oxygen

Review

Ozone Therapy as a Controlled Modulator of Redox
Signaling and Adaptive Stress Responses: Molecular
Mechanisms, Hormetic Effects, and Biomedical Implications

Francesca Perra !, Faustina Barbara Cannea 2 and Alessandra Padiglia >*

Academic Editor: Konrad

Szychowski

Received: 22 May 2026
Revised: 8 July 2026
Accepted: 9 July 2026
Published: 11 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 Private Medical Practice, 09134 Cagliari, CA, Italy; francescaperra@gmail.com

2 Department of Life and Environmental Sciences (DiSVA), Biomedical Section, University of Cagliari,
Cittadella Universitaria di Monserrato, 09042 Monserrato, CA, Italy; faustinab.cannea@unica.it

* Correspondence: padiglia@unica.it

Abstract

Medical ozone has emerged as a potential redox-modulating intervention in
inflammatory and degenerative conditions, particularly in dermatological contexts
characterized by chronic oxidative imbalance and impaired tissue remodeling. Unlike
conventional pharmacological agents, ozone exerts its biological activity through rapid
chemical reactions generating transient reactive and electrophilic species that activate
endogenous adaptive signaling pathways. Controlled oxidative perturbations activate
antioxidant transcriptional programs, primarily mediated by the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway, while modulating inflammatory signaling networks,
including nuclear factor kappa B (NF-kB) and the NOD-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome. This dual behavior reflects hormetic
responses in which low-dose exposure promotes adaptive cellular signaling, whereas
excessive oxidative burden leads to structural and functional damage. This review
summarizes current knowledge on the molecular mechanisms underlying ozone-induced
redox modulation, with emphasis on chemical reactivity, spatiotemporal signaling
dynamics, thiol-based sensing, and metabolic reinforcement of antioxidant defenses.
Particular attention is given to skin and subcutaneous adipose tissue, where oxidative
stress, immune activation, and extracellular matrix remodeling converge. Dose
dependency, safety constraints, and methodological variability are critically discussed,
highlighting the narrow threshold between adaptive signaling and oxidative injury and
the need for rigorous mechanistic and clinical validation.

Keywords: ozone therapy; redox signaling; oxidative stress; hormesis; Nrf2;
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1. Introduction

Redox homeostasis is a central determinant of cellular and tissue function,
integrating metabolic fluxes, inflammatory signaling, and adaptive stress responses [1-5].
Disruption of this equilibrium represents a common pathogenic denominator across
chronic inflammatory disorders, degenerative diseases, metabolic dysfunction, and
impaired tissue repair [1,4,5]. Reactive oxygen species (ROS), once considered merely
toxic by-products of aerobic metabolism, are now recognized as tightly regulated
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signaling mediators whose spatial and temporal dynamics critically influence immune
activation, extracellular matrix turnover, and cellular resilience [3-10]. Within this
framework, hormesis describes how transient and controlled oxidative stimuli can elicit
adaptive responses, whereas sustained or excessive oxidative stress promotes structural
damage and progressive dysfunction [11,12].

Medical ozone has been investigated as a redox-modulating intervention in a variety
of clinical contexts, including inflammatory dermatoses, impaired wound healing, and
localized adipose alterations [13-20]. Due to its high chemical reactivity and extremely
short half-life in biological systems, ozone does not act through classical receptor-
mediated mechanisms. Instead, its biological activity originates from rapid reactions with
biomolecular targets, particularly unsaturated lipids and aqueous-phase components,
leading to the generation of secondary ROS and electrophilic mediators [13-15,21-23].
These downstream products interact with endogenous regulatory networks, and their
biological impact is critically influenced by dose, route of administration, and the intrinsic
redox buffering capacity of the target tissue [14-17].

Experimental evidence indicates that controlled ozone exposure activates
antioxidant transcriptional programs, primarily through the Nrf2 pathway, while
modulating key inflammatory signaling cascades, including NF-kB and the NLRP3
inflammasome [15,16,24-33]. These interconnected pathways coordinate oxidative,
metabolic, and immune responses, providing a mechanistic link between transient redox
perturbations and disease-associated signaling networks. Importantly, the biological
effects of medical ozone are largely mediated through indirect modulation of endogenous
adaptive systems, rather than direct cytotoxic or pharmacological actions, a distinction
critical for interpreting both experimental and clinical findings [13-16].

It is also important to distinguish medically administered oxygen—ozone mixtures
from environmental ozone exposure, as these represent fundamentally different
biological contexts. They differ in exposure route, administered dose, duration of
exposure, biological interface, and intended biological outcome. This distinction is
essential for the correct interpretation of both mechanistic and clinical observations and is
discussed in greater detail in Section 8.

Skin and subcutaneous adipose tissue represent biologically and clinically relevant
compartments where oxidative stress, immune activation, and metabolic dysregulation
converge [34-40]. These tissues are continuously exposed to environmental and
endogenous stressors, exhibit active immune surveillance, and undergo dynamic
extracellular matrix remodeling [35,36,41—44]. Persistent redox imbalance within this axis
contributes to the pathogenesis of inflammatory dermatoses, delayed wound healing,
tissue laxity, pigmentary alterations, and adipose dysfunction [34,36-40,45].
Consequently, interventions capable of modulating redox and inflammatory tone in a
controlled manner may hold translational relevance in these settings.

This review aims to integrate current knowledge on the molecular mechanisms
underlying ozone-induced redox modulation, with particular emphasis on chemical
reactivity, spatiotemporal signaling dynamics, and cross-talk with inflammatory and
metabolic pathways. Critical aspects related to dose dependency, safety constraints, and
methodological heterogeneity are systematically examined to delineate a mechanistically
grounded framework for evaluating therapeutic plausibility [7,27-30]. By positioning
medical ozone within a systems-level perspective of redox regulation, this work seeks to
clarify its biological rationale and identify key evidentiary gaps that must be addressed to
support robust and reproducible clinical applications.
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2. Chemical Reactivity of Ozone in Biological Systems

Ozone (Os) is a triatomic allotrope of oxygen characterized by strong electrophilic
reactivity and an extremely short lifetime in biological environments [13,14,46-51].
Following administration, ozone does not persist as a stable molecular entity but is rapidly
consumed through reactions with aqueous and lipid substrates [13-20,46]. Consequently,
its biological effects arise not from direct receptor-mediated interactions, but from a
cascade of rapid redox reactions that generate secondary oxidation products acting as
signaling intermediates [14-20,46,51].

Chemically, ozone preferentially reacts with electron-rich moieties, particularly
carbon-carbon double bonds in unsaturated fatty acids within cellular membranes and
lipoproteins [21-23,52-56]. Under physiological conditions, these reactions proceed
predominantly via the Criegee ozonolysis mechanism, a non-radical cycloaddition
leading to unstable primary ozonides (molozonides) [53,54]. These intermediates rapidly
decompose into a range of secondary products, including lipid hydroperoxides, hydrogen
peroxide (H20:), and electrophilic aldehydes such as 4-hydroxynonenal (4-HNE) and
related a,[-unsaturated alkenals [21-23,52,55-57]. Importantly, these secondary species,
rather than ozone itself, represent the principal mediators of downstream biological
activity [14-20].

The electrophilic nature of these aldehydic derivatives enables covalent modification
of nucleophilic amino acid residues, particularly cysteine thiols in redox-sensitive
proteins [21-23,56,57]. Lipid hydroperoxides and reactive aldehydic derivatives
generated during controlled oxidative reactions may therefore function not only as
products of lipid oxidation, but also as bioactive mediators capable of modulating redox-
sensitive signaling pathways [58,59]. Such modifications can alter protein conformation,
stability, and activity, thereby initiating signal transduction processes [22,24-26,60-65].
Within the Nrf2 pathway, electrophile-mediated modification of specific cysteine residues
within Kelch-like ECH-associated protein 1 (Keapl) disrupts its inhibitory interaction
with Nrf2, enabling nuclear translocation and transcriptional activation of antioxidant
response genes [24-26,60-65].

In this context, ozone-derived electrophiles can be conceptualized as transient redox
signals engaging cytoprotective adaptive programs [15,16,26,63].

Kinetic constraints critically shape these processes. Ozone is consumed near the site
of administration, limiting diffusion and preventing systemic persistence [13,14,17,19,46].
Consequently, the induced oxidative perturbation is spatially confined and temporally
restricted, resembling a transient redox pulse rather than sustained oxidative stress
[15,16,46,51]. The magnitude and duration of this pulse are determined by local substrate
availability, membrane lipid composition, antioxidant buffering capacity, and
administered dose [14-17,46].

The selectivity of ozone reactivity further influences biological outcomes.
Monounsaturated fatty acids represent preferential targets due to isolated double bonds
[21,52-54]. Although polyunsaturated fatty acids can undergo secondary oxidation,
controlled low-dose exposure typically does not promote extensive radical chain
propagation [14-16,21-23,55-57]. This distinction is mechanistically critical: uncontrolled
lipid peroxidation amplifies oxidative injury, whereas limited generation of electrophilic
lipid derivatives may function as regulated signaling cues within a hormetic range
[11,12,15,16,21-23].
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The biological relevance of ozone-induced lipid oxidation products lies in their
capacity to interface with established redox signaling networks [21-26,60-65]. Subtoxic
concentrations of lipid hydroperoxides and electrophilic aldehydes are associated with
increased glutathione biosynthesis, modulation of intracellular redox couples (e.g.,
GSH/GSSG), and activation of transcriptional programs coordinating antioxidant and
anti-inflammatory responses [24-26,60-65]. Through these mechanisms, electrophile-
driven signaling links primary chemical reactivity to downstream metabolic and
inflammatory adaptation [26,63,65].

The transition between adaptive signaling and pathological oxidative damage is
quantitatively and contextually determined [1-7,11,12]. Excessive oxidation results in
irreversible modification of lipids, proteins, and nucleic acids, overwhelming repair
systems and antioxidant defenses [21-23,55-58]. In contrast, a limited and transient
oxidative stimulus may recalibrate redox-sensitive pathways and enhance cellular
resilience [11,12,15,16,24-26,60-65]. Ozone can thus be conceptualized as a trigger of
controlled electrophilic signaling, with biological consequences dependent on dose,
temporal dynamics, and tissue-specific redox status [15,16,46,51].

Recognition of these chemical and kinetic determinants is essential for interpreting
experimental observations and for distinguishing toxicological exposure from medically
controlled redox modulation [13-20,46,47,51]. The downstream biological effects
attributed to medical ozone arise from a defined cascade of secondary redox reactions that
engage endogenous adaptive circuitry, rather than from persistence or systemic
distribution of the oxidant itself [14-20,46].

3. Redox Compartmentalization and Temporal Dynamics of Ozone
Signaling

Redox signaling is intrinsically governed by spatial compartmentalization and
temporal progression [3-9]. ROS and electrophilic mediators generated following ozone
exposure are not uniformly distributed but remain confined to discrete
microenvironments defined by substrate availability, diffusion constraints, and local
antioxidant buffering capacity [3,5,6,8]. This spatial restriction is a critical determinant of
biological outcomes, enabling selective engagement of signaling pathways while limiting
indiscriminate oxidative damage [3-7].

In dermatological contexts, such compartmentalization is particularly relevant.
Localized redox perturbations within dermal and subcutaneous compartments can
influence fibroblast function, immune cell activation, and extracellular matrix remodeling
without inducing systemic oxidant dissemination [34-36,66]. This localized nature of
redox signaling provides a mechanistic basis for tissue-specific responses to controlled
ozone exposure [13-20,46].

During gas-based administration, tissue architecture further constrains ozone
reactivity [13-20]. Following subcutaneous or intradermal injection, ozone rapidly
dissolves in interstitial fluids and reacts within a restricted diffusion radius [13,14,17,19].
Primary oxidative events occur predominantly at extracellular interfaces and membrane-
proximal lipid domains, generating hydrogen peroxide (H20:) and lipid-derived
electrophiles [21-23,52-54]. Because the parent oxidant is rapidly consumed, downstream
biological effects are mediated by these secondary reactive species, rather than by direct
oxidant diffusion [14-20].

The earliest phase of exposure, occurring within seconds to minutes, is characterized
by a localized oxidative pulse accompanied by transient oxidation of extracellular and
membrane-associated thiols [3,5,6,24-26,60-63]. The magnitude and spatial extent of this
perturbation are tightly regulated by endogenous antioxidant systems, including
glutathione pools, protein thiols, and extracellular antioxidants [1-6,24-26,60-65]. Under
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controlled low-dose conditions, this buffering capacity constrains both intensity and
duration of oxidation, favoring regulated redox signaling over nonspecific
macromolecular damage [11,12,15,16].

At subsequent time scales, ranging from minutes to hours, secondary redox
mediators modulate intracellular signaling pathways [3-6,21-23]. Hydrogen peroxide,
owing to its relative stability and membrane permeability, can diffuse across cellular
compartments and reversibly oxidize redox-sensitive cysteine residues in target proteins
[3,5,6]. In parallel, electrophilic lipid derivatives covalently modify nucleophilic residues,
particularly within redox-regulatory proteins such as those in the Keap1-Nrf2 system [21-
26,60-63]. These processes facilitate Nrf2 pathway activation and coordinate antioxidant
gene expression, translating transient chemical events into sustained transcriptional
responses [24-26,60-65].

Mitochondria act as a central integration hub within this redox cascade [60].
Although ozone itself does not directly access mitochondrial compartments under typical
clinical conditions, cytosolic redox alterations can indirectly influence mitochondrial
function by modulating peroxide tone, metabolic flux, mitochondrial bioenergetics, and
inflammatory signaling pathways [60,66-74]. Adaptive responses may include enhanced
antioxidant capacity, optimized redox balance, and increased tolerance to subsequent
stressors [11,12,21-26,60-65]. Conversely, excessive oxidative input can impair
mitochondrial integrity, disrupt bioenergetic homeostasis, and amplify inflammatory
signaling [67-75].

The biological effects of ozone exposure therefore evolve across distinct temporal
phases: an immediate chemical reaction phase, an intermediate signaling phase, and a
delayed transcriptional and metabolic adaptation phase [15,16,21-26,60-65]. The
transition from adaptive modulation to pathological damage is determined by the balance
between oxidative input and tissue-specific redox reserve [1-7,11,12]. Tissues with chronic
oxidative stress or reduced antioxidant capacity may exhibit altered thresholds, resulting
in heterogeneous, context-dependent responses [7,34,36—40].

This spatiotemporal framework provides a physiologically coherent explanation of
how a highly reactive oxidant can, under controlled conditions, engage endogenous
adaptive pathways relevant to inflammation, metabolic regulation, and tissue remodeling
[15,16,26,76-79]. It also underscores the need for quantitative assessment of redox
biomarkers to define therapeutic windows, ensure reproducibility, and minimize the risk
of unintended oxidative injury [7,46,51].

Collectively, these interconnected processes define a coordinated redox-responsive
network linking ozone-induced chemical reactivity to adaptive signaling, inflammatory
modulation, metabolic regulation, and tissue-specific responses within a dose-dependent
framework. Figure 1 summarizes the principal mechanistic interactions underlying these
processes and highlights the central role of the redox dose-response relationship in
determining the balance between adaptive hormetic responses and oxidative injury.
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Figure 1. Systems-level overview of ozone-induced redox signaling and adaptive responses. Ozone
acts as a highly reactive transient oxidant that rapidly interacts with unsaturated lipids and aqueous
biological components, generating secondary reactive and electrophilic mediators, including
hydrogen peroxide (H202), lipid hydroperoxides, and electrophilic aldehydes. These species engage
redox-sensitive sensing mechanisms through reversible thiol oxidation and modification of Keapl
and other redox-responsive proteins, promoting activation of interconnected signaling pathways,
including Nrf2, NF-«kB, and the NLRP3 inflammasome. Integration of these pathways coordinates
antioxidant, metabolic, inflammatory, mitochondrial, and tissue-specific responses involving
fibroblasts, skin-associated subcutaneous adipose tissue, and melanocytes. The central Redox Dose-
Response Relationship illustrates the dose-dependent balance between adaptive hormetic responses
and oxidative injury, indicating that tissue-specific biological outcomes are determined by the
interaction between ozone-induced redox signaling and local redox buffering capacity. The green
and red arrows represent the divergence toward adaptive responses or pathological oxidative injury
according to tissue-specific redox buffering capacity. Black arrows indicate the direction of the
signaling cascade, whereas the dashed vertical line represents the threshold separating adaptive
hormetic responses from pathological oxidative injury. The different box colors are used only to

distinguish the principal functional modules of the proposed mechanistic framework.

4. Redox Signaling and Antioxidant Network Reprogramming

The spatiotemporal characteristics described above provide the biological
framework through which transient oxidative perturbations are translated into
coordinated antioxidant and metabolic responses.

ROS act as context-dependent signaling intermediates, whose biological effects are
determined by concentration, subcellular localization, and temporal dynamics rather than
by mere presence [3-6,78]. Cellular redox homeostasis reflects a dynamic equilibrium
sustained by thiol buffering systems, enzymatic detoxification pathways, and
transcriptional feedback circuits [79]. Within this framework, controlled ozone exposure
can be conceptualized as an electrophile-driven signal capable of engaging endogenous
redox networks without requiring persistent oxidant accumulation [15,16,22,78].
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A central integrative node in this response is the Nrf2 pathway [24-26,63,64]. Under
basal conditions, Nrf2 undergoes continuous ubiquitination and proteasomal degradation
through its interaction with the redox-sensitive adaptor Keapl [24-26]. Electrophilic
modification of critical cysteine residues in Keapl induces conformational changes that
attenuate Nrf2 ubiquitination, promoting stabilization and nuclear translocation [24-
26,63,65]. Notably, this activation relies on selective thiol reactivity rather than on global
oxidative burden, highlighting the specificity of redox sensing within the Keapl complex
[26,63,65].

Upon activation, Nrf2 orchestrates a broad transcriptional program extending
beyond canonical antioxidant enzymes [24-26,80]. In addition to superoxide dismutase,
catalase, and glutathione peroxidase, Nrf2 regulates genes involved in glutathione
biosynthesis, NADPH regeneration, thioredoxin systems, and phase II detoxification
pathways [24-26,63,65]. These coordinated responses enhance the cellular capacity to
buffer peroxide flux, detoxify electrophiles, and maintain thiol redox homeostasis [24-
26,60-65]. Importantly, such transcriptional reprogramming shifts the intracellular redox
set point, promoting sustained adaptive competence rather than merely resolving an
acute oxidative perturbation [63,65,79,80]. While Nrf2 represents a central hub, additional
pathways, including mitogen-activated protein kinase (MAPK-) and AP-1-dependent
networks, may contribute to context-dependent responses to electrophilic and oxidative
stimuli [5,6,63].

Redox adaptation is tightly coupled to metabolic control [65,68-72]. Maintenance of
reduced glutathione (GSH) requires continuous nicotinamide adenine dinucleotide
phosphate (NADPH) supply, linking Nrf2 activity to the pentose phosphate pathway and
other metabolic nodes that sustain cellular reductive capacity [65,68,69,73]. In this context,
ozone-induced electrophile sensing can be viewed as a trigger synchronizing
transcriptional antioxidant reinforcement with metabolic flux adjustments [15,16,26,65].
The effectiveness of this adaptation depends not only on gene induction but also on the
availability of reducing equivalents and substrate turnover [68-74].

Integration with inflammatory signaling further defines the systems-level
consequences of redox reprogramming [27,28]. NF-kB acts as a master regulator of
inflammatory transcriptional programs, controlling the expression of pro-inflammatory
cytokines, adhesion molecules, and inflammasome-related components in response to
redox perturbations [27,28,81]. Crosstalk between Nrf2 and NF-«kB occurs via multiple
mechanisms, including modulation of intracellular peroxide tone, competition for
transcriptional co-activators, and reciprocal regulation of target genes [26-28].
Reinforcement of antioxidant buffering may constrain sustained NF-«B amplification
loops, reshaping inflammatory network dynamics without direct pharmacological
inhibition of individual cytokines [26-28].

Experimental studies of controlled ozone exposure report associations between Nrf2
activation and reduced expression of inflammatory mediators, including tumor necrosis
factor-a, interleukin-1p, and interleukin-6 [15,16,46,51]. These findings support a model
in which redox modulation recalibrates immune signaling through network-level
adaptation rather than direct suppression of individual targets [15,16,26-28].

The biological outcome of this network reprogramming remains strongly dose-
dependent and context-sensitive [11,12,15,16]. When electrophile-driven signaling is
maintained within the system’s buffering capacity, adaptive transcriptional and metabolic
reinforcement predominates [11,12,15,16,24-26,65]. Conversely, excessive oxidative input
depletes thiols, induces irreversible protein oxidation, and triggers enzymatic
dysfunction, shifting the response toward cellular injury [1-7,21-23,55-58]. In cutaneous
tissues, Nrf2-dependent activation is associated with enhanced resilience to oxidative
stress, modulation of inflammatory signaling, and preservation of tissue homeostasis
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[34,36,66]. These observations highlight potential relevance in dermatological conditions
characterized by chronic redox imbalance, though the extent of clinical translation
remains to be fully defined.

Collectively, these considerations support a model in which medical ozone acts as a
transient electrophilic stimulus that engages interconnected antioxidant, metabolic, and
inflammatory networks [15,16,24-26,68,69,79,80]. The resulting biological phenotype
reflects coordinated systems-level adaptation rather than isolated biochemical effects,
reinforcing the interpretation of ozone exposure as a context-dependent redox modulator.

5. Redox Control of Inflammatory and Inflammasome Signaling

Inflammatory signaling is tightly coupled to cellular redox status [3-10,27,28,81,82].
ROS and reactive nitrogen species (RNS) contribute not only to antimicrobial defense but
also to the initiation, amplification, and resolution of immune responses [10,27,28,81,82].
Physiological oxidative bursts generated by innate immune cells are spatially confined
and temporally regulated, supporting effective pathogen clearance and tissue repair [3—
6,76-79]. In contrast, persistent redox imbalance sustains inflammatory circuit activation
and promotes progressive tissue dysfunction [1-7,27,28,81,82]. Within this framework, the
immunological effects of medical ozone are best interpreted as indirect consequences of
redox network modulation, rather than as direct immunosuppressive activity [13-
16,46,51].

Although ozone exhibits intrinsic antimicrobial activity through rapid oxidation of
microbial membranes and biofilm components [13,83], its broader immunological
relevance resides in host cell signaling [15,16,46,51]. Under controlled exposure
conditions, ozone-derived secondary mediators modulate intracellular redox tone in
innate immune cells, including macrophages, neutrophils, and dendritic cells [15,16,24—
26]. These redox shifts can influence cytokine production, phagocytic capacity, and
metabolic programming in a dose- and context-dependent manner [27,28,68-72].

A central redox-sensitive platform in innate immunity is the NLRP3 inflammasome
[29-33,67,84]. The priming phase, often mediated by NF-kB, induces transcriptional
upregulation of inflammasome components and pro-Interleukin-1 beta (IL-1) [27-33,84].
The activation phase is triggered by cellular stress signals, including ionic fluxes (notably
potassium efflux), mitochondrial perturbation, and changes in oxidant production,
ultimately leading to inflammasome assembly and caspase-1 activation [29-33,67].
Mitochondrial ROS have been implicated in modulating this activation, although the
precise intermediates and causal hierarchy remain incompletely defined [30-33].

Controlled redox modulation may influence both priming and activation [15,16,24—
30,33,84]. Reinforcement of antioxidant capacity via Nrf2-dependent transcriptional
programs can limit sustained oxidant accumulation that supports inflammasome
amplification [24-26,63-65]. Concurrent attenuation of NF-kB-driven priming may
constrain expression of NLRP3 components and pro-inflammatory cytokines [26-28].
Experimental models of controlled ozone exposure have reported associations with
reduced inflammasome activity and decreased secretion of IL-1f3, tumor necrosis factor
alpha (INF-a), and interleukin-6 (IL-6) under controlled dosing conditions
[15,16,46,50,51]. These observations suggest attenuation of inflammasome-associated
inflammatory output, although direct causal relationships require further clarification.

Redox regulation of inflammation extends to immunometabolic control [68-72,85].
Innate immune cell function is closely linked to metabolic state, and redox balance
influences the distribution between glycolytic and oxidative programs [68-72,85]. Pro-
inflammatory macrophage activation is associated with enhanced glycolysis and
mitochondrial stress, whereas resolution phases restore redox buffering and oxidative
metabolism [68-72,85]. Transient electrophile signaling, coupled with reinforcement of
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antioxidant systems, may bias immune cells toward phenotypes compatible with
inflammatory resolution and tissue repair [15,16,26,68-72]. Although direct evidence
linking ozone-derived mediators to sustained immunometabolic reprogramming is
limited, this interpretation aligns with principles of redox-metabolic coupling in innate
immunity [68-72,85].

The boundary between adaptive recalibration and pro-oxidant inflammatory
activation is quantitatively and contextually determined [1-7,11,12]. When redox
modulation remains within buffering capacity, chronic oxidant-driven amplification
loops are constrained [15,16,24-26,60-65]. When oxidative input exceeds cellular reserve,
mitochondrial dysfunction and uncontrolled ROS generation potentiate inflammatory
signaling [30-33,67-75]. Biological outcomes are therefore shaped by dose, baseline
inflammatory status, and tissue-specific antioxidant capacity [7,11,12].

Viewed in a systems-level framework, medical ozone does not function as a
conventional anti-inflammatory agent targeting a single cytokine pathway. Rather, it acts
as a redox-modulating stimulus interfacing with integrated inflammatory networks,
influencing transcriptional priming, inflammasome dynamics, and immunometabolic
programming [15,16,24-30,33,67-72,79,80,84]. Rigorous delineation of these mechanisms
is essential to distinguish adaptive redox modulation from uncontrolled oxidative
immune activation [7,46,50,51].

These mechanisms may have translational relevance in dermatological conditions
characterized by persistent inflammasome and inflammatory pathway activation,
including chronic inflammatory dermatoses and impaired wound healing [34,36,44,66].

However, clinical applicability depends on precise control of exposure parameters
and requires further validation in well-designed studies [46,50,51,86].

The integrated signaling mechanisms described above ultimately converge at the
tissue level, where redox regulation coordinates the responses of fibroblasts, immune
cells, and skin-associated subcutaneous adipose tissue.

The molecular pathways discussed above do not operate as isolated signaling
modules but rather as components of an integrated redox-responsive network. Table 1
summarizes the principal regulatory axes, molecular triggers, and systems-level
consequences associated with controlled ozone-induced oxidative signaling.

Table 1. Major Molecular Pathways Modulated by Ozone-Derived Redox Signaling.

Pathway/Regulatory Principal Molecular Biological Predominant Representative
Axis Trigger Consequence Functional Outcome References
Antioxi t
Electrophilic cysteine " 1o?<1d.an
modification and transcriptional Adaptive redox
Nrf2-Keap1 pathway _ . activation and P . [24-26,60-65,79,80]
peroxide-mediated ) reprogramming
sionalin metabolic
& & reinforcement
T iption of
Redox-sensitive ;jng;ﬁ:to; ; Inflammator
NF-B signaling inflammatory : Y nmarory [27,28,81,82]
L. cytokines and adhesion amplification
activation
molecules
Mitochondrial ROS

NLRP3 inflammasome

generation; ionic

Caspase-1 activation = Innate inflammatory [29-33,67,84]

and IL-1p3 maturation activation
fluxes; redox stress
lycolytic and Immune adaptation
Immunometabolic Redox-dependent G yeoy . . ptatio
. .. oxidative metabolic and inflammatory [68-74,85]
pathways metabolic rewiring . ,
reprogramming modulation
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Redox Localized ROS and Spatially restricted Context-dependent [76-79]
compartmentalization electrophile signaling  adaptive signaling tissue adaptation
Crosstalk between Coordination of
Inflammatory redox antioxidant and antioxidant bufferin Systems-level
: Y . and. , & inflammatory [24-28,63-65,31,82]
integration inflammatory signaling capacity and o
. . recalibration
pathways inflammatory priming

6. Tissue-Level Integration of Redox Signaling in the Skin and
Subcutaneous Tissue

Skin and subcutaneous adipose tissue represent metabolically active and redox-
sensitive compartments, where oxidative signaling intersects with extracellular matrix
turnover, immune surveillance, vascular regulation, and metabolic control [34-40,76-79].
Rather than functioning as passive structural layers, these tissues act as dynamic redox
interfaces, continuously exposed to environmental stressors, inflammatory stimuli, and
fluctuations in oxygen availability [34-36]. Persistent disruption of redox homeostasis
within this axis contributes to chronic inflammation, impaired repair, pigmentary
alterations, and progressive structural remodeling associated with aging and metabolic
dysfunction [34-40]. Controlled ozone exposure provides a framework for examining
how localized oxidative cues can be integrated at the tissue level [46,51].

Within the skin, dermal fibroblasts and the underlying subcutaneous adipose tissue
function as closely interconnected components of a single functional unit. Through
reciprocal biochemical and mechanical interactions, these compartments coordinate
extracellular matrix remodeling, inflammatory signaling, and local metabolic adaptation,
thereby contributing to tissue homeostasis and repair. This functional integration is
particularly relevant in dermatological and regenerative medicine, where local redox
balance emerges from coordinated interactions among multiple cellular and tissue
compartments rather than from isolated responses. Accordingly, the following sections
focus specifically on the role of the local subcutaneous adipose tissue in redox homeostasis
and tissue remodeling, rather than on systemic adipose tissue biology [34—45,68-72].

6.1. Fibroblast Redox Regulation and Matrix Dynamics

Dermal fibroblasts are central regulators of extracellular matrix homeostasis [34—
36,41-43]. Their activity is governed by redox-sensitive pathways that influence collagen
synthesis, matrix metalloproteinase expression, cytoskeletal organization, and growth
factor responsiveness [41-45]. Both excessive oxidative stress and insufficient redox
signaling impair matrix integrity, indicating that fibroblast function depends on a finely
tuned oxidative tone [34,36].

Electrophile- and peroxide-mediated signaling can reinforce intracellular antioxidant
capacity and modulate transcriptional programs linked to matrix production [24-
26,63,65,660]. Activation of the Nrf2 pathway enhances glutathione biosynthesis and
detoxification systems, stabilizing the intracellular environment required for collagen
synthesis and post-translational processing [24-26,63,65]. Redox modulation may also
intersect with transforming growth factor beta (TGF-f)-dependent signaling and matrix
remodeling enzymes, influencing the balance between matrix deposition and degradation
[34-36,41-45].Tissue remodeling arises from coordinated regulation of redox balance,
inflammatory mediators, and metabolic state, rather than isolated induction of structural
proteins [11,12,26,34,36]. Under controlled ozone exposure, redox modulation may
support a fibroblast phenotype compatible with reparative processes [15,16,26]. When
oxidative input exceeds buffering capacity, matrix degradation and functional decline are
more likely [11,12,34,36]. Tissue outcomes are therefore contingent upon intracellular
redox reserve and local inflammatory context.
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6.2. Adipose Tissue as an Immunometabolic Redox Organ

Adipose tissue functions as an endocrine and immunometabolic organ, in which
redox status influences lipid turnover, cytokine secretion, immune cell recruitment, and
cellular differentiation [37—40,68-72,85,87,88]. Chronic oxidative imbalance contributes to
adipocyte dysfunction, insulin resistance, and low-grade inflammation, whereas
restoration of redox buffering capacity may recalibrate metabolic and inflammatory tone
[37-40].

Lipolysis is regulated via cAMP-dependent pathways, converging on hormone-
sensitive lipase activation and perilipin phosphorylation [87,88]. Redox-sensitive
modulation of phosphodiesterase activity and kinase signaling provides a potential
mechanistic link between oxidative cues and triglyceride mobilization [70-74,87]. These
interactions are indirect and context-dependent, reflecting integration of electrophile
signaling with metabolic control rather than direct oxidative degradation of lipids [68-
74,88].

Beyond lipid mobilization, redox state influences adipocyte differentiation and
macrophage polarization within adipose depots [37-40,68-72,85]. Activation of
antioxidant transcriptional programs may attenuate oxidative stress-associated
adipogenic signaling and inflammatory cytokine production [26,68-72]. Controlled redox
modulation could thus shift adipose tissue toward a more balanced immunometabolic
profile, though direct mechanistic evidence in ozone-specific systems remains limited
[15,16,46,51].

6.3. Melanocyte Redox Homeostasis and Pigmentation Networks

Melanogenesis is intrinsically dependent on redox balance [89-92]. Tyrosinase
activity and melanin synthesis involve oxidation reactions modulated by intracellular
peroxide levels and thiol availability [89-92]. Perturbations in redox homeostasis can
amplify melanogenic flux and contribute to pigmentary dysregulation [90-92].

Reinforcement of antioxidant systems may stabilize melanocyte redox tone and
indirectly influence microphthalmia-associated transcription factor (MITF) activity
through modulation of oxidative and inflammatory signaling pathways [26,36,66,89-92].
Within this framework, ozone-associated redox signaling modulates the oxidative
microenvironment governing pigment synthesis rather than directly inhibiting
melanogenesis [15,16,46]. Chronic oxidative stress also contributes to accumulation of
oxidized macromolecules and impaired proteostasis in aging tissues [34,36]. Enhancing
thiol homeostasis and antioxidant buffering may support proteolytic turnover and limit
oxidative pigment accumulation [26,36,65].

6.4. Integrated Redox Adaptation in Tissue Aging and Remodeling

Cutaneous aging and adipose remodeling reflect cumulative alterations in redox
signaling, mitochondrial function, inflammatory tone, and extracellular matrix dynamics
[34-40]. The Nrf2 and NF-kB pathways represent counterbalancing regulatory axes
coordinating antioxidant defense and inflammatory amplification [26-28,81]. Tissue
resilience depends on the dynamic equilibrium between these networks [26-28,34].

Controlled redox modulation may transiently engage protective transcriptional
programs and metabolic buffering across multiple cell populations within the cutaneous—
subcutaneous unit [11,12,15,16,24-26,68-72,79,80]. The resulting phenotype emerges from
coordinated network integration, not from isolated molecular events. As previously
discussed, the adaptive range is biologically constrained; once buffering systems are
exceeded, redox signaling shifts toward structural damage and inflammatory escalation
[1-7,11,12].
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Skin and adipose tissue thus provide biologically relevant systems in which localized
oxidative signals are translated into coordinated transcriptional, metabolic, and
inflammatory adaptation [34,36—40,76-80]. Clinical interpretation requires careful
quantification of dosing, redox biomarkers, and long-term functional outcomes, avoiding
attribution of tissue-level changes to single pathways [7,46,50,51].

These coordinated tissue responses provide the mechanistic basis for interpreting the
potential translational implications discussed in the following section.

To integrate these tissue-specific considerations within a unified redox framework,
Table 2 summarizes the principal regulatory nodes through which localized oxidative
signaling propagates into coordinated transcriptional, metabolic, and inflammatory
responses across the cutaneous—subcutaneous axis.

Table 2. Tissue-Specific Redox Regulatory Nodes, Molecular Mechanisms, and Systems-Level
Consequences of Controlled Ozone-Induced Oxidative Signaling.

Red
Biological edox Molecular Systems-Level Predominant Representative
Regulatory . .
Compartment Node Mechanism Consequence  Evidence Context References
Electrophile-mediated Reinforcement of
cysteine modification; intracellular redox
induction of buffering; . .
Keap1-Nrf2 In vitro; selected
Dermal fibroblasts cap ' glutathione modulation of L Seeceain [24-26,63-66]

signaling axis
& & biosynthesis and

vivo models

matrix synthesis—

peroxide-detoxifying ~ degradation
enzymes balance
Attenuation of NF-kB-  Shift toward

Redox dependent matrix remodeling
Dermal fibroblasts modulat.ion of . .tra.nscriptio.n; pro.ﬁles . In Vi’Fro; selected in [27,28,34-45,66]
cytokine  limitation of oxidant- compatible with vivo models
networks  driven amplification reparative
loops responses
Redox-sensitive Context-
CAMP- modula’gon of depenczlent
phosphodiesterase modulation of . .
. dependent ] o . . In vitro; limited in
Adipocytes . and kinase activity; triglyceride . . [68-74,87,88]
metabolic , . _ o7 vivo evidence
. ) indirect regulation of mobilization and
signaling o, .
hormone-sensitive metabolic
lipase adaptation

Nrf2-driven Induction of

Redox-mediated
attenuation of
oxidative stress-

Adipose tissue metabolic antioxidant and associated Predominantly in [24-26,37—
P adaptation NADPH-regenerating adipogenic vitro 40,65,68-72,85]
P pathways signaling; potential
immunometabolic
rebalancing
Modulation of
Tigati ¢
Redox control intracellular oxidative ;;T;;;ZZE?:HCLX
Melanocytes of melanogenic tone affecting under c%)ntrolle d In vitro [89-92]
enzymes tyrosinase activity .
and thiol availability redox conditions
Redox- Indirect modulation Redox-mediated
Mel t In vit 26,66,89-92
clanocytes sensitive of microphthalmia- adjustment of fvitro [26,66, |
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transcriptional associated pigment
regulation  transcription factor homeostasis
activity via oxidative
and inflammatory

signaling
Potential
Modulation of redox- _
NLRP3 . ... attenuation of pro- . o
. . associated activation In vitro and in vivo
Innate immune cells inflammasome . ) inflammatory [29-33,67,84]
) signals; attenuation of ) models
regulation L. cytokine
caspase-1 activation .
maturation
Reinforcement of
Nrf2 pathway- antioxidant
NF-KB transcriptional Recalibration of In vitro and in vivo
Innate immune cells  signaling P . inflammatory [24-28,63-65,81,82]
programs; modulation , . models
network . signaling networks
. . of inflammatory
Interaction .
priming
Maintenance of thiol —Preservation of
. Redox- . . .
Epidermal and homeostasis; support cellular turnover In vitro; selected in
dependent . [34-36,65,66]
dermal cells . of lysosomal and and structural vivo models
proteostasis . . . .
proteolytic function integrity
Coordinated
. Systems-level
transcriptional, .
Integrated metabolic, and redox re- Mechanistic
Cutaneous— & . ! equilibration integration of [11,12,15,16,24—
., redox network inflammatory s .
subcutaneous unit . . within a experimental 28,68-72,76-80]
response  adaptation following . .
constrained evidence

localized redox

perturbation adaptive range

7. Translational Integration: From Redox Mechanisms to Clinical
Hypotheses

The mechanistic framework outlined above provides a biochemical basis for
interpreting reported clinical observations [3,7,15,16,24-26,46,51]. These effects are more
appropriately understood as downstream manifestations of redox-mediated adaptive
responses, rather than direct pharmacological effects of ozone [3,7,15,16]. The goal is to
delineate mechanistic plausibility within a redox biology framework, rather than to infer
disease-specific efficacy. Translational relevance ultimately depends on whether
controlled oxidative perturbations can reproducibly engage endogenous regulatory
networks within biologically constrained adaptive ranges [11,12].

From a dermatological standpoint, these mechanisms offer a conceptual framework
for interpreting clinical observations related to skin inflammation, tissue remodeling, and
aesthetic outcomes, emphasizing the need for rigorous validation through well-controlled
studies incorporating molecular and redox endpoints [34-36,66].

7.1. Inflammatory Skin Disorders

Inflammatory dermatoses are characterized by sustained redox imbalance, microbial
dysbiosis, and activation of innate immune pathways [27-36,81,82]. Although ozone
exhibits intrinsic antimicrobial activity, its broader biological relevance is likely mediated
through host redox signaling [13-16,46,52]. Electrophile-driven activation of antioxidant
pathways may attenuate NF-kB-dependent priming and constrain NLRP3 inflammasome
activation, thereby limiting self-sustaining inflammatory amplification loops [26-33,81].

https://doi.org/10.3390/0xygen6030018



Oxygen 2026, 6, 18

14 of 24

These effects reflect modulation of redox—inflammatory coupling rather than direct
cytokine inhibition [26-28]. The magnitude, spatial specificity, and temporal persistence
of this modulation depend on dose, tissue redox reserve, and baseline inflammatory status
[11,12,15,16,76-79]. Randomized controlled trials with molecular and redox biomarkers
are required to determine whether mechanistic plausibility translates into reproducible
clinical benefit [46,50,51].

7.2. Adipose Tissue Remodeling

Localized adiposity is often associated with oxidative stress, impaired microvascular
perfusion, and low-grade inflammation [37—40]. Redox-sensitive modulation of metabolic
pathways, including cAMP-dependent lipolysis and Nrf2-mediated antioxidant
reinforcement, provides a mechanistic context for structural changes observed following
ozone exposure [24-26,68-74,85,87,88].

Adipose remodeling reflects integrated processes involving vascular function,
immune cell infiltration, extracellular matrix turnover, and mitochondrial dynamics [37-
40,68-75,85,87,88]. Redox perturbation alone is unlikely to account for structural outcomes
unless coupled with coordinated changes across these interconnected systems.
Establishing causal relationships requires quantitative assessment of metabolic flux,
inflammatory mediators, mitochondrial function, and extracellular matrix remodeling in
rigorously controlled experimental settings.

7.3. Tissue Repair and Structural Aging

Cutaneous aging and impaired wound repair result from cumulative oxidative
damage, persistent inflammatory signaling, and dysregulated extracellular matrix
dynamics [34-36,44]. Reinforcement of antioxidant transcriptional programs and
attenuation of sustained inflammatory priming may create a biochemical environment
conducive to fibroblast function and matrix organization [24-26,34,63,65,66].

Transient redox adaptation, however, should not be equated with durable structural
remodeling. Apparent improvements in dermal architecture or wound closure must be
substantiated by quantitative analyses of matrix composition, gene expression, and
validated redox biomarkers before mechanistic conclusions can be drawn [36,41-44].

7.4. Pigmentation Dynamics

Melanogenic pathways are highly sensitive to intracellular oxidative tone [89-92].
Changes in thiol availability and inflammatory signaling can influence melanocyte
transcriptional programs and enzymatic flux [89-92]. Reinforcement of antioxidant
systems may theoretically stabilize pigment homeostasis, but direct evidence linking
ozone exposure to sustained modulation of melanogenesis is limited [26,66,89-92].

Clinical observations of pigmentation changes should thus be interpreted within the
context of network-level redox behavior, rather than attributed to direct enzymatic
inhibition or melanocyte suppression [76-79].

7.5. Translational Boundaries and Evidence Gaps

Across these contexts, a unifying hypothesis emerges: localized oxidative signaling
engages endogenous adaptive programs capable of recalibrating redox set points and
inflammatory tone [3,11,12,15,16,24-26,76-80]. However, the progression from molecular
adaptation to sustained tissue remodeling remains incompletely defined.

Challenges include heterogeneity in administration protocols, variability in dosing
strategies, lack of standardized redox biomarkers, and limited randomized controlled
trials incorporating mechanistic endpoints [14-20,46,50,51]. Without rigorous integration
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of biochemical measurements, functional outcomes, and long-term safety data, clinical
interpretations risk exceeding the available evidence.

From a redox systems perspective, translational relevance depends less on disease-
specific indications than on reproducible engagement of adaptive signaling within
biologically constrained ranges [11,12,76-80]. Future studies should integrate precise
redox characterization, standardized dosing frameworks, and longitudinal outcome
assessments to determine whether controlled oxidative modulation can yield sustained
adaptive responses within defined biological limits.

Despite this mechanistic framework, important challenges remain regarding dose
standardization, biomarker validation, and the quality of the available clinical evidence,
all of which are critical for defining the therapeutic boundaries of medical ozone.

Although several clinical studies have reported encouraging results in selected
dermatological and wound healing settings, the available evidence remains
heterogeneous with respect to study design, patient selection, ozone administration
protocols, and outcome measures. Therefore, current clinical observations should be
interpreted primarily as supporting mechanistic hypotheses rather than as definitive
evidence of therapeutic efficacy [18,46,50,51,86,93,94].

8. Dose-Dependent Redox Dynamics and Safety Constraints

Interpretation of biological and clinical findings related to medical ozone rests on a
fundamental principle: its effects are inherently dose-dependent and governed by non-
linear redox dynamics [1,3,7,11,12]. As a potent oxidant, ozone spans a continuum of
responses, from regulated adaptive signaling to irreversible oxidative injury [13-16,52].
Failure to distinguish between these regimes has contributed to skepticism and
overextension of therapeutic claims, highlighting the need for a quantitatively grounded
mechanistic framework [7,46,51].

8.1. Hormetic Windows and Threshold Behavior

Hormesis provides a framework for understanding how low-intensity oxidative
perturbations can engage adaptive stress responses and reinforce cellular resilience,
whereas excessive oxidative burden promotes irreversible dysfunction and tissue injury
[11,12,95]. Low-intensity redox perturbations may activate cytoprotective transcriptional
programs, reinforce thiol buffering systems, and recalibrate inflammatory tone
[3,15,16,24-26]. At higher intensities, depletion of antioxidant reserves and accumulation
of irreversible macromolecular oxidation shift the system toward structural damage and
dysfunction [21-23,55-58].

In the context of ozone exposure, this transition is determined not solely by
administered concentration, but by the relationship between oxidative input and tissue-
specific buffering capacity [2,73,75,79]. Glutathione availability, NADPH regeneration,
mitochondrial integrity, and baseline inflammatory status all influence the threshold at
which adaptive signaling gives way to injury [2,65,68-75]. The hormetic window is
therefore context-dependent rather than fixed, reflecting tissue-specific differences in
antioxidant buffering capacity, metabolic state, route of administration, and baseline
redox status, rather than being defined by universally applicable quantitative thresholds
[11,12].

Although concepts such as redox reserve, buffering capacity, adaptive range, and
therapeutic boundaries are widely used throughout the ozone and redox biology
literature, they should currently be regarded as functional biological concepts rather than
standardized operational parameters. Their quantitative definition remains limited by the
absence of harmonized dosing protocols and validated biomarkers capable of identifying
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the transition between adaptive redox signaling and oxidative injury across different
tissues, routes of administration, and clinical contexts.

Consequently, these concepts describe the tissue-specific adaptive capacity of
biological systems rather than fixed quantitative criteria applicable across different
experimental and clinical settings. Establishing standardized dosing protocols together
with validated molecular biomarkers capable of defining these concepts remains one of
the major priorities for future mechanistic and translational research [7,46,50,51]. Several
candidate biomarkers, including the GSH/GSSG ratio, protein thiol oxidation, lipid
peroxidation products, and expression of Nrf2 target genes, have been proposed to assess
redox status. However, none has yet been validated as a standardized surrogate of tissue-
specific redox reserve.

Experimental evidence suggests that limited formation of lipid-derived electrophiles
and peroxides engages Nrf2-associated pathways and modulates inflammatory signaling
without triggering extensive radical chain propagation [22-26,63]. Once antioxidant
systems are exceeded, protein carbonylation, propagation of lipid oxidation, and
mitochondrial dysfunction predominate [21-23,55-58,67-75]. These thresholds remain
insufficiently defined. The dose-dependent transition between adaptive redox signaling
and oxidative injury can be conceptualized within a hormetic framework integrating
electrophilic signaling, antioxidant buffering capacity, and mitochondrial resilience. The
principal biological consequences associated with different levels of ozone-induced
oxidative perturbation are summarized in Table 3.

Table 3. Dose-Dependent Redox Responses to Ozone Exposure.

Ozone-Induced
Condition

Predominant Redox Potential Pathological Representative

Adaptive Responses

Events Consequences References

Transient electrophile

Nrf2 activation;

f i derat antioxidant

ormation; moderate ) ..

Low-dose/controlled . . reinforcement; Minimal or absent  [11,12,15,16,24-26,63—

peroxide generation; . . ..
exposure . ) metabolic adaptation; structural injury 65,95]
localized thiol .
L. reinforcement of redox
oxidation i .
buffering capacity

Increased lipid
oxidation; partial

Context-dependent =~ Moderate oxidative

. ; adaptive signaling stress and [21-23,55-57,60-65,76—
Intermediate exposure saturation of . . ) .
. . with variable tissue inflammatory 80]
antioxidant buffering . e L.
responsiveness amplification
systems
ROS amplification;
. P . Protein oxidation;
thiol depletion; inflammasome
. mitochondrial Failure of adaptive . . [21-23,30-33,55-58,67—
Excessive exposure . . activation; tissue
dysfunction; redox compensation | . . 75]
, . injury; inflammatory
propagation of lipid e
L amplification
oxidation

8.2. Safety Constraints and Redox Buffering Capacity

Environmental ozone exposure and medically administered oxygen—ozone mixtures
should not be considered biologically equivalent. Environmental ozone typically involves
chronic inhalational exposure to uncontrolled atmospheric concentrations, resulting in
sustained oxidative stress, antioxidant depletion, lipid peroxidation, and inflammatory
responses [47,48]. In contrast, medical ozone consists of controlled oxygen—ozone
mixtures administered locally using defined delivery systems and exposure protocols
designed to generate transient redox signaling within a limited biological compartment.
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Consequently, the biological response depends not only on ozone concentration but also
on the route of administration, delivery system, exposure protocol, tissue interface, and
local antioxidant buffering capacity [14,17,20,46,51].

Ozone’s high reactivity and short half-life impose intrinsic kinetic constraints on
biological behavior [13-20,52-54]. In non-inhalational medical applications, oxidative
reactions are largely confined to local microenvironments, where extracellular substrates
and thiol buffers determine the amplitude of the redox signal [13-20,76-79]. Such
localization reduces systemic persistence, but focal oxidative injury may occur when
buffering capacity is exceeded [11,12,21-23,55-58].

These biological features clearly distinguish controlled medical ozone applications
from the toxicological effects associated with environmental ozone exposure, which
primarily result from chronic inhalational exposure and pulmonary epithelial injury
[47,48]. Nevertheless, even in controlled therapeutic settings, the lack of standardized
dosing metrics and limited biochemical monitoring complicate safety evaluation
[46,50,51].

A robust safety framework therefore requires quantitative assessment of oxidative
and redox biomarkers, characterization of antioxidant reserve, and evaluation of
mitochondrial function, rather than reliance on clinical observation alone [1,3,7,46,73-75].

8.3. Methodological Heterogeneity and Evidence Quality

Substantial heterogeneity across experimental and clinical protocols remains a
central limitation in ozone research [14-20,46,51]. Variability in concentration, delivery
modality, exposure duration, and tissue context impairs reproducibility and obscures
dose-response relationships. Mechanistic investigations and clinical studies are often
misaligned in design and endpoints, limiting robust causal inference.

Reported biological and clinical outcomes are likewise inconsistent, with some
studies failing to demonstrate reproducible or durable effects. Many clinical reports are
based on small cohorts, observational designs, or uncontrolled case series [18,86,93,94].
While useful for hypothesis generation, such studies cannot define therapeutic windows
or establish long-term safety margins. The absence of standardized molecular endpoints,
particularly validated redox biomarkers, further limits interpretability [7,46,50,51].

Progress in this field requires integration of quantitative redox profiling with
rigorously designed randomized controlled trials incorporating both molecular and
functional endpoints [7,46,50,51]. To facilitate the interpretation of current evidence and
provide a translational perspective, Table 4 presents a conceptual framework of
representative candidate biomarkers currently used to investigate ozone-induced redox
responses. The biomarkers are organized according to the principal biological processes
they primarily reflect, including oxidative damage, adaptive redox signaling,
inflammatory activation, and integrated biomarker assessment, together with the
biological matrices in which they are commonly assessed and their potential translational
applications. This framework is intended to summarize the current evidence rather than
to propose validated clinical biomarkers for medical ozone applications.

Table 4. Representative Candidate Biomarkers for Translational Evaluation of Ozone-Induced

Redox Responses.

Potential

Representativ mmon Biological Representativ
Biological Process e[.> ese ¢ Co 0 .o o81¢ Translational eprese €
Biomarkers Matrix References
Relevance
Protein carbonyls; 4-
! Tissue; plasma; wound Assessment of
Oxidative damage HNE; lipid P e [21-23,55-59]
. exudate oxidative injury
hydroperoxides
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Adaptive redox GSH/GSSG ratio; HO- Evaluation of adaptive
,p . 1; NQO1; expression of Tissue; blood p [24-26,60-65]
signaling redox responses
Nrf2 target genes
IL-13; TNF-a; IL-6; _ _ Assessment of
Inflammatory NLRP3-related ~ D100% wound exudate; o atory [27-33,67,81,82,84]
activation tissue .
markers modulation

Integrated biomarker

assessment

Combined evaluation
of oxidative damage,

adaptive redox . Integrated evaluation
. . Blood and/or tissue . .

signaling, and of biological responses

inflammatory

[7,46,50,51]

biomarkers

Note. The biomarkers listed above represent candidate biomarkers currently used in mechanistic
and translational studies. They should not be regarded as validated clinical endpoints or

standardized surrogate markers of tissue-specific redox reserve or therapeutic response.

Taken together, the inconsistencies observed across the current literature likely
reflect differences in ozone concentration, route of administration, treatment protocols,
patient selection, biological matrices, and overall methodological quality. Consequently,
conflicting findings should not necessarily be interpreted as contradictory biological
effects but rather as evidence of substantial experimental and clinical heterogeneity.
Collectively, these observations further underscore the need for standardized study
designs, harmonized outcome measures, and validated molecular biomarkers to improve
the reproducibility and translational value of future investigations.

8.4. Regulatory Variability and Conceptual Framing

Regulatory positions on medical ozone vary substantially across jurisdictions,
reflecting divergent interpretations of available evidence and differing clinical traditions
[46,50,51,86,93,94]. Some guidance relies heavily on expert consensus rather than
controlled mechanistic or clinical data [46,93].

From a redox biology perspective, ozone should not be viewed as a conventional
pharmacological agent with linear dose-response behavior, but as a redox-modulating
stimulus whose effects emerge from interactions with endogenous adaptive systems
[3,11,12,24-26,78-80]. Without this distinction, interpretative extremes—overextension of
claims or indiscriminate rejection —do not advance mechanistic understanding.

8.5. Critical Perspective and Future Directions

Medical ozone should be evaluated within the framework of controlled oxidative
modulation, focusing on whether transient redox perturbations can reproducibly engage
endogenous adaptive circuitry within biologically constrained ranges [11,12,15,16,24—
26,76-80]. Scientific legitimacy depends on activation of protective transcriptional,
metabolic, and inflammatory programs without transition into oxidative injury [21-23,55-
58,67-75].

Meaningful progress requires shifting from descriptive clinical reporting toward
quantitatively anchored mechanistic investigation. Clear definition of dose-response
relationships, identification of biomarkers discriminating adaptive signaling from
oxidative damage, and characterization of tissue-specific buffering variability are essential
[1-7,11,12].

Future research should prioritize standardized administration parameters,
integration of redox chemistry with systems-level signaling analyses, and controlled
clinical investigations incorporating molecular endpoints and long-term safety
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assessment [7,46,50,51]. Only through such integrated approaches can the therapeutic
plausibility of controlled oxidative modulation be objectively defined and distinguished
from both unsubstantiated enthusiasm and categorical rejection.

9. Conclusions

Medical ozone represents a distinctive model of controlled oxidative modulation,
whose biological effects fall outside conventional receptor-based pharmacological
paradigms. Owing to its rapid chemical reactivity and transient persistence in biological
environments, ozone does not act as a stable bioactive agent, but rather as an electrophilic
initiator of redox-sensitive signaling cascades. The resulting biological outcomes arise
from localized chemical interactions that are translated into coordinated transcriptional,
metabolic, and inflammatory responses through endogenous sensing systems.

The evidence synthesized here supports a framework in which ozone-derived redox
signals engage interconnected regulatory networks centered on Nrf2-dependent
antioxidant control and redox-sensitive inflammatory circuitry. Within defined biological
constraints, these processes may contribute to recalibration of tissue redox balance and
modulation of systems-level behavior. Accordingly, tissue-level responses observed in
cutaneous and adipose compartments are more appropriately interpreted as emergent
properties of integrated network adaptation rather than as direct biochemical effects of
the oxidant itself. Because tissue responsiveness is shaped by antioxidant reserve,
metabolic context, and inflammatory status, translation of mechanistic insight into clinical
application must remain quantitatively grounded and supported by rigorous evidence.

Future progress will depend on the integration of redox chemistry with systems-level
analyses and rigorously designed clinical investigation. Precise characterization of
electrophile formation, thiol redox dynamics, mitochondrial adaptation, and
transcriptional reprogramming will be essential to define context-dependent thresholds
and tissue specificity. Standardized dosing strategies and molecularly anchored safety
assessment will likewise be required to establish reproducible therapeutic boundaries.

In dermatological contexts, this perspective provides a mechanistic framework for
interpreting the biological effects reported following ozone-based interventions, without
implying established therapeutic efficacy.

Within this framework, medical ozone is best regarded not as a disease-specific
therapeutic agent, but as a redox-modulating tool for probing adaptive capacity in
complex biological systems. Its potential clinical relevance will ultimately depend on
whether these mechanistic hypotheses can be confirmed through standardized
experimental investigations and well-designed randomized clinical studies incorporating
robust molecular and functional endpoints.
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Abbreviations

The following abbreviations are used in this manuscript:

4-HNE 4-Hydroxynonenal
IL-1B Interleukin-1 beta
IL-6 Interleukin-6
Keapl Kelch-like ECH-associated protein 1
MAPK Mitogen-activated protein kinase
MITF Microphthalmia-associated transcription factor
NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
NF-«B Nuclear factor kappa b
NLRP3 Nod-like receptor family pyrin domain-containing 3
Nrf2 Nuclear factor erythroid 2-related factor 2
ROS Reactive oxygen species
RNS Reactive nitrogen species
TGF-B Transforming growth factor beta
TNF-a Tumor necrosis factor alpha
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