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Abstract: Recent studies contend that the skin is subject to far more damage than just
ultraviolet (UV) light, with infrared radiation and pollution now clearly demonstrated to
degrade cutaneous tissue. While consumers continue to strive for new ways to augment the
aesthetic appeal and improve the health of their skin, awareness regarding environmental
insults and effective ways to protect the skin remains low. New advances in dermatologic
science have exponentially increased the available information on the underlying
mechanism of cutaneous damage and potential of topical antioxidants to treat aging skin.
Combining antioxidants that can work through multiple pathways holds great potential for
a cumulative and synergistic way to treat aging skin. Our goal is to provide a
comprehensive review on environmental factors that damage human skin, discuss
scientifically proven benefits of topical antioxidants, understand challenges of formulating
and administering topical antioxidants, evaluate novel mechanisms of antioxidant activity,
and suggest practical ways of integrating topical antioxidants with aesthetic procedures to
complement clinical outcomes.
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1. Introduction

Human skin is constantly exposed to environmental insults, the most prominent of which is
ultraviolet radiation (UVR). Other factors like cigarette smoke, infrared radiation, visible light, diesel
fuel exhaust, and ozone are believed to damage skin, even though UVR remains as the predominant
stressor with a plethora of scientific evidence supporting its deleterious role [1-5]. As a consequence
of the normal aging process, both intrinsic and extrinsic forces contribute to the progressive depletion
of cutaneous antioxidants, leading to an imbalance of cellular redox in favor of a state of oxidative
stress. This imbalance manifests phenotypically as diminishing skin health and loss of its aesthetic
appeal. Even though oxidation is a basic chemical reaction vital for existence of almost every living
species, organisms had to evolve a complex system of antioxidants to protect themselves from
extensive oxidative damage at a cellular level. Regardless of the effectiveness of an organisms’
defense system, exposure to environmental insults and the cumulative effects of advancing age can
render this defense capacity diminished and eventually obsolete in fighting constant oxidative assaults.
Additionally, environmental assaults like UVR and various pollutants exhibit potential to cause
cutaneous inflammation leading to an immune response involving the recruitment of activated
neutrophils and macrophages with a subsequent release of oxidative bursts capable of degrading
connective tissue and collagen fibers [6]. While the process of cutaneous aging has been divided into
intrinsic (or chronologic) and extrinsic (or environmental) aging, it is extremely difficult to separate
the two in human facial skin as both occur simultaneously and through similar mechanisms. The goal
of this paper is to briefly review the scientific literature highlighting damaging effects of the
environment on skin, discuss the potential of topical antioxidants in mitigating the damage, understand
the challenges of properly formulating topical antioxidants, and suggest ways of integrating topical
antioxidants with aesthetic treatments to augment clinical outcomes.

2. Ultraviolet Irradiation

The observations of the degenerative effect of solar radiation on skin were initially made in the late
19th century by Paul Gerson Unna, evaluating cutaneous anomalies of sailors, and William Auguste
Dubreuilh, noting the increased prevalence of hyperkeratoses in vineyard workers [7,8]. Ultraviolet
Radiation (UVR) exerts its damage on the skin by increasing the production of free radicals,
specifically reactive oxygen species (ROS), resulting in photo-oxidative damage to cellular
components in the epidermis and extracellular matrix [9]. One of the first studied molecular
mechanism of UV-induced oxidative stress and its deleterious role in skin aging involves the
absorption of photon energy by cutaneous chromophores leading to excitation of oxygen and
subsequent production of ROS like superoxide radical (O27), singlet oxygen (Oz°¢), and hydroxyl
radicals (OHe¢) which can directly damage biomolecules vital for skin function [6]. Superoxide, for
one, is known to oxidize and inactivate a number of dehydratases by causing a loss of Fe(II) from the
active site. In addition to the loss of the dehydratases catalytic activity, the liberated Fe(Il) from the
(4Fe—4S) cluster participates in the reduction of hydrogen peroxide (H202) to hydroxyl radical (OHe),
an extremely reactive radical with indiscriminating capacity to damage proximal biomolecules, in the
classical Fenton reaction [10]. An alternative cascade of free radical production involves the reaction
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of photons or excited photosensitizers with molecular oxygen to form superoxide anion radicals, which
subsequently lead to the generation of lipid radicals in the cellular membrane. This oxidative
degradation of cell membrane lipids is referred to as lipid peroxidation, which propagates the formation of
cascading free radicals further compounding the degradation of intracellular components [11]. Lipid
peroxides and their associated byproducts, including 4-hydroxy-2-nonenal and malondialdehyde, disrupt
cellular homeostasis by damaging vital proteins and via release of proinflammatory mediators [12].
Signaling pathways of UVR damage tend to converge on the upregulation of transcription factor
Activator Protein-1 (AP-1) that can further increase the production of matrix metalloproteinase (MMP)
that triggers collagen breakdown [13]. ROS signaling also blocks transforming growth factor beta
(TGF-P) causing a reduction in new collagen formation [14]. This net loss of dermal collagen, due
both to increased collage breakdown and reduced collagen synthesis, is fundamental to wrinkling and
laxity seen in photoaged skin [15]. Additionally, ROS stimulate the production of elastin mRNA and
are intricately involved in elastotic changes seen in photoaged skin [16]. Serving as the main target for
environmental attack, the skin has evolved a comprehensive antioxidant defense system to combat
extrinsic oxidative stress. Nevertheless, the cumulative exposure to UVR leads to the progressive
depletion of cutaneous antioxidants, and an imbalance of cellular redox in favor of a state of oxidative
stress. Oxidation of proteins and nucleic acids by UVR has also been implicated in advancement of
photoaging [17]. The progressive accumulation of oxidative damage to lipids, proteins, and nucleic
acid causes a negative feedback loop that results in an overall greater production of ROS, further
exacerbating cellular redox homeostasis in favor of a pro-oxidative state [18]. The mechanism of
action of UVR is generally tied to a specific wavelength, causing either direct damage to cellular
components like collagen or by increasing the formation of ROS [17].

3. Infrared A Radiation

Infrared A Radiation (IRA) is another example of an insult that holds substantial capacity to damage
and prematurely age human skin. Increasing scientific evidence supports the conclusion that
wavelengths of the solar spectrum between 770 and 1400 nm (IRA) can cause actinic damage and
accelerate skin aging [19]. While there are similarities between the ways in which UVR and IRA
function at a mechanistic level, the most profound difference is in the cellular chromophores absorbing the
wavelength. Furthermore, unlike UV rays, IRA can penetrate through all three layers of the skin [20].
While UVR shown an absorption spectrum in cellular membrane lipids as well as nucleic acids, IRA is
believed to be absorbed by the copper atoms of complex IV of the mitochondrial respiratory
chain [21,22]. This indicates that the initial reaction in IRA molecular signaling cascade occurs at a
mitochondrial level. Krutmann ef al. has shown that IRA causes changes in transcription of human
fibroblasts in the genomic region responsible for homeostasis of extracellular matrix, apoptosis, and
stress response [23]. Furthermore, studies have demonstrated that IRA propagates the formation of
ROS, leading to upregulation of matrix metalloproteinase and subsequent breakdown of cutaneous
collagen [24-26]. Of note in these findings is the absence of associated increase in tissue inhibitor of
metalloproteinases (TIMP-1), suggesting that the upregulation of MMP-1 continues unabated and
eventually leads to substantial collagen breakdown and formation of fine lines and wrinkles, the classic
phenotype of photoaged skin. IRA is also known to reduce the expression of procollagen-1, potentially
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further diminishing the collagen content of the skin. Lastly, IRA has ability to potentiate angiogenesis,
via an upregulation of vascular endothelial growth factor (VEGF), another important molecular
hallmark of photoaged skin. Taken together these findings suggest that protection against IRA is

paramount in maintaining vitality of human skin.
4. Pollution

Air pollution is gaining acceptance as an environmental stressor exhibiting ability to damage human
skin, which is often the primary target of gaseous and liquid pollutants [5]. While pollution is a broad
term, many studies have described the ability of various individual pollutants to damage cutaneous
tissue. The pollutants believed to be most deleterious to skin are polycyclic aromatic hydrocarbons,
volatile organic compounds, heavy metals, and ozone. The effects of multiple pollutants on the skin
are believed to compound one another and can be seen almost instantaneously, as inflammation, or
over an extended period, as advanced skin aging. One particular German study found that exposure to
car exhaust particles and soot was significantly correlated with an increase in pigment deposits and
wrinkles [27]. Likewise, Valacchi et al. has demonstrated that ozone exposure causes a cascade of
stress signaling in the outer cutaneous layer, as well as increase in oxidative stress proteins in deeper
layers of the skin [28]. Studies suggest that ozone functions as a strong oxidative agent causing matrix
remodeling by inducing expression of MMP-9 [29]. Valacchi et al. have also demonstrated the
compounding effect of ozone and UV in causing greater depletion in stratum corneum vitamin E
content, producing additive oxidative stress in the skin [30]. While the underlying mechanism of action
of pollution in skin is not clearly defined, there is clear evidence implicating the generation of ROS
and subsequent state of heightened oxidative stress in all layers of the skin [31,32]. The harmful effects
of pollution are being substantiated by an increasing number of researchers worldwide, and more
controlled studies are required to unravel the complicated role it plays in accelerated skin aging.

5. Topical Antioxidants as Treatment

Topically applied antioxidants are important agents to counteract the damaging effects of
environmental insults and chronologic skin aging. Multiple studies have shown that topical application
of antioxidants is an effective therapeutic approach to aid the skin’s defense against UV and other
environmental insults [33—37]. In fact, the American Academy of Dermatology’s Guidelines of Care
includes a recommendation for the application of topical antioxidants as a treatment for
photodamage [38]. Fundamentally, antioxidants are believed to work directly by scavenging radical
species, via a donation of an electron to neutralize the radical species. Specifically, L-ascorbic acid is
hydrophilic and predominantly functions in the aqueous compartment of the cell [39].However,
L-ascorbic acid function improves in the presence of alpha-tocopherol, which aggregates around the
lipidic cellular membrane and potentiates the action of L-ascorbic acid four-fold [36]. Topical
antioxidants can reduce the prevalence of ROS and subsequent inflammatory response, a vital
component of their antiaging benefits [40]. Likewise, antioxidants prevent the oxidation and
subsequent cross-linking of structural proteins like collagen and elastin, another commonality of aged
skin. In addition to vitamins, botanical antioxidants have been shown to mitigate UV-induced damage.
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These phenolic and polyphenolic antioxidants have strong free radical scavenging capability and include
green tea extract, genistein, silymarin, caffeic acid, ferulic acid, pycnogenol and fern extract [41].

One of the newer areas of interest in topical antioxidants is the “secondary” ability of antioxidants
to not only directly terminate the propagation of radical species, but to increase the skin’s antioxidant
capacity in order to prevent and correct environmentally and chronologically induced-oxidative
damage of vital biomolecules. Instead of supplementing the skin with exogenous antioxidants, it is
possible to strengthen the skin’s already prominent antioxidant network. The ability of our skin to
synthesize antioxidants is tightly regulated by the Antioxidant Response Element (ARE) and
transcription factor Nrf2 that control antioxidant gene expression. Enzymes such as superoxide
dismutase, glutathione, catalase, and heme oxygenase-1 are under control of the Nrf2 pathway and
produced de novo to protect various tissues against daily free radical attack [42,43]. Under standard
conditions, this antioxidant defense system is activated by the production of ROS. However,
stimulating this system independent of an increase in radical species prevalence can be an additional
way to boost skin’s ability to fight oxidative damage. One molecule that is known to stimulate the Nrf2
pathway is Resveratrol, as has been shown in multiple studies in various tissues [44—46]. (Figure 1) in
2014, Farris et al. published a study that outlines the potential of a topical antioxidant formula
containing 1.0% resveratrol, 0.5% baicalin, and 1.0% alpha-tocopherol to activate the Nrf2 pathway
and improve skin’s ability to counteract extrinsic and intrinsic insults [47]. The benefits of using this
antioxidant formula were also confirmed clinically as a statistically significant improvement in all skin
quality parameters, including firmness and density.

Figure 1. Schematic representation of Resveratrol activating the Nrf2 pathway [47].

Essentially, antioxidants slow the aging process by quenching the formation of ROS or by
preventing the oxidation of vital biomolecules. However, the age-related depletion of cutaneous
antioxidant molecules must be replenished in order to maintain significant defense against extrinsic
and intrinsic insults. While it should come as no surprise that a diverse selection of topical antioxidants
products are commercially available for this exact purpose, the prevalence of antioxidant products has
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not correlated with an effective way to differentiate the efficacy of these formulas in neutralizing ROS
in vivo, boosting the skin’s antioxidant content, and ability to fight oxidative damage. For this reason,
it is important to consider the underlying factors responsible for the efficacy of topical antioxidants.

6. Countermeasures by Antioxidants

When considering different formulations, containing antioxidants as primary active ingredients,
factors like compatibility, stability, and penetration must be prioritized. One of the primary challenges
in formulating antioxidants is to ensure the stability of the mixture while promoting the delivery of
active ingredients into the skin. The ingredients must be protected from oxidation, in the delivery
vehicle, in order to remain bioactive for topical application. The stability of antioxidants, like
L-ascorbic acid, is greatly enhanced at an acidic pH and in an aqueous state where their individual pKa
value is below that of the acid. Most importantly, antioxidants need to penetrate into the skin, and
remain stable for a period of time required to attain the benefit. Penetration and utilization of
antioxidants in biological systems is vital to achieve optimal efficacy. Antioxidants should be selected
to exhibit synergistic action as opposed to neutralizing one another in a chosen vehicle. However, it is
not enough to simply understand the factors required to formulate an efficacious antioxidant,
controlled clinical studies must be conducted to validate the clinical effect. One example is the work of
Pinnell et al., who published breakthrough research on the proper formulation parameters necessary for
percutaneous absorption of topically applied vitamin C, an antioxidant widely utilized in dermatologic
formulations [48]. His study determined that vitamin C must be formulated in its pure L-ascorbic acid
form, at a pH below 3.5, in order to remove the ionic charge and promote delivery across the stratum
corneum, and with a maximal concentration between 10% and 20% in order to reach optimal
saturation in the skin [48]. As the most abundant antioxidant in skin, vitamin C or L-ascorbic acid
works via a non-enzymatic manner to protect cells against various free radicals with capability to
neutralize hydroxyl (OH), alkoxyl (OL), peroxyl (LOO) radicals, sulphur radicals, nitrogen—oxygen
radicals, as well as reducing the radical state of other antioxidants [49—51]. An example being the
ascorbic acid mediated reduction of tocopheroxyl radical back into alpha-tocopherol [52].Without the
ability to penetrate the skin, a formulation containing vitamin C or any additional agent would be
virtually ineffective.

The research published by Pinnell and colleagues, underscore the importance of designing a proper
topical delivery system to achieve percutaneous absorption [48]. However, outside their compelling
breakthrough, peer reviewed literature attesting to the ability of antioxidant products to penetrate live
skin remains scarce. Furthering their initial discovery, Pinnell et al. were able to prove that a properly
formulated mixture of antioxidants, containing vitamin C, E and ferulic acid exhibited a synergistic
activity that increased the stability of the antioxidant cocktail and could significantly
prevent UV-induced oxidative damage in skin [37,53]. They demonstrated that the combination of
synergistic antioxidants provided 8-fold protection from the formation of sunburn cells and erythema.
These studies supported the idea that vitamin C, E, and ferulic acid protected against solar-simulated
radiation-triggered apoptosis as exemplified by their prevention of caspaces activation at eight times
the minimal erythema dose (MED).
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Antioxidants also display great potential to be combined with various in-office procedures to
augment and complement the end benefit. However, when combining aggressive treatments with
topical products, it is fundamentally important to limit the number of ingredients to avoid unnecessary
irritation. Fractional lasers have been widely employed by aesthetic dermatologists for successful
treatment of rhytids as well as the general skin aging phenotype [54,55]. While lasers remain one of
the primary tools to treat cutaneous photoaging, the associated downtime often becomes a major
limitation for patients considering this procedure. Combining the procedure with topical antioxidant
application can have substantial benefits in reducing the subsequent cutaneous inflammation and
aiding the wound healing process, thus exhibit potential of alleviating post-laser downtime. For
example, L-ascorbic acid, a vital cofactor for prolyl and lysyl hydroxylase, is crucial for the synthesis
and stability of collagen, which serves an important role in the wound healing process [56,57]. The thermal
injury induced by fractional lasers is believed to substantially deplete cutaneous antioxidants well beyond
standard conditions. For this reason, integrating this procedure with a topical antioxidant formula is an
excellent method to complement the clinical efficacy while mitigating the unwanted side effects.

While the mechanism of action of topical antioxidant treatment in aiding wound healing is still not
clearly understood, replenishing the skin’s antioxidant reservoir is vitally important in the proper repair
of the laser-induced injury. Previously, a scientific poster presented at the 2014 American Academy of
Dermatology annual conference demonstrated that the average duration of downtime resolved two
days faster with the application of topical L-ascorbic acid, alpha-tocopherol, and ferulic acid serum
immediately post-fractional ablative laser treatment [58]. This study also noted that the antioxidant
serum was able to protect beta fibroblast growth factor (bFGF), and hypothesized this action to be
important in the observed resolution of post-laser downtime. Overall, the antioxidant formula was well
tolerated when used immediately post-fractional ablative laser and had the added benefit of inhibiting
albicans infections following the laser treatment, as a consequence of the formulas’ low pH. This
concept of integrating fractional lasers with topical antioxidants has been reproduced by Campos et al.,
who demonstrated that the use of the same topical L-ascorbic acid, alpha-tocopherol, and ferulic acid
formula lead to an immediate benefit in the reducing post-operative pain, as well as a long-term
benefits of enhanced clinical improvement in wrinkles and skin tone evenness after 90 days of
post-laser application [59,60].

Integrated skincare is an evolving concept that combines in-office treatments with at-home product
usage to achieve complementary clinical benefits and reduce unwanted side effects. Currently,
treatment guidelines generally advise that the use of any products, exclusive of petrolatum ointment
and sunscreen, should be avoided during the first week of recovery after an ablative procedure.
However, incorporating a topical antioxidant formula may aid the wound healing process, minimize
post-treatment downtime, and increase patient compliance with course of aesthetic treatments.

7. Conclusions

Scientific evidence is mounting that environmental factors beyond UVR can cause significant
underlying damage to the skin. Thus, it comes as no surprise that a diverse selection of topical
antioxidants products have been introduced over the last decade. Despite the prevalence of
commercially available antioxidant formulas, a clear ability to differentiate their efficacy is not yet
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possible. For this reason, understanding the variation in topical antioxidant products, like the
differences in delivery vehicle and synergistic action of active ingredients, is essential in determining
their clinically relevant effect. While many topical formulations profess to provide similar benefits,
they often lack controlled and comparative evidence supporting this claim. This presents a number of
complexities in differentiating observed versus theoretical efficacy.

Even though a complete understanding of environmentally-induced skin damage remains elusive,
it has been well accepted that continuous exposure to extrinsic assaults leads to an imbalance in favor
of a state of oxidative stress causing a disruption of cellular homeostasis and deleterious biological
effects phenotypically expressed as premature skin aging. In addition to escalating the production of
free radicals, chronic exposure to UVR is known to substantially deplete the antioxidant content of the
skin [61]. Scientists have also shown that other environmental pollutants, like polyaromatic
hydrocarbon, and ozone, can deplete vital cutaneous antioxidants, weakening the skin defense system
against oxidative stress [62,63]. Interestingly, Valacchi et al. showed that the combination of UV and
ozone causes a significantly greater depletion of cutaneous antioxidants than UVR alone, leading to the
conclusion that environmental factors in addition to UV can compound the subsequent cutaneous
damage [30]. Free radicals produced by environmental insults can be neutralized by supplementing the
skin with topical antioxidants provided that percutaneous absorption is achieved and antioxidant
stability is maintained. However, published evidence on the clinical benefits of topical antioxidants is
still limited. Instead, common tests to evaluate nutritional and pharmaceutical products, such as
oxygen radical absorbance capacity (ORAC), hydroxyl radical antioxidant capacity (HORAC),
hydrogen atom transfer (HAT), and electron transfer based in vitro assays are utilized to attest to the
formulas’ benefit. Obviously, these testing methods are of limited clinical relevance and unreliable in
correlating a products’ antioxidant capacity to its efficacy in fighting environmentally assaults. The
limitation of these assays is that extrapolation of their in vitro efficacy to physiological benefits is
highly inconsistent. In addition, these in vitro assays are unable to capture the formulations’ ability to
penetrate the stratum corneum, a vital component necessary for an antioxidant to neutralize free
radicals produced in live skin.

Antioxidants are known to work by neutralizing free radical species after exposure to environmental
assault(s). Additionally, once cutaneous penetration is achieved, topically applied antioxidants allow
the skin to build an internal reservoir defense that cannot be easily removed from the surface of the
skin by mechanical force. The use of topical antioxidants to mitigate free radical propagation has been
established in a few previous studies [50-52]. Antioxidants are also excellent candidates to be
combined with in-office procedures in order to enhance overall patient satisfaction. This novel
treatment modality is introducing a comprehensive way to augment clinical outcomes and changing the
paradigm of post-procedure care. Likewise, further clinical data is needed to substantiate the benefits
of the combination and uncover a better understanding of the underlying mechanism of action. Outside
of the limited number of studies presented in this review, clinical trials involving antioxidant based
therapies have been rather problematic. Questions like the insufficient ability of antioxidant derivatives
to convert into their biologically active form in the skin, optimal treatment dosages, and proper
duration of therapy for specific conditions are just some of the outstanding issues that should continue
to be addressed to maximize the effect of antioxidants in humans.
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Intuitively, not all products offer the same level of protection, but currently there is a shortage of
published data confirming the clinical efficacy of topical antioxidant formulas. While this review
offers increasing evidence on the damaging effects of environmental insults and provides further
explanation on the role that proper formulation parameters play in overall efficacy, it can only serve as
anecdotal evidence highlighting the importance of continued investment into clinical research on
topical antioxidants.
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