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Abstract

Chronic non-communicable diseases rarely occur in isolation; cardiovascular, metabolic,
neurodegenerative, malignant, and age-associated disorders share upstream drivers in-
cluding oxidative stress, chronic inflammation, mitochondrial dysfunction, and metabolic
imbalance. This narrative review synthesizes epidemiological, interventional, and mech-
anistic studies identified through targeted literature searches to examine redox biology
as a shared mechanistic hub linking these conditions. We evaluate antioxidant-rich di-
etary patterns, selected nutraceuticals, myocardial ischemia–reperfusion injury as a clinical
exemplar, rare redox-imbalance disorders as mechanistic stress models, and emerging
gene-based reinforcement of endogenous antioxidant systems. Rather than proposing clini-
cal targets, we present an integrative, hypothesis-generating framework illustrating how
coordinated lifestyle-driven modulation of redox balance may simultaneously influence
multiple disease trajectories. Collectively, the evidence supports a unified redox framework
for multi-disease prevention for multi-disease prevention and future intervention design.

Keywords: antioxidants; oxidative stress; inflammation; cardiovascular aging; lifestyle
medicine; senescence; SASP; mTOR; AMPK; microbiome; TMAO; nutraceuticals; gene
therapy; orphan diseases; longevity

1. Introduction
Chronic non-communicable diseases rarely occur in isolation. Cardiovascular disease,

type 2 diabetes, cancer, neurodegenerative disorders, and other age-associated conditions
(we have combined them into the term “multiple diseases”) share overlapping biological
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drivers, including oxidative stress, chronic low-grade inflammation, metabolic dysregula-
tion, mitochondrial dysfunction, and cellular senescence. Although cardiovascular disease
remains a leading global cause of mortality [1], it represents only one manifestation of
a broader, systemic redox-inflammatory imbalance that contributes to multiple chronic
pathologies. Rather than viewing these disorders as independent entities, increasing evi-
dence supports a unified mechanistic perspective in which shared upstream processes give
rise to diverse clinical outcomes.

Beyond mortality and morbidity, the economic burden of chronic non-communicable
diseases is substantial. In the U.S. alone, healthcare expenditures related to cardiovas-
cular disease exceed USD 400 billion annually, and total direct and indirect costs of car-
diometabolic diseases account for approximately 20% of national healthcare spending [2,3].
Globally, the economic impact of chronic diseases continues to rise, reinforcing the need
for scalable preventive strategies targeting shared upstream mechanisms such as oxidative
stress and chronic inflammation [4].

While there is a genetic predisposition to most chronic illnesses, lifestyle factors—
particularly dietary choices—are the major determinants that lead to the expression of those
diseases. Other key factors include breathing (air quality and smoking), drinking (hydration
and alcohol use), physical activity, and psychological stress. In practical terms, these can
be described as the five basic health activities: eating, breathing, drinking, exercise, and
mental well-being. Each corresponds to modifiable behaviors: consuming a predominantly
whole-food, plant-based diet; avoiding smoking and air pollutants; maintaining adequate
hydration while limiting alcohol and sugary beverages; engaging in regular exercise; and
managing stress with healthy social and psychological practices. Optimization of these
five lifestyle domains has broad preventive effects—for example, comprehensive lifestyle
programs have demonstrated simultaneous improvements in cardiovascular and cancer
outcomes [5]—supporting the concept that “the triggers are lifestyle choices” even if “genes
load the gun”.

Cardiovascular disease provides a particularly well-characterized clinical model
through which redox-dependent mechanisms can be examined. However, the same bio-
logical pathways that drive atherosclerosis and ischemia-reperfusion (I/R) injury are also
implicated in metabolic syndrome, neurodegeneration, oncogenesis, and frailty. Beyond
behaviors, specific “wellness-protecting” clinical targets can be identified. Attaining cer-
tain quantifiable health metrics has been associated with dramatic reductions in disease
risk. For instance, long-term exposure to low low-density lipoprotein (LDL) cholesterol
(e.g., ~70–80 mg/dL) is associated with substantially lower risk of atherosclerotic car-
diovascular events across genetic, epidemiologic, and randomized-trial evidence [6–9].
Landmark lifestyle trials showed that intensive dietary and habit changes can not only
prevent but also reverse coronary artery disease—patients in the Lifestyle Heart Trial
who adopted a plant-based diet with exercise and stress management actually exhibited
regression of coronary lesions [10]. Likewise, maintaining blood pressure in the normal
range (e.g., <120/80 mmHg) is a crucial goal; home monitoring and proactive manage-
ment of blood pressure have been advocated to help individuals achieve and sustain
control and reduce cardiovascular risk [7,11]. These examples illustrate that hitting “protec-
tive” numbers for cholesterol, blood pressure, and other risk factors—largely through
natural lifestyle means or adjunct therapies—can profoundly limit the manifestation
of disease.

Crucially, many disease-generating pathways can be attenuated or even arrested by
early interventions, lowering the risk of diseases before they ever manifest. Epidemiological
analyses suggest that a substantial proportion of atherosclerotic, diabetic, and hypertensive
conditions may be attributable to modifiable lifestyle factors, particularly among genetically

https://doi.org/10.3390/nu18061007

https://doi.org/10.3390/nu18061007


Nutrients 2026, 18, 1007 3 of 32

predisposed individuals; however, precise estimates vary across populations and study
designs. Even when such conditions are present, comprehensive lifestyle changes often
can stabilize or partially reverse them for all practical purposes [10,12]. Some traditional
or less industrialized populations historically demonstrated markedly lower prevalence
of certain chronic illnesses compared to highly industrialized societies, although such
comparisons are influenced by demographic, environmental, and diagnostic differences.
Heritage diets and behaviors in certain traditional or agrarian cultures do not trigger
those genetic predispositions—for example, when individuals adopt a high-fiber, plant-
rich diet typical of some African heritage populations, inflammatory and metabolic risk
markers improve markedly compared to a Western diet [13]. In other words, the Western
lifestyle “pulls the trigger” on genes that would otherwise remain silent. There are effective
lifestyle deterrents to many—if not most—of the costly chronic conditions that hound
modern societies, which currently consume on the order of one-fifth of the U.S. economy in
healthcare expenditures [14].

At the biological level, unhealthy behaviors such as excessive caloric intake (leading
to obesity or elevated abdominal fat) and poor diet quality activate pro-aging and pro-
growth signaling pathways with inappropriate immune activation. In particular, nutrient
excess and visceral adiposity tilt the balance away from the housekeeping, survival, and
repair pathway, AMP-activated protein kinase (AMPK), and toward the growth-promoting
kinase, mechanistic target of rapamycin (mTOR) [15]. This mTOR predominance drives
cellular proliferation and inhibits autophagy, contributing to the accumulation of damaged
cellular components and a chronic inflammatory state. Meanwhile, inadequate energy
balance (and lack of hormetic stress from exercise or fasting) means reduced AMPK activity
and impaired cellular repair. Reactive oxygen species (ROS)—the “dangerous” reactive
forms of oxygen—along with unbalanced, pro-inflammatory cytokines, contribute to a self-
reinforcing cascade of oxidative and inflammatory signaling in human tissues. Oxidative
damage to macromolecules and the overzealous inflammatory and growth signals of aging
(sometimes termed “inflammaging”) drive tissue dysfunction [15,16]. Below, we address
these processes with specific examples.

1.1. Objective and Novelty

Prior reviews commonly address antioxidants within a single disease silo (e.g., car-
diovascular disease alone) or focus on isolated supplements without an integrative model
linking shared upstream biology to multi-disease outcomes. The objective of this narrative
review is to synthesize evidence that redox imbalance—driven by metabolic overload,
mitochondrial dysfunction, and downstream inflammatory and senescence pathways—
constitutes a shared mechanistic hub across cardiometabolic, malignant, neurodegen-
erative, and other age-associated conditions, and to map scalable lifestyle and dietary
antioxidant strategies onto that hub. We further use myocardial I/R injury as a clini-
cally relevant “stress test” of ROS-driven pathology and briefly discuss rare (orphan)
diseases and gene-based reinforcement of endogenous antioxidant defenses as translational
edge cases and future directions. The review is organized into eight sections covering
shared mechanisms, lifestyle and dietary patterns, targeted nutraceuticals with a car-
diovascular exemplar, orphan disease lessons, gene-based concepts, and an integrative
framework (Table 1).
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Table 1. Summary of key sections, mechanistic focus, representative evidence, and trans-
lational implications.

Section Core Concept Key Mechanisms Representative Evidence
Type Translational Implication

1. Introduction Simultaneous prevention
through lifestyle modulation

Redox–inflammation
axis; gene–

environment interaction

Lifestyle Heart Trial
[10,12,16]; LDL

meta-analyses; WHO data

Coordinated lifestyle
modification reduces
multiple disease risks

2. Shared
Redox Mechanisms

Common upstream drivers
of chronic disease

Oxidative stress; NF-κB;
SASP; mTOR/AMPK

imbalance; mitochondrial
dysfunction; dysbiosis

Mechanistic reviews [15–19]

Targeting the redox
network may

impact multiple
diseases simultaneously

3. Lifestyle & Diet
Plant-predominant dietary

patterns as
scalable intervention

Polyphenols; Nrf2
activation; improved
NO bioavailability;

microbiome modulation

Mediterranean diet
data; CARDIA

study; EAT-Lancet
Commission [4,12]

Diet acts as a first-line,
population-scale

redox intervention

4. Cardiovascular
Exemplar

Ischemia/reperfusion as a
redox stress model

ROS burst; mitochondrial
permeability transition;
ferroptosis; NF-κB; Ca2+

overload

Experimental I/R models;
resveratrol, curcumin,

quercetin studies [20,21]

Demonstrates real-world
relevance of redox

modulation

5. Orphan Diseases
Rare diseases

as high-intensity
redox models

Lysosomal dysfunction;
mitochondrial ROS;
impaired autophagy

NPC [22], TSD [23,24],
MELAS [25], Friedreich’s

ataxia [26] models

Extreme models validate
oxidative stress as a

central driver

6. Gene-Based
Modulation

Engineered reinforcement
of antioxidant defenses

SOD, catalase, Nrf2,
PGC-1α gene delivery

AAV-based antioxidant
gene studies [27,28]

Potential future adjunct
for refractory disease

7. Integrative
Framework

“One-ring” redox
hub model

Coordinated biomarker
shifts reflect improved

redox state

Conceptual syn-
thesis + literature

harmonization [4,5]

Multi-layer
intervention model

8. Conclusions Lifestyle-first, adjunctive
precision tools

Redox resilience as a
prevention paradigm

Epidemiology +
mechanistic integration

Roadmap for
multi-disease prevention

1.2. Literature Identification and Scope

This is a narrative review. We searched PubMed and Google Scholar using com-
binations of terms including oxidative stress, redox, antioxidants, polyphenols, dietary
patterns, Mediterranean diet, fiber, microbiome, trimethylamine N-oxide (TMAO), senes-
cence, senescence-associated secretory phenotype (SASP), mTOR, AMPK, ischemia reper-
fusion, cardioprotection, lysosomal storage disease (LSD), and gene therapy antioxidant
enzymes. We prioritized systematic reviews, randomized trials, major cohort studies,
and well-established mechanistic studies; additional disease-model and proof-of-concept
gene-delivery studies were included where they clarified redox biology relevant to the
Special Issue theme.

2. Shared Redox Mechanisms Underlying Multiple Diseases
Importantly, the mechanistic pathways described below are not isolated biochemical

events but represent nodes that are modifiable through dietary and lifestyle exposures
discussed in later sections. For example, mTOR predominance may be influenced by
caloric excess, whereas AMPK activation is promoted by exercise and caloric moderation;
mitochondrial ROS generation may be attenuated by polyphenol-induced nuclear factor
erythroid 2-related factor 2 (Nrf2) activation; and inflammatory amplification can be modu-
lated by fiber-driven microbiome metabolites. Thus, the mechanistic primer in this section
provides the biological foundation for the intervention strategies discussed subsequently.

Although oxidative stress, inflammation, metabolic dysregulation, mitochondrial dys-
function, and cellular senescence interact bidirectionally, a hierarchical heuristic provides
conceptual clarity (Figure 1). In this framework, upstream lifestyle and metabolic drivers
(e.g., caloric excess, nutrient imbalance, physical inactivity) promote mTOR predominance
and suppression of AMPK signaling, leading to mitochondrial dysfunction and excess
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ROS generation. Elevated ROS then amplify inflammatory cascades (e.g., nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) activation) and promote cellular
senescence and SASP, which collectively drive tissue dysfunction and chronic disease. The
microbiome acts as a dynamic modulator of this cascade, capable of either amplifying oxida-
tive stress (e.g., via TMAO production) or reinforcing redox resilience (e.g., via short-chain
fatty acids and urolithins).

Figure 1. Hierarchical redox cascade linking upstream lifestyle and metabolic drivers to multi-organ
chronic disease outcomes. Caloric excess, dysbiosis, physical inactivity, and stress promote mTOR
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predominance, mitochondrial dysfunction, and excess ROS production. Elevated ROS amplifies
inflammatory signaling (e.g., NF-κB activation), cellular senescence, and SASP-mediated tissue
dysfunction, ultimately contributing to cardiovascular, metabolic, neurodegenerative, and oncological
diseases. Lifestyle interventions and dietary antioxidants primarily act upstream and at the level of
mitochondrial redox balance, whereas targeted nutraceuticals and emerging gene-based antioxidant
strategies may modulate downstream amplification pathways. The schematic reflects a literature-
informed mechanistic synthesis rather than a quantitative causal model.

2.1. Oxidative Stress and Chronic Low-Grade Inflammation

Oxidative stress reflects an imbalance between oxidant generation and antioxidant
defenses, resulting in oxidative modification of lipids, proteins, and nucleic acids in tis-
sues [29]. Persistent oxidative stress promotes and amplifies chronic low-grade inflam-
mation through redox-sensitive signaling, including activation of NF-κB and other tran-
scriptional programs [30]. In turn, inflammation can further increase ROS generation via
immune-cell activation and mitochondrial dysfunction, creating a self-reinforcing loop
of oxidative damage and inflammatory signaling that is relevant across cardiovascular,
metabolic, neurodegenerative, and malignant diseases. Indeed, oxidative stress and in-
flammation are tightly intertwined drivers of pathology in virtually all age-related chronic
diseases [16,31]. This bidirectional oxidative-inflammation cycle is now understood as a
common soil for disease development.

2.2. Metabolic Dysregulation and Insulin Resistance

Metabolic dysregulation represents an upstream driver in this cascade (Figure 1).
Metabolic syndrome and insulin resistance are tightly linked to redox imbalance [32,33].
Nutrient overload, ectopic fat deposition, and mitochondrial stress all increase ROS pro-
duction and activate inflammatory pathways, contributing to endothelial dysfunction
and accelerated vascular aging. This metabolic–redox coupling helps explain why car-
diometabolic interventions often produce broad “multi-disease” benefits: improvements in
diet, body composition, and exercise can simultaneously reduce risk of diabetes, cardiovas-
cular disease, and certain cancers [5]. For example, visceral adiposity is not merely a passive
risk factor—it actively secretes pro-inflammatory adipokines that contribute to chronic
heart failure and other conditions (the “adipokine hypothesis” of heart failure) [34]. By the
same token, weight loss, caloric moderation, and fasting-mimicking diets reduce oxidative
burden and inflammation, yielding system-wide benefits. The upshot is that ameliorating
metabolic stress through lifestyle changes or targeted therapies can concurrently delay or
prevent multiple diseases driven by those same redox and inflammatory disturbances.

2.3. Cellular Senescence and the SASP

Cellular senescence and SASP represent downstream amplifiers of prolonged redox
and inflammatory stress rather than primary initiating events. Senescent cells secrete a
pro-inflammatory mix of cytokines, chemokines, growth factors, and proteases known as
the SASP, which can drive tissue dysfunction and propagate inflammation in neighboring
cells [35,36]. Oxidative stress is both a trigger and a consequence of cellular senescence,
placing the senescence/SASP phenomenon near the center of multi-disease aging biology.
In fact, accumulating oxidative damage with age leads to hyperactivity of pro-growth
pathways like mTOR, impaired proteostasis (e.g., buildup of lipofuscin and misfolded
proteins), and a feedback loop of further ROS generation and SASP factor release [15].
Senescent cells effectively poison their microenvironment—for example, senescent en-
dothelial cells reduce nitric oxide and promote inflammation in blood vessels, contributing
to atherosclerosis. Removing senescent cells (in animal models) leads to delayed aging
and preserved organ function, highlighting their pathological role. Therapies targeting
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senescent cells (senolytics) or suppressing the SASP are being explored as multi-disease
preventive strategies [15].

2.4. mTOR/AMPK Balance, Autophagy, and Mitochondrial Function

At the apex of nutrient-sensitive regulation, the mTOR/AMPK balance acts as a
gatekeeper determining whether cells shift toward growth-promoting or repair-oriented
states. The mTOR–AMPK axis acts as a central “growth vs. repair” switch linking nu-
trient availability to an organism’s redox state and aging rate [15]. Chronic nutrient
excess and anabolic signals favor mTOR activation (promoting growth and cell prolif-
eration), while energy stress (e.g., calorie restriction or exercise) activates AMPK (pro-
moting maintenance, autophagy, and efficient metabolism). Autophagy—the process by
which cells remove or recycle damaged components, including dysfunctional mitochon-
dria (mitophagy)—is crucial for limiting oxidative damage. If autophagy is impaired (as
occurs with aging and persistent mTOR activation), damaged mitochondria accumulate
and produce more ROS, further activating inflammatory pathways. Thus, interventions
that tip the balance toward AMPK activation and robust autophagy (such as caloric re-
striction mimetics, regular exercise, or compounds like metformin) may confer multi-
system benefits by reducing chronic oxidative stress. Indeed, AMPK activation has been
shown to extend healthspan in multiple model organisms, whereas hyperactive mTOR
accelerates aging processes [15,17,18]. This mechanistic insight underlies the growing
interest in lifestyle and pharmacological strategies that modulate mTOR/AMPK—for in-
stance, fasting regimes or mTOR inhibitors (like rapamycin)—as potential broad-spectrum
disease-preventive approaches.

2.5. Microbiome-Driven Inflammation and TMAO

The gut microbiome is an increasingly recognized regulator of systemic inflamma-
tion and redox status through its metabolic products and its influence on host pathways.
A notable example is TMAO, a pro-atherogenic molecule produced when gut bacteria
metabolize dietary choline/carnitine (from red meat, eggs, etc.), with the intermediate
trimethylamine oxidized in the liver. Elevated TMAO has been associated with increased
cardiometabolic risk and vascular dysfunction in both animals and humans [19]. Diets high
in fiber and polyphenols (e.g., plant-rich diets) support a more favorable gut microbiota,
increasing the production of beneficial metabolites (like short-chain fatty acids) while reduc-
ing TMAO levels and other harmful compounds [19]. Indeed, switching individuals from a
Western diet to a high-fiber, plant-focused diet can rapidly alter microbial composition and
lower inflammatory tone [13]. Conversely, dysbiosis and increased gut permeability can
lead to greater translocation of endotoxins and activation of systemic inflammation. Thus,
the microbiome represents a key mediator between diet and the host’s redox-inflammatory
state [19]. Interventions ranging from probiotics and prebiotic fibers to TMAO-lowering
strategies are being investigated to harness the microbiome for chronic disease prevention.
Notably, the microbiome’s impact is not limited to the gut or cardiovascular system—it
also influences cardiometabolic risk and cancer biology via immune and metabolic modula-
tion [19,37]. Managing diet quality to cultivate a healthy microbiome is, therefore, a critical
piece of the multi-disease prevention puzzle.

Beyond pro-atherogenic metabolites such as TMAO, diet–microbiome interactions also
generate metabolites with potentially protective redox effects. High-fiber and polyphenol-
rich dietary patterns promote the expansion of short-chain fatty acid (SCFA)-producing
taxa, including butyrate-generating bacteria, which have been shown to improve ep-
ithelial barrier integrity, reduce systemic inflammation, and modulate mitochondrial
function [38,39]. SCFAs such as butyrate can influence histone acetylation and AMP-
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activated protein kinase signaling, thereby linking microbial fermentation products to host
redox regulation and metabolic homeostasis [16].

In addition, gut microbial metabolism of dietary ellagitannins and other polyphenols
generates urolithins, which have been associated with enhanced mitophagy and improved
mitochondrial function in experimental models [40]. These interactions suggest a rein-
forcing loop: antioxidant-rich dietary patterns shape the microbiome toward metabolite
profiles that support mitochondrial efficiency and reduce oxidative stress, which in turn
may stabilize metabolic signaling and inflammatory tone. Thus, the microbiome can func-
tion not only as a mediator of risk but also as an amplifier of redox resilience within the
broader preventive framework.

3. Lifestyle and Natural Dietary Antioxidants as the Primary “Lever”
3.1. Plant-Predominant Dietary Patterns and Multi-Disease Prevention

Lifestyle-oriented preventive medicine emphasizes that dietary patterns can reduce
the risk for multiple chronic diseases simultaneously. Whole-food, plant-forward diets
are typically rich in antioxidant and anti-inflammatory compounds, higher in fiber, and
lower in pro-oxidant constituents such as excess saturated fat and heme iron. These
characteristics collectively improve metabolic markers, endothelial function, and basal
inflammatory tone [5,32,33]. For example, long-term adherence to a Mediterranean or
similar plant-predominant diet is associated with lower incidence of cardiovascular dis-
ease, type 2 diabetes, and neurodegenerative disease [5,32]. At a mechanistic level, such
diets provide abundant phytochemicals (such as flavonoids/phenolic acids, carotenoids,
and organosulfur compounds) that modulate redox signaling, while also promoting a
healthier gut microbiome (in part due to high fiber intake). A recent clinical analysis
from the CARDIA study illustrates the organ-level benefits: higher intake of fiber-rich,
unrefined plant foods in young adults was associated with better left ventricular structure
and function decades later in midlife [41]. In populations consuming primarily whole-
plant-based diets (as observed in certain Blue Zone regions or traditional societies), rates of
coronary artery disease, colon cancer, and other major causes of morbidity and mortality
(e.g., stroke and colorectal cancer) remain strikingly low. Such epidemiological and inter-
ventional evidence underlines the potential of diet as a multi-disease prevention lever. By
emphasizing vegetables, fruits, whole grains, legumes, nuts, and seeds—and minimizing
ultra-processed foods—individuals can simultaneously address numerous upstream risk
factors: oxidative stress, inflammation, dyslipidemia, hypertension, insulin resistance,
and related cardiometabolic risk factors [5,32,33]. In sum, a plant-predominant diet is
a cornerstone for deploying natural antioxidants in a truly translational way to combat
chronic diseases.

From a quantitative perspective, population-level dietary patterns associated with
the lowest cardiometabolic risk are typically characterized by high intake of minimally
processed plant foods and dietary fiber (minimum guideline targets often ≥25–35 g/day
in adults), regular consumption of fruits and vegetables (≥5 servings/day), legumes and
whole grains, and limited intake of ultra-processed foods and refined carbohydrates [4,5,12].
While many contemporary dietary guidelines recommend fiber intakes in the range of
25–35 g/day, anthropological and observational data from traditional agrarian and hunter–
gatherer populations suggest substantially higher habitual intakes, frequently estimated
at 70–100 g/day or more. Such intake levels have been associated with lower systemic
inflammation, favorable gut microbial metabolite profiles, and minimal prevalence of
atherosclerotic disease in non-industrialized settings [42]. These observations do not imply
that high fiber intake alone is causative, but they raise the possibility that current minimum
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recommendations reflect feasibility in Western dietary contexts rather than physiologic
ancestral exposure levels.

Rather than focusing on isolated “antioxidant doses”, these patterns reflect cumulative
exposure to diverse redox-active phytochemicals (e.g., polyphenols, carotenoids, organosul-
fur compounds) within a whole-food matrix. Importantly, this framework emphasizes
dietary patterns and nutrient density rather than high-dose supplementation, as physiolog-
ical redox balance appears more consistently supported by sustained dietary intake than
by pharmacological antioxidant dosing in otherwise replete individuals.

3.2. Natural Antioxidant Components of Whole Foods

Whole foods contain a synergistic spectrum of natural antioxidants, including vi-
tamins (e.g., vitamin C, vitamin E), polyphenols (flavonoids, stilbenes like resveratrol),
carotenoids (beta-carotene, lycopene), and organosulfur compounds (like allicin from garlic,
sulforaphane from broccoli). Notably, these compounds often do not act solely as direct
free-radical scavengers; rather, many exert effects via hormesis—mild, adaptive stress that
upregulates endogenous defenses—and by modulating redox-responsive signaling path-
ways. For instance, polyphenols can activate the Nrf2, the master regulator of cytoprotec-
tive genes, leading to increased expression of antioxidant enzymes (superoxide dismutase
(SOD), glutathione peroxidase, heme oxygenase (HO)-1, etc.) [43]. Additional food-derived
antioxidants and redox-active constituents—including cocoa flavanols, anthocyanin-rich
berries, and nitrate-rich leafy greens/beetroot—have been associated with improved en-
dothelial nitric oxide bioavailability and vascular function in both experimental and clinical
contexts. Dietary flavanols such as those found in cocoa have been shown to enhance
endothelial function and nitric oxide availability through modulation of oxidative stress
pathways (e.g., flow-mediated dilation and blood pressure improvement) in human and an-
imal studies [44]. Anthocyanin-rich berry consumption has been linked to favorable effects
on endothelial health and cardiovascular risk markers in preclinical and human studies [45].
Nitrate-rich foods such as beetroot juice reliably increase systemic nitrate/nitrite and ni-
tric oxide bioavailability, improving vascular function and endothelial responsiveness in
randomized interventions [46,47].

It is the combination of these actions—direct ROS neutralization, gene expression
changes, and anti-inflammatory signaling—that likely explains the broad benefits of diets
rich in varied antioxidants. Importantly, whole-food matrices may improve the bioavail-
ability and distribution of these phytochemicals compared to isolated supplements, and
they avoid the hazard of high-dose single antioxidants potentially disrupting redox balance.
Thus, nutrition delivers antioxidants in a form and dose attuned to our biology’s needs,
helping maintain redox homeostasis across multiple organ systems [31]. Ongoing research
continues to identify new bioactive compounds (e.g., taurine as recently highlighted for
longevity) and to elucidate how diet-driven shifts in the redox proteome translate into
disease prevention.

Importantly, fiber-rich whole-food dietary patterns influence redox balance not only
through phytochemicals but also via microbial fermentation products such as short-
chain fatty acids, which have been shown to modulate mitochondrial function and
inflammatory tone [38].

3.3. “Genes Are Guns. . .”: Lifestyle as the Trigger (and the Preventive Safety)

The adage “genes load the gun, but lifestyle pulls the trigger” captures the essence
of gene–environment interaction in chronic disease. Genetic predispositions often remain
clinically silent unless “triggered” by adverse lifestyle factors—and conversely, healthy
lifestyle choices can be a safety catch that keeps genetic risk from translating into disease.
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Modern research in epigenetics and gene expression confirms this thesis: diet, physical ac-
tivity, stress, and toxin exposure can modulate gene expression through DNA methylation,
histone modification, and microRNA, thereby influencing whether disease-related genes
are up- or down-regulated. For example, studies integrating genetic risk with lifestyle
factors show that adherence to a healthy lifestyle is associated with substantially lower
coronary disease risk even among individuals with high polygenic risk [48]. On the flip
side, individuals with “good genes” can still develop conditions like type 2 diabetes or
atherosclerosis if they lead a sedentary life with a poor diet. Lifestyle is thus the crucial
interface between genetic endowment and health outcomes. Maintaining a favorable
lifestyle—plant-rich diet, regular exercise, no smoking, moderate stress—creates an in-
ternal environment that minimizes chronic redox-inflammatory activation, which is the
common soil of so many diseases. This provides a conceptual basis for simultaneous pre-
vention: by pulling a small set of upstream lifestyles “levers,” we can favorably influence
a wide array of downstream disease processes. The possibility of influencing multiple
diseases through coordinated lifestyle interventions is increasingly supported by clinical
and epidemiological evidence, although effect sizes and durability vary across populations
and contexts [5,32]. In summary, while we cannot change our genes, we can profoundly
influence how and whether our genes manifest as disease—and that agency lies largely
in lifestyle choices.

4. Targeted Nutraceuticals and Supplements (with Cardiovascular Exemplar)
4.1. Cardiovascular Exemplar: Reperfusion-Induced Injury (RII) in the Heart

To anchor the redox framework in a clinically urgent cardiovascular setting, we
include a focused section on myocardial ischemia/reperfusion injury and the phenomenon
of reperfusion-induced injury (RII). In this scenario, sudden restoration of blood flow
(reperfusion) to an ischemic heart can itself paradoxically cause additional damage. Here,
ROS generation and downstream inflammatory and electrophysiological consequences
are central, and antioxidant-oriented strategies have been extensively studied as potential
mitigators of myocardial ischemia/reperfusion injury [49,50].

RII occurs not only in the heart [51–56] but also in every organ, in which the supply
of oxygen and nutrients is indispensable for survival and for the maintenance of vital
physiological functions. Thus, in the central nervous system [57–60], the kidney [61–64],
the lung [65–67], the liver [68–71], and the gastrointestinal system [72–74], the process of
ischemia/reperfusion can cause significant tissue damage, thereby impairing fundamental
physiological functions of these organs. The evidence is that RII triggers numerous patho-
logical alterations and signal transduction pathways in various tissues and organs. How-
ever, the relative contribution of the underlying pathological mechanisms differs among
tissues; therefore, the pharmacological management of ischemia/reperfusion-induced
injury is essentially tissue- or organ-specific.

In fact, it can be clearly established that the formation of reactive oxygen species
(free radicals) [53,75,76] and intracellular Ca2+ accumulation play a fundamental role in
the development of “necroapoptophagic” cell death processes [15], including necrosis,
apoptosis, and autophagy.

RII encompasses various forms of cell death and tissue damage that occur upon
reperfusion of previously ischemic myocardium, as opposed to the injury directly caused
by the preceding ischemic period. It is well known that ischemic tissues cannot recover
unless perfusion (reflow) is reestablished. However, reperfusion can actually extend the
irreversible damage initiated by ischemia—the returning blood flow triggers oxidative
bursts and calcium overload that exacerbate cell death—even as it is necessary to salvage
viable tissue [49]. Thus, while reperfusion is essential for rescuing ischemic myocardium, it
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also paradoxically contributes to myocardial dysfunction, arrhythmias (e.g., ventricular
fibrillation, a cause of sudden cardiac death), and the development of heart failure in the
aftermath of infarction. In recent decades, RII has been found to involve not only oxidative
stress and calcium imbalance but also expanded roles for immune activation, mitochondrial
dysfunction, necrosis and apoptosis, ferroptosis, and various gene-expression changes
during reperfusion. The extent and mechanisms of RII can vary based on the duration of
ischemia and the conditions of reperfusion [49,50].

Key mechanisms of RII include a massive burst of ROS generation at the moment of
reperfusion (as oxygen re-enters ischemic tissue and mitochondria), which in turn triggers
opening of the mitochondrial permeability transition pore, cytokine release, and infiltration
of neutrophils. This oxidative and inflammatory cascade leads to lipid peroxidation, protein
oxidation, and DNA damage in cardiomyocytes. RII is a major contributor to reperfusion-
induced arrhythmias (such as ventricular fibrillation) and contractile dysfunction. From
the 1980s onward, extensive experimental and clinical investigations have established that
myocardial ischemia followed by reperfusion produces rapid biochemical and electrophys-
iological changes leading to cell death and arrhythmogenesis. A consensus emerged that
ROS generation is a fundamental trigger in RII pathogenesis. Excess ROS during reperfu-
sion directly injure cardiomyocytes and serve as second messengers activating maladaptive
signaling—for instance, oxidized lipids and proteins can provoke calcium overload and
mitochondrial injury [52,77–79].

Multiple lines of evidence link RII to specific molecular pathways: activation of NF-κB
and inflammasomes during reperfusion amplifies inflammation; opening of cardiomyocyte
sarcolemmal KATP channels and mitochondrial KATP channels can occur; and the renin–
angiotensin system and sympathetic surge at reperfusion further modulate these processes.
Arrhythmias in early reperfusion are partly precipitated by ROS-induced modifications of
ion channels and gap junctions. For example, changes in potassium and calcium channel
function (due to oxidation of channel proteins or altered kinase signaling) create disper-
sion of repolarization, setting the stage for ventricular tachycardia/fibrillation [15,80–89].
Accordingly, this section will highlight some critical signal transduction mechanisms in
arrhythmogenesis during ischemia/reperfusion and assess the anti-arrhythmic potential of
various phytochemicals and drugs with antioxidant properties.

Research into RII has identified a complex interplay of cell death modalities—
necrosis from bioenergetic failure, apoptosis from programmed pathways, and autophagy
(which can be either protective or contributory to cell death). Recently, ferroptosis (iron-
catalyzed lipid peroxidation-driven cell death) has also been implicated in reperfused
myocardium [80–84]. The relative contribution of each mechanism can depend on ischemia
duration and specific context. Importantly, numerous pharmacological interventions tar-
geting these pathways have been tested. Antioxidant strategies have included direct
free-radical scavengers (e.g., SOD mimetics), iron chelators to prevent hydroxyl radical
formation, and inhibitors of oxidative enzymes like xanthine oxidase. Anti-inflammatory
approaches and agents modulating stress-response pathways (including conditioning-
based strategies) have also been explored in the reperfused heart [50].

Classic studies (e.g., by Jennings et al. in the 1980s) demonstrated that very early reper-
fusion is necessary to salvage myocardium, but also noted ultrastructural damage arising
after reperfusion, attributable to calcium oscillations and swelling in mitochondria [77].
Later, it was shown that applying interventions now of reperfusion—such as antioxidants,
calcium modulators, or ischemic post-conditioning (brief intermittent reocclusion cycles)—
could reduce infarct size, supporting the causative role of RII processes. More recent work
has expanded our understanding: for instance, Oerlemans et al. (2013) highlighted the
role of the innate immune response in RII [50], and Koshinuma et al. (2014) discussed
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anesthetic-induced conditioning against RII [90]. Haines et al. (2013) likewise emphasized
oxidative stress management in multicellular contexts [15].

Given the breadth of RII mechanisms, an array of phytochemicals and nutraceuticals
have been tested for cardioprotective effects in this setting. Some notable examples include:
resveratrol (a polyphenol from grapes), which activates endothelial nitric oxide synthase
and can reduce infarct size [21,91]; curcumin (from turmeric), which has antioxidant and
anti-inflammatory effects and was shown to attenuate post-infarction remodeling in animal
models [92,93]; and quercetin (a flavonoid), which can inhibit lipid peroxidation and protect
mitochondrial function in ischemia/reperfusion models [94,95]. Many of these compounds
also activate Nrf2, augmenting endogenous antioxidant defenses in the heart [43,91,93].
There is evidence that chronic intake of polyphenol-rich foods such as green tea and berries
can enhance antioxidant and phase 2 detoxifying defenses relevant to ischemia/reperfusion
protection [96,97]. However, translation to clinical practice has been challenging—large
clinical trials of antioxidant vitamins (like E and C) in acute coronary syndromes did not
yield clear benefits [31]. It appears that timing, bioavailability, and target specificity are
critical: an intervention must be at the right place and time to intercept the burst of ROS at
reperfusion or to modulate the key signaling events (such as mitochondrial permeability
transition) to be effective.

In summary, myocardial reperfusion injury exemplifies how oxidative stress lies at the
heart of acute and chronic pathology in cardiovascular disease. It also provides a testing
ground for antioxidant therapies—both natural and synthetic. Insights gained here, such
as the importance of bolstering endogenous defenses before injury occurs, carry over to
chronic disease prevention. RII continues to be an area of active investigation, with ongoing
studies into combined therapies (e.g., antioxidant + anti-apoptotic agents, or conditioning
plus drugs) and novel delivery methods (such as nanoparticle antioxidants) to mitigate this
double-edged sword of reperfusion.

Importantly, ischemia/reperfusion injury is not heart-specific; similar ROS-driven
cascades contribute to tissue loss and inflammatory amplification in cerebral ischemia
(stroke) and in renal ischemia/reperfusion contexts, reinforcing the generalizability of
redox-targeted strategies beyond cardiology.

4.2. Targeted Nutraceuticals: Scope and Positioning

Beyond whole-diet patterns, nutraceuticals and concentrated supplements are often
used to target specific redox and inflammatory pathways in individuals at high risk or
with existing disease. Within a “simultaneous prevention” framework, such supplements
are best positioned as adjuncts—potentially useful when they (i) complement a founda-
tion of a healthy diet, (ii) address a measurable deficiency or abnormal biomarker, or
(iii) target a specific clinical problem (for example, mitochondrial dysfunction, endothelial
dysfunction, or post-ischemic oxidative injury) [98]. In other words, nutraceuticals should
fine-tune the system rather than replace broad dietary benefits. Common antioxidant
nutraceuticals include coenzyme Q10 (coQ10), to support mitochondrial electron transport
and act as a lipid-phase antioxidant [99], omega-3 fatty acids, to resolve inflammation and
reduce oxidative lipid mediators, lipoic acid, a thiol antioxidant that also regenerates glu-
tathione and reduces myocardial ischemia–reperfusion injury [100,101], and plant-derived
polyphenol extracts, such as grape seed extract or green tea catechins, which enhance
myocardial antioxidant defenses [96].

While numerous nutraceuticals have demonstrated antioxidant activity in vitro, trans-
lational efficacy depends heavily on bioavailability, formulation, and clinical context. For
example, coQ10 has shown benefit in chronic heart failure in the Q-SYMBIO randomized
trial [99], whereas polyphenols such as curcumin and resveratrol often require enhanced
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formulations to overcome limited oral bioavailability. Moreover, dose–response relation-
ships in animal I/R models cannot be directly extrapolated to human preventive contexts.
These considerations highlight that nutraceutical interventions function best as adjuncts
within dietary patterns rather than isolated high-dose pharmacologic agents.

Some vitamins and minerals are used in a targeted way, particularly when deficiency or
suboptimal status is documented; examples include vitamin D (immune and inflammatory
modulation), magnesium (metabolic and vascular function), and selenium/zinc/copper as
cofactors supporting endogenous antioxidant enzymes [98]. Detailed representative dosing
and duration ranges for selected interventions are summarized in Table 2.

Table 2. Representative natural antioxidants and redox-modulating strategies: mechanisms, evidence
level, and limitations.

Intervention Primary Mechanism Evidence Type Representative Dose
(Studied) Typical Duration Limitations

Resveratrol

Endothelial nitric oxide
synthase (eNOS) activation;

Nrf2 induction;
mitochondrial protection

Animal I/R models;
mechanistic studies

10–50 mg/kg (rodent
models); human data

variable [21,91]

1–4 weeks
(preclinical)

Low oral
bioavailability;

inconsistent
clinical efficacy

Curcumin
NF-κB inhibition;

Nrf2 activation; anti-
inflammatory remodeling

Animal MI models;
limited human data

100–200 mg/kg (animal);
500–2000 mg/day

(human studies) [92,93]

4–8 weeks (typical
trial range)

Poor absorption;
formulation-

dependent effects

Quercetin
Lipid peroxidation

inhibition; mitochondrial
stabilization

Rodent I/R models 10–50 mg/kg (animal
models) [94,95] 1–4 weeks Limited robust human

outcome trials

Green tea
catechins

Phase 2 enzyme
induction; antioxidant
enzyme upregulation

Nutritional
intervention studies;
mechanistic models

400–800 mg
epigallocatechin gallate

(EGCG)/day
(clinical range) [96]

2–12 weeks
Heterogeneity in

extracts; dose
variability

Coenzyme Q10
(coQ10)

Mitochondrial electron
transport support;

lipid-phase antioxidant

Q-SYMBIO
randomized controlled

trial (RCT)

100 mg three times
a day [99] 2 years

Modest effect size;
patient selection

is important

Alpha-lipoic acid

Glutathione regeneration;
phosphatidylinositol

3-kinase (PI3K)/
protein kinase B

(Akt)/Nrf2 pathway

Rodent I/R studies;
small human trials

50–100 mg/kg (animal);
300–600 mg/day

(human) [100,101]

Variable
(weeks–months)

Limited large-scale
cardiovascular RCTs

Anthocyanin-
rich berries

Endothelial protection;
Nrf2 signaling; vascular

antioxidant effects

Human and preclinical
vascular studies

160–500 mg
anthocyanins/day

(typical supplementation
studies) [97]

4–12 weeks Limited long-term
outcome data

Omega-3
fatty acids

Anti-inflammatory
lipid mediators

Large RCTs;
meta-analyses

1–4 g/day
eicosapentaenoic acid

(EPA)/docosahexaenoic
acid (DHA) [102]

1–5 years (RCTs) Mixed outcomes
across populations

Selenium
(deficiency
correction)

Glutathione peroxidase
cofactor; redox

enzyme support

Deficiency correction
studiess; mechanistic

models

Dose individualized to
plasma selenium
status [103,104]

Variable
Narrow therapeutic

window; benefit
mainly in deficiency

N-acetylcysteine
(NAC)

Glutathione precursor;
ROS buffering

Mitochondrial
disease models;

limited human data

600–1800 mg/day
(clinical contexts) [105] Variable Limited chronic

disease RCT data

Antioxidant gene
therapy (SOD,
catalase, Nrf2)

Direct ROS neutralization
via transgene expression Preclinical models Vector-dependent

(AAV delivery) [27,106]
Single or

limited dosing
Delivery, safety, and
durability challenges

Evidence for nutraceutical efficacy is mixed—in part because large-scale trials have
sometimes failed when testing one compound in unselected populations [31]. This under-
scores that supplements are context-dependent tools. For example, in selenium-deficient
individuals, selenium supplementation can restore selenoprotein activity and reduce oxida-
tive stress, whereas excessive selenium intake may be harmful, underscoring the importance
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of baseline status [103,107,108]. By contrast, giving selenium to already replete individuals
may have little benefit or even confer some risk [108]. Similarly, high-dose antioxidant cock-
tails given without understanding the patient’s baseline redox status might blunt beneficial
reactive oxygen signaling (such as the oxidative burst required for insulin sensitivity and
exercise adaptations). Therefore, an integrative strategy is recommended: use nutraceu-
ticals selectively—for example, in older patients with known mitochondrial impairment,
where coQ10 has shown benefits as adjunctive therapy in chronic heart failure [99], or
in those with inflammation-driven conditions where polyphenols such as curcumin or
quercetin can inhibit NF-κB and reduce oxidative-inflammatory damage [93,94]. The fol-
lowing sections (Sections 5 and 6) bridge between population-level lifestyle prevention and
these more targeted approaches, including applications in rare “stress-test” diseases and
future gene-based redox modulation.

5. Natural Antioxidants in Orphan Diseases as a “Stress Test” of
Redox-Based Strategies

Rare hereditary diseases—such as familial neurodegenerative syndromes and mito-
chondrial encephalopathies—are often characterized by extreme, chronic oxidative stress
and free radical overload. In particular, a number of LSDs (e.g., Tay–Sachs disease (TSD)
and Niemann–Pick disease (NPD)) are associated with excessive ROS production that
contributes to the progression of neurodegeneration [109]. In these conditions, mutations
leading to enzyme deficiencies cause the accumulation of toxic substrates in cells, which
is accompanied by activation of inflammatory pathways and oxidative damage to tis-
sues [24]. Studies in disease models support this pathological sequence: for example, in
a TSD mouse model, redox homeostasis imbalance was closely linked to neuron death,
suggesting that targeted reduction of ROS levels might mitigate the course of neurode-
generation [109]. Similarly, in Niemann–Pick disease type C (NPC), a rare lysosomal lipid
storage disorder, intracellular cholesterol accumulation is associated with mitochondrial
and lysosomal dysfunction as well as pronounced oxidative stress. Limited studies report
that antioxidant-based approaches in NPC models can reduce ROS and cellular damage,
indicating that lowering oxidative injury may be an important component of therapy
for this disorder [22].

In this context, there is growing interest in the use of natural antioxidants—compounds
of natural origin capable of neutralizing free radicals or boosting endogenous antioxidant
defenses—as adjunctive therapeutic strategies for rare diseases characterized by chronic
oxidative stress. Such compounds primarily include plant-derived polyphenols (e.g.,
curcumin from turmeric, resveratrol from grapes, quercetin from fruits and vegetables),
among others. These molecules exhibit pleiotropic biological effects, combining direct free
radical–scavenging activity with modulation of cellular signaling pathways. For exam-
ple, polyphenols can activate Nrf2, thereby inducing expression of cytoprotective genes
encoding antioxidant enzymes (SOD, glutathione peroxidase, HO-1, etc.) [43]. They may
also inhibit pro-inflammatory mediators (like NF-κB) and improve defective autophagy or
lysosomal function that often accompany these diseases.

Studies using models of certain rare diseases have indeed demonstrated that naturally
derived compounds can attenuate oxidative tissue damage. For instance, sulforaphane—a
potent Nrf2-activating antioxidant found in cruciferous vegetables—was shown to enhance
antioxidant responses and reduce intracellular ROS levels in fibroblasts derived from
NPC models [22]. Resveratrol and related stilbene compounds (such as pterostilbene),
as well as flavonoids like catechin, have been proposed as therapeutic agents for some
LSDs. In vitro data indicate their ability to reduce pathological substrate accumulation and
confer cellular protection in models of mucopolysaccharidosis type VII [110] and Gaucher
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disease [111]. In an NPC mouse study, resveratrol alone had modest effects on lifespan
extension; however, when curcumin (another polyphenol) was combined with a therapy
that reduces sphingolipid synthesis, more pronounced neuroprotective effects and delayed
disease progression were observed [112]. Taken together, natural antioxidants are viewed as
promising adjuncts in the treatment of many orphan diseases whose pathogenesis involves
chronic oxidative stress.

Mitochondrial encephalopathies—rare syndromes caused by mitochondrial
respiratory chain dysfunction (e.g., MELAS and other disorders affecting oxidative
phosphorylation)—have attracted particular attention vis-à-vis antioxidant therapy. These
diseases feature impaired ATP production and excessive ROS generation due to dysfunc-
tional mitochondria, leading to damage in neurons and muscle cells. Traditionally, a
cocktail of empiric antioxidants and cofactors (vitamins E and C, coQ10, riboflavin, etc.)
has been used in managing patients with mitochondrial disorders, aiming to mitigate ox-
idative stress. While the clinical evidence base is limited, some systematic studies in model
organisms support this rationale [113]. For example, a recent high-throughput screening in
zebrafish and Caenorhabditis elegans models of respiratory chain defects found that out of
seven tested antioxidants, N-acetylcysteine (NAC) (a glutathione precursor) and vitamin E
produced the most pronounced extension of lifespan and protection of neurons from cell
death. CoQ10 (including mitochondria-targeted formulations) partially improved energy
metabolism in these models, though it did not fully restore organismal viability. Moreover,
in patient-derived cell cultures with complex I deficiencies, supplementation with NAC
or vitamin E increased cell survival by reducing intracellular ROS levels [105]. These
preclinical findings align with anecdotal clinical observations that some mitochondrial
disease patients report improved fatigue or exercise tolerance on coQ10 or antioxidant
vitamins, although robust trial data are scarce.

Clinical experience with natural antioxidants in orphan diseases remains mostly
limited to case reports and small series, yet the results are often encouraging. For example,
a recent case report of adult TSD demonstrated that adding curcumin to the patient’s
comprehensive therapy was associated with reduced levels of proinflammatory cytokines
and some improvement in overall condition. In this report, curcumin was administered
alongside an umbilical cord blood transplant, and afterward, a shift in the serum cytokine
profile was observed—specifically, several inflammatory factors decreased—while the
primary toxic substrate (GM2 ganglioside) remained largely unchanged [23]. This pattern
suggests that natural antioxidants may function primarily as adjunctive modulators of
inflammation and oxidative injury, rather than as stand-alone cures, in monogenic storage
disorders. Similarly, isolated cases in other conditions (like MELAS or Friedreich’s ataxia)
have noted improvements in biomarkers or symptoms with antioxidant supplementation,
though controlled studies are needed.

In summary, rare inherited diseases serve as a valuable “stress test” for redox-based
strategies: if boosting antioxidant defenses or quelling oxidative damage can yield even
slight improvements in these extreme settings, it reinforces the principle that oxidative
stress is a common denominator of pathology. Natural antioxidants in orphan diseases
are considered supportive treatments to attenuate chronic inflammation and oxidative
damage, potentially improving patients’ quality of life. At present, such interventions
should be viewed only as adjuncts—further in vitro work, animal studies, and clinical
trials are required to confirm the efficacy and safety of natural antioxidants in the context
of specific rare diseases. The lessons learned, however, can inform approaches to more
common diseases that share mechanistic threads with these orphan disorders.
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5.1. Candidate Natural Antioxidants and Mechanisms

Candidate compounds of interest for these purposes include the polyphenols and
related phytochemicals mentioned above (curcumin, resveratrol, quercetin, catechins,
sulforaphane, etc.), as well as certain endogenous antioxidants (like glutathione precursors
or cofactor vitamins) that can be given exogenously. These agents exert multi-target effects—
they can directly scavenge ROS, activate Nrf2-dependent antioxidant gene programs,
attenuate pro-inflammatory signaling cascades, and even modulate impaired autophagy
or lysosomal clearance. A key translational issue for applying antioxidants in diseases
with, for example, central nervous system (CNS) involvement is bioavailability and tissue
penetration. Many phytochemicals have limited ability to cross the blood–brain barrier
or achieve high concentrations in affected organs. This makes formulation and delivery
strategies critical: researchers are exploring nano-formulations, prodrugs, or synergistic
combinations to enhance the delivery of antioxidants to target sites [31]. For instance,
liposomal curcumin or brain-penetrant resveratrol analogs are being investigated to treat
neurological aspects of LSDs. Ensuring that antioxidants reach the sites of oxidative stress
in sufficient quantity (without causing off-target effects) is essential for translating their
promise into meaningful clinical outcomes [31].

5.2. Preclinical Evidence (Cell and Animal Models)

Across models of lysosomal and mitochondrial disorders, natural antioxidants have
been reported to reduce markers of oxidative damage, improve mitochondrial parameters,
and modulate inflammatory pathways. For example, as noted, sulforaphane treatment
enhanced antioxidant responses and lowered intracellular ROS in NPC fibroblasts [22].
Resveratrol and other stilbenes have shown evidence of improving cellular phenotypes
in certain LSD models, such as mucopolysaccharidosis type VII in Drosophila [110,114].
Curcumin has yielded mixed outcomes: in some animal models used as a single therapy, it
showed only modest benefits, but when combined with other treatments—for instance, in a
triple combination with miglustat and ibuprofen in NPC1 mice—it produced more notable
neuroprotective effects and significantly prolonged survival [112,115]. These examples
illustrate a general pattern: antioxidants alone may confer partial protection, but their
effects can be potentiated when used as part of a combination strategy, such as alongside
substrate reduction therapy, chaperone therapy, or gene therapy.

Notably, the NAC and vitamin E findings in the C. elegans and zebrafish models of
mitochondrial disease stand out because they were identified through unbiased screen-
ing. NAC’s ability to boost glutathione and vitamin E’s lipid peroxidation chain-breaking
activity emerged as the top intervention to extend lifespan in those models. These re-
sults have since influenced clinical trial designs in mitochondrial disease—for example,
trials of NAC in mitochondrial myopathy. The replication of antioxidant benefits in both
worm and fish models, and at the cellular level in patient fibroblasts, strengthens the
biological plausibility that targeting oxidative stress can modify disease trajectory in
mitochondrial disorders [105].

In lysosomal diseases, where neurodegeneration is often rapid and severe, animal
model evidence for antioxidants is more limited (due to the lack of long-living models
in some cases). However, catalase gene delivery has been tested in CNS inflammatory
models, where viral overexpression suppressed oxidative injury and improved pathol-
ogy [116]. These experiments reinforce that oxidative damage is not merely a byproduct
but a contributor to pathology, as reducing ROS tended to preserve neurons or prolong
survival modestly.
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5.3. Clinical Evidence in Humans

Human evidence in orphan diseases is limited and often consists of case reports or
small open-label studies. As an illustrative example (mentioned above), Shaimardanova
et al. (2021) [23] reported on curcumin use in an adult patient with TSD as part of a multi-
modal therapeutic approach. In that case, curcumin administration (alongside hematopoi-
etic stem cell transplantation) was associated with a shift in the patient’s serum cytokine
profile toward a less inflammatory state and subjective clinical improvement, despite lit-
tle change in stored ganglioside levels. This suggests curcumin’s primary effect was to
dampen the harmful inflammatory milieu rather than clear the substrate [23]. Such reports
align with the notion that natural antioxidants mainly function as adjunct modulators—
reducing damage and inflammation—rather than correcting the root enzymatic defect in
monogenic diseases.

CoQ10 (including idebenone-related approaches) has been evaluated in Friedreich’s
ataxia, with mixed evidence across studies and reviews [117,118]. In MELAS syndrome,
antioxidants like vitamin E, l-carnitine, and alpha-lipoic acid are often given empirically;
some patients report better stamina or milder stroke-like episodes, but controlled data
are lacking [25]. An encouraging anecdote comes from experimental and clinical work
showing that selenium supplementation can increase glutathione peroxidase activity and
improve muscle or mitochondrial function, suggesting that optimizing selenium status may
help correct antioxidant enzyme deficits [104,119]. However, these findings need rigorous
verification in well-designed clinical trials.

The overall pattern is that antioxidants by themselves rarely produce dramatic clinical
reversal in genetic diseases, but they can tilt the balance in favor of better outcomes or slow
deterioration. Patients and clinicians consider them as part of a “stack” of interventions.
It will be important for future trials to formally test combinations (for instance, antiox-
idant + anti-inflammatory + enzyme replacement) to see whether there are synergistic
benefits. At the very least, ensuring patients are replete in key dietary antioxidants and
cofactors (including relevant trace elements such as selenium) is a low-risk measure to
avoid compounding oxidative stress [103,120].

It is important to emphasize that, despite encouraging mechanistic and preclini-
cal findings, controlled human trials in rare redox-imbalance disorders remain limited.
Most available evidence derives from small case series, animal models, or mechanis-
tic studies. Therefore, antioxidant interventions in orphan diseases should currently
be considered supportive rather than disease-modifying therapies, pending rigorous
prospective validation.

5.4. Translational Lessons from Orphan Diseases to Common Diseases

Orphan diseases highlight a key principle relevant to broad chronic disease preven-
tion: when oxidative stress and inflammation are persistent drivers of tissue damage and
functional decline, then upstream redox modulation—whether via diet, nutraceuticals, or
future gene-based approaches—can reduce the overall “system load” even if the primary
genetic cause remains [121,122]. In other words, taming oxidative stress can buy time and
preserve function. This supports a unified redox framework across rare and common con-
ditions. The same pathways that wreak havoc in rare metabolic disorders (mitochondrial
ROS, defective autophagy, uncontrolled inflammation) are present at lower amplitudes
in common age-related diseases [123,124]. Interventions that show promise in extreme
models (like LSDs or mitochondrial syndromes) may be translated or scaled to typical
chronic diseases of aging [105].

For example, insights from NPC research on how lipid accumulation can trigger ROS
and inflammation have informed a broader understanding of atherosclerosis and neu-
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rodegenerative processes, where related mechanisms may occur despite different primary
causes [22,31]. The concept of boosting endogenous antioxidant defenses—for instance,
via Nrf2-linked strategies—could one day be applied to age-associated neurodegenerative
disorders and cardiomyopathy [121,125]. Moreover, these rare diseases underscore the
importance of combination therapy: no single antioxidant or drug is likely sufficient, but
integrating multiple approaches (diet, antioxidants, anti-inflammatories, gene therapy, etc.)
might achieve meaningful results, as suggested by triple-combination regimens in NPC1
mice (miglustat + curcumin + ibuprofen) [112].

In summary, rare disorders serve as “stress tests” that validate oxidative stress as a
unifying target. They also caution that interventions need to be potent and targeted enough
to matter. As we move to more common diseases, the lessons learned—especially the need
for early and multi-modal intervention—reinforce the rationale for lifestyle medicine as
the first line of defense, supplemented by precise adjuncts. Aging itself can be viewed
as a cumulative, slowly progressive “orphan disease” of oxidative stress, mitochondrial
dysfunction, and macromolecular damage [122]. Thus, the strategies explored in extreme
orphan diseases may, with appropriate adaptation, help craft preventive and therapeutic
approaches for the broader population [121].

6. Gene Therapy as an Antioxidant Strategy: Engineered Redox Modulation
The following section should be interpreted as a forward-looking translational per-

spective rather than a near-term clinical recommendation. Gene-based reinforcement of
endogenous antioxidant defenses is discussed here as a conceptual extension of dietary re-
dox modulation, representing a potential future adjunct in severe or refractory phenotypes
where lifestyle and nutraceutical strategies alone may be insufficient.

Lifestyle and dietary antioxidants represent the most scalable and immediate route
to redox modulation, but they are limited by bioavailability, tissue targeting, and long-
term adherence. An emerging complementary concept is gene-based strengthening of
endogenous antioxidant systems—a strategy that can be viewed as “engineered an-
tioxidant therapy” [28,106]. This approach seeks to enhance the body’s own protec-
tive mechanisms by delivering genes that combat oxidative stress. Conceptually, this
could be relevant both to common cardiovascular/metabolic diseases and to selected or-
phan disorders, particularly where oxidative injury is a persistent, tissue-specific driver
of pathology [27,126].

6.1. Targets: Antioxidant Enzymes and Redox Regulators

Gene delivery approaches can aim to increase the expression of key antioxidant
enzymes: for example, the enzymes that directly neutralize ROS such as superoxide dis-
mutases (SOD1 in the cytosol and SOD2 in mitochondria), catalase (which decomposes
hydrogen peroxide), and glutathione peroxidases (GPX1 and others). Experimental gene
therapy studies have shown that delivering SOD1 or catalase genes can reduce oxida-
tive vascular damage and even slow the formation of atherosclerotic plaques in predis-
posed mice [127–129]. Similarly, overexpression of glutathione peroxidase or HO-1 via
gene vectors has demonstrated anti-inflammatory and vasoprotective effects in models of
chronic vascular inflammation [129]. These successes underscore that directly augment-
ing antioxidant enzymes in target tissues (like blood vessels) can suppress atherogenesis
and injury [129].

Alternatively, gene therapy can target upstream regulatory factors that orchestrate
broad antioxidant and cytoprotective responses. Instead of (or in addition to) individual
enzymes, one can introduce genes encoding transcriptional activators such as Nrf2—the
master regulator of cellular antioxidant responses—or its positive regulators. By enhanc-
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ing Nrf2 activity in endothelial and smooth muscle cells, for instance, researchers have
increased the expression of a spectrum of antioxidant genes and observed reductions in
oxidative damage markers [129]. Another target is peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1α), a co-activator that promotes mitochondrial
biogenesis and antioxidative metabolism; boosting PGC-1α could improve mitochondrial
resilience. Additionally, delivering genes encoding inhibitors of pro-oxidant pathways (for
example, a dominant-negative IκB to inhibit NF-κB, or extracellular superoxide dismutase
to scavenge ROS in the extracellular space) has been explored [129]. All these strategies
aim at tipping the balance within cells toward a state of enhanced oxidative defense and
reduced inflammatory signaling.

In principle, boosting endogenous redox buffering capacity via gene therapy could
reduce oxidative damage, dampen chronic inflammatory signaling, and preserve mitochon-
drial function in tissues burdened by stress. This approach has been tested most extensively
in vascular contexts: for example, Van-Assche et al. (2011) demonstrated that gene delivery
of antioxidant enzymes or regulators significantly suppressed atherogenesis in animal
models [129]. The appeal of gene therapy here is that it could provide a long-lasting
intervention—a one-time delivery could induce sustained high levels of an antioxidant
protein in a target organ, something difficult to achieve with drugs or supplements.

6.2. Relevance to Cardiovascular Syndromes and Chronic Disease

Oxidative stress is a major contributor to cardiovascular diseases. It plays a role in
endothelial dysfunction (by reducing nitric oxide and damaging endothelial cells), in LDL
oxidation (triggering plaque formation), in activating immune cells within atherosclerotic
lesions, and in adverse remodeling processes implicated in hypertension, myocardial in-
farction (MI), and heart failure progression [129]. Given this, a gene therapy that bolsters
antioxidant defenses in the heart and blood vessels could conceptually complement lifestyle
prevention by providing durable, tissue-level protection. For example, delivering an SOD2
gene specifically to cardiac myocytes or vascular endothelium might help prevent the
oxidative damage that accumulates with hypertension or diabetes. Indeed, studies have
shown that gene transfer of antioxidant enzymes inhibits the progression of atheroscle-
rosis in mice [127–129]. Similarly, in models of ischemia/reperfusion (like discussed
in Section 4.1), viral vectors encoding catalase or SOD have reduced infarct sizes and
arrhythmias by quenching ROS during reperfusion.

Heart failure is another target—chronic heart failure is characterized by elevated
myocardial oxidative stress and a failing antioxidant system. Experimental therapies
increasing SOD or catalase in failing hearts improved contractile function in some studies,
supporting the role of ROS in driving pump failure. The inflammation–oxidative nexus
is also critical in conditions like chronic kidney disease and diabetes complications; gene
therapy aimed at Nrf2 activation has shown promise in improving diabetic wound healing
and nephropathy in animal models [130–132].

An advantage of gene therapy is tissue targeting. For instance, an adeno-associated
virus (AAV) can be engineered to target myocardium or endothelium, delivering an an-
tioxidant gene directly where it is needed while sparing other tissues, thereby potentially
minimizing side effects [27,133]. By contrast, systemic antioxidants (like oral supplements)
distribute throughout the body and may not reach adequate concentrations in the target
tissue. Redox-oriented gene therapy, therefore, could act as a precise strike—for exam-
ple, enhancing antioxidant capacity in cardiac muscle to reduce ischemia/reperfusion
injury [27,106,134] or in the CNS to suppress oxidative-inflammatory damage in experi-
mental optic neuritis [116].
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In summary, this approach does not replace a healthy lifestyle but could complement
it by reinforcing the body’s defenses in situations where diet and exercise alone might
not fully suffice—particularly in advanced age-related pathology or in rare diseases with
extreme oxidative stress. For example, an elderly patient with aggressive atherosclerosis
despite a good diet might one day receive an endothelial-targeted Nrf2 or extracellular
SOD gene therapy to stabilize plaques and reduce inflammation [27,134]. Such scenarios
remain hypothetical at present, but proof-of-concept studies in animals are steadily building
the case [106,126].

6.3. Safety and Translational Considerations

Despite its promise, practical translation of gene-based antioxidant strategies faces
several challenges. Safety is paramount: delivering genes into human cells must be done
with vectors (such as viruses, plasmids, or newer mRNA approaches) that minimize adverse
effects. There are concerns about dose control—excessive expression of even a “good”
gene could have off-target effects or disrupt cell function. For instance, overcorrection of
redox balance could, in theory, dampen physiological ROS signaling that cells require for
normal processes (ROS are also important signaling molecules in immune defense and
adaptation to stress). Thus, the goal is restoration of homeostasis rather than pushing
antioxidant levels to unnatural highs. To address this, researchers are exploring tissue-
specific promoters and other regulatory elements to better control transgene expression and
improve safety [28].

Tissue targeting and delivery method are also critical. Systemic delivery may be
required for multi-organ conditions (with associated risks of immune reaction to vec-
tors), whereas local delivery can be used for accessible sites (for example, intracoronary
injection for the heart) [133,135]. The immune response to vectors—especially viral vec-
tors such as AAV—is a known issue: prior exposure can lead to neutralizing antibod-
ies, and strong immune reactions can cause inflammation or loss of therapeutic expres-
sion. Accordingly, newer vectors (AAV capsid variants, non-viral nanoparticles) and
transient expression systems (e.g., modified mRNA) are being explored for improved
safety profiles [28].

Durability of expression is another factor. While an ideal gene therapy might per-
manently install an antioxidant defense, many current vectors eventually lose expression
(due to cell division or epigenetic silencing of vector genomes). Repeated dosing might be
needed, which again raises immunogenicity concerns [28].

Finally, rigorous preclinical testing is necessary to ensure that upregulating an antiox-
idant pathway is not accompanied by unintended consequences. For example, chronic
Nrf2 activation could potentially interfere with normal immune surveillance or hormetic
responses to mild stress [136,137]. So far, animal studies are generally reassuring—Nrf2
overexpression and moderate enhancement of SOD2 or catalase typically confer protection
without obvious downsides—but human data are still limited.

In light of these considerations, gene-based antioxidant therapies are best envisioned
as targeted interventions for severe or refractory disease phenotypes, rather than as tools
for generalized population-wide prevention in the near term [28]. They may become useful
future adjuncts in cases where conventional measures and nutraceuticals are insufficient.
Continued advancements in vector engineering and delivery—including improved AAV
capsids and optimized delivery routes—could mitigate some safety concerns and make
these therapies more feasible [28,133].
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6.4. Synergy with Natural Antioxidants and Lifestyle Interventions

In an ideal schema, gene therapy would integrate into a layered model of prevention
and treatment [28]. Lifestyle and diet establish the baseline redox resilience of an individ-
ual. Nutraceuticals and supplements can fine-tune specific pathways in those who need
extra support. Then, engineered redox modulation via gene therapy addresses the most
severe, tissue-specific oxidative challenges (for example, the very high oxidative stress in
a failing heart or in a neurodegenerative focus) [126,138]. Rather than replacing lifestyle
medicine, gene therapy would complement it by filling gaps where dietary strategies might
be insufficient.

There is also potential for direct synergy between gene-based and nutritional ap-
proaches. For instance, if one uses gene therapy to upregulate Nrf2 or PGC-1α in a tissue,
providing dietary polyphenols like sulforaphane or curcumin concurrently could further
stabilize and activate Nrf2, enhancing transcription of antioxidant enzymes [43,121]. In this
way, the combination of gene delivery and natural Nrf2 activators might yield a greater
effect than either alone—a form of therapeutic synergy. Another example: gene therapy
might induce increased levels of antioxidant enzyme proteins, while high-antioxidant diets
supply the necessary micronutrient cofactors (e.g., selenium for glutathione peroxidase,
copper/zinc for SOD1) to ensure optimal enzyme function [120].

To illustrate, consider a patient with an inherited mutation causing heart failure
driven by oxidative stress (such as a cardiomyopathic form of muscular dystrophy). A
future treatment might use an AAV vector to deliver SOD2 to the heart and skeletal
muscle [27,126]. Concurrently, the patient would be advised to follow an antioxidant-
rich diet—perhaps supplemented with specific polyphenols—to maximize endogenous
antioxidant responses [121]. The gene therapy would provide a new baseline of defense,
while diet and lifestyle would continue to minimize ongoing oxidative insults. This multi-
layered approach could support more sustained maintenance of redox homeostasis in
chronic disease states [138].

In summary, gene therapy directed toward oxidative stress is inherently complemen-
tary to lifestyle interventions. Both aim to strengthen the same endogenous systems (Nrf2
pathway, antioxidant enzymes, mitochondrial quality control). The combination promises a
more robust and sustained effect: lifestyle change creates a favorable internal environment,
whereas gene therapy adds an extra layer of defensive capacity. This layered strategy aligns
with the broader vision presented in this review—a comprehensive redox-based framework
for preventing and managing chronic diseases [28].

It should also be noted that enhancing antioxidant defenses via gene therapy
is relevant not only for common diseases but also for certain rare hereditary syn-
dromes. For example, Friedreich’s ataxia—a rare disorder caused by frataxin deficiency—
features pronounced oxidative stress and reduced Nrf2/PGC-1α activity; preclinical
work with AAV-based frataxin gene therapy has shown reversal of cardiomyopathy
and prolonged survival in mouse models [26,126]. Similarly, some mitochondrial my-
opathies caused by mutations in oxidative phosphorylation genes might benefit from
gene constructs encoding antioxidant proteins, helping counteract ROS-mediated mus-
cle damage [138]. Nevertheless, the primary focus of antioxidant gene therapy de-
velopment remains on prevalent chronic diseases (e.g., atherosclerosis, heart failure,
neurodegeneration), where these high-tech interventions would integrate into a com-
prehensive strategy that also includes anti-inflammatory drugs, dietary measures, and
conventional antioxidants [28,125].

At present, antioxidant-oriented gene therapy remains largely preclinical. Its inclusion
in this review reflects its mechanistic continuity with redox biology rather than established
clinical applicability.
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7. The “One Ring to Rule Them All” Framework—Integrative Perspective
We propose a practical, translational “one-ring” model in which redox biology—the

dynamic balance of oxidative stress, inflammation, metabolic signaling, mitochondrial
quality control, and cellular senescence/SASP—serves as the shared mechanistic hub
linking diverse diseases [16]. Importantly, the inclusion of rare (orphan) diseases within
this framework does not imply equivalence in prevalence but rather reflects their value as
high-intensity mechanistic models. In such disorders, oxidative stress and mitochondrial
dysfunction are often amplified and more easily observable, thereby reinforcing the causal
role of redox imbalance that may operate at lower amplitude in common chronic diseases.
In this framework:

• Primary lever (population scale). Whole-food, antioxidant-rich dietary patterns and
lifestyle interventions reduce chronic redox–inflammatory activation across the popu-
lation [4,12]. This is the foundational ring, as lifestyle medicine is widely applicable
and relatively low-cost.

• Adjunct precision tools (selected cases). Targeted nutraceuticals and supplements
may refine pathway modulation in high-risk or symptomatic individuals. This
layer is personalized—for example, adding omega-3 for someone with high resid-
ual inflammation, or extra coQ10 for an older patient on a statin—to address
specific imbalances [33,99].

• Clinical exemplar (cardiovascular). Myocardial ischemia/reperfusion injury (as in
heart attack treatment) illustrates how ROS and inflammatory cascades drive acute
and chronic outcomes, and why phytochemicals and antioxidant-oriented strategies
remain relevant in acute care and secondary prevention [20,21,93]. The lessons from
cardioprotection studies inform us how we might tackle other acute-on-chronic oxida-
tive injuries.

• Stress test (orphan diseases). Rare disorders reveal the extreme end of redox pathology
and can generate mechanistic insights transferable to aging-related chronic disease.
Orphan diseases serve as high-intensity models to validate targets (like Nrf2 or SOD)
that could be harnessed in more common diseases at a lower intensity [22,105,123].

• Future layer (engineered interventions). Gene-based enhancement of endogenous
defenses offers a conceptual extension for severe, tissue-specific oxidative injury. This
futuristic ring would encompass gene therapies, RNA-based treatments, or gene
editing techniques designed to amplify antioxidant networks in vivo [28,126].

In addition to the qualitative “one-ring” framework, Figure 2 incorporates an expert-
informed, literature-based conceptual synthesis of biomarker domains that tend to cluster in
individuals with the lowest observed long-term disease risk. This synthesis was supported
by AI-assisted harmonization of epidemiological, interventional, and mechanistic literature
to organize recurring patterns across studies. Importantly, the figure does not propose
guideline-recommended targets or validated treatment thresholds. Instead, it serves as
a hypothesis-generating visualization illustrating how coordinated improvements across
multiple cardiometabolic and inflammatory biomarkers may reflect restoration of systemic
redox balance and reduced chronic inflammation [16]. Unlike Figure 1, which presents
a directional cascade, Figure 2 illustrates the integrative relationships among domains
without implying equal causal weighting.
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Figure 2. Conceptual “one-ring” framework for the simultaneous prevention of multiple chronic
diseases. Central redox balance integrates oxidative stress, chronic inflammation, metabolic signaling,
mitochondrial function, and cellular senescence as shared mechanistic drivers underlying cardio-
vascular, metabolic, malignant, neurodegenerative, and age-associated conditions. Rare (orphan)
disorders characterized by extreme redox imbalance are included as high-intensity mechanistic
models that reinforce the unifying role of oxidative stress. The figure represents a literature-informed
conceptual synthesis rather than guideline-recommended targets.

We visualize this framework as a concentric model—conceptualized as a concentric
systems model, in which redox biology functions as a central integrative hub linking multi-
ple regulatory domains. Around it are four interacting intervention layers: Lifestyle/Diet,
Nutraceuticals, Cardiovascular Exemplar, and Gene-Based Modulation. Each of these
points inward, influencing the central redox hub, and outward, affecting multiple dis-
ease endpoints (cardiovascular disease, diabetes, cancer risk, neurodegeneration, frailty,
etc.) [4,12]. The idea is that by targeting the redox hub through various means, we can
simultaneously move the needles on many diseases of aging.

A graphical abstract could depict this: a central circle labeled “Redox–Inflammation–
Senescence Network” with arrows connecting out to icons of different diseases. Surround-
ing the center are four rings or arrows representing the layers listed above, all feeding
into the center. This conveys that whether it is eating more vegetables, taking a curcumin
supplement, conditioning the heart against reperfusion injury, or future gene therapy—all
these actions ultimately converge on enhancing redox balance and resilience, which in turn
yields multi-disease preventive effects [121].

Quantifiable Redox-Associated Wellness Metrics

Beyond qualitative lifestyle principles, quantifiable biomarker domains may serve as
operational indicators of systemic redox resilience. Clustering of favorable cardiometabolic
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and inflammatory markers—including low non-HDL cholesterol (e.g., <90 mg/dL), triglyc-
erides <100 mg/dL, high-sensitivity C-reactive protein ≤1.0 mg/L, normotensive blood
pressure ranges (≈110–115/60–70 mmHg), and low-normal glycemic indices—has been
consistently associated with markedly reduced long-term cardiovascular and metabolic
risk across epidemiological and interventional studies [9,139,140].

These values are not proposed as rigid therapeutic mandates, but rather as integrative
physiologic reference zones reflecting coordinated attenuation of oxidative stress, inflamma-
tory signaling, and metabolic overload. When multiple biomarkers simultaneously occupy
low-risk ranges, they may reflect a biomarker constellation consistent with improved redox
and inflammatory balance, although causality cannot be inferred from clustering alone.

8. Conclusions and Future Directions
The simultaneous prevention of multiple chronic diseases is a plausible and increas-

ingly evidence-supported goal because many of these conditions share common upstream
drivers—notably oxidative stress and inflammation [16]. By intervening on these shared
mechanisms, we can influence a broad spectrum of disease outcomes (Table 2). The most
actionable and scalable approach is lifestyle medicine, with a primary emphasis on dietary
patterns rich in natural antioxidants within whole foods, alongside other key health behav-
iors (physical activity, not smoking, adequate sleep, etc.). These lifestyle measures establish
the baseline for robust endogenous defenses and low chronic inflammation, as observed in
populations largely free of Western diseases [4,12].

Targeted nutraceuticals may provide additional benefit in selected contexts as sec-
ondary levers. For example, concentrated polyphenols or omega-3 fatty acids may be used
in patients with residual inflammatory risk despite a good diet, or in those with genetic
susceptibilities that warrant extra intervention [33,121]. Such supplements should be used
judiciously and personalized to individual needs, complementing but not substituting for
the foundation of nutrition.

Our cardiovascular case study—ischemia/reperfusion injury—demonstrates the
clinical importance of ROS-driven pathology and the continuing relevance of phyto-
chemicals and antioxidant-oriented interventions even in high-tech acute care scenar-
ios [20,141]. It reminds us that despite mixed results in some antioxidant trials, the princi-
ple of redox modulation remains vital, especially when the right therapy is applied with
appropriate timing.

Orphan diseases highlight the extremes of oxidative stress and offer mechanistic
lessons that likely generalize to more common age-related conditions [22,24]. The successes
(and limitations) of antioxidants in these rare settings can guide how we approach complex
chronic diseases: they underscore the value of combination therapy and early intervention
in the disease process, and they reinforce that oxidative stress is indeed a fundamental foe
across biological systems.

Finally, redox-oriented gene therapy represents a future frontier—a potent, though
still experimental, layer that could complement nutrition-based strategies by directly
enhancing endogenous antioxidant defenses in a tissue-specific manner for high-burden
scenarios [28,126]. While not yet ready for routine clinical use, this approach illustrates a
broader point: as our scientific toolkit expands, we are gaining more ways to bolster the
human body’s resilience against oxidative and inflammatory damage [138].

Together, these elements support a unified redox framework for multi-disease preven-
tion for health and longevity. By viewing diverse diseases through the common lens of
redox biology and intervening accordingly—primarily with diet and lifestyle, supported
by targeted nutraceuticals, and eventually advanced therapies—we can move toward a
paradigm of true poly-disease prevention. In the coming years, interdisciplinary research
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should continue to refine this framework—for instance, by identifying optimal combina-
tions of lifestyle and pharmacological interventions, developing biomarkers to measure an
individual’s redox-inflammatory status, and conducting trials that track multiple disease
endpoints rather than single outcomes. If supported by rigorous prospective validation,
such approaches may contribute to meaningful reductions in chronic disease burden and
improvements in population healthspan.
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The following abbreviations are used in this manuscript:

AAV Adeno-associated virus
Akt Protein kinase B
AMPK AMP-activated protein kinase
CNS Central nervous system
coQ10 Coenzyme Q10
DHA Docosahexaenoic acid
EGCG Epigallocatechin gallate
eNOS Endothelial nitric oxide synthase
EPA Eicosapentaenoic acid
GPX Glutathione peroxidases
HO Heme oxygenase
I/R Ischemia/reperfusion
LDL Low-density lipoprotein
LSD Lysosomal storage disease
MI Myocardial infarction
mTOR Mechanistic target of rapamycin
NAC N-acetylcysteine
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NPC Niemann–Pick disease type C
NPD Niemann–Pick disease
Nrf2 Nuclear factor erythroid 2-related factor 2
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PI3K Phosphatidylinositol 3-kinase
RII Reperfusion-induced injury
ROS Reactive oxygen species
SASP Senescence-associated secretory phenotype
SCFA Short-chain fatty acid
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SOD Superoxide dismutase
TMAO Trimethylamine N-oxide
TSD Tay–Sachs disease
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