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Abstract

Oxidative stress accelerates skin aging by causing damage to DNA, lipids and proteins in skin cells.
Exacerbated by environmental factors such as UV rays, pollution and smoking, it leads to loss of
elasticity, the appearance of wrinkles, cutaneous dryness, pigmentation spots and a general
weakening of the skin's natural defenses. These changes, accumulated over time, are responsible for
premature or accelerated aging. Against this backdrop, PAOTScan is an innovative, non-invasive
technology for assessing the oxidative state of the skin in real time. The device is based on a patch
equipped with microelectrodes and an electrochemical gel. It provides two essential scores: the
PAOTScore, which measures the skin's Total Antioxidant Power to neutralize free radicals, and the
POTScore (Total Oxidant Power), which quantifies the level of oxidants. These data provide a
detailed analysis of the skin's redox balance, enabling early detection of imbalances responsible for
premature aging. The PAOTScan not only measures the speed of skin ageing, but also enables
prevention and treatment strategies to be adapted. It is therefore an invaluable tool in dermatology
and dermato-cosmetics, making it easier to monitor the effectiveness of anti-aging interventions and
helping to preserve the skin's health and youthfulness.

Keywords: oxidative stress; antioxidants; oxidants; cellular damage; accelerated aging; skin
pathologies

1. Introduction

Oxidative stress is defined as an imbalance between the production of reactive oxygen species
(ROS) and the ability of antioxidant systems to neutralize them. ROS include free radicals and other
reactive oxygen derivatives, which are produced naturally during cellular metabolism or in response
to external stimuli such as exposure to ultraviolet radiation, pollution or tobacco. When ROS
production exceeds antioxidant capacity, this leads to molecular alterations affecting DNA, lipids
and proteins. This oxidative damage impairs cellular and tissue functionality, contributing to
premature aging and the onset of various pathologies [1,2].

Oxidative stress is implicated in many age-related diseases, such as cardiovascular disease,
neurodegenerative pathologies (such as Alzheimer's and Parkinson's disease) and certain cancers[3].
In addition, it accelerates the process of cellular senescence by shortening telomeres, the
chromosomal structures essential for protecting DNA during cell division. This deterioration of
telomeres, aggravated by oxidative aggression, promotes cell cycle arrest and the progressive loss of
tissue regeneration capacity [4,5].
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Given these complex mechanisms, accurate and regular assessment of oxidative status is crucial.
This not only makes it possible to monitor oxidative imbalances, but also to identify preventive
strategies likely to slow down the effects of biological aging. In this context, PAOTScan technology
represents a major innovation. It relies on non-invasive electrochemical measurement to analyze the
oxidative state of the skin in real time. By quantifying imbalances between oxidants (POTScore) and
antioxidants (PAOTScore)[6], this tool provides an estimate of the speed of biological aging, based
on complementary parameters such as hydration levels and skin pH. The aim of this review is to
present the underlying mechanisms of oxidative stress in skin aging, highlighting the impact of free
radicals on the skin's cellular structures. It also explores the role of antioxidant biomarkers in
protecting against this damage, as well as the contribution of innovative technologies, such as
PAOTScan, in measuring the speed of aging in real time and identifying the imbalances responsible
for premature aging. Finally, the review highlights the importance of these assessments in adapting
dermatological care and lifestyle habits to preserve the skin's youthfulness and health

2. Biological Aging and Oxidative Stress

Radical Theory of Aging

The radical theory of aging, formulated by Denham Harman in 1956, proposes that reactive
oxygen species (ROS), such as free radicals, are responsible for a progressive accumulation of damage
at the cellular level, thus contributing to aging. According to this theory, ROS are generated during
normal metabolic processes, notably mitochondrial respiration, and can interact with biological
macromolecules, leading to irreversible modifications [7].

Cellular alterations linked to aging
Damage to DNA and telomere function

Oxidative stress induces significant damage to telomeres, directly affecting their structure and
integrity. Telomeres, made up of guanine-rich sequences, are particularly sensitive to attack by
reactive oxygen species (ROS), notably through the formation of oxidative lesions such as 8-
oxoguanine [8,9]. This damage impairs telomeric DNA protection and repair mechanisms,
exacerbating telomere length loss over cell divisions [8].

Oxidative stress also compromises the activity of telomerase, the enzyme responsible for
telomere maintenance. The incorporation of oxidized bases, such as oxodGTP, blocks telomere
elongation, preventing proper regeneration [8]. This dysfunction accelerates telomere shortening,
leading to premature cellular ageing, particularly in skin tissue where rapidly renewing cells such as
keratinocytes and fibroblasts are affected [9]. As a result, oxidative stress contributes significantly to
skin ageing through integrated mechanisms affecting cell regeneration capacity as well as genetic
stability.

Lipid peroxidation

Oxidative stress induces lipid peroxidation, a key process in skin ageing. Under the effect of free
radicals such as hydroxyls and hydroperoxyls, polyunsaturated lipids in cell membranes are
attacked, g enerating | ipid r adicals t hat p ropagate a c hain r eaction o f d egradation [ 10,11]. T his
peroxidation produces reactive compounds such as isoprostanes, malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE), which can covalently bind to DNA, proteins and phospholipids,
disrupting essential cellular processes [12,13].

These alterations compromise the integrity of cell membranes, reducing their fluidity and
protective function, thus weakening the skin's natural defenses against environmental aggressors
such as UV rays [10,12]. Furthermore, the chronic accumulation of this oxidative damage leads to
persistent inflammation, accelerating cellular senescence and reducing the regenerative capacity of
skin tissue [11,13].

In response to these stresses, compensatory mechanisms such as the activation of transcription
factors (NF-«xB, Nrf2) are activated, but their repair capacity is often exceeded under conditions of
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chronic stress [12]. Thus, lipid peroxidation contributes directly to premature skin aging,
underscoring the importance of preventive approaches aimed at neutralizing
The AGE-RAGE axis and aging

Advanced glycation end-products (AGEs), resulting from the non-enzymatic reaction between
reducing sugars and proteins, lipids or nucleic acids, accumulate over time, a phenomenon amplified
by oxidative stress [14,15]. These AGEs interact with their specific receptor, RAGE (Receptor for
Advanced Glycation End-products), activating a cascade of pro-inflammatory and pro-oxidative
reactions in tissues [2,16]. This activation leads to increased production of ROS (reactive oxygen
species) via the NADPH oxidase enzyme, promoting a vicious circle of oxidative damage [15].

At cutaneous level, EFAs alter the structure of the extracellular matrix (ECM), notably by
modifying collagen and elastin, reducing tissue suppleness and integrity [15,17]. These modifications
compromise cellular repair mechanisms and accelerate fibroblast senescence, limiting the skin's
regenerative capacity [2]. In addition, AGE-RAGE interaction activates signaling pathways such as
NF-«B and MAPK, amplifying chronic inflammation and disrupting the natural antioxidant response
[16,17].

The progression of these mechanisms is associated with premature aging, manifested by loss of
elasticity, the appearance of wrinkles and a skin more vulnerable to environmental aggressors [2,15].
The management of oxidative stress and the reduction of EFAs, through
Mitochondrial dysfunction and aging

Cellular aging is closely linked to mitochondrial dysfunction, mainly due to increased oxidative
stress over time. Mitochondria, as the main sources of ROS production via the respiratory chain, are
particularly vulnerable to these reactive oxygen species [18,19]. Electron leakage at complexes I and
III generates superoxide (O:--), which can be transformed into other radicals, such as hydrogen
peroxide and the hydroxyl radical, causing damage to mitochondrial components [19,20].

This damage particularly affects mitochondrial DNA (mtDNA), which, due to its proximity to
ROS production sites and limited repair mechanisms, undergoes frequent mutations and deletions
[19,21]. These alterations compromise the performance of OXPHOS complexes, reducing the
efficiency of ATP production and increasing electron leakage, thus intensifying oxidative stress in an
amplification loop [18]. This energetic deterioration affects cells with high metabolic demand, notably
skin and muscle cells, limiting their regenerative capacity [19,20].

Lipid peroxidation of mitochondrial inner membranes, initiated by ROS, generates toxic
compounds such as 4-hydroxynonenal (4-HNE), which impair the fusion and fission processes
required to eliminate dysfunctional mitochondria by mitophagy [18,19]. These dysfunctions also
disrupt cell renewal mechanisms by activating pro-apoptotic pathways, notably through the release
of cytochrome ¢, triggering programmed cell death [18].

These processes contribute to the accumulation of senescent cells in tissues, reducing their ability
to repair and renew themselves. In skin tissue, this translates into a loss of elasticity, reduced
hydration and an altered protective barrier, favoring the visible signs of aging [18]. Interventions
aimed at regulating ROS production, such as enhancing mitochondrial antioxidant systems or
modulating mitophagy processes, could represent promising strategies for slowing aging and
preserving tissue regeneration [19,20].

Enzyme deregulation

Superoxide Dismutase (SOD) is an essential antioxidant enzyme, playing a key role in cellular
defense against oxidative stress. It catalyzes the dismutation of superoxide anion (O2.-) into hydrogen
peroxide (H202) and oxygen (O2) [22-24]. Under conditions of intense oxidative stress, such as
excessive exposure to UV rays or pollution, or during chronic inflammatory processes, the
production of free radicals exceeds the neutralizing capacity of SOD [25]. This oxidative overload
leads to inhibition of SOD activity by several mechanisms. For example, excess H202 can promote
oxidative modifications of SOD, thus reducing its enzymatic efficiency. Free radicals can also oxidize
specific residues within the SOD structure, notably amino acids such as tyrosine, thus impairing its
function [22]. This deregulation of SOD leads to a vicious circle in which reduced enzyme activity
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results in an accumulation of superoxide anion, intensifying oxidative stress [26]. This causes direct
damage to membrane lipids, notably through their peroxidation, to structural proteins (collagen,
elastin) and to the DNA of skin cells [27]. Clinically, this translates into a loss of elasticity, the
appearance of deep wrinkles, skin slackening and increased sensitivity to environmental aggressions,
accentuating the skin's vulnerability to damage.

Catalase (CAT) is also an antioxidant enzyme that catalyzes the breakdown of hydrogen
peroxide into water and oxygen, limiting the accumulation of these potentially toxic ROS [28-30].
Located mainly in peroxisomes, catalase plays an essential role in the detoxification of ROS produced
during metabolic processes such as the $-oxidation of fatty acids [29]. This function maintains a
healthy cellular redox balance and prevents oxidative damage to cellular components, including
membrane lipids, proteins and DNA [29]. However, under conditions of intense oxidative stress,
catalase activity can be significantly impaired. For example, oxidative stress induced by
environmental contaminants such as bisphenol A (BPA) has been shown to dramatically reduce
catalase activity in human liver cells, compromising H202 detoxification capacity and amplifying
oxidative stress [31]. In addition, during cellular aging, the import capacity of catalase into
peroxisomes is often reduced, leading to accumulation of H202 in the cytosol and exacerbating
oxidative stress-related cellular damage[32]. This deregulation of catalase creates a vicious circle in
which the accumulation of H202 promotes the formation of more reactive free radicals, such as the
hydroxyl radical (OH-) via the Fenton reaction, leading to widespread oxidative damage to
membrane lipids, structural proteins and cellular DNA [28]. In the context of skin aging, this altered
catalase activity contributes to increased lipid peroxidation, collagen and elastin degradation, and
increased skin sensitivity to external aggressors [32,33]. As in the case of SOD, this will manifest
clinically as loss of elasticity, the appearance of deep wrinkles and sagging skin, accelerating the
visible signs of cutaneous aging.

Glutathione Peroxidase (GPx) is an essential antioxidant enzyme that plays a key role in
protecting cells against oxidative stress. It is part of a family of proteins including both selenoproteins
(GPx1 to GPx4, as well as GPx6) and cysteine-based proteins (GPx5, GPx7, GPx8) [34-36]. Its main
purpose is to neutralize the damaging effects of free radicals by converting hydrogen peroxide
(H202) and various organic hydroperoxides into less toxic compounds, such as water and alcohols,
using reduced glutathione (GSH) as a cofactor [37]. Among the members of this family, GPx4 stands
out for its unique ability to target complex lipid hydroperoxides, thereby protecting cell membranes
against lipid peroxidation and preventing ferroptosis, a form of cell death regulated by lipid
oxidation [35,38]. Excessive ROS accumulation can lead to oxidation of cysteine or selenocysteine
residues in the GPx structure, reducing its enzymatic efficiency and disturbing the cellular redox
balance [37]. This deregulation leads to a vicious circle in which reduced GPx activity promotes the
accumulation of lipid peroxides, intensifying oxidative stress and causing cellular damage, notably
to membrane lipids, structural proteins such as collagen and elastin, and DNA [39].

Oxidative stress promotes inflammation

Oxidative stress promotes chronic inflammation by inducing the production of pro-
inflammatory cytokines such as interleukin-6 (IL6), interleukin 1-b (IL1b) and tumor necrosis factor
alpha (TNFa) [40-42]. This increase in pro-inflammatory cytokines creates a vicious circle in which
inflammation induces increased ROS formation, promoting oxidative stress [41,43]. For example,
exposure to microplastics induces splenic inflammation in Japanese quail via activation of the p38
MAPK and TNF pathways, leading to a significant increase in ROS and a decrease in the activity of
antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) [43]. Similarly, heme
can induce programmed macrophage necrosis by promoting autocrine TNF production and ROS
generation, illustrating the complex interplay between oxidative stress and inflammation [44]. This
ROS-fed inflammatory loop leads to significant tissue damage. Prolonged exposure to ultraviolet
(UV) radiation has been shown to generate significant stress, promoting the release of pro-
inflammatory cytokines such as IL6 and IL1b, and reducing the expression of antioxidant enzymes
such as MnSOD [45]. In internal tissues, ROS accumulation can disrupt the endothelial barrier and
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increase vascular permeability, initiating irreversible cell damage [40]. This aggravates chronic
inflammatory diseases and contributes to the acceleration of skin ageing, characterized by thickening
of the epidermis and degradation of the collagen network.
Dysbiosis and inflammation favor ROS generation

An imbalance in the gut microbiota, or dysbiosis, greatly favors increased oxidative stress and
damage to the skin barrier. Dysbiosis leads to disruption of intestinal permeability, often referred to
as "leaky gut", allowing the translocation of bacterial components such as lipopolysaccharides (LPS)
into the systemic circulation [46,47]. These pro-inflammatory molecules activate the immune system,
leading to increased production of pro-inflammatory cytokines such as IL6 and TNFa, promoting a
pro-oxidant environment and contributing to a chronic inflammatory state known as "inflammaging"
[47,48]. This systemic inflammation directly alters skin barrier function via the gut-skin axis. Indeed,
intestinal dysbiosis influences keratinocyte differentiation and reduces the production of ceramides,
lipids essential for maintaining skin barrier integrity [49,50]. Studies have shown that the intestinal
microbiota can disrupt skin cell cohesion and moisture retention, notably by reducing levels of skin
barrier proteins such as loricrin, keratin 10 and desmoglein 1 [49]. In addition, some pathogenic
bacteria produce metabolites such as phenol and p-cresol, which can penetrate the skin, disrupt
epidermal differentiation and reduce skin hydration [51]. When the cutaneous barrier is impaired,
the skin becomes more permeable to external agents, accentuating local oxidative stress and skin
damage. This contributes to premature skin ageing, characterized by dryness, loss of elasticity, the
appearance of wrinkles and increased vulnerability to external aggressors [50].

Table 1. Comparison of different oxidative stress markers: biological effects and age-related variations.

Biomarkers Impact Tendance
8-oxodG DNA damages Increase
MDA (lipid peroxidation) Oxidative stress markers Increase
Telomere length Cellular senescence indicator Decrease
PAOTScore Total Antioxidant Power Decrease
SOD Antioxidant enzyme, ROS detoxification Decrease
Catalase Conversion of H202 into H20 and O2 Decrease
GPx Peroxide reduction, cell protection Decrease
Pro-inflammatory cytokines (IL6, TNFa, etc.) Pro-inflammatory cytokines Increase
Bacteria of the intestinal microbiota IS\ZI;csl:Iatlon of inflammation and oxidative Dysbiosis

Pro-oxidant effects of vitamins.

Although antioxidants are generally recognized for their protective role against oxidative stress,
several studies have shown that they can also exhibit pro-oxidant behavior, particularly at high
concentrations, in the presence of transition metals, or depending on their chemical structure. This
paradox is well illustrated by flavonoids which, despite their ability to scavenge reactive oxygen
species (ROS), can generate free radicals when oxidized into reactive quinones. These quinones are
capable of damaging DNA or initiating the production of superoxide through the reduction of metals
such as Cu?* or Fe?* [52]. A similar phenomenon has been observed with vitamin C: although it is a
powerful antioxidant, it can reduce Fe®* or Cu?* to Fe?* or Cu?, thereby facilitating the Fenton reaction
and the formation of highly reactive hydroxyl radicals [53,54]. These effects are generally dose-
dependent: at low concentrations, antioxidants exert a protective effect, whereas at high doses or in
pro-oxidant environments (e.g., high pH or excess metals), they promote oxidation.

This dual behavior is now being exploited in certain anticancer strategies, where the pro-oxidant
effect of polyphenols is used to induce apoptosis in tumor cells through a targeted increase in ROS
levels [55]. It has also been demonstrated that red wine polyphenols, although antioxidant in vitro,
slightly increase ROS levels in erythrocytes, thereby activating an adaptive response of endogenous
antioxidant systems such as glutathione and enzymes of the pentose phosphate pathway [56].
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In a dermatological context, these ambivalent properties highlight the importance of proper
formulation and controlled dosage. When applied topically, certain antioxidants may act as pro-
oxidants under the influence of UV radiation, skin pH, or traces of metals present in sweat or
environmental pollution. This can lead to local ROS production, promoting premature skin aging or
inflammatory reactions. Conversely, at low concentrations and under controlled conditions, these
compounds may stimulate endogenous skin defenses and enhance the resilience of the epidermal
barrier against oxidative stress.

PAOTScan to measure oxidative stress

PAOTScan is an innovative, patented technology for rapid, non-invasive, real-time
measurement of oxidative stress. The technique is based on the application of a patch containing
microelectrodes to the skin, combined with a gel enriched with an electrochemical mediator (Figure
1). This device detects electrochemical variations due to reactions between oxidants and antioxidants
present on the skin's surface.

20, + 2HT —2%» H,0, ot H,0 + O
0, RSH
GPx
RSSR
H,0

Figure 1. Enzymatic pathways of oxidative stress detoxification: role of superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx) (Yu et al. 2010 [24]).

The PAOTScan generates two key scores for assessing oxidative balance: the PAOTscore and the
POTscore. In addition, the tool can identify other biomarkers, including vitamin C, vitamin E and
glutathione. It also takes into account clinical parameters such as skin hydration and associated pH,
as well as the speed of cellular aging.

The PAOTscore

Total Antioxidant Power reflects the skin's antioxidant capacity, i.e. its ability to neutralize ROS.
A high score indicates a high level of antioxidants such as vitamin C, vitamin E and glutathione,
which play a key role in protecting against cellular damage.

Antioxidants reduce the impact of free radicals on cells by limiting the oxidation of lipids,
proteins and DNA. Consequently, a high PAOTScore is synonymous with good antioxidant defense
and reduced susceptibility to oxidative stress-related pathologies

The PAOT Score is calculated as follows:

PAOT (Pouvoir AntiOxydant Total) — Skin(") = x 100%

((EPm - EPO))
EP

Where EPO is the electrochemical potential at time 0, EPmax is the maximum electrochemical
potential, EP10 is the electrochemical potential at time 10 mins [6].
The POTscore

Total Oxidant Power quantifies the level of oxidants present on the skin. These oxidants, mainly
free radicals, are capable of damaging cells if not neutralized by antioxidants. An elevated POTScore
reveals an oxidative imbalance, indicating an increased risk of oxidative stress and, by extension, cell
damage.

The POT score is calculated as follows:
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(EPmax — EPo)

POT (Pouvoir Oxydant Total) — Skin(") = ( P
0

) X 100%

Where EPO is the electrochemical potential at time 0, EPmax is the maximum electrochemical
potential, EP10 is the electrochemical potential at time 10 mins.

The protocol followed has already been described by Pincemail ] et al. (2019).

Markers observed by PAOTScan

Vitamin C (ascorbic acid) plays an essential role in dermato-cosmetology, notably for its anti-
aging and regenerative properties on the skin. It is a powerful antioxidant capable of neutralizing
free radicals, thus limiting oxidative damage caused by UV rays and other environmental aggressions
[57,58]. By stimulating collagen synthesis, it improves skin elasticity and firmness, while reducing
the appearance of wrinkles [57,59,60].

Its role in cosmetology is not limited to collagen production; it also acts as a cofactor in collagen
hydroxylation, a key step in the maturation of collagen fibers. This strengthens the structure of the
dermis and helps prevent skin slackening [61]. In addition, vitamin C helps to lighten pigmentation
spots by inhibiting tyrosinase, a key enzyme in melanogenesis, making it effective in the treatment
of hyperpigmentation [61]. Regular topical application of vitamin C, in stabilized form, significantly
increases collagen levels and improves overall skin texture, reducing the visible signs of aging [62].

Vitamin E, mainly in the form of alpha-tocopherol, is a powerful fat-soluble antioxidant that
protects cell membranes against lipid peroxidation. This mechanism prevents damage to lipids,
proteins and DNA caused by free radicals, particularly in fat-rich tissues such as skin [63,64].
Vitamin E is able to neutralize free radicals generated by various environmental factors, such as UV
rays. By reducing oxidative stress, it prevents the signs of skin ageing, including the premature
appearance of wrinkles and loss of elasticity [63]. By stabilizing cell membranes, vitamin E promotes
the repair of damaged tissue and enhances skin regeneration. Its anti-inflammatory action, by
inhibiting the NF-xB pathway, reduces the production of pro-inflammatory mediators such as
prostaglandins and cytokines, which is beneficial in limiting redness, irritation and skin inflammation
[63]. Vitamin E works in synergy with vitamin C to reinforce antioxidant defense. Once oxidized,
vitamin E is regenerated by vitamin C, enabling it to maintain its effectiveness in the fight against
free radicals [64].

Glutathione (GSH) is a major intracellular antioxidant that protects cells against oxidative stress
by neutralizing reactive oxygen species (ROS). It plays a part in antioxidant defense mechanisms by
maintaining cellular redox balance. Its role is crucial in preventing oxidative damage to lipids,
proteins and DNA [65]. In UV-induced skin damage, glutathione acts synergistically with the enzyme
GPX4 (glutathione peroxidase 4) to reduce lipid peroxides. This protects keratinocytes against
ferroptotic necrosis, a form of cell death linked to the accumulation of iron and peroxidized lipids.
This mechanism is essential for preserving skin integrity under the effects of sun exposure [66,67].
Certain substances, such as resveratrol or NMN (nicotinamide mononucleotide), can boost
glutathione production by activating the Nrf2 pathway. This improves the skin's endogenous
antioxidant defences and reduces the accumulation of toxic products resulting from lipid
peroxidation [66,67].

The pH of the skin is generally between 4 and 6, corresponding to a slightly acidic environment
known as “acid mantle”. This acidity comes mainly from the fatty acids in sebum and the organic
acids in sweat [68,69]. The hydrolipidic film thus formed plays a key role in protection against
external aggression. Skin pH regulates the activity of several essential enzymes, notably those
involved in the desquamation process and lipid renewal. An acid pH maintains the balance between
proteases and their inhibitors, ensuring the stability of the skin barrier [68]. Skin acidity inhibits the
growth of many pathogenic micro-organisms, while promoting a healthy microbiota. This
antimicrobial function is essential for preventing skin infections such as atopic dermatitis [69]. As pH
becomes alkaline, the risk of bacterial and fungal proliferation increases, compromising skin integrity
[70].
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With age, the skin's pH tends to rise, leading to a reduced capacity for cell regeneration and
impaired production of protective lipids [68]. This change favors the appearance of signs of
premature aging, such as dryness, loss of elasticity and wrinkles [70]. Skin acidity plays an essential
role in maintaining skin barrier homeostasis [71].

The stratum corneum is the outermost layer of the epidermis and plays a crucial role in
regulating hydration. It contains corneocytes surrounded by a lipid matrix, which form a barrier to
excessive water loss (TEWL) [72]. Hydration directly influences the flexibility and cohesion of stratum
corneum cells, as well as the enzymatic activities essential for desquamation [73]. Significant
variations in hydration can be observed with age, where a decrease in sebum production and water
retention capacity is noted [74]. Dehydrated skin becomes stiffer and less elastic, increasing
susceptibility to cracking and infection [74]. Chronic moisture loss can lead to skin pathologies such
as eczema and atopic dermatitis [69,73]. As we age, the skin's ability to maintain its hydration
diminishes, accentuating signs of ageing such as wrinkles and loss of elasticity. Maintaining a good
level of hydration is essential to slow down these processes and preserve the skin's appearance and
health [73].

PAOTscan can accurately detect and quantify various oxidative stress parameters, and compare
them with a reference interval. These values can be used to interpret the results obtained with the
PAOTscan, situating the patient's condition in relation to normal physiological values [6].

Table 2. Highlighting reference ranges of oxidative stress markers (Pincemail ] et al. 2019).

Parameter Human Reference interval

Antioxydants
vitamin C (ug/mL) 6.0-15
vitamin E as a-tocopherol (pg/mL) 8.6 -19.2
v-tocopherol (pg/mL) 0.39-2.42
[B-carotene (pg/mL) 0.06 - 0.68
thiol proteins (uM) 314 - 516
reduced glutathione (M) 717 - 1110
oxidized glutathione (uM) 0.96 - 10
glutathione peroxidase (UI/g Hb) 20 - 56

Uric acid >70

Trace elements
copper (mg/mL) 0.70-1.1
zinc (mg/mL) 0.70-1.20
selenium (pg/mL) 73-110

Biomarkers of lipid peroxidation

lipid peroxides (uUM) 0-432
oxidized LDL (ng/mL) 28 -70
antibobies against oxidized LDL 200 - 600

Sources of ROS production

copper/zinc ratio 1-1.17

myeloperoxidase 27-72
PAOT
plasma 1.42-36.78
skin 7.86 - 62.91
saliva 1.52-14.14
urine 42.85 - 104.63
creatinine standardized urine 6.23 - 121.96
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The aging speed

PAOTScan measures the speed of skin aging based on a set of key markers, including pH,
hydration and skin antioxidant levels (Jones et al, 2019). These indicators provide a detailed
assessment of the state of the skin barrier and its resistance to external aggressors. The biological age
of the skin, a reflection of an individual's overall physiological state, results from the interaction
between genetic, environmental and behavioral factors [75].

Studies show that high concentrations of antioxidants in the skin are correlated with better
resistance to ageing, while low levels accentuate skin vulnerability, favoring the appearance of age-
related signs [76]. Over time, antioxidant levels decrease progressively, weakening the skin's
regenerative capacity and increasing its sensitivity to free radical-induced damage (Packer et al.,
1995). Conversely, the POT score increases with age, reflecting an accumulation of uncompensated
oxidative damage and a progressive alteration of the skin's defense mechanisms. These factors
contribute to premature skin ageing and the appearance of clinical signs such as wrinkles, loss of
elasticity and pigmentation spots [77].

The PAOTScan assessment not only determines the skin's antioxidant resources, but also
anticipates its predisposition to premature ageing (Figure 2). The system is based on a comparison of
the results obtained with adapted reference standards [77], and a marked drop in PAOTScore
indicates an acceleration in the skin's ageing process.

Figure 2. Photograph of skin oxidative stress analysis using PAOTScan technology. More details on the protocol
and results of this technology have been described by Pincemail ]. et al.(2019).
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Figure 3. Kinetic curve of electrochemical potential changes during the reaction of antioxidants and oxidants

with oxidized and reduced forms of iron, at the skin surface and using PAOTScan (Pincemail ] et al. 2019).
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PAOTScore Demonstrated correlation between age
and oxidative stress score ( PAOTscore)
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Figure 4. correlation between PAQOT score and skin ageing by age group.

Vitamins C, E and glutathione (GSH) play an essential role as antioxidants, contributing to
cellular protection against damage caused by oxidative stress (Farris, 2014). In order to quantify their
influence, a corrective coefficient is applied according to their concentration within the skin. The
equation used to adjust this influence is written as follows:

- VitCmeasured, VitEmeasured and GSHmeasured represent the measured concentrations of
vitamins C, E and glutathione in the skin.

- VitCopt, VitEopt and GSHopt correspond to the optimal levels expected for these molecules.
The evolution of oxidative stress over time can be used to assess the rate of skin aging (Berneburg

et al., 2000). This parameter is calculated by measuring the evolution of total antioxidant power
(PAOTScore) over a given period. The corresponding equation is as follows:
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PAOTy — PAOT,
‘/vicillissement = r T oH X FQCteurantioz X (

PhOtOtypefactem‘ )
TypePeanacteur

- PAOTT and PAOTOH represent the values of total antioxidant power measured respectively
after a certain time T and at the initial time.

- Tis the duration of the measurement.

- Antiox factor is the previously defined coefficient, adjusting for the impact of vitamins and
glutathione on antioxidant protection.

Facteur R Wtcmesuré + WtEmesuré + GSHmesuré
antiox VitCopt + WtEopt + GSHopt

- -Phototypefacteur / TypePeaufacteur introduces a correction taking into account the subject's
skin type and phototype, in order to refine the assessment of skin aging (Krtmann et al., 2017).

Accuracy of skin ageing assessment

The inclusion of additional parameters, such as phototype and hydration level, enhances the
accuracy of the estimate of the skin's biological age [78]. This integration makes it possible to identify
individuals at increased risk of premature aging, and to adapt preventive or corrective strategies
accordingly.

Finally, this algorithmic approach offers a robust and objective method for assessing the rate of
skin aging. It is particularly useful for dermatological diagnosis and for monitoring the efficacy of
anti-aging treatments, paving the way for personalized interventions based on reliable quantitative
data [78].

Skin parameters influencing results

When assessing cutaneous oxidative stress using methods such as PAOT® measurement, a
number of skin parameters need to be taken into account to ensure the reliability and accurate
interpretation of the results obtained. Indeed, factors such as skin pigmentation, texture, elasticity
and hydration can not only influence the penetration of the signals used for measurement, but also
directly modulate the skin's redox state by affecting the production and neutralization of reactive
oxygen species (ROS). The integration of these parameters makes it possible to improve the accuracy
of PAOT measurement results and therefore to adapt dermatological recommendations and care
[75,78].

Phototype

Skin pigmentation, influenced by the distribution of eumelanin and pheomelanin, plays a key
role in protection against oxidative stress. Eumelanin, predominant in darker skins, effectively
absorbs UV radiation, reducing the formation of free radicals and protecting DNA from oxidative
damage [79]. In contrast, pheomelanin, more abundant in lighter skins, promotes the production of
reactive oxygen species (ROS) under UVA and UVB irradiation, accentuating oxidative stress [80,81].
This difference explains why individuals with eumelanin-rich skin often have higher PAOT scores,
reflecting a better resistance to oxidative stress. This difference explains why individuals with
eumelanin-rich skin often have higher PAOT scores, reflecting better intrinsic antioxidant capacity.
These variations in photoprotection directly influence the measurement of oxidative stress, and must
be taken into account when interpreting results obtained on different skin phototypes.

Elasticity

Skin elasticity is a key parameter influencing the measurement of oxidative stress, as it reflects
the integrity and functionality of the dermis. With age, collagen and elastin synthesis declines,
leading to a progressive loss of the skin's mechanical properties and favoring the appearance of
wrinkles and skin sagging [82]. This decrease is associated with altered fibroblast metabolism and
increased collagen degradation, contributing to a more fragile skin that is less able to resist oxidative
aggression [83]. Variations in elasticity must therefore be taken into account when interpreting
oxidative stress scores, particularly in elderly populations or those with altered skin metabolism.
Texture
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Skin texture is a key parameter to consider when measuring oxidative stress by PAOT. Chronic
exposure to UVA and UVB induces major structural alterations, notably degradation of collagen and
elastin fibers, leading to loss of firmness and accentuation of skin irregularities [84]. In addition, UV
rays reduce concentrations of carotenoids such as lycopene and [3-carotene, which play a role in
photoprotection and the neutralization of free radicals [77]. These changes potentially influence the
scattering of optical signals used for PAOT measurement, due to reflectance variations by structurally
altered skin. Skin marked by wrinkles and irregularities could therefore present biased values,
requiring an adapted interpretation of the results obtained. So, taking skin texture into account is
essential to ensure reliable, reproducible measurements of oxidative stress.

Comparison of PAOTScan with other current techniques

PAQOTScan is positioned as an innovative alternative to conventional techniques for measuring
oxidative stress, offering a rapid, non-invasive, real-time method. Unlike biochemical assays, which
require biological samples to achieve high precision, PAOTScan simplifies the procedure while
avoiding discomfort for the patient. Compared with Raman spectroscopy, which also shares the
advantage of non-invasiveness but has limited sensitivity, PAOTScan provides a complementary
approach well suited to routine clinical monitoring. However, like other surface techniques, it
remains limited to the analysis of coats, which are more exposed to external aggression.

Table 3. Highlighting reference ranges of oxidative stress markers (Pincemail ] et al. 2019).

Method Principle Advantages disadvantages
Raman Detection of oxidative Non-invasive Limited sensitivity (Ruffien-
Spectroscopy biomarkers Ciszak et al., 2008)
Biochemical DA - Requi ling (Ayal L,
iochemica M and 8-oxodG High precision equires sampling (Ayala eta

assay assay 2014)

Real-time Fast and non
PAOTScan electrochemical . . No Specific species

. invasive
analysis

Antioxidant protection strategies

To effectively combat cutaneous oxidative stress, several antioxidant protection strategies can
be implemented. Vitamins C and E are particularly effective. Vitamin C neutralizes free radicals and
stimulates collagen production [61], while vitamin E protects lipid membranes [63]. Glutathione
(GSH), an endogenous antioxidant, plays a key role in regulating intracellular oxidative stress,
offering additional protection to the skin [65]. Polyphenols, notably resveratrol, also contribute to this
defense by activating the Nrf2 pathway, although their efficacy varies from medium to high
according to studies [67]. Finally, sun protection (SPF) remains essential for blocking UV rays, and is
considered essential for preventing oxidative stress-induced skin damage [85]. Each approach has its
own specific strengths, underlining the importance of a combined strategy for optimal skin
protection.

Table 4. Effectiveness of antioxidant approaches in limiting cutaneous oxidative stress.

Strategy Mechanism Efficiency
Vitamin C Free radical neutralization, collagen stimulation High

Vitamin C Protection of lipid membranes High
Glutathione Regulation of intracellular oxidative stress High
Polyphenols (resveratrol) Activation of the Nrf2 pathway Medium to High
Sun protection (SPF) UV blocking Essential

5. Conclusions

Skin aging is a complex process influenced by intrinsic and extrinsic factors, among which
oxidative stress plays a central role. The accumulation of oxidative damage to cellular
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macromolecules, notably DNA, lipids and proteins, leads to progressive alteration of skin structure
and function. The radical theory of aging, combined with mechanisms such as lipid peroxidation,
telomere shortening and mitochondrial dysfunction, explains how oxidative stress contributes not
only to premature aging, but also to accelerating the rate of skin aging.

PAQOTScan technology is positioned as an innovative tool for non-invasive, real-time assessment
of the oxidative state of the skin. By providing a precise analysis of the skin's redox balance via PAOT
(Total Antioxidant Power) and POT (Total Oxidant Power) scores, this device makes it possible to
estimate the speed at which the skin is undergoing the effects of biological aging. This dynamic
approach enables early detection of oxidative imbalances and quantification of their impact on the
speed of skin aging. By adapting prevention and treatment strategies to the speed of aging, we can
act more effectively to slow down the process.

In addition, the use of antioxidant biomarkers such as vitamins C and E, and glutathione,
strengthens the skin's ability to combat the deleterious effects of free radicals. By neutralizing these
reactive oxygen species, these antioxidants help not only to reduce cellular damage, but also to
stabilize the rate of skin ageing by maintaining an optimal redox balance.

In conclusion, the integration of advanced measurement methods such as PAOTScan with
targeted antioxidant strategies represents a promising approach to preserving skin health and
youthfulness in the face of oxidative aggression. By enabling a precise assessment of the speed of
aging, this technology opens up new perspectives in preventive dermatology and cosmetology,
offering personalized solutions for controlled and delayed skin aging. However, a combined
approach including both precise biochemical biomarkers and adapted antioxidant strategies appears
to be the most effective way of not only slowing down premature ageing, but also controlling the
speed of cutaneous ageing.
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