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Abstract

The present work aims to link the redox and cell-centric theories of chronic processes in human biology, focusing on aging. A synthetic
overview of cellular redox pathways will be integrated by the concept of hormesis, which disruption leads to several physiopathological
processes. The onset of age-related diseases due to the restriction of homeodynamic capacity will be herein considered in a redox fashion. Up-
to-date arguments on hormetic agents, such as geroprotectors, dietary interventions, and physical exercise are refining the presented theoretical
framework, integrated by insights from extracellular vesicles, microbiota, pollutants, and timing mechanisms. The broad concepts of exposome
encompass the redox-based alteration of cellular hormesis for providing meaningful perspectives on redox biogerontology.
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During life, the human body is exposed to various environmental
phenomena and/or lifestyles (food, xenobiotics, heavy metals, drugs,
alcohol, and smoke) that promote at the molecular level biochemical
reactions, spontaneous errors, and progressive accumulation of mo-
lecular damage (1). Therefore, to summarize, the aging process can
be viewed as the progressive multi-causal failure of the organism’s
maintenance, with death being the final manifestation of the break-
down in homeostasis (2).

In the 2 last decades, the hormetic concept has been related to
the biology of and age-related diseases (3) and has been observed
in a wide range of biological systems. It is known that redox
dysregulation can be conducive to several physio-pathological out-
comes, including sarcopenia and frailty (4).

In this review, we will describe the intriguing findings in the
redox-signaling pathways linking hormesis to physio-pathological
and aging processes. As a critical review, we have summarized and
evaluated an extensive body of arguments over the topic of interest,
focusing on the most recent insights and discussing the most im-
portant features and perspectives. The trough line will be the con-
cept of cellular hormesis linked to the redox biogerontology; after
a dissertation of what hormesis is, redox biology will be presented,
moving then to redox biogerontology; a discussion on hormetic
agents will then precede the perspectives for basic and translational
research.

Hormesis

In response to several stressors, cells defend against or withstand
these same stressors with adaptive responses, a phenomenon named
hormesis. Between the 2 opposing parts of beneficial versus detri-
mental redox-based processes, the subsequent refinement of mito-
chondrial hormesis (mitohormesis) emerged as a slight production of
reactive oxygen species (ROS) in the mitochondria that induce adap-
tive responses and resilience, thus promoting longevity, improving
metabolism, and the immune system (5,6), as indicated in Figure 1.

The biphasic nature of dose-response (low-dose stimulation and
high-dose inhibition) is pharmacologically interpreted as overcom-
pensation reactions to disruption of cellular homeostasis by subtoxic
agents, enhancing cytoprotection without pathological effects (7).
Physiologically, transcription factors and redox sensors interplay
to promote cytoprotection and cellular resilience in response to
subthreshold exposures to several stressors.

The caloric restriction, exercise training, and intermittent fasting
(the most important triggers of adaptation responses) are an ex-
ample of such stressors, promoting the delay of age-associated loss
of both muscle fibers, neurogenesis, cognitive and motor functions,
mitochondrial biogenesis, DNA repair, and reduced inflamma-
tion and blood pressure (8,9). It is worth mentioning the concept
of “xenohormesis” which refers a form of cross-species hormesis.
Under stress conditions, plants or fungi synthesize some compounds
(ie, salicylates, resveratrol) that stimulate hormesis responses, also
in other animal species when ingested (10). Instead, one potential
candidate synthetic drug might be the widely used anti-diabetic
drug metformin that is thought to work by inhibiting mitochondrial
function (11). For a detailed overview of possible anti-aging drugs,
see below.

In this context, antioxidants may act as negative regulators ap-
parently by preventing the hormetic response that improves health
and life span. This could be another way to explain the failed re-
sults of the aforementioned trials to examine the effects of antioxi-
dant supplementation on different age-related diseases. Moreover,

Stressors (calorie restriction, fasting,
physical activity)
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Figure 1. The detrimental and beneficial effects of ROS levels and their impact
on cells and mitochondria. Image created with BioRender. ROS = reactive
oxygen species. Full color version is available within the online issue.

this seems to be confirmed by some human studies in which exercise
training is considered the stressor and where the benefits of exercise
showed to be inhibited in those subjects given antioxidant supple-
ments (12,13).

Among the hormetic responses, the activation of the Nrf2/
ARE pathway has been interpreted as a central integrative mech-
anism, underlying the effect of both natural antioxidants and
other hormetic agents (7). Indeed, a plethora of agents, including
electrophilic stressors, dietary interventions, physical exercise, and
ischemia-reperfusion, are capable of activating the Nrf (7). Within
this framework, the interplay of redox reactions can be interpreted
as a mechanistic link between the exogenous agents and the en-
dogenous pathways.

Redox Signaling and Pathways
Cellular Redox Physiology

The ROS are a group of heterogeneous molecules with at least one
oxygen atom and one or more unpaired electrons, deriving from mo-
lecular oxygen, which are formed by reduction-oxidation (redox) re-
actions or by electronic excitation. ROS are classified as radical or
non-radical species. Superoxide anion (O,~) and hydrogen peroxide
(H,0,) are the most representative radical and non-radical species,
respectively (14).

The sources of ROS are of 2 types, endogenous and exogenous.
The main endogenous enzymatic sources of O,~ and H,0, are
transmembrane NADPH oxidases (NOXs) and the mitochondrial
electron transport chain. The O,~ produced in the extracellular com-
partment undergoes a rapid dismutase reaction to form H,O, which
can enter the cell both via diffusion or through aquaporins (15).
During the mitochondrial electron transport chain, the leakage of
electrons contributes highly to ROS production, which represents a
hallmark event underlying different diseases (16). The involvement
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of super assembled complexes in mitochondrial ROS production
at a molecular level has emerged (17). In the outer mitochondrial
membrane, the flavoenzyme monoamine oxidase (MAO) regulates
the levels of catecholamine and serotonin through the oxidative
deamination reaction associated with the production of H,0, and
other by-products. Both of the 2 MAO isoforms increase their ex-
pression and their ability to produce H,0, with age, which acts as
a relevant mediator in age-associated chronic disease (18). One of
the 2 isoforms of xanthine oxidoreductase in humans, namely xan-
thine oxidase (XO), produces high ROS levels (both O,~ and H,0,)
following different associated metabolic disorders (19). Nitric oxide
synthases (NOS) generate nitric oxide (NO) by different isoforms
using oxygen and L-arginine as substrates and tetrahydrobiopterin
as cofactor. When this process is altered, NOS enzymes produce
more ROS and less NO, thereby promoting ROS-induced damages,
especially in cardiovascular disease (20). Along with ROS, the re-
active nitrogen species (radical and non-radical derivatives of ni-
trogen), are produced by all aerobic cells, and they have a role in
both aging and age-related disease (21).

On the other hand, the exogenous sources of ROS can be en-
compassed by the umbrella term “exposome,” the whole cumula-
tive environmental exposure, which includes molecular factors such
as nutrients, drugs, toxicants, and pollutants as well as physical (ie,
UV and X-ray radiation) and psychological (ie, psychosocial pres-
sure) stressors (22). To counteract ROS, all cells have their intracel-
lular antioxidant defenses, including mostly glutathione peroxidase,
superoxide dismutase (SOD), and catalase. O, dismutase in H,O,
spontaneously or via SOD, while both catalase and glutathione per-
oxidase further scavenge H,O, to H,O and oxygen (23). Additionally,
there are different kinds of minerals and vitamins taken by a diet
that enhance the antioxidant defense, including vitamin E, vitamin
C, flavonoids, zinc, and selenium (24).

Nonphysiological and excessive reactive oxygen and nitrogen
species (RONS) production called “oxidative stress” leads to cellular
damages, especially affecting proteins, lipids, and DNA. The oxida-
tive stress is caused by “an imbalance between oxidants and anti-
oxidants in favor of the oxidants, leading to a disruption of redox
signaling and control and/or molecular damage” (25). The oxidative

Table 1. ROS-mediated Gene Regulation

stress is a well-known factor involved in several pathological pro-
cesses and in aging. However, oxidative stress has been questioned
in its paradigm due to the aforementioned complexity of beneficial
versus detrimental processes. Every cell produces physiologically
RONS, due to its aerobic life and cellular resposnse to xenobiotics,
pathogens, and cytokines. This phenomenon is known as “oxidative
eustress” and it is necessary to regulate several important pathways,
such as immune functioning, inflammation, cell survival, develop-
ment, and differentiation processes (26,27).

Genetic and Epigenetic Pathways

Redox signaling affects gene expression through classical gene regu-
lation, which relies on the activity of transcription factors, and novel
gene regulation, through epigenetic regulators. Both are involved
in numerous physiological processes but also implicated in various
diseases. A summary of transcription factors regulated in a redox-
sensitive manner is summarized in Table 1 (28-33).

The epigenetic modulation provides a flexible interface between
organism and environment, which is essential for all the cell func-
tions. The epigenetic changes mediated by ROS are due to chem-
ical modification of cytosine residues of DNA (DNA methylation)
and histone proteins associated with DNA (histone modifications),
thereby regulating gene activity and expression as well as chromatin.
DNA methylation is considered a gene repressive mechanism that
causes gene silencing, preventing transcriptional activators’ ac-
cess to the target binding sites (34). Histones, which are proteins
closely associated with DNA to form the chromatin structure, can
be affected by epigenetic changes, due to methylation, acetylation,
ubiquitination, and ADP-ribosylation, eventually underlying aging-
related processes. Indeed, ROS-dependent epigenetic modifications
are widely recognized as part of the genesis of several age-related dis-
eases (35). An in-depth of redox epigenetics is summarized in Figure

2 (36-43).

Redox Biology and Degenerative Diseases
As already underlined, RONS are involved in several age-related dis-
eases, including cardiovascular, metabolic, neurodegenerative, and

Target Reference
ROS activate the Keap1/Nrf2/ARE (Kelch-like ECH-associated protein 1/nuclear factor-E2-related factor 2/antioxidant response (28)
element) pathway, the master transcriptional activation of antioxidant response element-containing genes, including glutathione,

thioredoxin, and peroxiredoxin

The NF-kB is the master regulator of inflammation pathways. ROS often stimulates the NF-kB pathway in the cytoplasm but (29)
inhibit NF-xB activity in the nucleus.

HIF-1 is a master regulator of transcriptional response of hypoxia. ROS regulation of HIF-1 can occur both under hypoxia and (30)
normoxia.

FOXO transcriptional factors maintain cellular homeostasis and control antioxidant response. Different growth factors (insulin (31)
or IGF-1) promote the activation of PI3K/Akt pathways that inhibits FOXO activation, thereby decreasing cellular antioxidant

defense. ROS can modulate FOXO activity at multiple levels, including posttranslational modifications of FOXOs.

The guardian of genome p53 is induced by different stimuli, including oxidative stress. In response to low ROS levels, p53 (32)
contributes to antioxidant responses but, upon oxidative stress, p5S3 promotes mitochondrial impairment and apoptosis with

increased of ROS production.

ROS can activate the MAPK, a pathway involved in cell survival and in several cellular processes, including proliferation, (33)

differentiation, apoptosis, and stress responses.

Notes: ECH = Enoyl-CoA-Hydratase; FOXO = Forkhead box protein O; HIF-1 = hypoxia-inducible factor-1; MAPK = mitogen-activated protein kinase; NF-
KB = transcription factor nuclear factorkB; PI3K = phosphoinositide 3-kinase; ROS = reactive oxygen species.

To generate the table, “Keap1-Nrf2 and oxidative stress,” “NF-«kB and oxidative stress,” “HIF-1 and oxidative stress,” “FOXO and oxidative stress,” “p53 and
oxidative stress,” “MAPK and oxidative stress” were searched on PubMed (only reviews).
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Knowledge box — Redox epigenetics N

The promoter regions of amyloid- B precursor protein (APP) and B-secretase (BACEL) represent the most target of epigenetic changes. Accordingly,
several studies revealed the impact of methylation and chromatin remodelling in the pathogenesis of neurodegenerative diseases (36). E-cadherin
is silenced by DNA hypermethylation and histone hypoacetylation under oxidative stress conditions, representing a common carcinogenic event
(37). For a detailed understanding of epigenetic changes in cancer mediated by ROS, it recommends reading this review (38). Also sirtuins, the
sensors of the metabolic and energetic state of cells and regulators of a wide range of cellular processes, can be affected by ROS; sirtuin-1, for
example, can be regulated by S-glutathionylation, a redox regulatory mechanism that largely depends on the cellular redox state (39). Among their
action mechanisms, sirtuin-1 regulates pS3 through deacetylation, acting against ageing and age-related diseases. Moreover, sirtuin-1 regulates the
ROS-dependent FOXO factors, which are responsible for cell growth, proliferation, and longevity (40).
Additionally, epigenetic changes are also mediated by the so-called non-coding RNAs (ncRNAs). About 70-90% of genetic material is transcribed
into ncRNAs, including ribosomal RNAs (rRNAs), microRNAs (miRNAs) and long non-coding RNAs (IncRNAs). The miRNAs have been shown to
interfere with the generation of ROS and oxidative stress directly by targeting oxidase and antioxidant enzymes, antioxidant genes and their
transcription factors, and indirectly, mainly by targeting genes involved in apoptosis, tumour—suppressor genes (e.g., p53), and interfering with pro-
i i g, Akt IGF-1). , MIRNA expression itself can be either induced directly by ROS or modulated in response
toinflammatory pathways and contribute ultimately to oxidative stress (41). Although few miRNAs, such as miR34 (42) have been directly linked to
age-related diseases, several miRNA families are modulated by ROS in the development of mitochondria-mediated cell senescence implicated in
several human pathologies. To date, this involvement is stil little known.
Indeed, different miRNAs are involved in development of oxi-nflammation underlying age-related diseases. Notably, miR-21 and miR-1463, also
called “inflammamiRs", can master NF-kB and, in tur, the release of pro-inflammatory cytokines. Additionally, the circulating levels of
inflammamiRs may strongly represent biomarkers of age-related diseases (43).

Figure 2. In-depth box on main epigenetic pathways regulated by redox
biology. ROS = reactive oxygen species.

cancer. For what concerns cardiovascular diseases, the main target
may be Ca*-handling, negatively affected by reactive species causing
myocardium damage, arrhythmia, cardiac remodeling, activation of
pathways of hypertrophy, and apoptosis (21,44). Regarding the mech-
anisms underlying metabolic dysfunction, the dietary-related redox
dysregulation can cause an unbalanced glucose uptake in various
tissues, insulin resistance, and hyperglycemia, as the activation of
NF-kB contributes to create a vicious circle that induces metabolic
reprogramming underlying all metabolic diseases, such as diabetes
and obesity (45). Regarding neurodegenerative disorders, microglia,
and astrocytes are activated by several pro-inflammatory factors and,
in turn, release inflammatory mediators (ie, metalloproteases, nitric
oxide synthase, cyclooxygenases), thereby increasing RONS produc-
tion and inflammation. This detrimental scenario leads to neuron
death and neuroinflammation (46). For what concerns cancer, ROS
are involved in both initiation, promotion, and progression. Indeed,
ROS can induce genetic and/or genomic instability leading to the
accumulation of DNA damages. ROS can also activate oncogenes
(eg, RAS, c-Myc), inactivate tumor suppressor genes (eg, p53, Nrf2),
and increase cell survival and cell proliferation through the modula-
tion of several pathways (eg, MAPK, PI3K/Akt). Elevated ROS pro-
duction and mitochondrial dysfunction associated with a hypoxic
microenvironment and less nutrient availability promote metabolic
reprogramming that ensures cancer cells adapt to these extreme con-
ditions. Moreover, ROS can induce Wnt signaling and thus promote
epithelial-mesenchymal transition, thereby supporting the dissemin-
ation of metastasis (47).

Given the pathological roles of ROS, antioxidants were postu-
lated to potentially play a protective role in aging and age-related
diseases based on their positive impact in several studies (48).
However, most clinical trials examining antioxidant supplementa-
tion failed in the prevention or treatment of various age-related dis-
eases (49,50). Several potential reasons for these failed results have
been discussed extensively, particularly for what concerns individual
differences, nutritional status, and the proper dose regimen of anti-
oxidants (51). To develop targeted therapies focusing upon oxidative
signaling, it is vital to understand the balance that ROS signaling
plays in both physiology and pathophysiology, as well as how the
handling of this balance and the identity of the ROS may influence
cellular and tissue homeostasis.

Aging

Free Radical Theory of Aging in the 2020s

The free radical theory of aging (52) is already entering the
“young-old” category: since 1956, it then attracted more and more
interest, with a huge area of research including and not limited to

phenomenological measurements of age-associated redox disrup-
tion, treatment with dietary and pharmacological procedures, sen-
escence, genetics, and epidemiology (53). RONS can trigger cells
to acquire a senescence-associated secretory phenotype acting on
various factors, which promote several acute and chronic patho-
logical processes. Into this paradigm, oxi-inflamm-aging hypothesis
postulates a loss of homeostasis due to a chronic oxidative stress
that impairs regulatory systems, consequently activating the immune
system to induce an inflammatory state: the vicious circle in which
chronic oxidative stress and inflammation feed each other deter-
mines the pathological aging (21). The immunosenescence amplifies
the oxinflammative damage, with a sequence of events that can be
described as follows: (a) mitochondrial dysfunction; (b) genomic in-
stability; (c) senescence-associated secretory phenotype; (d) higher
adherence and lower migration capacity of immune cells, lower
lymphoproliferative response, decreased cytotoxic activity of im-
mune cells, and inefficient phagocytosis; (e) damage-associated mo-
lecular patterns; (f) excessive production of ROS by immune cells to
destroy and remove senescent cells; and (g) vicious spiral feedback
of oxi-inflammaging (54).

The core of the free radical theory of aging is argued as free rad-
ical and related oxidants disrupt cellular constituents, resulting in
an accumulation of damages. However, as stated by Pomatto and
Davies (55), multiple protective systems interplay and are highly
regulated and modulated both within minutes and as longer-
lasting (over periods of days to years), but still transitory effects.
Therefore, the theory has been recently improved considering that,
as age increases, impaired adaptive homeostatic capabilities, along
with stress-induced structural and functional damage, occur. Id est,
the inducibility of the adaptive response declines with age, accom-
panied with a sluggish cellular signaling and with the emergence of
inflammaging (55).

In recent years, the theory has been directed to mitochon-
dria, emphasizing the role of free radicals affecting mitochondrial
DNA (mtDNA). Free radicals may increase transition mutations of
mtDNA, and more broadly reactive species may affect mitochon-
drial biogenesis and/or mitochondrial turnover (56). Indeed, the lack
of protection by histones makes mtDNA highly susceptible to ex-
cessive ROS formation in an aged heart, and excessive ROS produc-
tion may affect mitochondrial function and apoptotic susceptibility
in aged muscles (57). However, mitochondrial dynamics of fusion/
fission, as well as the complex regulation for maintaining mitochon-
drial genome, the structural remodeling and the variety of response
to countermeasure does not allow to reduce aging to redox-based
mitochondrial dysfunction (58). Therefore, the old postulation that
excessive ROS as waste products by mitochondria causes aging over
time has been criticized, as antioxidants have largely failed to extend
life span or defeat age-related disease, and actually aging encom-
passes mitophagy, mitochondria-to-nucleus retrograde signaling,
and mitochondrial metabolism in a multifaceted system (59). Once
considered only as toxic by-products of the electron transport chain,
mitochondrial ROS are today considered fundamental signaling
molecules, and the differential role of several ROS, as well as and the
loci where ROS are produced, all account for exerting very different
physiological effects (17).

Redox Biogerontology

The concept of the “redox code,” as stated by Jones and Sies (60),
integrates cellular organization and redox reactions which control
the structure and function of cells, as the functioning of cell me-
tabolism is governed by redox processes by fine-tuning of reaction
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cascades and signaling pathways. Ultimately, redox code is based
on the redox interface between an individual and its environment.
The activity of the redox partners depends upon their concentra-
tions within cellular and subcellular compartments. The redox net-
work is constituted by kinetically controlled switches in the redox
proteome and spatiotemporal sequencing in cells’ life through redox
sensing determines an adaptive system to respond to the environ-
ment at different scales. Diseases, and aging itself, may emerge by
deviation from physiological redox steady states. Indeed, most aging
processes comprise a redox component (60). Thus, the redox theory
of aging emerged, postulating aging as the decline of the adaptive
interface between functional genome and life-course environmental
exposures (ie, exposome), not limited but strongly dependent on
redox processes. In this framework, redox sensing, processing, and
signaling coordinate and integrate functional networks. Redox
proteome changes provide exposure memory which decreases the
plasticity of genome-exposome interaction. The interconnection of
redox-dependent metabolism with defense mechanisms determines
the accumulation of impairments to several tissues, and all systems
age (61).

The use over a life span of differentiation and environmental
response systems results in decreased adaptability to further envir-
onmental stressors. The redox couples of glutathione/glutathione
disulfide (GSH/GSSG) and cysteine/cystine (Cys/CySS) become oxi-
dized with age and can be used as hallmarks of such resilience of
redox networks in aging and disease. More deeply, subcellular com-
partments are differently affected by environmental exposure, ac-
counting for the modularity of the redox network. As a consequence
of a series of exposures and cumulative responses affecting any unit
of a complex system (ie, human body), multimorbidity can be inter-
preted as a general consequence of morbidity because a declining
organ system adds strain and impairs the adaptability of other
interacting systems. In the same framework, early environmental re-
sponses can magnify adult disease risk (61).

The restriction of homeodynamic capacity leads to the onset of
age-related diseases (62). As a natural consequence of free radical
and redox theories of aging, several redox compounds have been
suggested as geroprotectors (otherwise termed anti-aging drugs) to
counteract the redox-base disruption of homeodynamic capacity.
However, no simple approach has been proved to be effective in re-
versing aging, and a more complex and systematic paradigm needs
to be promoted in order to define several interventions and their pos-
sible synergistic action for defining effective geroprotectors, which
ultimately aim to increase health span, rather than life span per se
(63). The database GEROPROTECTORS includes 259 life-extension
experiments encompassing any intervention aimed “to increase lon-
gevity, or that reduces, delays or impedes the onset of age-related
pathologies by hampering aging-related processes, repairing damage
or modulating stress resistance” (http://geroprotectors.org).

Hormetic Agents, Lifestyle, and Exposome

Anti-aging Drugs

The concepts underlying geroprotectors opened a huge topic into sci-
entific literature and industry, related to the discovery and use of anti-
aging drugs. The idea was that such pharmacological agents could
trigger hormetic dose-response, conferring cytoprotection against
age-related degenerative processes. The physiology behind included
mitochondrial metabolism and activation of “vitagenes,” a group of
genes encoding for stress response molecules (64). Hormesis, cellular

stress response, and redox homeostasis have been highlighted in
pathological processes such as neuroinflammation (65). Redox
modulation of vitagenes has been reported for several compounds
such as carnosic acid, resveratrol, sulforaphane, dimethyl fumarate,
acetyl-L-carnitine, and carnosine (66). Other studies focused on
drugs targeting autophagy and particularly on mTOR-driven aging.
According to some criteria (ie, prolonging life span in model organ-
isms, facing age-related diseases in mammals, suppressing conver-
sion of cells from quiescence to senescence), rapamycin and other
rapalogs (such as everolimus) have been ultimately defined as anti-
aging drugs (67). Other promising results came from urolithin A,
dPUFA, metformin, and the senolitics (68). Rapalogs and metformin,
as well as aspirin and statins, affect senescence-associated secretory
phenotype (69).

Most anti-aging agents involve, primarily or partially, redox
pathways; however, considering aging as a necessary consequence of
reactive species overproduction led to the antioxidant paradox (69).
Agents targeting reactive species cannot act as primary aging-driving
mechanisms, but geroprotectors may conversely act as antioxidants
(70). Considering the variety of anti-aging drugs, the DrugAge data-
base was released for supporting biogerontology research (71), and
it includes 1 097 distinct drugs tested (http://genomics.senescence.
info/drugs/). However, the translations of anti-aging drugs from
models to preclinical and clinical effectiveness are still on their
way (68). Into this background, hormetic agents (elsewhere termed
“hormetins”) have emerged as drugs capable of mild-stress induced
hormesis and therefore promising approaches for promoting healthy
aging and extending life span (72). Hormetic agents can be defined
as any agents capable of improving or at least preserving cellular
homeostasis in response to stressors. The following sections will
focus on other agents targeting redox hormesis; particularly, nu-
tritional factors have been studied on these terms. The other big
pillar of lifestyle, that is, physical activity, will be addressed. To
conclude the discussion on hormetins, extending the concept to the
exposomics, a special in-depth on pollutants will be provided.

Dietary Interventions

Diet can favor healthy aging, providing a balance nutrient intake,
anti-inflammatory substances, prebiotic, and metabiotic foods. Diet
can provide a low content of glycation end-products, low glycaemic
index and load and, as described below, supplying plants deriv-
ates well known as hormetic nutrients (eg, sulforaphane, curcumin,
resveratrol), that act as potential geroprotectors on target genes such
as Nf- B, p38, and mTOR (73). The latest analyzed anti-aging strat-
egies consider calorie restriction and antioxidants (74) that may
interfere with cellular signaling pathways, influencing cellular redox
state and homeostasis, and show the inverted hormetic U-shaped
dose-response, producing benefits to subsequent exposure to the
same compound or to other (75). Caloric restriction (CR) is the most
powerful intervention to influence aging and age-related diseases
(74). The assumptions about how CR affects life-span concern a
delay in the development, disorder of energy metabolism (oxidative
phosphorylation action with reduced ROS production), endocrine
modifications (involving the IGF 1-/insulin pathway), and finally the
hormesis hypothesis (76). The latter is based on complex modifi-
cation of nutrient-sensing and stress-responsive cellular pathways
which involve mitohormesis and the activation of factors such as
AMPK, sirtuins, and Nrf2 (77,78). However, it is important to consider
the entity of CR and the duration and timing of this restriction (79,80)
(p3) and studies on subject with various features are needed. The
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life-span extension of CR appears to be independent of the reduc-
tion in the amount of ingested food, which occurs parallelly to CR
(81). Because CR has limitations, strategies that mimic their effect,
such as intermittent fasting or prolonged fasting, or even protein re-
striction and in particular of certain amino acids such as methionine,
deserve to be studied in greater depth in humans (82). Another way
to mime CR concerns the natural stilbene resveratrol contained in
grapes, which acts on the sirtuin system and triggers the stress re-
sponse pathways (83).

However, according to the timing of doses, the dietary strategies
can have a detrimental effect (84). Vitamin C is an example: In case
of the supplement of very high doses, it can actually meddle with acti-
vation of endogenous defense signals favored by mild oxidant stimu-
lations, as in case of physical activity, affecting benefits (13); vitamin
E in excessive doses can also impair the physiological role of some
aldehydes, such as trans-4-hydroxy-2-nonenal, generated by peroxyl
radicals and involved in responses at low concentration of adapta-
tion to oxidative stress trough Nrf2 (85). Similar to other environ-
mental stressors, it has been even suggested that a non-pathological
consumption of pro-oxidants in the diet may be beneficial for fa-
cing with further similar stressors and coping with possible patho-
physiological pathways (86). Plant derivate phytochemicals such as
phenolic acids, polyphenols, and flavonoids can particularly act as
hormetic factors. Survival and cellular protection can be positively
triggered by the interaction of polyphenol compounds with the redox
and the vitagenes networks, a topic that should deserve more inves-
tigation (87). Indeed, phytochemicals can represent a pro-oxidative
stimulus regulating the expression of enzymes from innate detoxi-
fication systems via the vitagenes (eg, heat shock proteins [HSPs],
HSP32, HSP60 and HSP70, the Trx/TrxR system, and sirtuins) and
improving the performance of mitochondrial mechanism involved in
cellular respiration (72,75) by mimicking partly the CR effects. As
previously mentioned, one of the most important factors regulating
detoxifying pathway and providing an adaptive response to stressful
conditions is the transcription factor Nrf2 (88), that binds to the
AREs in the enhancer region of cytoprotective genes. One of the
mechanisms associated is the expression of peroxiredoxin-6 (Prdx6)
(89). There is a progressive reduction in Nrf2/ARE binding as age
increases, and several agents are known to trigger this pathway. For
example, it has been shown that sulporaphane restores the activity
of Nrf2 and its target gene Prdx6, reinforcing the nuclear accumu-
lation of Nrf2, thereby enhancing Nrf2/ARE binding and increasing
promoter activity of Prdx6 (89).

Curcumin, which at nontoxic concentrations is a potent in-
ducer of OH-1, as well as epigallocatechin-3-gallate in green tea
and the superseded resveratrol might be considered in this argu-
ment (88(p),(90,91). Oxidative metabolites of carotenoids can also
regulate the pathway Nrf2/ARE (91). Flavonoids and curcuminoids
analogues can support a biphasic protective activity, by scavenging
oxidants directly and inducing cytoprotective enzymes through
Michael reactions (92). Phytocompounds can act either at the level
Nrf2/KEAP1 complex or at the kinase level, as phosphatidylinositol-
3-kinase (PI3K), extracellular signal-regulated protein kinase, protein
kinase C, and c-jun N-termina kinase (90). It is interesting to ob-
serve how the phytocompounds can modulate and reset any alter-
ations of the antioxidant pathway through epigenetic processes (93).
However, it is difficult to achieve in vivo intracellular concentration
that has proven effective in vitro studies with oral administration.
Despite some compounds are well absorbed at the level of enterocytes
(94), not every compound is able to take action at a systemic level.
The reducing action of some compounds realistically is expressed at

the level of the gastrointestinal tract, and the compound hardly came
to target tissues (75); the action of some compounds could rather
have a prebiotic effect on gut microbiota (95). In this sense, some
compounds may have indirectly a neuro-hormetic role related to
the strong bidirectional connection between central nervous system
and gut microbiota, encompassing the alterations responsible for
low-grade chronic inflammatory in older adults (96). The metab-
olism of these compounds from microbiota would explain the low
bio-availability/ high bio-activity paradox of phytocompounds and
the interindividual differences (97). These substances introduced as
supplements do not always give desired effects, but it depends also
in part on the pharmacokinetic properties according to which nu-
tritional supplements have low bioavailability (98,99), and they
can potentially interact with drugs (98). It is worth mentioning that
no dietary agent is likely to act by one mechanism alone without
influencing other targets of a signaling network (93). The study on
which impact nutrients have as separated and incorporated as part
of specific dietetic models is an essential prerogative to integrate into
biogerontology, leading the way of nutri-gerontology, with the aim to
reducing the risk of diseases age and promote longevity (100).

Kinesiological Interventions
It is widely recognized that physical activity (PA) has a positive effect
on health-related outcomes in all age groups, especially in older adults,
playing a fundamental role in primary and secondary prevention of
more than 25 chronic diseases, such as neurodegenerative, cardiovas-
cular, cancer, and on premature mortality (101,102). Moreover, PA
has been acknowledged as one of the only factors able to decrease the
physiological loss of muscle mass and function through upregulation
in mitochondrial plasticity and redox-regulated responses in older
adults (103). In particular, PA can increase catalase, SOD, glutathione
reductase, and glutathione peroxidase levels, which are involved in
the repair systems against oxidative stress, and transcriptional factors
that regulate redox systems in skeletal muscle and plasma (104,105).
Concerning the type of PA, moderate physical exercise can
produce cell adaptation to oxidative stress via induction and expres-
sion of antioxidant enzymes through up-regulation of NF-kB and
other protective systems, such as HSP, resulting in an inhibitor of the
inflammatory mediators (106). Regular aerobic training can activate
the body’s antioxidant system, upregulate endogenous antioxidant
factors, and strengthen the activity of antioxidant enzymes (107).
Resistance training can impact mitochondrial function and reactive
species (108). Combined training (endurance + resistance) can in-
duce protective effects against DNA damage in lymphocytes, that
could be related to the increase in antioxidant capacity (109). All in
all, the relation between PA and redox biology in older adults is con-
troversial and depends on the type, duration, and intensity of exer-
cise (110). Training specificity insights should lead to planning and
recommendations of physical exercise, providing roads of interest
for facing sarcopenia and frailty in the older adults (111). Redox
and inflammatory mediators vary as a function of frequency, inten-
sity, time, and type of exercise and novel studies should evaluate how
those mediators affect the secretion of myokines and organokines in
response to exercise (112). Surely, more studies are needed in order
to understand the best type of exercise able to improve the redox-
based adaptive system. However, from a clinical point of view, it
seems clear that PA should be applied as a therapeutic and preventa-
tive tool to counteract age-related disease due to its role in con-
trasting the redox homeodynamic impairment associated with aging.
In particular, physical exercise can extend the peak of the
hormesis curve, that is, it can extend or stretch the levels of reactive
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species associated with better physical functions. In this vein, mod-
erate exercise, despite inactivity or overtraining, has been suggested
to optimize the hormetic response (113). Indeed, recalling the bell-
shaped curve that defines the response of biological systems to
stressors, Radak and colleagues (114) suggested that this hormesis
curve (with physical function on Y-axis and levels of ROS on X-axis)
can be interestingly evoked by PA. They argued that moderate levels
of oxidative damage are fundamental for the maintenance and via-
bility of cells and that the curve has 2 endpoints on physical in-
activity and overtraining.

Pollution and OxInflammation

To provide a comprehensive overview of exposome inducing redox
homeodynamic impairments, along with drugs and lifestyle fac-
tors, air pollutants definitely cannot be overlooked. Adverse health
effects of polluted air (consisting of gaseous components and het-
erogeneous solid and liquid particles suspended) represent a crucial
burden of current times and diseased people and older adults are
sensitive subpopulations. Accounting for the multifaceted nature
of exposome, particulate matter exposure can limit health gains
from physical activity (115). In the same vein, particulate matter
exposure can also affect the gut microbiome, resulting possibly
in a complex adverse outcome on the gut-skin-brain axis (116).
Therefore, hormetic agents, physiological pathways, and pollutants
are intriguingly interconnected. In this topic, oxinflammation, as the
outcome of the cross-talk between redox stress and inflammation,
emerges considerably to promote and aggravate the adverse health
effects of pollutants (116). Among the molecular pathways men-
tioned before, the sensor-response system of Nrf2 can protect from
immunotoxicity due to environmental pollutants (117). This intra-
cellular redox-sensitive target, responding to oxidative challenges as
a thiol-based apparatus, is central for adaptive homeostasis mech-
anisms based on redox signaling, and it is subject to agedependent
decline (14).

Perspectives

In recent years, extracellular vesicles (EVs) biology has pervaded
massively biomolecular sciences. Redox biology was no excep-
tion to this flood. Briefly, the EVs are plasmatic membrane-coated
nanoparticles actively released by virtually all cell types that permit
contact-free substance exchange between cells and act as signaling
vesicles in autocrine, endocrine, juxtracrine, paracrine, or distal
modes of communication. It has been shown that EVs are involved
in various biological processes, including viral infection, immune re-
sponses, mammalian development, and reproduction (118). An ex-
cess of ROS can affect the cell signaling network and EVs biology,
as redox modifications can alter both the number and cargo of EVs
released by cells (119). The analysis of EVs cargo from several body
fluids, along with tissue-specific proteins, could serve as new indi-
cators of the origin and the redox status of the releasing cells. This
could be used for the discovery of new biomarkers for redox-related
diseases (119). Although hormesis has not yet been a key topic in
EVs research, interestingly, EVs release can potentially act as a cel-
lular healing mechanism mediated by the disposal of harmful mol-
ecules (120). Indeed, the cargo of oxidized lipids and proteins can
mediate detrimental effects on target cells. On the other hand, the
cargo can also include antioxidants that modulate the response in
target cells protecting them. Therefore, antioxidants can be hori-
zontally transferred across cells via EVs. To complete the picture,

EVs can autonomously produce ROS. All in all, the release and the
biochemical features of EVs are considerably affected by the redox
status of originating cells, depending on the cell type and on a sub-
class of EVs analyzed (121).

Another hot topic across biomedical science in the last decades
is represented by microbiome research. As nutrition has been largely
discussed above, it is worth mentioning (Figure 3) an original link
between nutrition, microbiome, and a well-known redox pathway
(NO biology), enough that the relative pathophysiological perspec-
tive would deserve future attention (122-127).

Several chemical, biological, and physical external factors trigger
physiological responses through redox cascades. Most functions are
interlocked with internal cycles, which constitute the timing system
of human bodies. Since the internal clock pathways are inherently
linked with hormesis and are redox dependant, the pathophysio-
logical perspective would deserve future attention, as summarized
in Figure 4 (128-130).

The Hormesis-fashioned Medical Perspectives

Low doses of damaging agents can protect cells against the damage of
subsequent exposure to higher doses of damaging agents: Therefore,
the dose-response characteristics of preconditioning leading to
a protective effect are a manifestation of hormesis (2). Redox
homeodynamics disruption and inflammatory response interact to af-
fect degenerative and survival mechanisms within cells, as schematized
in Figure 5. The general model of hormetic agents affecting hormesys
by redox code across lifespan is presented in Figure 6.

Advancing the U-shaped dose-response framework in toxi-
cology, developing therapeutic strategies based on preconditioning
has therefore emerged as a frontier area of research. Having 2 pos-
sible contrasting properties is what defines Janus-faced agents. As
hereinto mentioned, redox agents can be thought in terms of Janus-
faced molecules, with crucial implication for the understanding of
physiological and pathological processes. For example, it has been
suggested that tumor microenvironment (TME) lies on Janus-faced
characteristics of the redox axis: cancer cells expressing increased
levels of antioxidants that protect them to the elevated reactive cells
as typical in TME; instead, non-cancer cells into the same TME are
not able to avoid the fatal oxidative damage (131). Among reactive
species, NO has been described to have Janus-faced properties with
important implication for the nervous system in the cytoprotective
versus cytotoxic balance (132), and susceptibility to nitrosative
stress varies between cells, with neurons being particularly vulner-
able (133).

Nutraceuticals can represent easily implemented tools to deal with
the purposes of redox network and hormesis leading to health and
longevity. Accumulating evidence into this field includes, for example,
mushrooms-led modulation of inflammation and neurohormesis

Perspective box — Nitric oxide, microbiome and disease

As mentioned, bacteria affect redox homeodynamics in humans. It is possible by modifying molecules of food/beverages in the digestive tract and
using several molecules (such as glucose) to produce antioxidants for the host. Among its several functions, microbiota is capable of producing NO
both chemically, biologically, and via enzymatic pathways. Recently, it has been highlighted the role of oral bacteria in regulating NO homeostasis.
In particular, entero salivary commensal bacteria can use exogenous and endogenous nitrate and reduce it into nitrite. Microbial diversity and oral
diseases both affect the nitrate-nitrite-NO pathway (122). Dietary nitrate supplementation (e.g. with beetroot juice), promoting the ecosystemic
shift in nitrate-sensitive oral microbiome and increasing NO bioavailability, may be a therapeutic target in ageing, hallmarked by microbiome
dysfunction and reduced NO production (123). Mediating the effect of dietary nitrate on blood pressure and boosting oral and plasmatic NO3
bioavailability, the interspecies synergies of nitrate/nitrite-reducing bacteria are protective on cardiometabolic health, as opposed to periodontal
pathogenic bacteria (122). The complex interactions within the oral bacterial community are affected by dietary nitrate interventions and link
microbiome and diet to NO-mediated functional outcomes. These effects are of particular interest for maintaining cardiovascular and cognitive
health in the older adults (123).

The NO-microbiome processes are not limited to the oral cavity, as oral and gut microbiota are interconnected. This connection is both indirect -
through metabolic pathways - and direct - through hematogenous and enterial bacterial transfer (124). The nitrate-nitrite-NO pathway acts across
the oral-gut axis and participates in intracellular redox pathways thereby accounting for host-microbiota metabolic interactions (125). The probiotic
bacterial-induced generation of reactive species stimulates intracellular signalling, determining a redox-based cross-talk between microbe and host
physiology (126). Redox biology have also be suggested to play a key role in linking microbiota to both hormesis and oncogenesis, as bacteria can

\imprwe or impair the homeostatic properties of the environment (127).

Figure 3. In-depth box on nitrate-nitrite-NO pathway, oral-gut axis, and
microbiota.
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Perspective box — Circadian clock regulation

The system of clock-controlled genes and cooperative loops, along with endocrine and nervous networks, that harmonize peripheral oscillators and
assist homeostasis, decline with age. Daily rhythms of NO and antioxidant systems are negatively altered during ageing (128). As a reduction of
homeodynarmic space or buffering capacity that limits the possibility to survive and stay healthy (129), ageing may be highlighted by a detrimental
with diminished and molecular interaction limiting hormesis. Various hormetic agents such as dietary
restrictions, polyphenols (e.g., resveratrol and curcumin), short-term hypoxia, and factors inducing over-expression of heat shock proteins can
positively support circadian timing system via sirtuins. Therefore, sirtuins may be the key factor underpinning the interlinked systems of timing and
hormesis (128). Over last years, the role of sirtuins has emerged in modulating antioxidant and redox signaling, with  plethora of mechanisms in
both mitochondria, cytoplasm and nucleus. All in all, sirtuins play a fundamental role in maintaining redox homeostasis at a cellular level with both
distinct and synergistic mechanisms (130), and sirtuins should be considered in the complex network linking hormesis, redox biology, and ageing.

Figure 4. In-depth box on clock-controlled genes and redox homeostasis.
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(134), and several neurohormetic phytochemicals, such as sulforaphan,
through triggering adaptive stress signaling pathways in cells possibly
improve brain health (135). Myrosinase is the enzyme responsible for
cutting glucoraphanin (abundant in crucifer vegetables) into glucose
and sulforaphane. Although myrosinase is not found in humans, it is
also detected in many strains of bacteria that are commonly found in hu-
mans’ lower gut, that ultimately allow the sulforaphane absorption from
natural fonts (136). The polyphenols hydroxytyrosol and oleuropein
aglycone can increase survival and prevent neurodegeneration (137); in
addition to aging-related neurodegenerative diseases, hydroxytyrosol
treatment has been proposed to combat aging itself (138). Natural
substances such as curcumin may be used for medical purposes
as potent activators of Nrf2, modulating levels of neurotransmit-
ters and protecting nervous system cells against inflammation (139).
However, nutraceuticals studied in animal models are often at a supra-
physiological dose and not achievable in humans without risk of tox-
icity, as well as adequate trials for defined populations are needed to
improve the field (87). Exploiting and developing hormetic dose-re-
sponse strategies based on Nrf activation should enable to prevent and
combat disease, as well as support healthy aging and longevity (7). The

deep understanding of Nrf2 and its crosstalk with other transcription
factors as a hormetic mediator may nurture the development of ef-
fective therapeutic agents (7).

Conclusion

Hormesis can comprehensively unify several arguments related
to aging processes, including dose-response mechanisms, redox
networks, inflammaging, and oxinflammation (140). Therefore,
anti-aging strategies should target this evolutionary concept to
foster healthy aging and longevity. Anti-aging drugs have emerged
as a storm in the last decade, targeting vitagenes, cell senescence,
autophagy, inflammation, and redox systems. Notwithstanding the
promising evidence of hormesis-fashioned medical interventions, yet
the translational path of clinical trials in humans has not been solidly
traversed. However, the combination of anti-aging drugs with life-
style interventions may maximize geroprotector effects (67).

Modulating environmental factors and controlling stress—re-
sponse processes may represent an advanced and refined perspective
for redox medicine (14). In this framework, a deep comprehension
of redox biogerontology and hormetic pathways is needed to clarify
the underlying mechanisms, improve benefits, and minimize detri-
mental effects of any intervention. In the same vein, defining robust
biomarkers of aging could take the biogerontological research to the
next level.

Funding

None declared.

Conflict of Interest

None declared.

Author Contributions

Conceptualization, M.B. and D.B.; Methodology, M.B. and D.B.; Investigation,
M.B.,, G.D.C, C.S,, E.G., L.M., P.P., and D.B.; Writing—Original Draft, M.B.,
G.D.C, C.S., E.G., L.M,, PP, and D.B.; Writing—Review and Editing, M.B.,
D.B.,and S.M.-S.; Visualization: M.B. and D.B.; Supervision, D.B. and S.M.-S.;
Project Administration: M.B. and D.B.

References

1. Pizzino G, Irrera N, Cucinotta M, et al. Oxidative stress: harms and
benefits for human health. Oxid Med Cell Longev. 2017;2017:8416763.
doi:10.1155/2017/8416763

2. Calabrese V, Cornelius C, Dinkova-Kostova AT, Calabrese EJ, Mattson MP.
Cellular stress responses, the hormesis paradigm, and vitagenes: novel tar-
gets for therapeutic intervention in neurodegenerative disorders. Antioxid
Redox Signal. 2010;13(11):1763-1811. doi:10.1089/ars.2009.3074

3. Mao L, Franke J. Hormesis in aging and neurodegeneration-a prodigy
awaiting dissection. Int ] Mol Sci. 2013;14(7):13109-13128. d0i:10.3390/
{jms140713109

4. Vezzoli A, Mrakic-Sposta S, Montorsi M, et al. Moderate intensity resistive
training reduces oxidative stress and improves muscle mass and function
in older individuals. Antioxid Basel Switz. 2019;8(10). doi:10.3390/
antiox8100431

5. Calabrese EJ, Mattson MP. How does hormesis impact biology, toxi-
cology, and medicine? npj Aging Mech Dis. 2017;3(1):1-8. d0i:10.1038/
$41514-017-0013-z

6. Palmeira CM, Teodoro JS, Amorim JA, Steegborn C, Sinclair DA, Rolo AP.
Mitohormesis and metabolic health: the interplay between ROS, cAMP

Gz0z Aenuer €1 uo Jasn 021[e)| 0104 8woy Jo AusiaAiun Aq G£88999/S61.2/1 |/.2/e1onie/ABojojuoiaBpawolq/wod dno-olwapeoe//:sdiy Wwoij Papeojumo(]


https://doi.org/10.1155/2017/8416763
https://doi.org/10.1089/ars.2009.3074
https://doi.org/10.3390/ijms140713109
https://doi.org/10.3390/ijms140713109
https://doi.org/10.3390/antiox8100431
https://doi.org/10.3390/antiox8100431
https://doi.org/10.1038/s41514-017-0013-z
https://doi.org/10.1038/s41514-017-0013-z

Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 11

2203

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

and sirtuins. Free Radic Biol Med. 2019;141:483-491. doi:10.1016/j.
freeradbiomed.2019.07.017

Calabrese EJ, Kozumbo WJ. The hormetic dose-response mechanism:
Nrf2 activation. Pharmacol Res. 2021;167:105526. doi:10.1016/j.
phrs.2021.105526

Gaman L, Stoian I, Atanasiu V. Can ageing be slowed?: Hormetic and
redox perspectives. ] Med Life. 2011;4(4):346-351.

Safdar A, Bourgeois JM, Ogborn DI, et al. Endurance exercise rescues
progeroid aging and induces systemic mitochondrial rejuvenation in
mtDNA mutator mice. Proc Natl Acad Sci USA. 2011;108(10):4135-
4140. doi:10.1073/pnas.1019581108

Howitz KT, Sinclair DA. Xenohormesis: sensing the chemical cues of other
species. Cell. 2008;133(3):387-391. doi:10.1016/j.cell.2008.04.019
Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its
anti-diabetic effects through inhibition of complex 1 of the mitochondrial
respiratory chain. Biochem J. 2000;348(Pt 3):607-614.

Higgins MR, Izadi A, Kaviani M. Antioxidants and Exercise Performance:
With a Focus on Vitamin E and C Supplementation. Int | Environ Res
Public Health. 2020;17(22):8452. doi:10.3390/ijerph17228452

Ristow M, Zarse K, Oberbach A, et al. Antioxidants prevent health-
promoting effects of physical exercise in humans. Proc Natl Acad Sci USA.
2009;106(21):8665-8670. doi:10.1073/pnas.0903485106

Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physio-
logical signalling agents. Nat Rev Mol Cell Biol. 2020521(7):363-383.
doi:10.1038/s41580-020-0230-3

Bienert GP, Chaumont E. Aquaporin-facilitated transmembrane diffusion
of hydrogen peroxide. Biochim Biophys Acta. 2014;1840(5):1596-1604.
doi:10.1016/j.bbagen.2013.09.017

Annesley SJ, Fisher PR. Mitochondria in health and disease. Cells.
2019;8(7):680E680. doi:10.3390/cells8070680

Hernansanz-Agustin P, Enriquez JA. Generation of reactive oxygen species
by mitochondria. Antioxid Basel Switz. 2021;10(3):1-18. doi:10.3390/
ANTIOX10030415

Maggiorani D, Manzella N, Edmondson DE, et al. Monoamine oxidases,
oxidative stress, and altered mitochondrial dynamics in cardiac ageing.
Oxid Med Cell Longev. 2017;2017. doi:10.1155/2017/3017947
Furuhashi M. New insights into purine metabolism in metabolic diseases:
role of xanthine oxidoreductase activity. Am | Physiol Endocrinol Metab.
2020;319(5):E827-E834. d0i:10.1152/ajpend0.00378.2020
Moldogazieva NT, Mokhosoev IM, Feldman NB, Lutsenko SV. ROS and
RNS signalling: adaptive redox switches through oxidative/nitrosative
protein modifications. Free Radic Res. 2018;52(5):507-543. d0i:10.1080/
10715762.2018.1457217

Liguori I, Russo G, Curcio F, et al. Oxidative stress, aging, and diseases.
Clin Interv Aging. 2018;13:757-772. doi:10.2147/CIA.S158513
Niedzwiecki MM, Walker DI, Vermeulen R, Chadeau-Hyam M,
Jones DP, Miller GW. The exposome: molecules to populations.
Annu  Rev  Pharmacol Toxicol. 2019;59:107-127. doi:10.1146/
annurev-pharmtox-010818-021315

He L, He T, Farrar S, Ji L, Liu T, Ma X. Antioxidants maintain cellular
redox homeostasis by elimination of reactive oxygen species. Cell Physiol
Biochem. 2017;44(2):532-553. d0i:10.1159/000485089

Milisav I, Ribari¢ S, Poljsak B. Antioxidant vitamins and ageing. Subcell
Biochem. 2018;90:1-23. doi:10.1007/978-981-13-2835-0_1

Sies H. Oxidative stress: a concept in redox biology and medicine. Redox
Biol. 2015;4:180-10.1016/j.redox.2015.01.002

Rampon C, Volovitch M, Joliot A, Vriz S. Hydrogen peroxide and
redox regulation of developments. Antioxid Basel Switz. 2018;7(11).
doi:10.3390/ANTIOX7110159

Nathan
immunologist’s guide to reactive oxygen species. Nat Rev Immunol.
2013;13(5):349-361. d0i:10.1038/nri3423

Baird L, Yamamoto M. The molecular mechanisms regulating the
KEAP1-NRF2 pathway. Mol Cell Biol. 2020;40(13). doi:10.1128/
MCB.00099-20

Morgan M], Liu Z. Crosstalk of reactive oxygen species and NF-kB
signaling. Cell Res. 2011;21(1):103-115. d0i:10.1038/cr.2010.178

C, Cunningham-Bussel A. Beyond oxidative stress: an

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Movafagh S, Crook S, Vo K. Regulation of hypoxia-inducible factor-1a
by reactive oxygen species: new developments in an old debate. | Cell
Biochem. 2015;116(5):696-703. doi:10.1002/jcb.25074

Klotz L-O, Sanchez-Ramos C, Prieto-Arroyo I, Urbanek P, Steinbrenner H,
Monsalve M. Redox regulation of FoxO transcription factors. Redox Biol.
2015;6:51-72. doi:10.1016/j.redox.2015.06.019

Liu D, Xu Y. p53, oxidative stress, and aging. Antioxid Redox Signal.
2011;15(6):1669-1678. d0i:10.1089/ars.2010.3644

Rezatabar S, Karimian A, Rameshknia V, et al. RAS/MAPK signaling func-
tions in oxidative stress, DNA damage response and cancer progression. |
Cell Physiol. 2019. doi:10.1002/jcp.28334

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev.
2002;16(1):6-21. doi:10.1101/GAD.947102

Wang Y, Yuan Q, Xie L. Histone modifications in aging: the underlying
mechanisms and implications. Curr Stem Cell Res Ther. 2018;13(2). doi:
10.2174/1574888X12666170817141921

Chouliaras L, Mastroeni D, Delvaux E, et al. Consistent decrease in
global DNA methylation and hydroxymethylation in the hippocampus
of Alzheimer’s disease patients. Neurobiol Aging. 2013;34(9):2091-2099.
doi:10.1016/J.NEUROBIOLAGING.2013.02.021

Lim SO, Gu JM, Kim MS, et al. Epigenetic changes induced by re-
active oxygen species in hepatocellular carcinoma: methylation of the
E-cadherin promoter. Gastroenterology. 2008;135(6). doi:10.1053/].
GASTRO.2008.07.027

Nebbioso A, Tambaro FP, Dell’Aversana C, Altucci L. Cancer epigenetics:
Moving forward. PLoS Genet. 2018;14(6). doi:10.1371/JOURNAL.
PGEN.1007362

Zee RS, Yoo CB, Pimentel DR, et al. Redox regulation of sirtuin-1 by
S-glutathiolation.  Antioxid Redox Signal. 2010;13(7):1023-1032.
doi:10.1089/ARS.2010.3251

Cencioni C, Spallotta F, Martelli F, et al. Oxidative stress and epi-
genetic regulation in ageing and age-related diseases. Int | Mol Sci.
2013;14(9):17643-17663. doi:10.3390/JMS140917643

Climent M, Viggiani G, Chen YW, Coulis G, Castaldi A. MicroRNA
and ROS crosstalk in cardiac and pulmonary diseases. Int | Mol Sci.
2020;21(12):1-34. d0i:10.3390/1JMS21124370

Boon RA, Iekushi K, Lechner S, et al. MicroRNA-34a regulates cardiac
ageing and function. Nature. 2013;495(7439):107-110. doi:10.1038/
NATURE11919

Olivieri F, Prattichizzo F, Giuliani A, et al. miR-21 and miR-146a: The
microRNAs of inflammaging and age-related diseases. Ageing Res Rev.
2021;70:101374. d0i:10.1016/j.arr.2021.101374

Bevere M, Morabito C, Mariggid MA, Guarnieri S. The oxidative
balance orchestrates the main keystones of the functional activity
of cardiomyocytes. Oxid Med Cell Longev. 2022;2022:¢7714542.
doi:10.1155/2022/7714542

Luc K, Schramm-Luc A, Guzik TJ, Mikolajczyk TP. Oxidative stress and
inflammatory markers in prediabetes and diabetes. | Physiol Pharmacol.
2019;70(6). doi:10.26402/JPP.2019.6.01

Hsieh H-L, Yang C-M. Role of redox signaling in neuroinflammation
and neurodegenerative diseases. Biomed Res Int. 2013;2013:1-18.
doi:10.1155/2013/484613

Moloney JN, Cotter TG. ROS signalling in the biology of cancer. Semin
Cell Dev Biol. 2018;80:50-64. d0i:10.1016/J.SEMCDB.2017.05.023

de Oliveira NKS, Almeida MRS, Pontes FMM, et al. Antioxidant
effect of flavonoids present in Euterpe oleracea Martius and
neurodegenerative diseases: a literature review. Cent Nerv Syst Agents
Med Chem. 2019;19(2):75-99. d0i:10.2174/18715249196661905021
05855

Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C. Mortality
in randomized trials of antioxidant supplements for primary and sec-
ondary prevention: systematic review and meta-analysis. JAMA.
2007;297(8):842-857. doi:10.1001/JAMA.297.8.842

Myung SK, Ju W, Cho B, et al. Efficacy of vitamin and antioxidant sup-
plements in prevention of cardiovascular disease: systematic review and
meta-analysis of randomised controlled trials. BMJ. 2013;346(7893).
doi:10.1136/BM]J.F10

Gz0z Aenuer €1 uo Jasn 021[e)| 0104 8woy Jo AusiaAiun Aq G£88999/S61.2/1 |/.2/e1onie/ABojojuoiaBpawolq/wod dno-olwapeoe//:sdiy Wwoij Papeojumo(]


https://doi.org/10.1016/j.freeradbiomed.2019.07.017
https://doi.org/10.1016/j.freeradbiomed.2019.07.017
https://doi.org/10.1016/j.phrs.2021.105526
https://doi.org/10.1016/j.phrs.2021.105526
https://doi.org/10.1073/pnas.1019581108
https://doi.org/10.1016/j.cell.2008.04.019
https://doi.org/10.3390/ijerph17228452
https://doi.org/10.1073/pnas.0903485106
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1016/j.bbagen.2013.09.017
https://doi.org/10.3390/cells8070680
https://doi.org/10.3390/ANTIOX10030415
https://doi.org/10.3390/ANTIOX10030415
https://doi.org/10.1155/2017/3017947
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.1080/10715762.2018.1457217
https://doi.org/10.1080/10715762.2018.1457217
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.1146/annurev-pharmtox-010818-021315
https://doi.org/10.1146/annurev-pharmtox-010818-021315
https://doi.org/10.1159/000485089
https://doi.org/10.1007/978-981-13-2835-0_1
https://doi.org/10.1016/j.redox.2015.01.002
https://doi.org/10.3390/ANTIOX7110159
https://doi.org/10.1038/nri3423
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1038/cr.2010.178
https://doi.org/10.1002/jcb.25074
https://doi.org/10.1016/j.redox.2015.06.019
https://doi.org/10.1089/ars.2010.3644
https://doi.org/10.1002/jcp.28334
https://doi.org/10.1101/GAD.947102
https://doi.org/10.2174/1574888X12666170817141921
https://doi.org/10.1016/J.NEUROBIOLAGING.2013.02.021
https://doi.org/10.1053/J.GASTRO.2008.07.027
https://doi.org/10.1053/J.GASTRO.2008.07.027
https://doi.org/10.1371/JOURNAL.PGEN.1007362
https://doi.org/10.1371/JOURNAL.PGEN.1007362
https://doi.org/10.1089/ARS.2010.3251
https://doi.org/10.3390/IJMS140917643
https://doi.org/10.3390/IJMS21124370
https://doi.org/10.1038/NATURE11919
https://doi.org/10.1038/NATURE11919
https://doi.org/10.1016/j.arr.2021.101374
https://doi.org/10.1155/2022/7714542
https://doi.org/10.26402/JPP.2019.6.01
https://doi.org/10.1155/2013/484613
https://doi.org/10.1016/J.SEMCDB.2017.05.023
https://doi.org/10.2174/1871524919666190502105855
https://doi.org/10.2174/1871524919666190502105855
https://doi.org/10.1001/JAMA.297.8.842
https://doi.org/10.1136/BMJ.F10

2204 Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 11
51. Murphy MP. Antioxidants as therapies: can we improve on 75. Franco R, Navarro G, Martinez-Pinilla E. Hormetic and mitochondria-
nature? Free Radic Biol Med. 2014;66:20-23. doi:10.1016/]. related mechanisms of antioxidant action of phytochemicals. Antioxidants.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

69.

70.

71.

72.

73.

74.

FREERADBIOMED.2013.04.010

Harman D. Aging: a theory based on free radical and radiation chemistry.
J Gerontol. 1956;11(3):298-300. doi:10.1093/geron;j/11.3.298

Beckman KB, Ames BN. The free radical theory of aging matures. Physiol
Rev. 1998;78(2):547-581. doi:10.1152/physrev.1998.78.2.547

Martinez de Toda I, Ceprian N, Diaz-Del Cerro E, De la Fuente M. The
role of immune cells in oxi-inflamm-aging. Cells. 2021;10(11):2974.
d0i:10.3390/cells10112974

Pomatto LCD, Davies KJA. Adaptive homeostasis and the free radical
theory of ageing. Free Radic Biol Med. 2018;124:420-430. doi:10.1016/j.
freeradbiomed.2018.06.016

Ziada AS, Smith M-SR, Coté HCE. Updating the free radical theory of aging.
Front Cell Dev Biol. 2020;8:575645. do0i:10.3389/fcell.2020.575645
Boengler K, Kosiol M, Mayr M, Schulz R, Rohrbach S. Mitochondria
and ageing: role in heart, skeletal muscle and adipose tissue. | Cachexia
Sarcopenia Muscle. 2017;8(3):349-369. doi:10.1002/jcsm.12178

Rygiel KA, Picard M, Turnbull DM. The ageing neuromuscular system and
sarcopenia: a mitochondrial perspective: sarcopenia and mitochondria. |
Physiol. 2016;594(16):4499-4512. doi:10.1113/JP271212

Lefkimmiatis K, Grisan F, Iannucci LF, Surdo NC, Pozzan T, Di Benedetto G.
Mitochondrial communication in the context of aging. Aging Clin Exp
Res. 2021;33(5):1367-1370. d0i:10.1007/s40520-019-01451-9

Jones DP, Sies H. The Redox code. Antioxid Redox Signal. 2015;23(9):734—
746. d0i:10.1089/ars.2015.6247

Go Y-M, Jones DP. Redox theory of aging: implications for health and
disease. Clin Sci. 2017;131(14):1669-1688. d0i:10.1042/CS20160897
Pomatto LCD, Davies KJA. The role of declining adaptive homeostasis in
ageing. | Physiol. 2017;595(24):7275-7309. doi:10.1113/JP275072
Moskalev A. Is anti-ageing drug discovery becoming a reality? Expert
Opin Drug Discov. 2020;15(2):135-138. doi:10.1080/17460441.2020.1
702965

Calabrese V, Cornelius C, Cuzzocrea S, Iavicoli I, Rizzarelli E, Calabrese EJ.
Hormesis, cellular stress response and vitagenes as critical determin-
ants in aging and longevity. Mol Aspects Med. 2011;32(4):279-304.
doi:10.1016/j.mam.2011.10.007

Calabrese V, Giordano J, Crupi R, et al. Hormesis, cellular stress response
and neuroinflammation in schizophrenia: early onset versus late onset
state. | Neurosci Res. 2017;95(5):1182-1193. doi:10.1002/jnr.23967
Calabrese V, Cornelius C, Dinkova-Kostova AT, et al. Cellular stress re-
sponses, hormetic phytochemicals and vitagenes in aging and longevity.
Biochim Biophys Acta BBA - Mol Basis Dis. 2012;1822(5):753-783.
doi:10.1016/j.bbadis.2011.11.002

Blagosklonny MV. From rapalogs to anti-aging formula. Oncotarget.
2017;8(22):35492-35507. doi:10.18632/oncotarget.18033

. Tabibzadeh S. Cell-centric hypotheses of aging. Front Biosci Landmark

Ed. 2021;26:1-49. doi:10.2741/4888

Piskovatska V, Strilbytska O, Koliada A, Vaiserman A, Lushchak O.
Health benefits of anti-aging drugs. In: Harris JR, Korolchuk VI, eds.
Biochemistry and Cell Biology of Ageing: Part II Clinical Science.
Subcellular ~ Biochemistry.  Singapore: 2019:339-392.
doi:10.1007/978-981-13-3681-2_13

Gruber J, Halliwell B. Approaches for extending human healthspan:

Springer;

from antioxidants to healthspan pharmacology. Essays Biochem.
2017;61(3):389-399. doi:10.1042/EBC20160091

Barardo D, Thornton D, Thoppil H, et al. The DrugAge database of aging-
related drugs. Aging Cell. 2017;16(3):594-597. doi:10.1111/acel.12585
Rattan SIS. Rationale and methods of discovering hormetins as drugs for
healthy ageing. Expert Opin Drug Discov. 2012;7(5):439-448. doi:10.15
17/17460441.2012.677430

Moskalev A. Nutritional regulation of aging and longevity. In: Rattan SIS,
Kaur G, eds. Nutrition, Food and Diet in Ageing and Longevity. Healthy
Ageing and Longevity. Cham: Springer International Publishing;
2021:439-464. doi:10.1007/978-3-030-83017-5_21

Mehdi MM, Solanki P, Singh P. Oxidative stress, antioxidants, hormesis
and calorie restriction: the current perspective in the biology of aging. Arch
Gerontol Geriatr. 2021;95:104413. doi:10.1016/j.archger.2021.104413

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

2019;8(9):373. d0i:10.3390/antiox8090373

Sinclair DA. Toward a unified theory of caloric restriction and longevity
regulation. Mech Ageing Dev. 2005;126(9):987-1002. doi:10.1016/j.
mad.2005.03.019

Di Francesco A, Di Germanio C, Bernier M, de Cabo R. A time to fast.
Science. 2018. doi:10.1126/science.aau2095

Sykiotis GP, Habeos IG, Samuelson AV, Bohmann D. The role of the anti-
oxidant and longevity-promoting Nrf2 pathway in metabolic regula-
tion. Curr Opin Clin Nutr Metab Care. 2011;14(1):41-48. d0i:10.1097/
MCO.0b013e32834136f2

Kraus WE, Bhapkar M, Huffman KM, et al. 2 years of calorie restric-
tion and cardiometabolic risk (CALERIE): exploratory outcomes of
a multicentre, phase 2, randomised controlled trial. Lancet Diabetes
Endocrinol. 2019;7(9):673-683. doi:10.1016/52213-8587(19)30151-2
Yu W, Qin J, Chen C, Fu Y, Wang W. Moderate calorie restriction at-
tenuates age-associated alterations and improves cardiac function by
increasing SIRT1 and SIRT3 expression. Mol Med Rep. 2018;18(4):4087-
4094. doi:10.3892/mmr.2018.9390

Liang Y, Gao Y, Hua R, et al. Calorie intake rather than food quantity
consumed is the key factor for the anti-aging effect of calorie restriction.
Aging 2021;13(17):21526-21546. doi:10.18632/aging.203493

Zou K, Rouskin S, Dervishi K, et al. Life span extension by glucose re-
striction is abrogated by methionine supplementation: cross-talk between
glucose and methionine and implication of methionine as a key regulator
of life span. Sci Adv. 2020. doi:10.1126/sciadv.aba1306

Picca A, Pesce V, Lezza AMS. Does eating less make you live longer and
better? An update on calorie restriction. Clin Interv Aging. 2017;12:1887-
1902. doi:10.2147/CIA.S126458

Almendariz-Palacios C, Mousseau DD, Eskiw CH, Gillespie ZE. Still living
better through chemistry: an update on caloric restriction and caloric re-
striction mimetics as tools to promote health and lifespan. Int | Mol Sci.
2020;21(23):9220. doi:10.3390/ijms21239220

Chen Z-H, Saito Y, Yoshida Y, Sekine A, Noguchi N, Niki E.
4-Hydroxynonenal induces adaptive response and enhances PC12 cell tol-
erance primarily through induction of thioredoxin reductase 1 via activa-
tion of Nrf2*. J Biol Chem. 2005;280(51):41921-41927. doi:10.1074/
jbc.M508556200

Franco R, Casanovas B, Camps ], Navarro G, Martinez-Pinilla E.
Antixoxidant supplements versus health benefits of brief/intermittent ex-
posure to potentially toxic physical or chemical agents. Curr Issues Mol
Biol. 2021;43(2):650-664. d0i:10.3390/cimb43020047

Miquel S, Champ C, Day ], et al. Poor cognitive ageing: vulnerabilities,
mechanisms and the impact of nutritional interventions. Ageing Res Rev.
2018;42:40-55. do0i:10.1016/j.arr.2017.12.004

Lu M-C, Ji J-A, Jiang Z-Y, You Q-D. The Keap1-Nrf2—-ARE pathway as
a potential preventive and therapeutic target: an update. Med Res Rev.
2016;36(5):924-963. d0i:10.1002/med.21396

Kubo E, Chhunchha B, Singh P, Sasaki H, Singh DP. Sulforaphane reacti-
vates cellular antioxidant defense by inducing Nrf2/ARE/Prdx6 activity
during aging and oxidative stress. Sci Rep. 2017;7(1):14130. doi:10.1038/
$41598-017-14520-8

Son TG, Camandola S, Mattson MP. Hormetic dietary phytochemicals.
Neuromolecular Med. 2008;10(4):236. doi:10.1007/s12017-008-8037-y
Stefanson AL, Bakovic M. Dietary regulation of Keapl/Nrf2/ARE
pathway: focus on plant-derived compounds and trace minerals. Nutrients
2014;6(9):3777-3801. d0i:10.3390/nu6093777

Dinkova-Kostova AT, Cheah ], Samouilov A, et al. Phenolic Michael reac-
tion acceptors: combined direct and indirect antioxidant defenses against
electrophiles and oxidants. Med Chem Shariqah United Arab Emir.
2007;3(3):261-268. doi:10.2174/157340607780620680

Bhattacharjee S, Dashwood RH. Epigenetic regulation of NRF2/
KEAP1 by phytochemicals. Antioxidants. 2020;9(9):865. doi:10.3390/
antiox9090865

Marin L, Miguélez EM, Villar CJ, Lombé E Bioavailability of dietary poly-
phenols and gut microbiota metabolism: antimicrobial properties. Biomed
Res Int. 2015;2015:€905215. doi:10.1155/2015/905215

Gz0z Aenuer €1 uo Jasn 021[e)| 0104 8woy Jo AusiaAiun Aq G£88999/S61.2/1 |/.2/e1onie/ABojojuoiaBpawolq/wod dno-olwapeoe//:sdiy Wwoij Papeojumo(]


https://doi.org/10.1016/J.FREERADBIOMED.2013.04.010
https://doi.org/10.1016/J.FREERADBIOMED.2013.04.010
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1152/physrev.1998.78.2.547
https://doi.org/10.3390/cells10112974
https://doi.org/10.1016/j.freeradbiomed.2018.06.016
https://doi.org/10.1016/j.freeradbiomed.2018.06.016
https://doi.org/10.3389/fcell.2020.575645
https://doi.org/10.1002/jcsm.12178
https://doi.org/10.1113/JP271212
https://doi.org/10.1007/s40520-019-01451-9
https://doi.org/10.1089/ars.2015.6247
https://doi.org/10.1042/CS20160897
https://doi.org/10.1113/JP275072
https://doi.org/10.1080/17460441.2020.1702965
https://doi.org/10.1080/17460441.2020.1702965
https://doi.org/10.1016/j.mam.2011.10.007
https://doi.org/10.1002/jnr.23967
https://doi.org/10.1016/j.bbadis.2011.11.002
https://doi.org/10.18632/oncotarget.18033
https://doi.org/10.2741/4888
https://doi.org/10.1007/978-981-13-3681-2_13
https://doi.org/10.1042/EBC20160091
https://doi.org/10.1111/acel.12585
https://doi.org/10.1517/17460441.2012.677430
https://doi.org/10.1517/17460441.2012.677430
https://doi.org/10.1007/978-3-030-83017-5_21
https://doi.org/10.1016/j.archger.2021.104413
https://doi.org/10.3390/antiox8090373
https://doi.org/10.1016/j.mad.2005.03.019
https://doi.org/10.1016/j.mad.2005.03.019
https://doi.org/10.1126/science.aau2095
https://doi.org/10.1097/MCO.0b013e32834136f2
https://doi.org/10.1097/MCO.0b013e32834136f2
https://doi.org/10.1016/S2213-8587(19)30151-2
https://doi.org/10.3892/mmr.2018.9390
https://doi.org/10.18632/aging.203493
https://doi.org/10.1126/sciadv.aba1306
https://doi.org/10.2147/CIA.S126458
https://doi.org/10.3390/ijms21239220
https://doi.org/10.1074/jbc.M508556200
https://doi.org/10.1074/jbc.M508556200
https://doi.org/10.3390/cimb43020047
https://doi.org/10.1016/j.arr.2017.12.004
https://doi.org/10.1002/med.21396
https://doi.org/10.1038/s41598-017-14520-8
https://doi.org/10.1038/s41598-017-14520-8
https://doi.org/10.1007/s12017-008-8037-y
https://doi.org/10.3390/nu6093777
https://doi.org/10.2174/157340607780620680
https://doi.org/10.3390/antiox9090865
https://doi.org/10.3390/antiox9090865
https://doi.org/10.1155/2015/905215

Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 11

2205

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Fogliano V, Corollaro ML, Vitaglione P, et al. In vitro bioaccessibility
and gut biotransformation of polyphenols present in the water-insoluble
cocoa fraction. Mol Nutr Food Res. 2011;55(51):544-S55. doi:10.1002/
mnfr.201000360

Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its
potential contribution to age-associated diseases. ] Gerontol A Biol Sci
Med Sci. 2014;69(Suppl 1):54-S9. doi:10.1093/geronal/glu057
Ruskovska T, Maksimova V, Milenkovic D. Polyphenols in human nu-
trition: from the in vitro antioxidant capacity to the beneficial effects
on cardiometabolic health and related inter-individual variability — an
overview and perspective. Br ] Nutr. 2020;123(3):241-254. d0i:10.1017/
S0007114519002733

Calabrese V, Cornelius C, Trovato-Salinaro A, et al. The hormetic role
of dietary antioxidants in free radical-related diseases. Curr Pharm Des.
2010;16(7):877-883. d0i:10.2174/138161210790883615

Di Lorenzo C, Colombo F, Biella S, Stockley C, Restani P. Polyphenols
and human health: the role of bioavailability. Nutrients. 2021;13(1):273.
do0i:10.3390/nu13010273

Verburgh K. Nutrigerontology: why we need a new scientific discipline to
develop diets and guidelines to reduce the risk of aging-related diseases.
Aging Cell. 2015;14(1):17-24. doi:10.1111/acel. 12284

Anderson E, Durstine JL. Physical activity, exercise, and chronic diseases:
a brief review. Sports Med Health Sci. 2019;1(1):3-10. doi:10.1016/j.
smhs.2019.08.006

Grazioli E, Dimauro I, Mercatelli N, et al. Physical activity in the preven-
tion of human diseases: role of epigenetic modifications. BMC Genomics.
2017;18(Suppl 8):802. doi:10.1186/s12864-017-4193-5

Joseph A-M, Adhihetty PJ, Leeuwenburgh C. Beneficial effects of exercise
on age-related mitochondrial dysfunction and oxidative stress in skeletal
muscle. | Physiol. 2016;594(18):5105-5123. do0i:10.1113/JP270659
Gorini G, Gamberi T, Fiaschi T, Mannelli M, Modesti A, Magherini F.
Irreversible plasma and muscle protein oxidation and physical exercise. Free
Radic Res. 2019;53(2):126-138. doi:10.1080/10715762.2018.1542141
Nilsson MI, Tarnopolsky MA. Mitochondria and aging-the role of
exercise as a countermeasure. Biology. 2019;8(2):E40. doi:10.3390/
biology8020040

Dimauro I, Grazioli E, Lisi V, et al. Systemic response of antioxidants,
heat shock proteins, and inflammatory biomarkers to short-lasting
exercise training in healthy male subjects. Oxid Med Cell Longev.
2021;2021:€1938492. doi:10.1155/2021/1938492

Thirupathi A, Pinho RA. Effects of reactive oxygen species and interplay
of antioxidants during physical exercise in skeletal muscles. | Physiol
Biochem. 2018;74(3):359-367. d0i:10.1007/s13105-018-0633-1
Cuyul-Visquez I, Berrios-Contreras L, Soto-Fuentes S, Hunter-Echeverria K,
Marzuca-Nassr GN. Effects of resistance exercise training on redox homeo-
stasis in older adults. A systematic review and meta-analysis. Exp Gerontol.
2020;138:111012. doi:10.1016/j.exger.2020.111012

Soares JP, Silva AM, Oliveira MM, Peixoto F, Gaivdo I, Mota MP. Effects
of combined physical exercise training on DNA damage and repair cap-
acity: role of oxidative stress changes. AGE. 2015;37(3):61. d0i:10.1007/
s11357-015-9799-4

Ye Y, Lin H, Wan M, et al. The effects of aerobic exercise on oxida-
tive stress in older adults: a systematic review and meta-analysis. Front
Physiol. 2021;12. doi:10.3389/fphys.2021.701151

Di Filippo ES, Bondi D, Pietrangelo T, Fano-Illic G, Fulle S. Molecular and
cellular aspects of sarcopenia, muscle healthy aging and physical condi-
tioning in the elderly. J Sci Sport Exerc. 2020;2:246-257. doi:10.1007/
$42978-020-00065-2

Magliulo L, Bondi D, Pini N, Marramiero L, Di Filippo ES. The wonder
exerkines: novel insights: a critical state-of-the-art review. Mol Chem
Biochem. 2022;477(1):105-113. doi:10.1007/s11010-021-04264-5
Radak Z, Chung HY, Koltai E, Taylor AW, Goto S. Exercise, oxidative
stress and hormesis. Ageing Res Rev. 2008;7(1):34-42. doi:10.1016/j.
arr.2007.04.004

Radak Z, Ishihara K, Tekus E, et al. Exercise, oxidants, and antioxi-
dants change the shape of the bell-shaped hormesis curve. Redox Biol.
2017;12:285-290. doi:10.1016/j.redox.2017.02.015

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Tainio M, Jovanovic Andersen Z, Nieuwenhuijsen M]J, et al. Air pol-
lution, physical activity and health: a mapping review of the evidence.
Environ Int. 2021;147:105954. d0i:10.1016/j.envint.2020.105954
Valacchi G, Magnani N, Woodby B, Ferreira SM, Evelson P.
Particulate matter induces tissue oxinflammation: from mechanism to
damage. Antioxid Redox Signal. 2020;33(4):308-326. doi:10.1089/
ars.2019.8015

Suzuki T, Hidaka T, Kumagai Y, Yamamoto M. Environmental pollu-
tants and the immune response. Nat Immunol. 2020;21(12):1486-1495.
doi:10.1038/s41590-020-0802-6

Shao ], Zaro J, Shen Y. Advances in exosome-based drug delivery and
tumor targeting: from tissue distribution to intracellular fate. Int |
Nanomedicine. 2020;15:9355-9371. doi:10.2147/]JN.S281890

Borras C, Mas-Bargues C, Sanz-Ros J, et al. Extracellular vesicles and
redox modulation in aging. Free Radic Biol Med. 2020;149:44-50.
doi:10.1016/j.freeradbiomed.2019.11.032

Szabo-Taylor K, Ryan B, Osteikoetxea X, et al. Oxidative and other
posttranslational modifications in extracellular vesicle biology. Semin
Cell Dev Biol. 2015;40:8-16. doi:10.1016/j.semcdb.2015.02.012
Chiaradia E, Tancini B, Emiliani C, et al. Extracellular vesicles under
oxidative stress conditions: biological properties and physiological roles.
Cells. 2021;10(7):1763. doi:10.3390/cells10071763

Pignatelli P, Fabietti G, Ricci A, Piattelli A, Curia MC. How peri-
odontal disease and presence of nitric oxide reducing oral bacteria can
affect blood pressure. Int | Mol Sci. 2020;21(20):7538. d0i:10.3390/
{jms21207538

Vanhatalo A, UHeureux JE, Kelly J, et al. Network analysis of nitrate-
sensitive oral microbiome reveals interactions with cognitive function
and cardiovascular health across dietary interventions. Redox Biol.
2021;41:101933. d0i:10.1016/j.redox.2021.101933

Khor B, Snow M, Herrman E, et al. Interconnections between the oral
and gut microbiomes: reversal of microbial dysbiosis and the balance
between systemic health and disease. Microorganisms. 2021;9(3):496.
d0i:10.3390/microorganisms9030496

Rocha BS, Laranjinha J. Nitrate from diet might fuel gut microbiota me-
tabolism: minding the gap between redox signaling and inter-kingdom
communication. Free Radic Biol Med. 2020;149:37-43. doi:10.1016/j.
freeradbiomed.2020.02.001

Jones RM. The influence of the gut microbiota on host physiology: in
pursuit of mechanisms. Yale | Biol Med. 2016;89(3):285-297.

Clanton R, Saucier D, Ford J, Akabani G. Microbial influences on
hormesis, oncogenesis, and therapy: a review of the literature. Environ
Res. 2015;142:239-256. doi:10.1016/j.envres.2015.06.026

Jagota A, Thummadi NB, Kukkemane K. Chapter 20 - Circadian regu-
lation of hormesis for health and longevity. In: Rattan SIS, Kyriazis M,
eds. The Science of Hormesis in Health and Longevity. Academic Press;
2019:223-233. doi:10.1016/B978-0-12-814253-0.00020-6

Rattan SIS. Hormesis in aging. Ageing Res Rev. 2008;7(1):63-78.
do0i:10.1016/j.arr.2007.03.002

Singh CK, Chhabra G, Ndiaye MA, Garcia-Peterson LM, Mack NJ,
Ahmad N. The role of sirtuins in antioxidant and redox signaling.
Antioxid  Redox 2018;28(8):643-661. doi:10.1089/
ars.2017.7290

Khramtsov VV, Gillies RJ. Janus-faced tumor microenvironment and
redox. Antioxid Redox Signal. 2014;21(5):723-729. doi:10.1089/
ars.2014.5864

Calabrese V, Mancuso C, Calvani M, Rizzarelli E, Butterfield DA,
Stella AMG. Nitric oxide in the central nervous system: neuroprotection
2007;8(10):766-775.

Signal.

versus neurotoxicity. Nat Rev Neurosci.
doi:10.1038/nrn2214

Calabrese V, Cornelius C, Rizzarelli E, Owen JB, Dinkova-Kostova AT,
Butterfield DA. Nitric oxide in cell survival: a janus molecule. Antioxid
Redox Signal. 2009;11(11):2717-2739. d0i:10.1089/ars.2009.2721
Trovato Salinaro A, Pennisi M, Di Paola R, et al. Neuroinflammation and
neurohormesis in the pathogenesis of Alzheimer’s disease and Alzheimer-
linked pathologies: modulation by nutritional mushrooms. Immun
Ageing A. 2018;15:8. doi:10.1186/s12979-017-0108-1

Gz0z Aenuer €1 uo Jasn 021[e)| 0104 8woy Jo AusiaAiun Aq G£88999/S61.2/1 |/.2/e1onie/ABojojuoiaBpawolq/wod dno-olwapeoe//:sdiy Wwoij Papeojumo(]


https://doi.org/10.1002/mnfr.201000360
https://doi.org/10.1002/mnfr.201000360
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1017/S0007114519002733
https://doi.org/10.1017/S0007114519002733
https://doi.org/10.2174/138161210790883615
https://doi.org/10.3390/nu13010273
https://doi.org/10.1111/acel.12284
https://doi.org/10.1016/j.smhs.2019.08.006
https://doi.org/10.1016/j.smhs.2019.08.006
https://doi.org/10.1186/s12864-017-4193-5
https://doi.org/10.1113/JP270659
https://doi.org/10.1080/10715762.2018.1542141
https://doi.org/10.3390/biology8020040
https://doi.org/10.3390/biology8020040
https://doi.org/10.1155/2021/1938492
https://doi.org/10.1007/s13105-018-0633-1
https://doi.org/10.1016/j.exger.2020.111012
https://doi.org/10.1007/s11357-015-9799-4
https://doi.org/10.1007/s11357-015-9799-4
https://doi.org/10.3389/fphys.2021.701151
https://doi.org/10.1007/s42978-020-00065-2
https://doi.org/10.1007/s42978-020-00065-2
https://doi.org/10.1007/s11010-021-04264-5
https://doi.org/10.1016/j.arr.2007.04.004
https://doi.org/10.1016/j.arr.2007.04.004
https://doi.org/10.1016/j.redox.2017.02.015
https://doi.org/10.1016/j.envint.2020.105954
https://doi.org/10.1089/ars.2019.8015
https://doi.org/10.1089/ars.2019.8015
https://doi.org/10.1038/s41590-020-0802-6
https://doi.org/10.2147/IJN.S281890
https://doi.org/10.1016/j.freeradbiomed.2019.11.032
https://doi.org/10.1016/j.semcdb.2015.02.012
https://doi.org/10.3390/cells10071763
https://doi.org/10.3390/ijms21207538
https://doi.org/10.3390/ijms21207538
https://doi.org/10.1016/j.redox.2021.101933
https://doi.org/10.3390/microorganisms9030496
https://doi.org/10.1016/j.freeradbiomed.2020.02.001
https://doi.org/10.1016/j.freeradbiomed.2020.02.001
https://doi.org/10.1016/j.envres.2015.06.026
https://doi.org/10.1016/B978-0-12-814253-0.00020-6
https://doi.org/10.1016/j.arr.2007.03.002
https://doi.org/10.1089/ars.2017.7290
https://doi.org/10.1089/ars.2017.7290
https://doi.org/10.1089/ars.2014.5864
https://doi.org/10.1089/ars.2014.5864
https://doi.org/10.1038/nrn2214
https://doi.org/10.1089/ars.2009.2721
https://doi.org/10.1186/s12979-017-0108-1

2206

Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 11

135.

136.

137.

Pennisi M, Crupi R, Di Paola R, et al. Inflammasomes, hormesis, and
antioxidants in neuroinflammation: role of NRLP3 in Alzheimer disease.
J Neurosci Res. 2017;95(7):1360-1372. doi:10.1002/jnr.23986
Santin-Marquez R, Alarcén-Aguilar A, Lopez-Diazguerrero NE,
Chondrogianni N, Kénigsberg M. Sulforaphane - role in aging and
neurodegeneration. GeroScience. 2019;41(5):655-670. doi:10.1007/
s11357-019-00061-7

Brunetti G, Di Rosa G, Scuto M, et al. Healthspan maintenance and
prevention of Parkinson’s-like phenotypes with hydroxytyrosol and
oleuropein aglycone in C. elegans. Int | Mol Sci. 2020;21(7):2588.

doi:10.3390/ijms21072588

138.

139.

140.

Di Rosa G, Brunetti G, Scuto M, et al. Healthspan enhancement by olive
polyphenols in C. elegans wild type and Parkinson’s models. Int ] Mol
Sci. 2020521(11):3893. d0i:10.3390/ijms21113893

Scapagnini G, Sonya V, Nader AG, Calogero C, Zella D, Fabio G.
Modulation of Nrf2/ARE pathway by food polyphenols: a nutri-
tional neuroprotective strategy for cognitive and neurodegenerative
disorders. Mol Neurobiol. 2011;44(2):192-201. doi:10.1007/
§12035-011-8181-5

Santoro A, Martucci M, Conte M, Capri M, Franceschi C, Salvioli S.
Inflammaging, hormesis and the rationale for anti-aging strategies.
Ageing Res Rev. 2020;64:101142. doi:10.1016/j.arr.2020.101142

Gz0z Aenuer €1 uo Jasn 021[e)| 0104 8woy Jo AusiaAiun Aq G£88999/S61.2/1 |/.2/e1onie/ABojojuoiaBpawolq/wod dno-olwapeoe//:sdiy Wwoij Papeojumo(]


https://doi.org/10.1002/jnr.23986
https://doi.org/10.1007/s11357-019-00061-7
https://doi.org/10.1007/s11357-019-00061-7
https://doi.org/10.3390/ijms21072588
https://doi.org/10.3390/ijms21113893
https://doi.org/10.1007/s12035-011-8181-5
https://doi.org/10.1007/s12035-011-8181-5
https://doi.org/10.1016/j.arr.2020.101142

