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Abstract

Aging is characterized by a progressive decline in physiological resilience and increased
susceptibility to chronic diseases, including neurodegenerative disorders. Emerging evidence
indicates that low-dose stressors (collectively termed hormetic stimuli) activate adaptive cellular
responses that enhance stress resistance, promote repair mechanisms, and ultimately extend
healthspan. This narrative review synthesizes current knowledge on hormesis in the context of aging,
with a focus on key molecular pathways including nuclear factor erythroid 2-related factor 2 (Nrf2),
sirtuins, autophagy, and mitohormesis. We examine how lifestyle interventions (physical exercise,
caloric restriction, mild thermal stress) and emerging pharmacological agents induce beneficial
adaptive responses, while critically evaluating their translational potential in clinical and public
health settings. Special emphasis is placed on the role of hormesis in counteracting
neurodegeneration, the utility of autophagy and systemic aging biomarkers (epigenetic clocks,
inflammaging scores) for precision dosing, and the limitations imposed by inter-individual
variability, age-related decline in adaptive capacity, and risks of overexposure. Understanding the
delicate balance between beneficial and detrimental stress responses is essential for leveraging
hormesis as a robust strategy to counteract aging and age-related diseases. We further propose a
multilevel framework integrating molecular mechanisms with clinical outcomes, positioning
hormesis as a key determinant of adaptive resilience in aging.

Keywords: hormesis; aging; Nrf2; sirtuins; autophagy; exercise; caloric restriction; thermal stress;
personalized hormesis; longevity; adaptive stress response; mitohormesis; adaptive homeostasis;
Precision hormesis; neurodegeneration; epigenetic clocks; inflammaging

1. Introduction

Aging is increasingly understood not as a passive process of cumulative damage, but as a
dynamic imbalance between damage generation and the organism’s capacity for adaptive stress
responses. While classical frameworks such as the free radical theory (Harman, 1956) and the
disposable soma theory (Kirkwood, 2005) emphasize stochastic damage accumulation and energy
allocation trade-offs, these models have been substantially expanded by the integrative “hallmarks
of aging” paradigm. The original framework (Lopez-Otin et al., 2013) has recently been updated to
encompass twelve hallmarks, with the inclusion of disabled macroautophagy, chronic inflammation
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(inflammaging), and dysbiosis (Lopez-Otin et al., 2023). These additions reinforce the critical
interplay between impaired proteostasis/autophagy and persistent low-grade stress responses as
central drivers of aging.

However, a critical limitation of many aging theories remains their predominantly damage-
centric perspective, which underestimates the role of adaptive resilience mechanisms. In this context,
hormesis emerges not merely as an ancillary concept, but as a fundamental organizing principle of
biological aging. Rather than viewing stress exclusively as deleterious, hormesis reframes it as a
context-dependent signal capable of activating conserved survival pathways (Calabrese & Mattson,
2017; Mattson, 2008).

Importantly, the relevance of hormesis to aging is supported by converging evidence across
phylogeny. In model organisms, mild stressors (including caloric restriction, thermal stress, and
transient oxidative challenges) consistently extend lifespan and enhance stress resistance (Fontana et
al., 2010; Ristow & Zarse, 2010). In humans, although direct lifespan data remain limited, analogous
interventions improve metabolic health, reduce disease risk, and enhance functional capacity (Longo
& Panda, 2016; Radak et al., 2008). Emerging evidence further demonstrates that hormetic principles
apply to pharmacological agents and extend to clinical conditions such as neurodegeneration and
dementia, where they mitigate protein aggregation and neuroinflammation.

Nevertheless, the field faces conceptual and translational challenges. First, hormesis is often
invoked descriptively without sufficient mechanistic precision. Second, the boundary conditions that
distinguish beneficial from harmful stress remain poorly defined. Third, inter-individual variability,
age-related decline in adaptive capacity, and the need for reliable biomarkers of longevity and
autophagic flux complicate clinical application.

This review addresses these gaps by critically examining hormetic stress responses through a
multilevel framework, spanning molecular signaling networks (Nrf2, sirtuins, autophagy,
mitohormesis), physiological adaptations (lifestyle and pharmacological interventions), and
translational implications. Special attention is given to hormesis in dementia, the utility of systemic
and longevity biomarkers for precision dosing, and the integration of lifestyle and pharmacological
strategies. We emphasize mechanistic integration across biological scales and focus on how defined
stressors elicit coordinated responses rather than isolated pathway activation.

A critical distinction in the context of hormesis is the difference between acute and chronic stress
exposure. Acute stress refers to transient, time-limited perturbations that activate adaptive signaling
pathways and are followed by recovery, thereby promoting resilience. In contrast, chronic stress
involves sustained or repeated exposure without adequate recovery, leading to cumulative damage,
dysregulation of homeostatic systems, and increased disease risk (McEwen, 2007).

Closely related is the distinction between hormesis and allostasis. While hormesis describes a
beneficial adaptive response to low-dose stressors, allostasis refers to the process by which the body
maintains stability through change, often involving prolonged activation of stress response systems.
Importantly, chronic allostatic load (resulting from repeated or unregulated stress) can lead to
physiological wear and tear, thereby opposing the beneficial effects associated with hormetic
adaptation (Sterling & Eyer, 1988; McEwen & Wingfield, 2003).

These distinctions are essential for understanding why not all stress is beneficial and why the
temporal dynamics, intensity, and recovery periods of stress exposure critically determine biological
outcomes. This review advances the field by integrating molecular mechanisms of hormetic stress
responses with clinically relevant outcomes and proposing a multilevel framework of adaptation in
aging. By bridging mechanistic biology with translational perspectives, this work aims to position
hormesis not only as a conceptual model but also as a clinically actionable strategy for promoting
healthy aging and longevity.
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2. Conceptual and Mechanistic Foundations of Hormesis

2.1. Beyond Biphasic Curves: Rethinking Hormesis

Hormesis is classically defined as a biphasic dose-response relationship characterized by low-
dose stimulation and high-dose inhibition (Calabrese & Baldwin, 2002). While this framework is
conceptually useful, it is increasingly clear that it oversimplifies the complexity of biological stress
responses.

At the cellular level, hormetic effects are mediated by dynamic signaling networks rather than
linear dose—response relationships. For instance, the magnitude and duration of pathway activation
(e.g., Nrf2, AMPK) may be more relevant than absolute stress intensity. Moreover, temporal factos
(such as intermittent versus continuous exposure) critically shape outcomes (Davies, 2016; Pomatto
& Davies, 2018).

Recent work has proposed the concept of “adaptive homeostasis,” defined as the transient
expansion of the homeostatic range in response to sublethal stress (Davies, 2016). This framework
integrates hormesis into a broader systems biology perspective, emphasizing plasticity rather than
static thresholds.

Recent bibliometric analyses further underscore the growing centrality of hormesis in aging
research. Wan et al. (2024) identified oxidative stress and aging as the dominant hotspots in the
hormesis literature, with emerging trends pointing toward dose-dependent mechanisms and
translational applications. Their analysis of highly cited references predicts that future studies will
increasingly focus on the quantitative boundaries of hormetic responses and their integration with
multi-omics approaches, reinforcing the need for precision in defining beneficial versus detrimental
stress thresholds.

2.2. Mitohormesis and Redox Signaling

The concept of mitohormesis represents a major paradigm shift in redox biology. Contrary to
the traditional view of reactive oxygen species (ROS) as purely damaging, moderate increases in ROS
can function as signaling molecules that activate adaptive pathways (Ristow & Zarse, 2010; Sena &
Chandel, 2012).

Experimental evidence demonstrates that interventions such as caloric restriction and exercise
increase mitochondrial ROS production, which in turn activates stress response pathways including
Nrf2, FOXO, and AMPK (Merry & Ristow, 2016). Notably, antioxidant supplementation can blunt
these beneficial effects, suggesting that ROS signaling is necessary for hormetic adaptation.

However, this model is not without controversy. Some studies indicate that excessive reliance
on ROS signaling may contribute to long-term damage, particularly in aged or diseased systems
where antioxidant defenses are compromised (Sohal & Orr, 2012). Thus, the balance between
signaling and damage remains a critical unresolved issue.

Recent insights into mitochondrial hormesis further clarify this balance. Da et al. (2024)
demonstrated that mild mitochondrial ROS bursts trigger a positive feedback loop involving Nrf2,
PGC-1a, and the PINK1/Parkin pathway, simultaneously enhancing mitochondrial biogenesis,
fission, and selective autophagy (mitophagy). This coordinated response improves mitochondrial
quality control and delays age-related functional decline, reinforcing mitohormesis as a central
mechanism linking redox signaling to longevity.

2.3. Network-Level Integration

A key limitation of reductionist approaches is the tendency to study individual pathways in
isolation. In reality, hormetic responses emerge (Figure 1) from the integration of multiple signaling
networks, including:
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Figure 1. Emergence of hormetic responses.

These systems are highly interconnected. For example, AMPK activation inhibits mTOR, thereby
promoting autophagy, while also enhancing NAD* levels and sirtuin activity (Canto et al., 2009).
Similarly, Nrf2 interacts with autophagic machinery through p62-mediated signaling (Komatsu et al.,
2010).

This networked architecture suggests that hormesis should be conceptualized as a systems-level
phenomenon, where emergent properties arise from coordinated pathway activation rather than
isolated molecular events.

Despite its widespread use, hormesis lacks standardized operational criteria in experimental and
clinical contexts. Operationally, hormesis can be defined as a quantifiable adaptive response
characterized by (i) exposure to a low-dose stressor, (ii) activation of conserved stress response
pathways (e.g., Nrf2, AMPK, sirtuins), and (iii) measurable improvements in functional outcomes,
such as enhanced metabolic efficiency, stress resistance, or reduced disease risk. Importantly, the
identification of hormesis requires demonstration of a biphasic or non-linear dose-response
relationship, distinguishing beneficial adaptive responses from both insufficient stimulation and
excessive damage (Calabrese & Mattson, 2017; Pomatto & Davies, 2018).

3. Molecular Mechanisms

3.1. Nrf2 Signaling: Central but Context-Dependent

The Nrf2 pathway is widely regarded as a cornerstone of hormetic responses due to its role in
regulating antioxidant and cytoprotective genes (Kensler et al., 2007; Ma, 2013). Activation of Nrf2
enhances resistance to oxidative stress, xenobiotics, and inflammation — processes that are strongly
implicated in aging.

However, the role of Nrf2 in longevity is complex and context-dependent. While moderate
activation is protective, chronic or excessive activation may have unintended consequences,
including potential promotion of tumorigenesis through enhanced cellular survival (DeNicola et al.,
2011).

Moreover, age-related decline in Nrf2 responsiveness has been reported, suggesting that the
efficacy of hormetic interventions targeting this pathway may diminish over time (Zhang et al., 2015).
This decline in Nrf2 signaling with age is supported by both experimental and clinical evidence,
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indicating reduced inducibility of antioxidant defenses in older organisms (Ungvari et al., 2011; Bruns
et al., 2015).

This raises important questions regarding therapeutic timing and the potential need for
sensitization strategies.

3.2. Sirtuins: Metabolic Sensors or Longevity Regulators?

Sirtuins, particularly SIRT1 and SIRT3, are central mediators of metabolic adaptation and stress
resistance (Haigis & Sinclair, 2010; Imai & Guarente, 2014). Their dependence on NAD* links cellular
energy status to gene regulation, making them key nodes in hormetic signaling.

Despite strong evidence in model organisms, the role of sirtuins in human longevity remains
debated. While activation of sirtuins improves metabolic health and stress resistance, direct evidence
for lifespan extension in humans is lacking (Guarente, 2013).

Furthermore, pharmacological activation of sirtuins (e.g., resveratrol) has yielded inconsistent
results, highlighting the complexity of translating molecular insights into clinical outcomes. It is
increasingly recognized that sirtuins function within broader metabolic networks, and their effects
cannot be fully understood in isolation.

3.3. Autophagy: A Convergent Mechanism

Autophagy represents a central convergence point for multiple hormetic pathways. It is
activated by diverse stressors, including nutrient deprivation, exercise, and oxidative stress, and
plays a critical role in maintaining cellular integrity (Rubinsztein et al., 2011; Levine & Kroemer,
2019).

Importantly, autophagy declines with age, contributing to the accumulation of damaged
proteins and organelles. Enhancing autophagy has been shown to extend lifespan in multiple model
systems, supporting its role as a key mediator of hormesis.

However, excessive or dysregulated autophagy can also be detrimental, leading to cell death or
tissue dysfunction. Thus, as with other hormetic mechanisms, balance is essential.

This convergence is now understood as part of the broader hallmark “disabled
macroautophagy” in aging. Recent evidence shows that hormetic stimuli (exercise, caloric restriction,
and thermal stress) can partially restore autophagic flux even in aged cells by upregulating TFEB and
ATG genes, thereby counteracting the progressive impairment of lysosomal function and
proteostasis (Ebata & Hansen, 2026).

4. Key Hormetic Interventions in Aging: Mechanistic Depth and Critical
Integration

4.1. Physical Exercise: A Prototypical Hormetic Stimulus

Physical exercise represents the most extensively validated hormetic intervention in humans,
providing a robust model to examine how transient stress can induce durable adaptive responses.
Acute exercise imposes metabolic, oxidative, and mechanical stress, characterized by increased
reactive oxygen species (ROS) production, transient inflammation, and perturbation of cellular
energy homeostasis (Radak et al., 2008; Powers et al., 2011).

From a mechanistic perspective, exercise activates a coordinated network of signaling pathways,
including AMPK, Nrf2, and PGC-1«, leading to enhanced mitochondrial biogenesis, antioxidant
defense, and metabolic flexibility (Hood et al., 2019; Egan & Zierath, 2013). These adaptations
collectively improve cellular resilience, which is central to delaying age-related decline.

A critical insight is that ROS generated during exercise are not merely by-products but act as
essential signaling molecules. Studies have shown that antioxidant supplementation (e.g., vitamins
C and E) can attenuate exercise-induced improvements in insulin sensitivity and mitochondrial
biogenesis, supporting the concept of mitohormesis in humans (Ristow et al., 2009).
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However, the relationship between exercise and aging is not uniformly beneficial. Excessive
training, particularly in the absence of adequate recovery, can lead to chronic oxidative stress,
immune suppression, and increased risk of injury (Gleeson et al., 2011). This highlights a central
limitation in the field: the difficulty in defining optimal dosing parameters across different
populations.

In older adults, exercise remains one of the most effective interventions for preserving functional
capacity and reducing morbidity. Resistance and aerobic training improve muscle mass,
cardiovascular health, and cognitive function (Pedersen & Saltin, 2015). Nevertheless, anabolic
resistance and reduced adaptive capacity with age may blunt these responses, necessitating
individualized protocols.

Moreover, emerging evidence suggests that different modalities of exercise (e.g., high-intensity
interval training vs. endurance training) may differentially engage hormetic pathways. High-
intensity exercise appears to produce stronger activation of mitochondrial and stress response
pathways, but may also carry higher risk in vulnerable populations (Gibala et al., 2012).

Thus, while exercise exemplifies hormesis in action, its application requires careful calibration
to balance efficacy and safety.

Resuming, in humans, the clinical relevance of exercise-induced hormesis is strongly supported
by epidemiological and interventional data. Regular physical activity is associated with
improvements in insulin sensitivity, cardiorespiratory fitness (VO. max), and reductions in systemic
inflammation, all of which are key predictors of morbidity and mortality (Pedersen & Saltin, 2015;
Booth et al., 2012). Importantly, cardiorespiratory fitness has emerged as one of the strongest
independent predictors of all-cause mortality, exceeding traditional risk factors such as hypertension
and obesity (Blair et al., 1996; Kodama et al., 2009). These findings reinforce the concept that repeated
exposure to controlled physiological stressors induces systemic adaptations with direct clinical
relevance.

Importantly, these adaptations follow a hormetic dose-response pattern, whereby moderate and
repeated exposure to physical stress maximizes beneficial outcomes, while insufficient or excessive
exercise may fail to induce adaptive responses or even lead to maladaptation (Booth et al., 2012).

4.2. Caloric Restriction and Dietary Stress: Robust but Context-Dependent

Caloric restriction (CR) remains the most reproducible intervention for extending lifespan in
model organisms, with effects observed across taxa including yeast, worms, flies, and mammals
(Fontana et al.,, 2010; Colman et al., 2009). Mechanistically, CR modulates key nutrient-sensing
pathways, including insulin/IGF-1 signaling, AMPK, mTOR, and sirtuins, thereby promoting
metabolic efficiency and stress resistance.

One of the central effects of CR is the induction of a metabolic shift from anabolic to catabolic
processes, enhancing autophagy and mitochondrial function (Madeo et al., 2019). This shift is
accompanied by reduced oxidative damage, improved proteostasis, and decreased inflammation —
hallmarks of delayed aging.

However, the translational relevance of CR in humans remains debated. While studies such as
CALERIE (Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy)
demonstrate improvements in cardiometabolic risk factors, the magnitude of these effects is modest
compared to those observed in animal models (Redman et al., 2018).

Furthermore, long-term adherence to CR is challenging and may have adverse consequences,
including loss of lean mass, decreased bone density, and potential psychological stress (Villareal et
al., 2016). These risks are particularly relevant in older populations, where maintaining muscle mass
is critical.

As a result, alternative dietary strategies have gained attention, particularly intermittent fasting
(IF) and time-restricted feeding (TRF). These approaches aim to replicate the metabolic and molecular
effects of CR without continuous caloric reduction. Evidence suggests that IF and TRF improve
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insulin sensitivity, promote autophagy, and enhance metabolic flexibility (Longo & Panda, 2016;
Anton et al., 2018).

These findings are further supported by mechanistic frameworks proposing that fasting-
induced metabolic switching (from glucose to lipid utilization) triggers adaptive cellular responses
associated with improved stress resistance and longevity pathways (Di Francesco et al., 2018).

Controlled feeding studies further demonstrate that time-restricted feeding improves insulin
sensitivity and (-cell responsiveness independently of weight loss, suggesting a direct effect on
metabolic regulation (Sutton et al., 2018). However, these findings are not universally consistent, and
variability across protocols and populations remains a significant limitation.

Nevertheless, not all studies show consistent benefits, and some indicate that the effects of IF
may be largely attributable to overall caloric reduction rather than timing per se (Liu et al., 2022). This
highlights ongoing uncertainty regarding the relative contributions of energy intake versus temporal
patterns.

In summary, while dietary hormesis is mechanistically compelling, its practical implementation
requires careful consideration of individual context, long-term sustainability, and potential trade-
offs.

However, despite these promising findings, long-term adherence and sustainability remain
significant challenges, particularly in free-living human populations. Additionally, inter-individual
variability in response to dietary interventions underscores the need for personalized approaches to
maximize efficacy and minimize potential risks.

4.3. Thermal Stress: Emerging but Heterogeneous Evidence

Thermal stress, encompassing both heat and cold exposure, represents a less established but
increasingly investigated hormetic intervention. Unlike exercise and dietary restriction, the evidence
base for thermal stress is more heterogeneous, particularly in humans.

4.3.1. Heat Exposure

Heat stress induces the expression of heat shock proteins (HSPs), which function as molecular
chaperones that stabilize protein structure, prevent aggregation, and facilitate repair (Kampinga &
Bergink, 2016). These proteins play a critical role in maintaining proteostasis, which is compromised
during aging.

Epidemiological studies, particularly from Finland, have reported strong associations between
regular sauna use and reduced cardiovascular and all-cause mortality (Laukkanen et al., 2015).
Proposed mechanisms include improved endothelial function, reduced blood pressure, and
enhanced autonomic regulation.

However, these findings are observational and may be confounded by lifestyle factors.
Additionally, the generalizability of sauna studies to other populations and forms of heat exposure
remains uncertain.

4.3.2. Cold Exposure

Cold stress activates thermogenic pathways, particularly through brown adipose tissue (BAT),
leading to increased energy expenditure and improved metabolic regulation (Cannon & Nedergaard,
2004). It also induces catecholamine release and may enhance mitochondrial function.

Experimental studies in humans demonstrate that repeated cold exposure activates brown
adipose tissue and improves glucose metabolism, although the magnitude and sustainability of these
effects remain variable (Blondin et al., 2014; van der Lans et al., 2013). Moreover, the tolerability and
safety of repeated cold exposure vary widely between individuals.
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4.3.3. Critical Perspective

A key challenge in the thermal hormesis literature is the lack of standardized protocols and
mechanistic clarity. Unlike exercise or CR, where dose-response relationships are relatively well
characterized, thermal interventions vary widely in intensity, duration, and modality.

Additionally, the interaction between thermal stress and other hormetic interventions is poorly
understood. For example, combining sauna use with exercise may amplify stress responses, but could
also increase risk if not properly managed.

Thus, while thermal stress holds promise as a hormetic strategy, further mechanistic and clinical
research is needed to establish its role in aging interventions.

A related but distinct form of mild environmental stress (hypoxia at moderate altitudes) has also
been proposed as a hormetic stimulus with promising anti-aging effects (Burtscher & Samaja, 2024).
Low-level hypoxic conditioning appears to activate overlapping pathways with thermal stress,
including HIF-1a, Nrf2, and mitochondrial biogenesis, thereby enhancing cellular resilience and
metabolic flexibility. These findings expand the repertoire of accessible hormetic interventions
beyond traditional exercise, caloric restriction, and thermal exposure, although dose optimization
and individual tolerability remain critical considerations.

Complementing heat-based interventions, cold-water immersion has emerged as another
hormetic modality capable of improving cardiovascular and metabolic health (Kunutsor et al., 2025).
Transient cold exposure activates brown adipose tissue thermogenesis, catecholamine release, and
antioxidant defenses, while simultaneously inducing mild oxidative stress that triggers adaptive
mitohormetic responses. When incorporated regularly into lifestyle routines, these protocols may
contribute to healthy aging by enhancing mitochondrial function and systemic resilience, although
long-term randomized trials are still needed to establish optimal protocols and safety margins in
older populations.

Beyond molecular adaptations, thermal stress interventions have also been associated with
improvements in cardiovascular function and reduced risk of mortality, particularly in the context of
regular sauna use, suggesting that these hormetic responses extend to clinically meaningful outcomes
(Laukkanen et al., 2015).

4.4. Pharmacological Hormetic Interventions

In parallel with lifestyle-based stimuli, several pharmacological agents have been shown to elicit
hormetic responses through the same core pathways (Nrf2, sirtuins, and autophagy). Low-dose
rapamycin and its analogs selectively inhibit mTORC]1, inducing autophagy and extending lifespan
across model organisms while improving metabolic health in humans (Madeo et al., 2019; Mundo
Rivera et al., 2024). Spermidine, a natural polyamine, promotes autophagy via epigenetic regulation
of ATG genes and has demonstrated increases in Beclin-1 and ULK1 in pilot human trials (Bruno et
al., 2025). Similarly, selective SIRT2 inhibitors (e.g., AK7) enhance autophagic flux and restore
cognitive function in aged mice by modulating mTOR-dependent pathways (Zhang et al., 2025).

Natural Nrf2 activators such as quercetin and fisetin also operate in a hormetic manner,
providing cytoprotection at low doses while avoiding pro-oxidant effects at high concentrations.
These compounds illustrate the translational potential of pharmacological hormesis: they can be
titrated to individual biomarker profiles and combined with lifestyle interventions to amplify
adaptive responses. However, as with all hormetic strategies, dose, timing, and patient-specific
factors remain critical to avoid shifting from beneficial adaptation to toxicity.

4.5. Clinical Outcomes of Hormetic Interventions

A critical step toward translating hormesis into clinical practice is the identification of
measurable physiological and clinical outcomes associated with adaptive stress responses. Across
multiple interventions, hormetic stimuli have been consistently linked to improvements in key
biomarkers and predictors of healthspan.
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In metabolic regulation, both exercise and dietary interventions such as caloric restriction and
intermittent fasting have been shown to enhance insulin sensitivity and glucose homeostasis, thereby
reducing the risk of type 2 diabetes (Sutton et al., 2018; Redman et al., 2018). These effects are
mediated through improved mitochondrial function, increased metabolic flexibility, and modulation
of insulin signaling pathways.

Cardiorespiratory fitness, commonly assessed via maximal oxygen uptake (VO, max),
represents one of the most robust predictors of health outcomes. Increases in VO, max induced by
regular exercise are strongly associated with reduced cardiovascular risk and all-cause mortality
(Kodama et al., 2009). Notably, even modest improvements in fitness can translate into significant
reductions in mortality risk.

Hormetic interventions also exert anti-inflammatory effects. Regular physical activity and
caloric restriction reduce circulating levels of pro-inflammatory markers such as C-reactive protein
(CRP), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-at), which are central components
of age-related chronic inflammation (“inflammaging”) (Gleeson et al., 2011; Franceschi et al., 2018).

Ultimately, these physiological improvements converge on clinically meaningful endpoints,
including reduced incidence of cardiovascular disease, improved functional capacity, and lower all-
cause mortality. Long-term observational studies demonstrate that individuals engaging in regular
hormetic stressors, particularly physical activity, exhibit significantly lower mortality risk compared
to sedentary populations (Blair et al., 1996; Pedersen & Saltin, 2015).

Large-scale meta-analytic evidence further confirms a dose-response relationship between
physical activity and all-cause mortality, with even moderate levels of activity significantly reducing
mortality risk compared to sedentary behavior (Ekelund et al., 2019).

Cardiorespiratory fitness and physical activity levels are among the strongest predictors of all-
cause mortality, with robust evidence demonstrating a clear dose-response relationship between
activity and survival outcomes (Blair et al., 1996; Kodama et al., 2009; Ekelund et al., 2019).

Together, these findings support the notion that hormesis is not only a molecular phenomenon
but also a clinically relevant framework with measurable impacts on human health and longevity.

Collectively, these findings position hormesis as a clinically actionable framework that extends
beyond theoretical biology, offering practical strategies for reducing disease risk and enhancing
healthspan in aging populations.

5. Comparative and Integrative Perspective

A critical question in the field is whether different hormetic interventions converge on common
mechanisms or produce distinct adaptive signatures. Current evidence suggests both convergence
and specificity.

All major hormetic interventions (exercise, CR, and thermal stress) activate overlapping
pathways, including AMPK, Nrf2, and autophagy. This convergence supports the idea of a conserved
“core stress response network” that mediates resilience across different contexts (Merry & Ristow,
2016; Pomatto & Davies, 2018).

However, each intervention also has unique features. Exercise uniquely engages mechanical and
neuromuscular systems, CR primarily affects metabolic pathways, and thermal stress targets
proteostasis and thermoregulation. These differences may have important implications for designing
combined interventions.

Another key issue is diminishing returns and potential redundancy. If multiple interventions
activate similar pathways, combining them may not produce additive benefits and could increase
cumulative stress load. Conversely, strategic combinations targeting complementary mechanisms
may yield synergistic effects.
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5.1. A Multilevel Model of Hormetic Adaptation in Aging

Based on the evidence discussed, we propose a multilevel model of hormetic adaptation in aging
that integrates molecular, cellular, and systemic responses into a unified framework.

This model comprises three interconnected layers:

(i) Molecular Sensing Layer:

At the initial level, cells detect stress signals through redox-sensitive and energy-sensing
pathways, including Nrf2, AMPK, and sirtuins. These pathways function as primary sensors that
translate environmental perturbations into intracellular signals.

(ii) Cellular Reprogramming Layer:

Activation of these sensors triggers coordinated downstream responses, including enhanced
antioxidant defenses, induction of autophagy, mitochondrial biogenesis, and metabolic
reprogramming. This layer reflects the core adaptive machinery that restores cellular homeostasis
and enhances stress resistance.

(iii) Systemic Resilience Layer:

At the organismal level, repeated activation of these adaptive processes leads to improved
physiological function, including enhanced metabolic flexibility, reduced inflammation, and
increased functional capacity. These systemic adaptations are reflected in clinically relevant outcomes
such as improved insulin sensitivity, higher cardiorespiratory fitness, and reduced disease risk.

Importantly, the effectiveness of this multilevel adaptation depends on the presence of a
“hormetic window,” defined by the optimal intensity, duration, and frequency of stress exposure.
Outside this window, insufficient stress fails to activate adaptive pathways, while excessive stress
leads to maladaptation and damage.

This framework (Figure 2) provides a conceptual basis for understanding how diverse
interventions converge on shared biological mechanisms, while also highlighting the importance of
dose, timing, and individual variability in determining outcomes.
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Figure 2. Multilevel Model of Hormetic Adaptation in Aging: From Stress Exposure to Clinical Outcomes. Note:
Exposure to low-dose, intermittent stressors activates molecular sensing pathways, including AMPK, Nrf2, and
sirtuins. These pathways initiate coordinated cellular adaptive responses such as autophagy, mitochondrial
biogenesis, and enhanced antioxidant defenses. At the systemic level, these adaptations translate into improved
metabolic function, reduced inflammation, and increased physiological resilience, ultimately leading to reduced

disease risk and mortality. The concept of a hormetic window highlights the importance of stress intensity and
duration in determining beneficial versus detrimental outcomes.
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This model provides a scalable and integrative framework applicable across different biological
systems and clinical contexts, highlighting the central role of adaptive stress responses in promoting
resilience and longevity.

6. Discussion: Toward a Critical and Integrative Framework of Hormesis in
Aging

The concept of hormesis offers a compelling counterpoint to damage-centric models of aging by
emphasizing the role of adaptive stress responses in maintaining biological function. However,
despite substantial progress, the field remains characterized by conceptual ambiguities, translational
gaps, and unresolved controversies that warrant critical examination.

6.1. Hormesis as a Unifying but Overextended Concept

One of the strengths of hormesis lies in its broad applicability across biological systems and
stressors. From oxidative stress to nutrient deprivation and thermal exposure, diverse stimuli appear
to converge on conserved adaptive pathways. This universality has led to the positioning of hormesis
as a unifying framework in aging biology (Calabrese & Mattson, 2017).

However, this breadth also introduces conceptual risks. The term “hormesis” is sometimes
applied too loosely, encompassing any beneficial effect of stress without rigorous characterization of
dose-response relationships or mechanistic specificity. As a result, there is a need for greater
precision in defining what constitutes a hormetic response versus a general adaptive process.

Moreover, the reliance on biphasic dose-response curves may obscure more complex dynamics,
including threshold effects, temporal variability, and nonlinear feedback loops. Systems biology
approaches are therefore essential to refine the conceptual foundations of hormesis and move beyond
simplified models.

6.2. The Antioxidant Paradox and Redox Complexity

One of the most illustrative controversies in the field is the so-called “antioxidant paradox.”
While oxidative stress has long been implicated in aging, interventions aimed at reducing ROS
through antioxidant supplementation have generally failed to extend lifespan or improve health
outcomes in humans (Bjelakovic et al., 2012).

In contrast, hormetic models suggest that moderate ROS production is necessary for adaptive
signaling, particularly in the context of exercise and caloric restriction (Ristow et al., 2009). This has
led to a reevaluation of ROS as dual-function molecules—both damaging and signaling.

However, this reinterpretation raises important questions. For instance, the threshold at which
ROS shift from signaling to damage is not well defined and likely varies across tissues and
individuals. Additionally, chronic low-grade oxidative stress, as observed in aging
(“inflammaging”), may not confer the same benefits as acute, transient ROS spikes (Franceschi et al.,
2018).

Thus, while the mitohormesis framework is conceptually powerful, its application requires
nuanced understanding of redox dynamics rather than simplistic dichotomies.

6.3. Sirtuins and the Longevity Debate

Sirtuins have been widely promoted as key mediators of longevity, particularly following early
studies in yeast and lower organisms. However, their role in mammalian and human aging remains
contested.

While activation of sirtuins improves metabolic function and stress resistance, direct evidence
for lifespan extension in mammals is inconsistent (Burnett et al., 2011). Notwithstanding these
limitations, other studies support a conserved role of sirtuins in metabolic regulation and stress
resistance, particularly through modulation of mitochondrial function and inflammatory pathways
(Guarente, 2013; Satoh et al., 2013).
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Furthermore, pharmacological activators such as resveratrol have shown variable efficacy,
raising questions about target specificity and bioavailability.

This controversy highlights a broader issue: the difficulty of translating molecular findings from
model organisms to humans. It also underscores the importance of distinguishing between
healthspan and lifespan effects, as many interventions improve functional outcomes without
necessarily extending lifespan.

6.4. Caloric Restriction vs. Intermittent Fasting: Mechanistic Overlap or Distinction?

The debate between caloric restriction (CR) and intermittent fasting (IF) exemplifies the
complexity of dietary hormesis. While both interventions activate similar pathways (such as AMPK,
autophagy, and sirtuins) their relative contributions remain unclear.

Some studies suggest that the benefits of IF are largely attributable to reduced caloric intake,
while others indicate that fasting-induced metabolic switching confers unique advantages
independent of calorie reduction (Longo & Panda, 2016; Liu et al., 2022).

Adding further complexity, recent human studies show that the effects of IF vary widely
depending on protocol, duration, and population characteristics. This variability challenges the
notion of a one-size-fits-all dietary intervention and highlights the need for personalized approaches.

6.5. Decline of Hormetic Capacity with Age

A critical but often overlooked issue is that the capacity to mount hormetic responses declines
progressively with age. This age-related attenuation of adaptive plasticity is now recognized as a
direct manifestation of the newly defined hallmark of aging “disabled macroautophagy” (Lopez-Otin
et al., 2023). With advancing age, autophagic flux becomes increasingly impaired at multiple steps of
the pathway, limiting the cell’s ability to efficiently clear damaged proteins, organelles, and protein
aggregates generated in response to hormetic stressors (Lim et al., 2024; Aman et al., 2021). As aresult,
the beneficial downstream activation of key adaptive pathways (including Nrf2-mediated
antioxidant responses, sirtuin signaling, and mitohormesis) is significantly blunted, despite the initial
low-level stress signal (Pomatto & Davies, 2017; Martins et al., 2016; Zhang et al., 2015).

This mechanistic link between disabled macroautophagy and diminished hormetic capacity has
important implications for intervention timing. Hormetic strategies may be most effective when
initiated earlier in life, while autophagic machinery remains responsive, thereby preventing or
delaying the progressive loss of stress resilience. In older or frail individuals, even mild stressors may
exceed the narrowed physiological capacity, shifting the response from adaptation toward
maladaptive outcomes such as chronic inflammation or cellular senescence.

Therefore, the concept of the “hormetic window” must be understood as dynamic and age-
dependent rather than fixed, underscoring the need for precision hormesis approaches that
incorporate biomarkers of autophagic function to personalize timing, intensity, and modality of
interventions.

6.6. Toward Precision Hormesis

Given the variability in responses to hormetic interventions, there is increasing interest in the
concept of “precision hormesis” — the tailoring of stress exposures based on individual
characteristics such as genetics, age, metabolic status, and environmental context.

Advances in biomarkers, wearable technologies, and systems biology may enable real-time
monitoring of stress responses, allowing for more precise calibration of interventions. For example,
tracking heart rate variability, metabolic markers, or inflammatory signals could inform
individualized exercise or fasting protocols.

Calabrese et al. (2024) recently quantified these limits, showing that hormetic responses typically
produce maximum adaptive increases of 30-60% above baseline and that this “hormetic window”
narrows markedly with age. These findings support the shift toward precision hormesis, in which
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individual biomarkers (e.g., autophagic flux, Nrf2 activity, or circulating miRNAs) are used to define
personalized dosing regimens and avoid crossing the threshold into maladaptive stress.

The practical implementation of precision hormesis critically depends on reliable biomarkers of
autophagic activity. Beyond static measures such as the LC3-II/LC3-I ratio and p62/SQSTM1 levels,
dynamic indicators (including TFEB nuclear translocation, ULK1 phosphorylation, and Beclin-1
expression) provide real-time insight into autophagic flux and lysosomal function (Lim et al., 2024;
Aman et al.,, 2021; Moreno et al., 2025). Circulating exosomes carrying autophagy-related miRNAs
and proteins have also emerged as promising non-invasive biomarkers in human aging cohorts.
Incorporating these markers into wearable-monitored or point-of-care assays would allow clinicians
to define an individual’s “hormetic window” before initiating interventions, thereby maximizing
benefit while minimizing the risk of crossing into maladaptive stress responses (Palacios-Ramirez et
al., 2025).

Complementing cellular biomarkers of autophagy, systemic indicators of biological aging —
such as epigenetic clocks (e.g., DNAmPhenoAge, GrimAge) and composite inflammaging scores (IL-
6, CRP, TNF-a) — provide a higher-order readout of hormetic efficacy across tissues. Recent
integrative approaches, including the EpInflammAge clock, combine DNA methylation patterns with
inflammatory proteomics to predict disease-associated acceleration more accurately than single-
domain clocks (Kalyakulina et al., 2025; Meier et al., 2023). Hormetic interventions have been shown
to slow epigenetic age acceleration by 1-3 years in human trials of caloric restriction and exercise,
primarily through reduced inflammaging and restored NAD*/sirtuin signaling. Monitoring these
systemic biomarkers before and during interventions would enable true precision hormesis, allowing
real-time adjustment of intensity and frequency to maintain the individual within the adaptive zone.

True longevity biomarkers extend beyond cellular autophagy to integrative measures of
organismal resilience. Epigenetic clocks (e.g., GrimAge, DunedinPACE, and PhenoAge) quantify
biological age acceleration by integrating DNA methylation patterns at CpG sites, while
inflammaging indices (composite scores of IL-6, CRP, TNF-a, and CXCL9) capture chronic low-grade
inflammation. Hormetic interventions have been shown to decelerate epigenetic aging by 1-3 years
in randomized trials of caloric restriction and exercise, primarily through restored NAD*/sirtuin
signaling and reduced meta-inflammation (Kalyakulina et al., 2025; Meier et al., 2023). Longitudinal
data further link slower epigenetic aging to lower all-cause mortality and delayed onset of dementia.
Incorporating these longevity biomarkers into clinical protocols would enable dynamic monitoring
of hormetic efficacy, allowing real-time personalization of lifestyle and pharmacological
interventions to maximize healthspan extension.

However, this approach also raises practical and ethical challenges, including accessibility,
standardization, and long-term adherence.

6.7. Hormesis in Neurodegenerative Diseases

Hormetic principles have gained particular traction in the context of neurodegenerative
diseases, where chronic oxidative stress, protein misfolding, impaired autophagy, and
neuroinflammation converge to accelerate neuronal loss. In Alzheimer’s and Parkinson’s disease
models, low-dose stressors (exercise, caloric restriction, mild thermal exposure, and pharmacological
Nrf2 activators) activate mitohormesis and autophagy, reducing amyloid-f and oa-synuclein
aggregation while enhancing mitochondrial quality control and synaptic resilience (Mattson & Leak,
2024; Calabrese et al., 2024).

Importantly, these interventions operate through the same core pathways already discussed
(Nrf2, sirtuins, and autophagy), but with tissue-specific outcomes in the brain: moderate ROS
signaling upregulates BDNF and PGC-la, promoting neuroplasticity and counteracting the
“disabled macroautophagy” hallmark. Clinical translation remains early, yet pilot studies with
spermidine and hydroxytyrosol-rich extracts demonstrate reduced neuroinflammation and
improved cognitive scores in older adults at risk for mild cognitive impairment. However, the narrow
hormetic window in the aging brain (exacerbated by blood-brain barrier alterations and declining
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adaptive homeostasis) underscores the need for biomarker-guided dosing to avoid shifting from
neuroprotection to neurotoxicity.

6.8. Hormesis in Dementia

Dementia, particularly Alzheimer’s disease (the most common form), exemplifies a clinical
context where hormetic strategies may offer disease-modifying potential by targeting the intersection
of oxidative stress, protein misfolding, impaired autophagy, and chronic neuroinflammation. In
preclinical models and early human trials, mild hormetic stressors — including exercise, intermittent
fasting, thermal conditioning, and bioactive nutraceuticals (e.g., curcumin, resveratrol, and omega-3
fatty acids) — activate Nrf2/HO-1 signaling and mitohormesis, thereby reducing amyloid-g and tau
pathology while enhancing mitochondrial bioenergetics and synaptic plasticity (Butterfield et al.,
2023; Mattson & Leak, 2024).

These interventions operate within the hormetic dose-response window: low-level ROS or
energy restriction upregulates BDNF, PGC-1a, and autophagic flux, counteracting the “disabled
macroautophagy” hallmark and slowing cognitive decline. Pilot studies with spermidine
supplementation and multimodal lifestyle protocols have shown modest improvements in cognitive
scores and reduced neuroinflammatory markers in patients with mild cognitive impairment.
However, the narrow hormetic window in the aged brain (exacerbated by blood-brain barrier
dysfunction and declining adaptive homeostasis) demands careful biomarker-guided titration to
prevent transition from neuroprotection to neurotoxicity (Ricciardi, 2024; Lim et al., 2025).

6.9. Hormesis in Cancer

Hormesis in cancer presents a paradigmatic double-edged sword: low-dose stressors can
paradoxically enhance tumor cell survival and therapy resistance, yet the same biphasic principle
offers opportunities for therapeutic exploitation in healthy tissue or tumor sensitization. Recent
evidence frames stress granules (SGs) as a hormetic adaptive response in tumorigenesis, whereby
mild, repeated tumor-associated stressors precondition cancer cells, tuning SG formation to regulate
proteostasis, translation, and survival pathways in a manner ultimately beneficial to malignant
progression (Redding & Grabocka, 2023). Similarly, glutamine stress in cancer cells follows a
hormetic response model: moderate glutamine restriction activates adaptive metabolic
reprogramming (including mitohormesis and autophagy), while severe deprivation triggers cell
death, suggesting that glutamine-targeting therapies must be dosed within a narrow hormetic
window to avoid unintended tumor adaptation (Grenier & Commisso, 2025).

These findings underscore the context-dependent nature of hormesis in oncology. While
chemotherapeutic hormesis (low-dose cisplatin or paclitaxel) can induce tumor microenvironment-
mediated resistance in refractory ovarian cancer (Chang et al., 2025), controlled hormetic stimuli (e.g.,
mild oxidative or metabolic stress) may protect non-malignant cells during treatment. Thus, precision
hormesis approaches (guided by biomarkers of autophagic flux and redox status) will be essential to
harness beneficial effects while minimizing protumorigenic risks.

6.10. Hormesis in Alzheimer’s Disease

Alzheimer’s disease (AD) represents one of the most compelling clinical arenas for hormetic
interventions, where oxidative stress, mitochondrial dysfunction, impaired autophagy, and
neuroinflammation converge to drive amyloid-f3 and tau pathology. Bioactive nutraceuticals and
lifestyle stressors (exercise, caloric restriction, thermal conditioning) elicit hormetic cellular stress
responses that upregulate Nrf2/HO-1, sirtuins, and autophagic flux, thereby reducing protein
aggregation, enhancing mitochondrial bioenergetics, and improving synaptic plasticity (Butterfield
et al., 2023).

In preclinical models and early human trials, these interventions operate within the hormetic
dose-response curve: low-level ROS or energy restriction activates BDNF and PGC-1a, counteracting
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the “disabled macroautophagy” hallmark and slowing cognitive decline. Pilot studies with
spermidine, resveratrol, and omega-3 supplementation have shown modest improvements in
cognitive scores and reduced neuroinflammatory markers in patients with mild cognitive
impairment. However, the narrow hormetic window in the aged brain (exacerbated by blood-brain
barrier alterations and declining adaptive homeostasis) demands biomarker-guided titration to
prevent transition from neuroprotection to neurotoxicity (Mattson & Leak, 2024; Lim et al., 2025).

6.11. Hormesis in Parkinson’s Disease

Parkinson’s disease (PD) offers a compelling clinical model for hormetic interventions, given the
central role of mitochondrial dysfunction, oxidative stress, impaired autophagy, and
neuroinflammation in dopaminergic neuron loss. Preclinical and early clinical evidence indicates that
mild hormetic stressors (including exercise, caloric restriction, thermal conditioning, and
nutraceuticals) activate mitohormesis, Nrf2/HO-1 signaling, and autophagic flux, thereby enhancing
mitochondrial quality control, reducing a-synuclein aggregation, and preserving nigrostriatal
function (Phillips & Picard, 2024; Mattson & Leak, 2024).

These responses operate within a classic biphasic dose-response curve: low-level ROS or energy
restriction upregulates PGC-1a and BDNF, counteracting the “disabled macroautophagy” hallmark
and slowing motor and cognitive decline. Pilot studies with hydroxytyrosol-rich extracts and
multimodal lifestyle protocols have demonstrated improvements in Unified Parkinson’s Disease
Rating Scale scores and reduced neuroinflammatory markers. However, the narrow hormetic
window in the aging brain (exacerbated by declining adaptive homeostasis and blood-brain barrier
alterations) requires biomarker-guided titration (e.g., autophagic flux or epigenetic clocks) to prevent
transition from neuroprotection to neurotoxicity (Lim et al., 2025; Calabrese et al., 2024).

6.12. Hormesis in Cardiovascular Diseases

Cardiovascular diseases (CVD) represent another major arena where hormetic strategies show
strong translational potential by improving endothelial function, reducing chronic inflammation, and
enhancing cardiac resilience. Lifestyle interventions such as time-restricted eating, moderate exercise,
and mild thermal stress (sauna or cold exposure) elicit hormetic responses that activate Nrf2, sirtuins,
and autophagy, thereby decreasing oxidative damage, improving vascular compliance, and lowering
atherosclerotic plaque progression (Epstein et al., 2025; Subramanian et al., 2025).

These effects follow a clear biphasic pattern: low-to-moderate stressors expand the homeostatic
range (“adaptive homeostasis”), promoting mitochondrial biogenesis and anti-inflammatory
resolvin pathways, while excessive stress exacerbates pathology. Recent meta-analyses further
support low-dose ionizing radiation as a hormetic modulator of CVD progression in certain contexts,
although caution is warranted. Clinical trials of time-restricted eating and sauna therapy have shown
reductions in blood pressure, improved lipid profiles, and lower CVD event rates, particularly in
older adults. Nevertheless, inter-individual variability (age, baseline fitness, genetic background) and
the risk of crossing into maladaptive stress highlight the need for precision hormesis guided by
systemic biomarkers (e.g., inflammaging scores and epigenetic clocks).

7. Future Directions and Open Questions

Despite substantial progress, several critical questions remain unresolved in the field of
hormesis and aging.

First, there is a need for standardized methodologies to quantify hormetic responses in both
experimental and clinical settings. The lack of validated biomarkers and dose-response frameworks
limits comparability across studies and hinders translation into practice.

Second, the heterogeneity of aging populations presents a major challenge. Genetic background,
sex, metabolic status, and environmental exposures all influence the capacity to mount adaptive
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stress responses. Future research should prioritize the identification of biomarkers that can guide
personalized hormetic interventions.

Third, the temporal dynamics of hormesis remain poorly understood. The distinction between
acute and chronic stress, as well as the role of recovery periods, requires further investigation,
particularly in the context of long-term interventions.

Fourth, large-scale randomized controlled trials are needed to establish the efficacy and safety
of hormetic strategies in humans. While observational and mechanistic studies provide strong
support, definitive evidence for long-term clinical benefits remains limited.

Finally, the integration of hormetic principles into clinical practice will require interdisciplinary
approaches combining molecular biology, physiology, and systems medicine. Advances in digital
health technologies and real-time monitoring may enable the development of precision hormesis
strategies tailored to individual profiles.

Addressing these challenges will be essential for establishing hormesis as a foundational
principle in preventive and longevity medicine, with the potential to transform current approaches
to aging and age-related disease.

8. Conclusions

Taken together, these advances highlight hormesis not as a single pathway but as a systems-
level adaptive strategy whose efficacy depends on precise calibration across biological scales — from
molecular redox signaling to systemic inflammaging and epigenetic trajectories.

Hormesis represents a paradigm shift in the biology of aging, reframing stress from a purely
detrimental factor to a potent driver of resilience, proteostasis, and longevity. By activating conserved
pathways (including Nrf2 signaling, sirtuin-mediated regulation, autophagy, and mitohormesis)
controlled low-level stressors (exercise, caloric restriction, thermal stress, and pharmacological
agents) can restore cellular maintenance and functional capacity even in aged systems, with
promising applications in neurodegenerative diseases where they counteract protein aggregation
and neuroinflammation.

Nevertheless, the field must move beyond descriptive frameworks toward mechanistic precision
and translational rigor. Key challenges include defining optimal dosing parameters, understanding
inter-individual variability, addressing the age-dependent decline in hormetic capacity (largely
driven by disabled macroautophagy), and identifying reliable biomarkers of autophagic flux and
systemic aging for personalized interventions. Emerging pharmacological hormetic agents (e.g.,
spermidine, rapamycin analogs, and selective SIRT2 inhibitors) offer promising avenues to amplify
these responses, yet their long-term safety and efficacy in humans remain to be fully established.

Importantly, hormesis should not be viewed as a universal solution but as a context-dependent
strategy that requires careful calibration through precision-medicine approaches. Future research
should prioritize integrative studies combining molecular insights, dynamic biomarkers (epigenetic
clocks, inflammaging scores), and clinical outcomes, ultimately enabling the development of tailored
hormetic protocols that are safe and effective across the lifespan. By bridging the gap between basic
biology and clinical application, hormesis has the potential to play a central role in extending
healthspan and mitigating the burden of age-related diseases, including neurodegeneration.
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