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Abstract: Psycho-biological resilience is considered one of the most important factors in the epi-
genetics of aging. Cell senescence exhibits a series of possible biochemical derangements concern-
ing mitochondria, proteasome, genome and membranes. Research has shown that resilience can be
acquired through hormesis, a set of conservative and adaptive processes based on biphasic dose-
response to specific mild stressors, such as fasting, intake of polyphenols, exercising, physical and
chemical stress and mental engagement. These stimuli were shown to elicit beneficial cellular met-
abolic pathways, such as sirtuin activation, mechanistic target of rapamycin and insulin growth fac-
tor-1 downregulation, nuclear related factor 2 upregulation and autophagy. The complex of these
resilience-building processes plays a documented role in longevity. Mitochondria are regarded as
one of the core actors of aging processes and represent the main target of hormetic approaches
[mitohormesis]; furthermore, the influence of the mind on mitochondria, and thus on the balance of
health and disease has been recently established, leading to the so-called mitochondria psychobiol-
ogy. Hence, psychologic and physical stress that reflects on these organelles may be regarded as a
relevant factor in cell senescence, and thus the proposed “mitoresilience* denomination may be
pertinent within the biomedical science of aging. Finally, the quantification of individual resilience
is becoming increasingly important in aging science, and the investigation of the autonomic nerv-
ous system through heart rate variability (HRV) proved to be a valid method to quantify this pa-
rameter. In conclusion, an integrated approach targeting hormetic pathways to improve psycho-
physical resilience (namely mitoresilience), supported by the monitoring of HRV, may represent a
valuable option in longevity medicine.
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1. INTRODUCTION

Resilience is the ability of a system to adapt to change,
and that can be defined as the tolerance and adaptability to
physical, chemical, biological, and psychological stress.

Eminent authors such as Calabrese and Mattson [1] have
highlighted how today’s lack of physical exercise, food excess
and reduced exposure to biological toxins result in an incredibly
negative impact on the tolerance to biochemical/physical changes;
they also relate these evolutionary environmental and lifestyle
changes to the current lower resilience of humans.

Opposed to his ancestors - who, due to environmental
challenges, kept their metabolic pathways under stimulation,
thereby acquiring cell resilience - modern man, throughout
his evolution, has seemingly become vulnerable to several
chronic degenerative diseases, such as obesity, diabetes,
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cardiovascular disease, cancer, neurodegenerative and auto-
immune diseases, due to the increased comfort in his life.

This revelation has been positively received by medicine:
aging is now being defined as a progressive deterioration of
homeostatic and environmental adaptation capacities [2] and
a Lancet editorial has defined human health as “the ability to
adapt” [3]. While, then, for the last decades, medicine has
been focused on managing human aging only with the help
of technology and drugs now, with an integrated approach to
longevity, medicine is focusing on devising roadmaps to
healthy aging by also improving individual psycho-
biological resilience.

Cellular tolerance to psycho-biological stress (resilience,
in fact) was recognized as of central importance in the aging
process [4]. Not only then, aging bioscience is proposing and
investigating the concept of hormesis, which refers to a vari-
ety of adaptive processes that lead to better resilience: toler-
ance to stressors is built up through repeated exposure to
small amounts of stress [1, 5, 6].
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Fig. (1). The inverted U curve of hormesis which describes the biphasic dose-dependent reaction to any hormetic stressor (hormetin): the
abscissa axis describes the increasing dose of a given hormetin, and the ordinate axis depicts the effect of the stressor. Above and below the

baseline, a beneficial and detrimental effect is respectively achieved.

In fact, biomedical science is confirming the restoration
of certain hormetic challenges, such as caloric restriction and
intermittent fasting, physical activity, the consumption of
polyphenol-rich foods, physical (e.g., hot and cold) stressors
and adequate psychological/intellectual engagement [1, 5, 6],
but literature data is also starting to investigate epigenetics-
based processes confirming that they intervene by 75% in
our health and well-being [7], mainly through nutri-
tion/lifestyle habits and stress management. A number of
scientific publications have in fact highlighted that our
choices on nutrition, lifestyle, and stress management have a
direct impact on the acquisition of psycho-physical resilience
and that, by managing those, improved longevity should be
expected [8-11].

2. HORMESIS AND RESILIENCE

The concept of resilience may pertain to psychology,
physics, sociology and, more importantly, to biology, while
the concept of hormesis regards the possible biological im-
provement (in general health, and/or ultimately in longevity)
which may occur with exposure to low doses of an agent that
would be otherwise toxic or lethal at higher doses [1, 5, 12-
14]. Hormesis is fundamentally found in all animals, plants,
and microbes in the form of behaviours - voluntary or not -
which induce biochemical processes that allow organisms to
adapt and survive by becoming more resistant in stressful
and mutable environments (such as our planet was eons ago).
Hormesis thus refers to a variety of adaptive processes that
lead to better resilience: tolerance to stressors is built up
through repeated exposure to small amounts of stress. A se-
ries of improved cellular processes of repair, compensation,

replacement and destruction of cells or of their damaged
parts have been described as a consequence of hormetic
stress [1, 5, 12-15].

Fig. (1) shows an inverted U curve that describes the bi-
phasic phenomenon of hormesis: as the dose of given hor-
metic stress increases, there is a progressive improvement of
beneficial cellular reactions, which can then deteriorate as
the dose of the same stressor is increased beyond a certain
threshold [16].

Hormetic stress has been documented to stimulate the
following beneficial cellular biochemical reactions: a) up-
regulation of autophagy, sirtuins activity, nuclear-related
Factor 2 (NrF2) signalling, adenosine-monophosphate kinase
activity and release of heat shock factors/proteins, b) de-
crease of the mechanistic target of Rapamycin (MToR) and
of insulin growth factor-1 (IGF-1) /leptin signalling and c)
remodeling or removal of altered/misfolded intracellular
proteins [1, 2, 5, 6, 12, 13, 15, 17].

One of the key results of hormesis is the promotion of
autophagy, which has a documented positive effect on aging
and longevity [1, 5, 13, 18-20]. In fact, this auto-degradation
of damaged and dysfunctional cell components, mostly
through lysosome-mediated processes, permits ordered cell
biology maintenance, also recycling a few elements. Similar-
ly, hormetic pathways (caloric restriction and fasting firstly)
can potentially improve sirtuin signalling [1, 5, 13, 21, 22]. As
these highly conserved proteins regulate metabolism through
transcription factors activation/deactivation, mitochondria
homeodynamics and cell apoptosis, sirtuins can potentially
interfere in a beneficial way with cell senescence [23, 24].
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Another fundamental outcome of the application of hor-
metic stressors (phytochemicals, fasting, exercising, thermal
stress, etc.) is the activation of the metabolic pathway com-
prising the NrF2 and the Antioxidant Responsive Elements
(ARE) (1, 5, 24-27). Research has shown that these redox
signalling systems are upregulated in response to low-level
pro-oxidative stimuli. The biochemical activities related to
these two mechanisms have been generally linked to a bene-
ficial effect on cells and, more specifically, on mitochondrial
metabolism [28-31], where free radicals in excess play a
detrimental role.

In addition to the hormesis-induced pathways cited
above, other metabolic factors like MToR and IGF-1 have
attracted research interest due to their involvement in a num-
ber of cancer and degenerative disease metabolic pathways;
deregulated IGF-1 and the consequent insulin secretion have
been long established as the most negative factors in a vast
series of chronic medical conditions, such as cardiovascular
diseases and diabesity [diabetes and obesity] [32], neuro-
degeneration [33], cancer, and aging [34].

Beyond the reported influence of hormesis and psycho-
physical resilience on cell biochemistry and thus on CDD
and aging in general, these two elements have also been
thoroughly investigated as to their interactions with the im-
mune function [5, 35, 36]. A clear-cut relationship between
individual resilience and immunity has been definitely prov-
en in several studies [36-38]; similarly, a number of publica-
tions have shown that the application of hormetic stressors
may lead to a valuable improvement of the native and adap-
tive immune system also via microbiota modulation [5, 35,
39-41].

Overall, the beneficial or detrimental effect of an increase
or decrease of psycho-biological resilience o D and ag-
ing processes is attracting interest within the tific com-
munity involved in longevity medicine. Hence, biomedical
science is increasingly investigating the possibilities and
limitations of the hormetic process with regard to its possible
role of support in the process of building cell resilience and,
thus, ultimately, better health [1, 5, 14].

Scientific literature enumerates a number of potential
hormetic stressors which can impact human health. Caloric
restriction and intermittent fasting are basic examples of
hormesis induction; these two sides of the same coin have
proven to activate a series of compensatory reactions of cell
cleansing and of virtuous pathways (see the biochemical
reactions cited above), with documented eumetabolic activi-
ties which favour healthier aging [1, 5, 42-45].

Besides nutrition, natural compounds with potential hor-
metic properties have been widely studied as well (5, 6, 21,
42, 46). Foods very rich in polyphenols such as maqui, tur-
meric, extracts of olive leaves, amla, cocoa, but also com-
pounds such as carnosine and caffeine, are commonly re-
ferred to as “hormetins” - a term which in fact refers to any
hormetic stressor [5, 47]. In fact, these phytochemicals may
also be considered prebiotics able to modulate microbiota in
a dose-dependent fashion [5, 47, 48]. More importantly, their
intake, for example, under the form of nutraceuticals, is re-
garded as ingestion of “natural pesticides” which generates a
series of hormetic beneficial cellular reactions, especially of
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the antioxidant type (namely NrF2 activation) inside the mi-
tochondria [1, 5, 46-49].

Complementary to chemical hormetins, hormetic reac-
tions can be elicited by a series of physical stimuli, also re-
ferred as “physical hormetins”. One of these accessible and
effective hormetic stressors is thermal stress generated by
high and low temperatures, which elicits a series of positive
outcomes, mostly via heat-shock factors/proteins [5, 50-57].

Similarly, physical activity has been long considered
beneficial in terms of improvement of lifespan and health in
general [58-60]. However, more detailed analyses of litera-
ture data have highlighted the variability of the positive out-
comes of physical exercise, dependent on duration, timing
and type of physical activity [61-62].

In particular, a biphasic dose-response in the outcomes of
physical activity has been repeatedly documented, highlight-
ing the need for a proper “dose” (e.g., jogging/sustained
walking for 30 minutes 3-4 times a week) to get the maxi-
mum beneficial effect on the overall lifespan [63].

In the context of the typical pre/post-conditioning strate-
gies which pertain to hormetic procedures, other physical
stressors have been described and tested in-vitro and in a few
animal or human studies [5, 47, 53, 55, 57, 64-66], showing
a variable degree of evidence as to their efficacy. Among the
proposed physical hormetins, we can list the following ones:
a) hyper-gravity, b) walking or running barefoot on rough
terrain, ¢) exposure to sunlight (or photobiomodulation), d)
low doses of radiation, e) hyper-corrective lenses for myo-

pia.

Other chemo-physical hormetins have been widely inves-
tigated: hormetic stressors such as hypoxia, hypercapnia,
oxygen-ozone therapy and drugs of various kinds were actu-
ally documented to stimulate variable compensatory and
adaptive biochemical reactions [5, 67-69].

Lastly, intellectual activation has been proposed as a very
specific form of hormesis in certain types of mildly stressful
conditions; it was shown that through this kind of brain en-
gagement, higher levels of beneficial molecules for the cen-
tral nervous system, such as the brain-derived neurotrophic
factor, were released and beneficial variations of the Auto-
nomic Nervous System (ANS) were documented. More
broadly, computer use, meditation, prayer and other forms of
brain "engagement" were documented to upregulate a series
of biochemical pathways aimed at mitigating brain aging [5,
57,70, 71].

3. HEART RATE VARIABILITY

The possibility of measuring psycho-biological resilience
and the outcomes of any hormetic stressor represents a chal-
lenging issue in biomedical science due to the lack of a
standard method to adequately quantify them for scientific
and clinical purposes.

To measure human resilience, a series of question-
naire/scale-based methods have been proposed [72], the
Connor-Davidson scale being the most used one [73]. Physi-
cal diagnostic methods are being investigated as well [74,
75], however, the scientific community is still addressing the
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issue of developing a comprehensive tool for both the psy-
chological and the physical components of resilience.

Recently, Heart Rate Variability (HRV) has been validat-
ed as an adequate and reproducible method to quantitatively
measure resilience. HRV analysis fundamentally examines
the coordination between the two main branches of the ANS
- that is, the sympathetic and parasympathetic system. More
specifically, HRV is measured in both the time and the
(heart) frequency domain and is comprised of a set of fluctu-
ations of the inter-beat intervals - i.e., the R-R intervals -
whose indices are obtained by calculating the standard devia-
tion of all detected intervals [76].

The most useful, science-backed, indices derived from
HRYV examination are: a) Standard Deviation of Normal to
Normal [inter beat interval], which expresses the coordina-
tion between the sympathetic and parasympathetic branches,
b) Root Mean Square of the Successive Differences, which
expresses the action of the parasympathetic system, ¢) cumu-
lative frequencies (very low, low and high), which relate to
different metabolic activities and cardiovascular/respiratory
system interaction, d) Mean Heart Rate Range, which indi-
cates the variability between the maximum and the minimum
heart rate during each breathing cycle [77, 78].

The analysis of HRV has been considered a valuable tool
to explore individual psycho-biological health and aging
state [79-83]. The tight relationship between HRV and ANS
has actually been known since 1960, but its predecessor - the
variability of the cardiovascular function - has even older
roots and has been known since 1700 when it was discovered
in the form of respiratory sinus arrhythmia: heart rate is in
fact the result of the interaction of the accelerating influence
of (ortho) sympathetic and of the decelerating action of para-
sympathetic (vagal) system. These two branches of the ANS
work in a dynamic way to cope with outer and inner stimuli
throughout the entire life of the individual. Several variables,
such as age, gender, physiological factors (e.g., respiration,
baro-reflex mechanisms), environment factors, lifestyle, nu-
trition, diseases and therapies, may intervene in HRV modu-
lating homeostatic mechanisms [80, 84, 85].

Heart rate variability is tightly related to the stress system
and its main components generally speaking; the term dis-
tress indicates a type of stress which overcomes the individ-
ual’s coping resources, which results in an increase of allo-
static load, the latter being the complex of adaptive respons-
es to return to homeostasis. Distress notoriously leads to the
activation of th stress axis, an increase in sympathetic
activity and red n of vagal tone; the consequent release
of adrenaline, noradrenaline, cortisol, pro-inflammatory cy-
tokines leads to maladaptive situations and pathologies [86].

Multiple genetic and epigenetic factors may modulate the
stress axis response [87] and this response depends upon a
high number of different psychosocial, biological and envi-
ronmental interplaying elements which intervene in the indi-
vidual’s life. Basically, human psycho-physical resilience
derives from the influence of all these elements on cell bio-
chemistry. When properly developed, resilience may resolve
stressful situations minimizing their biological, behavioural
and psycho-cognitive consequences [88].
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By virtue of the fact that HRV displays ANS activity and
its fluctuations in response to determined stress, that is, to an
allostatic load, HRV analysis has gained the place of a basic
diagnostic and prognostic method to investigate human resil-
ience, under both the psychological and the biological point
of view.

Notoriously, a low HRYV reflects an alteration of the sub-
ject’s neurovegetative system, a dysfunctional Psychoneuro-
endocrineimmunology System (PNEI) and aging in general
[77, 84]. A high HRV conversely displays signs of prompt
adaptability (through the ANS) of the heart rate in response
to psycho-physical changes, which indicates that the individ-
ual is capable of achieving stability through change. In other
words, an adequate variation of the heart rate indicates better
resilience. Conversely, an HRV characterised by low values
and low complexity indicates reduced adaptability, which is
typical of elderly people and of subjects with reduced psy-
cho-physical resilience [89-91]. More importantly, a reduced
HRYV is a relevant risk factor associated with vulnerability,
illness, unhealthy aging and ultimately higher mortality [77,
79].

Literature about direct/indirect employment of HRV in
the assessment of hormesis outcomes is regrettably still
scarce, and it is focused on very few physical (thermal stress,
radiation, exercise) or chemical (e.g., polyphenol ingestion)
stressors, as well as on post-COVID-19 sequelae [57, 84, 92-
96].

4. MITOCHONDRIA, MITOHORMESIS AND MI-
TORESILIENCE

In the last decade, greater attention has been dedicated to
mitochondria in aging and, more broadly, in health and dis-
ease. In fact, mitochondrial biogenesis, functionality, and
mitophagy have been described as essential processes of cell
metabolism [97-101].

These organelles are regarded as the basic ATP produc-
ers, but more importantly, the mitochondrial DNA degenera-
tion caused by leaking excessive free radicals is ultimately
considered one of the root causes of aging and of CDD [97-
99]. In addition, the more or less regulated degeneration of
mitochondria by means of autophagy (mitophagy) is of par-
amount importance in cell apoptosis/senescence [97-99,
101].

These basic scientific issues represent an impulse for
scientific research to improve the level of knowledge con-
cerning mitochondrial metabolism. It was also discovered
that mitochondria are the main targets of hormesis effects,
and the complex of those core phenomena that affect mito-
chondria has been defined as “mitohormesis™. This term in-
dicates a biological response induced by a reduced amount of
mitochondrial (oxidative) stress, which leads to an increment
in health and viability within a cell, tissue, or organism [28,
40, 100].

While a certain role of the mind in mitochondrial degen-
eration has been reported in the context of psycho-neurologic
diseases, recently, a growing body of evidence has emerged
regarding the relevant influence of the mind and of the stress
axis on mitochondrial activity, defining a specific scientific
field which explores mitochondrial psychobiology [102-
105].
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Psychological, metabolic and physical stress interact with
mitochondria, both in terms of adaptation to the received
stimuli [106, 107] and in terms of mitohormesis following
the application of stressors (as per the previously cited litera-
ture). By grouping these processes in a network of complex
psychobiologic interactions, the necessity emerges to define
a name to express mitochondrial resilience to any form of
stress. “Mitoresilience” is a term which is proposed here to
define all the relevant psycho-biological phenomena which
result from mitochondria adaptation in the face of multiple
beneficial or detrimental psycho-physical stimuli. Ultimate-
ly, mitochondrial resilience sits at the intersection of
hormesis, PNEI and cell metabolism, thus configuring a pos-
sibly relevant factor in the new perspective of aging science.

CONCLUSION

Biomedical science is re-evaluating its investigational
processes and therapeutic proposals in consideration of the
necessity to combine evidence-based practice with cost-
effectiveness and appropriateness of care to achieve a more
comprehensive, patient-centred and integrated approach
starting from the basic pathophysiology of CDD [108]. Simi-
larly, a more critical view of scientific evidence and pharma-
co-technological innovations is desirable to improve the effi-
cacy, safety, and sustainability of the current medical prac-
tice. Translational and integrative medicine should comple-
ment aging science as well.

On the basis of these auspices, mitochondria, hormesis,
resilience and HRV could represent a few valuable areas of
scientific research in gerontology.

In fact, the principles of hormesis offer the chance to
exploit a wide spectrum of inexpensive, simple, and effective
and safe measures to intervene in cell senescence, targeting
basic pathophysiology cellular processes. Beyond costly
pharmacological and technological interventions, extensive
knowledge of hormesis could play a role in a more integrated
medical practice within longevity medicine, targeting the
core issue of psychological and physical resilience.

The future challenge in the development of hormesis as
science is probably represented by the personalization of the
application of each stressor, in order to determine the proper
hormetic dose to achieve the expected results. Probably an
improved assessment of hormesis outcomes may derive from
HRYV evaluation, which moreover gives a reliable overview
of the patient’s general state of health.

Lastly, the literature data about the intimate interaction of
hormesis and psycho-biological stress with mitochondria
have led to the concept of mitohormesis and the elaboration
of mitochondrial psychobiology [104, 105, 109]. The term
“mitoresilience” may summarise the goal of the hormetic
interventions aimed at improving psycho-physical resilience.
Likely, “training” the mitochondria, thus improving mitore-
silience through mitohormesis, may contribute to increase
the number of these organelles as well as improve their func-
tionality which may ultimately represent one of the main
targets of aging biomedical science.

LIST OF THE ABBREVIATIONS

HRV =
NrF2 =

Heart rate Variability

Nuclear-related Factor 2
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MToR = Mechanistic Target of Rapamycin
IGF-1 = Insulin Growth Factor

ARE = Antioxidant Responsive Elements
CDD = Chronic Degenerative Diseases
ANS = Autonomic Nervous System

HPA = Hypotalamic Pituitary Adrenal
PNEI = Psychoneuroendocrineimmunology
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