescence with Senotherapeutics:

Senolytics and Senomorphics. FEBS J. 2022. Online ahead of print. [CrossRef] [PubMed]
76. Lagoumtzi, S.M.; Chondrogianni, N. Senolytics and Senomorphics: Natural and Synthetic Therapeutics in the Treatment of Aging

and Chronic Diseases. Free Radic. Biol. Med. 2021, 171, 169–190. [CrossRef] [PubMed]
77. Kirkland, J.L.; Tchkonia, T. Senolytic Drugs: From Discovery to Translation. J. Intern. Med. 2020, 288, 518–536. [CrossRef]
78. López-Lluch, G.; Hunt, N.; Jones, B.; Zhu, M.; Jamieson, H.; Hilmer, S.; Cascajo, M.V.; Allard, J.; Ingram, D.K.; Navas, P.; et al.

Calorie Restriction Induces Mitochondrial Biogenesis and Bioenergetic Efficiency. Proc. Natl. Acad. Sci. USA 2006, 103, 1768–1773.
[CrossRef]

79. Davinelli, S.; De Stefani, D.; De Vivo, I.; Scapagnini, G. Polyphenols as Caloric Restriction Mimetics Regulating Mitochondrial
Biogenesis and Mitophagy. Trends Endocrinol. Metab. 2020, 31, 536–550. [CrossRef]
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