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Abstract

:

The skin is constantly exposed to various environmental stresses, in particular to the damage caused by pollution and ultraviolet radiation (UV), and as a consequence, the horny extract can be negatively impacted by the harmful influence of some of its surface components. The mechanisms involved in the degradation processes promoted by UV radiation are driven by the direct absorption of radiation via cellular chromophores, the formation of excited states and the consequent chemical reactions, or even by the photosensitization mechanisms, in which UV light is absorbed by the sensitizers that are excited and their reactions promote the formation of reactive oxygen species (ROS). The mechanisms of polluting agents are not yet fully understood, however, they indicate that one of the main mechanisms involved is oxidative stress by lipid peroxidation, with the ability to promote damage to the composition of sebum, the quality of the stratum corneum and also, promote aging skin. Recent studies demonstrate the potential of antioxidant agents, with an emphasis on products of natural origin, which try to promote the maintenance of the physiological balance of the skin.
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1. Introduction


The skin is exposed to several types of environmental stress, of different natures and intensities and there is a lack of data that associate air pollution and skin diseases. In general, the few clinical data suggest the worsening of atopic dermatitis by pollution, with the suspicion that ultrafine particles may exacerbate the inflammatory process, damaging its surface or more deeply the skin, thus inducing dermatological diseases [1,2].



With the harmful action of pollution, it is of utmost importance that the skin, more specifically the stratum corneum, remains integral, so that it can exercise its protective barrier function. The barrier function aims to defend against environmental agents and external contaminants, avoiding the absorption process and the toxic and harmful effects [3,4].



In order to ensure an adequate protection barrier, skin integrity is essential, however, some factors may facilitate the permeation/penetration process such as location, anatomy, age, skin hydration and physicochemical characteristics of the contaminants. Thus, children and the elderly are more exposed to aggressive agents, considering the increased absorption of contaminants [5,6].



Thus, the association of modern lifestyle, the quality of the air increasingly contaminated by smoke residues (from vehicles, industry, cigarette) and the encouragement of the practice of outdoor recreational activities without proper protection, can promote severe damage to health and especially to the skin and some of its attachments. The harmful damage caused to the skin by exposure to sunlight and pollution, can be extremely harmful, promoting cutaneous and systemic immunosuppression, formation of inflammation processes, oxidative stress and metabolic deficiencies, in addition to promoting cellular damage to genetic material, favoring the skin cancer formation [7,8,9].



The association of polluting agents composed of particulate matter (PM) that may contain polyaromatic hydrocarbons (PAH) and toxic gases such as CO2, CO, SO2, NO, NO2 and other nitrogen oxides (NOx) and the cumulative action of UV radiation on the skin without protection, they promote the formation of chemical and morphological reactions, being able to form reactive oxygen species (ROS’s), histochemical alterations of different severities, skin thickening and rectification of the dermoepidermal junction [7,9].



UV radiation can be absorbed by a wide variety of skin molecules, however, with absorption, the molecules can undergo chemical changes, asdeoxyribonucleic acid (DNA) is one of the molecules that has the greatest ability to absorb UV radiation and, consequently, undergo neoplastic mutations and transformations. Another harmful action attributed to UV radiation is the ability to activate the components of the skin’s immune system, promoting an inflammatory response through several mechanisms. In addition to the skin, UV radiation can affect other parts of the body, such as the eyes, causing loss of vision, photoconjunctivitis and cataracts [10].



The mechanisms involved in the cutaneous effects of the pollutants and UV radiation are uncertain, however, it is assumed that exposure can affect the composition of sebum and the quality of the stratum corneum, in addition to intensifying the signs of skin aging, with the formation of spots pigments and wrinkles. Understanding the involved processes is an important step to minimize the damage to skin. Several in vitro and ex vivo studies are described in the literature. Human cell culture demonstrated sensitivity to the toxic effects of pollutants present in the air; one of the important processes involved in the damage caused to the skin by pollution and UV radiation is peroxidation. Studies about antioxidants have been increasing over the last few years. The use of these substances could be useful to improve skin conditions against pollution and UV radiation. For this reason, specific studies should be a trend in the coming years [5,9,11,12].




2. Aggressive Skin Agents


2.1. Pollution Effects


Studies regarding air pollution and its effects on the health of the population show that, even when the pollutants are below the determined levels, they are capable of causing harmful effects on the health of the population [13,14].



Polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs) and particulate matter (PM) are the most significant atmospheric pollutants, with the ability to cause damage to the skin in daily activities. VOCs have the ability to increase the inflammatory reaction, induce the formation of cancer lesions and atopic dermatitis in animal models and in vitro, however, the action of these harmful agents can be amplified with the interaction of UV light and cause oxidative damage to the skin [15].



The main cause of PAH is the smoke that comes from the combustion of organic matter, such as burning wood or oil, and has the ability to generate ROS’s, in addition to inducing the proliferation of melanocytes. When associated with UV radiation, they promote the synthesis of melanin, resulting in the formation of environmentally induced lentigines, in addition to intensifying the development of skin cancer (papilloma, carcinoma and squamous cell carcinoma). Importantly, the diet is the main source of contamination by PAH, mainly through the consumption of smoked meat [6,9].



The main air pollutant is the PM, normally produced by factories, power plants, incinerators, cars, the construction industry and fires, however, its physical and chemical characteristics depend on the places where it is produced (rural, urban areas or industrial environment) as well as the station from which it is collected. Normally, PM shows variability in terms of size and can be classified as ultrafine (<100 nm), fine (approximately 2.5 μm) and coarse (approximately 10 μm) particles, with reduced size particles being more harmful [16,17]. However, the transcutaneous penetration of PM is possibly limited, as studies exclude the bioavailability of particles larger than 20 nm [18,19].



In general, the ultrafine particles, thin and PAH, due to their size, are able to interact with the skin more effectively, causing toxicological effects by presenting pro-oxidant, mutagenic and carcinogenic activity; and in specific cases, some of these substances react with sunlight, exerting phototoxicity [5,6].



Contamination agents can reach the human body through penetration/permeationthe stratum corneum orsystemic circulation. Transcutaneous penetration involves the passage of particles through the sebum and several layers of the stratum before reaching the first living keratinocytes [20].



For the protection of the skin from polluting agents it is necessary to constantly use cosmetics that work as a protective agent by forming a barrier, maintaining the functions and the physiological balance of the skin. The substances responsible for the anti-pollution action are products capable of forming a film and promoting an antioxidant activity, improving the function of the skin’s natural barrier, physically protecting the skin and eliminating oxidative pollutants. However, there are other ways to protect the skin from pollution, such as the use of cleaning products that remove excess pollutants adhered to the stratum corneum; sunscreens that spread and/or bounce off UV radiation and prevent the formation of photoreactive compounds; emollient agents that have the function of maintaining and restoring the function of the skin barrier, in addition to preventing excessive removal of the hydrolipidic mantle [5,21].



The active substances used in cosmetics can play several roles in preventing the action of pollution agents, by blocking the signaling pathways of the pro-inflammatory membrane such as Keap1-Nfr2 and IKB-NFKB; causing an immediate reduction in short-term health damage caused by inflammation factors, such as ciclooxigenase (COX) and interleukins; increasing cell differentiation like NOTCH1 and WNT, and improving the metabolism of xenobiotics like AhR [22,23].



Cosmetics with the ability to combat the effect of pollution, exercise their function by improving the structure and function of the skin barrier, supplying topical antioxidants and a consequent decrease in oxidation stress and inflammation processes, reducing pollutant deposits on the skin through the use of cleaning and exfoliation products, protecting the skin from UV radiation that can aggravate the effect of other environmental polluting factors, regulating melanogenesis and removing fibrous protein synthesis in the dermis [11].



The first mechanism involved is oxidative stress, which occurs primarily due to the constant exposure of the stratum corneum and hydrolipid mantle to the air, since ozone is a potent inducer of squalene peroxidation, obtaining reactive aldehydes (malondialdehyde and 4 HNE (4-hydroxy-2-neonal) that react with proteins by forming a complex with amino acid residues, parallel to the carbonylation produced by the direct oxidation of ROS. Thus, the reduction of antioxidant substances in the skin (vitamins E and C and glutathione), promote damage to the structure of the horny extract and its physiological functions. The PM associated with UVA radiation also has the ability to promote an increase in oxidative stress in the superficial layer of the skin [6,24].



As for skin oxidative stress in vivo, the simple presence of PM is able to affect the deeper layers of the epidermis and dermis, since ozone is extremely reactive and can diffuse through the skin layers and can catalyze the production of ROS, for direct redox cycling (HPA-quinones) or indirectly, due to mitochondrial damage. However, the literature does not show results of the influence of the presence of high PM concentration isolated on the production of ROS in the skin [24,25].



The inflammatory process promoted by exposure to pollution is the most established mechanism, since several inflammatory markers have been identified in the blood of smokers or in individuals exposed to air pollution. Studies show that UV radiation promotes squalene peroxidation and triggers a global pro-inflammatory response in primary keratinocyte cultures [26]. PAHs, when activated through the UVA, could produce singlet oxygen and may be involved in the formation of inflammatory cutaneous skin diseases, which can be aggravated at maximum levels of pollution. Thus, the sebum affected by the oxidation promoted by ozone, and by the association UVA/PAH, could act as an exogenous sensitizer in aggravating atopy. In addition, squalene peroxidation can promote the formation of mediators in the development of acne [27].



The third mechanism involved in the action of pollution on the skin is metabolic stress, which aims to increase the hydrophilicity of xenobiotics, in order to facilitate their excretion. This process is controlled by the AhR (aryl hydrocarbon receptor) which stimulates the expression of detoxification of cytochrome P450 by means of the monooxygenase enzymes CYP1A1 and CYP1B1, however, in the skin the AhR is expressed in all cell types and is clearly a factor that connects skin and the environment [6].



The enzymes CYP1A1 and CYP1B1 have the ability to reduce the hydrophobicity of chemicals; however, this biochemical process is often capable of generating potent and toxic intermediates (epoxides or quinones), which destabilize redox homeostasis, thus producing ROS or even consuming the glutathione necessary for its detoxification. Pollutants such as PAHs can activate AhR, contributing to mutagenesis and carcinogenesis, especially in the lungs. AhR is also involved in skin diseases, including chloracne, accelerated aging, skin inflammation and skin carcinogenesis [28].



Hair and scalp are also affected by excessive exposure to environmental pollutants (UV radiation, PAHs, nitrogen oxides, ozone and cigarette smoke, among others), resulting in an opaque, dry and lifeless appearance [5]. To obtain a potential anti-pollution effect, hair cosmetics must form films and anti-adhesives. Plant extracts also have a potential anti-pollution effect because they reduce ROS levels and promote cell autophagy when damaged [29].



In an in vitro investigation of the cutaneous impact of pollution combined with exposure to sunlight, pollutants (PAH, PM or PM extract) irradiated with UVA were associated with a significant phototoxic effect equal to or greater than that produced by d-UV (daily ultraviolet), and the result suggested that exposure to this photo-pollution stress may impair skin homeostasis and aggravate skin damage induced by sunlight [9].




2.2. Solar Radiation


Solar radiation is composed of a continuous electromagnetic spectrum of radiation, divided according to its wavelength (λ): infrared (>780 nm), visible (780–400 nm) and ultraviolet radiation (UV) (400–100 nm). UV radiation, in turn, is divided into UVC (100–290 nm), UVB (290–320 nm), UVA II (320–340 nm) and UVA I (340–400 nm). However, only a some of these radiation types, more specifically ionizing radiation and the most energetic fraction of non-ionizing radiation, have the ability to reach the earth and penetrate the skin tissue [30,31].



Energetically, solar radiation and λ are inversely proportional, and UV rays have a lower λ, however, they are the main factor responsible for photochemical reactions in the skin. UVC radiation has greater energy and penetrating power, however, it does not reach the earth’s surface, being blocked by the ozone layer, however, UVA and UVB radiation, reach the skin in different shapes and depths [32,33].



The UVB band is considered less energetic, reaching only the epidermis, however, it presents several potentially harmful effects such as the ability to form erythema, inflammation, thickening of the stratum corneum, and immunosuppression by the formation of reactive oxygen species(ROS), thus causing direct damage to the cellular genetic material and increasing the carcinogenic potential, by inducing pyridine dimers in the nucleotide sequence responsible for the mutations [5,34].



Currently, three mechanisms involved in the action of UVB radiation are described: altering the modulation and production of inflammation mediators (interleukin 10 (IL-10), interleukin 1 (IL-1), interferon-gamma (INF-g) and tumor necrosis (TNF-a)), modifying the entire inflammatory cascade; inducing the action of keratinocytes in the production of prostaglandin E, promoting a decrease in the presentation of adhesion molecules of the ICAM-1 type; forming DNA by-products, dimers and alkylations in the double strand of DNA, generating uncontrolled cell production, culminating in the formation of apoptosis and uncontrolled cell division and its neoplastic effects [35,36].



UVA radiation reaches the skin tissue more deeply, being responsible for physiological and pathological damage, either early or late, promoting photoaging for damage caused to collagen and elastin fibers, formation of ROS and wrinkles, in addition to potentiating neoplastic damages of UVB radiation [37,38].



It is relevant to present the beneficial effects of UV rays on health, such as body heating, stimulation of blood circulation and treatment of diseases such as rickets, jaundice, multiple sclerosis and asthma. A prominent role of UV radiation in health is the synthesis of cholecalciferol (vitamin D3), directly involved with calcium and phosphorus homeostasis, bone metabolism and the immune system. UV radiation can also be used daily in the form of phototherapy, which associated with medications, promote improvement in dermatological diseases such as psoriasis and eczema [7,39].





3. Skin Peroxidation Process


The ROS induced oxidative damage in biological systems can involve either the addition of oxygen, removal of hydrogen or removal of electrons. The removal of electrons is the most common while removal of hydrogen is moderately involved, and addition of oxygen is not so common [39]. The main ROS are divided into two groups, the radical ones: hydroxyl (HO•), superoxide(O2•−), peroxyl (ROO•) and alkoxyl (RO•); and non-radicals: oxygen, hydrogen peroxide and hypochlorous acid. Among the NRs are nitric oxide (NO•), nitrous oxide (N2O3), nitrous acid (HNO2), nitrites (NO2−), nitrates (NO3−) and peroxynitrites (ONOO−). While some of them can be highly reactive in the body attacking lipids, proteins and DNA, others are reactive only with lipids. There are still some that are not very reactive, but despite that they can generate harmful species of reactive oxygen and nitrogen, which are known to play an important role in the defense against infection, cell signaling, apoptosis, besides ageing [40,41].



The HO• radical is formed in the body mainly by two mechanisms: reaction of H2O2 with transition metals and water homolysis by exposure to ionizing radiation. The incidence of ultraviolet radiation and X-rays can produce the HO• radical in skin cells. The intensive and frequent attack of this radical can originate mutations in the DNA and, consequently, lead to the development of cancer in humans (Equation (1)). H2O2 is practically harmless but, due to the presence of transition metals in the cells, the HO• radical is generated inside it (Equation (2)). H2O2 plays an important role in oxidative stress as it can easily cross cell membranes and generate the hydroxyl radical. It only oxidizes proteins that have methionine residues or very reactive thiol groups like GSH. In the body human, the most important transition metals for this reaction to occur are Cu1+, Fe2+ and Mn(n+). In this system, the importance of iron is more pronounced due to its greater bioavailability and most of the time it is complexed with transport proteins as such as transferrin and stored in ferritin and hemosiderin. The reaction of Fe2+ with H2O2 (fenton reaction) can be represented in a simplified way (Equation (3)) or in a more complex way (Equation (4)) [40,41,42].


   H 2  O  →  UV     HO  •  +  H •   



(1)






   M  + n   +      H    2      O  2     →  M   (  n + 1  )  +   +      HO   •  +   HO  −   



(2)






     Fe   2 +   +      H    2      O 2  →   Fe   3 +   +      HO   •    +   HO  −    



(3)






     Fe   2 +   +      H    2      O 2   →  ↘      HO   −      FeOH   3 +   (      or   Fe   O   2    +      H   ∓  ) →   Fe   3 +   +      HO   •    



(4)







The hydroxyl radical causes damage to DNA, RNA, proteins, lipids and cell membranes in the nucleus and mitochondrial. The reaction occurs in the mitochondria by the oxidation of the semiquinone from the ubiquinone and the flavin of the NADPH dehydrogenase; in the endoplasmic reticulum from cytochrome P450 and from the flavoprotein NADPH-cytochrome P450 reductase; in the cytosol by the enzyme xanthine oxidase. There are also reactions of generation of hydrogen peroxides in mitochondria, endoplasmic reticulum, peroxymos and cytosol, and the formation by enzymatic reactions of cyclooxygenase, lipoxygenase, aldehyde oxidase, catecholamine auto oxidation, ferredoxinflavine and reactions catalyzed by metals transition like iron and copper [41,43]. The OH• radical is one of the most potent oxidants, with the ability to cross membranes and react with unsaturated lipids and DN [41].



Lipid peroxidation can be defined as an oxidative deterioration of polyunsaturated lipids occurring in three stages: initiation, propagation and termination [40,43]. The oxidation lipids by reactive oxygen initiates a cascade of reactions that leads to the formation of triplet excited carbonyls formed by a process under which oxidants such as free radicals or non radical species attack lipids containing carbon–carbon double bond(s), especially polyunsaturated fatty acids (PUFAs) that involve hydrogen abstraction from a carbon, with oxygen insertion resulting in lipid peroxyl radicals and hydroperoxides. The PUFAs are excellent substrates for lipid peroxidation because of the presence of active bis-allylic methylene groups. The carbon–hydrogen bonds on these activated methylene units have lower bond dissociation energies, and these hydrogen atoms are more easily abstracted in radical reactions [40,44,45].



The skin peroxidation is an important process in human aging and involves a complex regulation of the antioxidant defense system. Extrinsic aging processes is driven to a large extent by oxidative stress caused by UV irradiation, xenobiotics and pollution. The body produces several enzymes, including superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase that neutralize many types of free radicals [40,46,47].



The most harmful form of oxygen to the body is singlet oxygen (1O2) which reacts with some classes of biomolecules and, in general, these reactions are of the eno (Equation (5)) and diene type (Diels–Alder reactions) (Equation (6)). The most reactive natural compounds against 1O2 are carotenoids, due to the multiple conjugated unsaturation. The reaction with fatty acids occurs by incorporating oxygen into the chain with consequent migration of the double bond, forming hydroperoxide acids [41,42,48].
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(5)
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(6)







The superoxide anion radical (O2•−) is inactive but generates hydrogen peroxide (Equation (7)). It is also a weak base whose conjugated acid, the hydroperoxide radical (HOO•), is more reactive (Equation (8)). The superoxide anion radical (O2•−) participates in the production of HO• radical, through the reduction of Fe (III) chelates, forming Fe2+ (Haber–Weiss reaction) (Equations (9) and (10)). The anion radical O2•− can release Fe2+ from storage proteins and iron-sulfoproteins, such as ferritin and aconitase, respectively. The anion radical O2•− also reacts with the radical HO• producing singlet oxygen 1O2 (Equation (11)) and with nitric oxide (NO•) producing peroxynitrite (ONOO−) (Equation (12)) [41,42,48].


  2  O 2  • −   + 2  H +  →  H 2   O 2  +  O 2   



(7)






   O 2  • −   +  H +  ⇌   H O  O •   



(8)






    Fe   3 +   +  O 2  • −   ⇌    [    Fe   3 +   −  O 2 −  ↔   Fe   2 +   −  O 2   ]  ⇌      Fe    2 +   +  O 2   



(9)






   O 2  • −   +  H 2   O 2   →  Fe   H  O •  +   HO  −  +  O 2   



(10)






   O 2 •  +    •   OH  →    1   O 2  +   HO  •   



(11)






    NO  •  +  O 2  • −   →   ONOO  −   



(12)







The superoxide anion radical is a weak bactericide, capable of inactivating iron-sulfur proteins from bacteria, but products that have strong antimicrobial activity, such as hypochlorous acid (HOCl), hydrogen peroxide (H2O2) and peroxynitrite (ONOO−) which are the main products responsible for fighting foreign bodies. In addition, the superoxide anion radical works as a molecular signal, as it oxidizes –SH groups in disulfide bonds (Equation (13)), being possible to activate and deactivate enzymes containing methionine [41,42,48].


  2  O 2  • −   + 2 RSH → 2   HOO   −   + RSSR  



(13)







Nitric oxide does not directly attack DNA, but when reacting with the superoxide anion radical O2•−, it generates peroxynitrite, which forms agents capable of nitrating aromatic amino acids, such as tyrosine, generating nitrotyrosine and DNA bases [41,42].



There are differences between dermis and epidermis peroxidation, in dermis there are the reduction of collagen, elastic fibers, proteoglycans and hyaluronic acid, the result is fine wrinkles. Dermis antioxidant defense system involves, fundamentally, the combat against metalloproteinases activation and elastase, collagenase and hyaluronidase production. In addition, there is a correlation between the antioxidant power and inhibitory enzymatic activity [46,47]. In the epidermis, basically, the corneal layer is composed of a fusion of keratinized cells, compressed and surrounded by the extracellular lipid matrix. This lipid matrix is composed of mixture of long-chain ceramide, cholesterol and free fatty acids in an almost equal molar ratio (1:1:1). The anti-oxidative mechanisms in epidermis are more highly remarked than in the dermis, there is an epidermal concentration gradient in the case of antioxidants, especially the low molecular-weight ones. The low molecular weight antioxidants act in several ways on the skin tissue, either by chelating metallic ions or by direct neutralization of free radicals. Glutathione, uric acid, ubiquinol, vitamin C and E are detectable in the stratum corneum, but their concentration increases abruptly toward deeper cell-layers of the stratum corneum, after this, the concentration of enzymes and low molecular-weight antioxidants decline towards the stratum basale [46,49]. The antioxidant gradient capacity of keratinocytes is associated with decreasing carcinogenesis risk, because it prevents the survival of mutated stem cells. Besides this, the protection of suprabasal cells is essential for maintenance of skin integrity [50]. In fact, the multiple protection mechanisms of keratinocytes against reactive oxygen are the first skin defense line by damage induced by UV radiation, xenobiotics, and pollutants. In the stratum corneum several cornified envelope proteins, including, loricrin, involucrin, filaggrin and small proline-rich proteins (SPRRs) acts as antioxidants together with low molecular-weight antioxidants [40].



Healthy humans often present controlled oxidative stress in fluids and tissues. The primary biomarkers of lipid peroxidation products found are the lipid hydroperoxides. Among the many different aldehydes which can be formed as secondary products during lipid peroxidation, malondialdehyde (MDA), propanal, hexanal, and 4 hydroxynonenal (4-HNE) and hydrocarbons, such as ethane and ethylene have been extensively studied [40,44].



The skin lipid peroxidation is particularly important for health care, especially in terms of lipidic composition to the stratum corneum (long-chain ceramide, cholesterol and free fatty acids). Under medium or high lipid peroxidation rates the extent of oxidative damage overwhelms repair capacity and induces cell apoptosis or necrosis programmed cell death; processes that lead to molecular cell damage which may facilitate development of various pathological states and accelerated aging [51].



Currently, the stratum corneum oxidative stress behavior has being evaluated by tape stripping or skin model system and measured by 2,2-Diphenyl-1-picrylhydrazyl (DPPH) or thiobarbituric acid reactive species (TBARS) methods. Knowing how the stratum corneum reacts to antioxidant substances will lead to the development of more effective skin care products. Presently products like sunscreen, anti-pollution, anti-aging and antioxidants cosmetics claim the action antioxidant, but it is important to understand how these products act in stratum corneum to help in the protection and maintenance of skin quality [44].




4. Transcutaneous Penetration and Antioxidants Products


Transcutaneous penetration involves the passage of particles through the hydrolipidic mantle and the horny layer, before they reach keratinocytes. This process can be very limited in intact and healthy skin, since particles larger than 20 nm do not present cutaneous bioavailability, except for damaged skin. Intact human skin has an efficient barrier function against the permeation and penetration of exogenous agents, however, this function can become an obstacle to the activity of topically applied substances [6,20].



The penetration and cutaneous permeation studies of antioxidant activities may present as the first limiting factor of the outermost layer of the epidermis, the stratum corneum, as it presents fully keratinized cells (corneocytes), anucleate, stratified and hydrophilic and lipophilic areas. The term penetration consists of the passage of the active principle (s) only from the stratum corneum, while the term permeation consists of the passage of the active (s) through the epidermis, reaching the dermis [52,53].



Antioxidants have been used in topical products for different purposes, but the main function is to create better conditions for healthy skin. Nature provides an abundant source of antioxidant substances and natural phenolic compounds, which demonstrate a topical photoprotective action, as well as antioxidant potential, anti-aging, moisturizing, anti-pollutant, which is beneficial to the skin [54,55].



The penetration of antioxidant substances in the skin can be an important factor for its performance as a skin protector against UV radiation and pollution. The performance of products with antioxidant action combined with the synergistic action with photoprotectors indicate candidates with high potential for maintaining healthy skin.



Traditional antioxidants substances have been evaluated to skin protection. The suppression of erythema, induced by UV radiation, has been an important parameter for evaluating the action of these antioxidants, but is not a direct method to evaluate the cutaneous oxidation suppression.



In the skin, l-ascorbic acid (vitamin C) is the main antioxidant of the fluid phase, protecting the watery part. Topical l-ascorbic acid protects skin against erythema produced by UVB and UVA irradiation by a mechanism unrelated to the absorption of the UV radiation. Moreover, it can provide protection against UVB-induced immunosuppression and systemic tolerance to contact allergens [56]. α-Tocopherol in human skin inhibits the production of prostaglandin E2, prevents sunburn cell formation, ultraviolet (UVB) induced lipid oxidation and edema [57]. Glutathione, vitamin E and ubiquinone (Coenzyme Q10) are the important lipophilic antioxidants that protect the compartment of intracellular membranes [58]. Selenium, an essential trace element in humans and animals, is required by the intracellular antioxidant enzymes glutathione (GSH) peroxidase and thioredoxin reductase. Carotenoids like Lutein (L) and zeaxanthin isomers (Zi) may inhibit peroxidation lipids of membrane and quench singlet oxygen. Lutein is the main carotenoid present in skin cells [59]. Uric acid is an important endogen antioxidant in the serum, representing a final product in the metabolism of the purines and acts as a potent free radical scavenger, inhibiting lipid peroxidation [60]. The damage of UVA radiation has been linked to the release of ‘‘free’’ iron into cells via ferritin proteolysis, and this can be an important factor in UVA-induced skin damage. Thus, the ferritin can regulate the lipid peroxidation [61,62]. Genistein is the most potent isoflavone, isolated from soy, which exhibits anticarcinogenic and antioxidant properties, because it inhibits the production of interleukin 6 (IL-6) and mitogen-activated protein kinase (MAPK). In addition, genistein regulates and mitigates the inflammatory damage caused by UVB in the skin [63]. Lycopene is considered the antioxidant carotenoid with the greatest capacity to inhibit oxygen, the antioxidant activity with twice as much as beta-carotene and up to 100 times as much as vitamin E, in addition to chemo preventive action [64].



The antioxidant substances were evaluated in combination with each other for presenting synergy and better results in the face of oxidative stress. The combination of vitamin C with different antioxidants deserves to be highlighted in this sense, since the scientific literature presents several studies in this direction.



Vitamin C and E antioxidant synergism in the skin is known and was evaluated in aqueous solution of 15% l-ascorbic acid and α-tocopherol 1% applied in Yorkshire pig skin. UV solar-simulated radiation was used to induce skin damage. The combination of L-ascorbic acid and α-tocopherol provided progressive protection against erythema and sunburned cells. The authors suggest that the combination of these two antioxidants may provide a useful supplementation to sun protection against photocarcinogenesis and damage to photoaging produced by the sun. UV irradiation-depleted antioxidants ubiquinol and vitamin E were more photosensitive, whereas L-ascorbic acid was relatively resistant. After oxidation, the lipophilic antioxidants were regenerated by L-ascorbic acid, which in turn was regenerated by glutathione [56]. In addition, vitamin C was evaluated with different antioxidants like vitamin E ferulic acid, ubiquinone (coenzyme Q-10), idebenone and kinetin. Relevant results, with a significant reduction in erythema, were observed in the combination of vitamin C, vitamin E and ferulic acid [65].



Lycopene antioxidant studies, in vivo, ex vivo and in vitro demonstrate antioxidant activity, however, studies in biological systems are scarce [66,67]. The association of lycopene with vitamins C and E and with polyphenols has been evaluated by several authors. The association of lycopene with vitamins C and E, demonstrates that lycopene stabilizes the other substances. The protection of these mixtures may be related to the specific location of different antioxidants in the cell membranes and also in different wavelengths of absorption the context of photodamage in the skin. Recent formulations of antioxidant mixtures in the development of nutritional products have favored their health benefits [68,69]. The antioxidant power of lycopene is due to the high number of double bonds conjugated in its structure and by its lipophilicity. At low oxygen tension, it can also eliminate peroxyl radicals, thereby inhibiting the lipid peroxidation process. There are currently some mechanisms involved in the antioxidant activity of lycopene such as radical addition, electron transfer to the radical and hydrogen abstraction, thus it is considered the best antioxidant based on hydrogen transfer reactions. Lycopene microemulsion enhanced penetration and antioxidant activity in porcine ear skin [70].



Nowadays substances obtained from plants have received attention for presenting promising results.



The effective antioxidant properties of two isoflavones have been evaluated, genistein and daidzein, used individually or in combination, in protecting against inflammation and DNA damage induced by UVB radiation, using 3D reconstituted human skin models. This study revealed that soy extract in vitro reduced the UV-induced expression of cyclooxygenase-2 (COX-2), which suggests that it exerts anti-inflammatory activity, and inhibits angiogenesis and tumor progression. When genistein and daidzein were administered in combination, they exerted a synergistic photoprotective effect greater than the effect obtained with each isoflavone alone. The authors concluded that genistein and daidzein may be good ingredients for protective agents against UV-induced photodamage, and in particular, they may improve sunscreen protection [71].



HelichrysumOdoratissimum (L.) Sweet, (family Asteraceae) is a strong-smelling aromatic plant widely used in perfumes and insect repellents. The plant is a source of biologically active compounds such as flavonols and chalcones [72]. A clinical trial of sun protection factor was conducted to determine whether the extract of this plant had SPF-increasing properties, since it is known for its strong antioxidant activity. The extract was added to sunscreen standard SPF 15 to determine whether the extract could boost the SPF of the reference standard and was subsequently applied to a minimum of ten healthy human volunteers and determined the sun protection factor in vivo. The extract boosted the SPF of the reference standard to 32.4. The authors suggest that this response is due to the high antioxidant content which, in turn, was able to reduce UV-induced erythema [73].



The grape marc extract guaranteed a superior performance in sunscreens. Hubner et al. [74], analyzed the photoprotective efficacy and photostability containing grape marc extract Vitisvinifera L. with UV filters butyl methoxydibenzoylmethane, ethylhexyl methoxycinnamate and ethylhexyl dimethyl 4-aminobenzoic, in which a broad spectrum of protection was found after irradiation and an 81% increase in the in vitro sun protection factor (SPF), suggesting synergism between the active molecules. High in vitro antioxidant activity was detected in formulations containing grape marc extract Vitisvinifera L. due to the presence of phenolic substances, using the DPPH method.



In another study, carried out with Asian bamboos, which are already widely used in cosmetics and pharmaceutical products, due to their potent antioxidant activity related to the rich phenolic content, Wróblewska et al., carried out a comparative test with the crude extracts of Brazilian species of bamboo, in which Brazilian species had a higher phenolic content than Asian ones, according DPPH method, in vitro, of the formulation. Brazilian species provided a promising source of biologically active agents, increasing the effectiveness and photostability of UV sunscreens in vitro studies [55].



Balboa et al. [75] evaluated the performance of natural extracts obtained from plant and macroalgal biomass: concentrates of wine by-products, chestnut self-hydrolysis extract, Sargassummuticum ethanol extracts, Sargassummuticum self-hydrolysis extract; and compared it with commercial antioxidants. The incorporation of these 0.4%–0.5% natural extracts in oil-in-water emulsions reduced lipid oxidation during storage, showing antioxidant activity in vitro, TOTOX methodof formulation and it is safe for topical use based on the absence of irritating effects on reconstructed human tissues of the skin to 0.1%.Thus, such natural extracts are able to be added at higher levels in cosmetic preparations compared to synthetic antioxidants, in addition to offering environmental and economic benefits due to being obtained from renewable residual sources. They have been used as a rat red blood cells model to investigate oxidative damage in biomembranes. The antioxidant activity was evaluated by two methods, 2,2-Azobis (2-methylpropionamidine) dihydrochloride (APPH) and the thiobarbituric acid reactive substances (TBARS). The results were different in the antioxidant activity in these two methods. The authors explain the differences by the hemolytic mechanism used. The better results for the rat red blood cells model were obtained from chestnut burs.



Rosado et al. [76] for example, evaluated the effectiveness and safety in vitro and in vivo of topical formulations of sunscreen containing caffeine 2.5% w/w as an adjunct to UV filters. The authors observed that the association of caffeine contributed to an increase of ±25% in anti-UVB protection in vivo, and concluded that this asset can be considered a new alternative adjuvant in the formulation of sunscreens, since the application was well tolerated on the skin, in addition to increasing the photoprotective activity. The authors suggest that the evaluated antioxidant may improve the photoprotective performance induced by its antioxidant activity. In vivo studies on the antioxidant action of caffeine associated with sunscreens may contribute to the data obtained in this study.



Trommer and Neubert [77], in the screening of some antioxidant compounds for topical administration, used lipid skin model systems and the TBARS method to quantify oxidative stress. The results were the amantadine, bufexamac, tryptophan, melatonin, propranolol and hyaluronic acid were found to act in an antioxidative way whereas for ascorbic acid pro-oxidative effects were determined. Buckwheat extract significantly reduced the level of irradiation induced lipid peroxidation as well as the extracts of St. John’s Wort, melissa and sage. The resistant starch novelose 330 and the samples of locust bean gum from a swing mill grinding series showed lipid protection after UV irradiation in the polysaccharide test rows.



In addition to these studies, Baby et al. [78] evaluated the in vitro cutaneous permeation and retention of rutin using snake skin seedlings of Crotalusdurissus as an alternative biomembrane model, in which the cutaneous retention of rutin in the biomembrane model was verified, however, there was no evidence of favoring the passage of the active substance to the receptor phase through the stratum corneum of C. durissus. This result is extremely relevant for the addition of this substance in photoprotective products, since the photo protectors must act on the surface of the skin and must not penetrate.



Subsequently, other researchers studied the anticancer activity of rutin and its combination with ionic liquids in kidney cells. In conclusion, rutin exhibited cytotoxic effects on 786-O cancer cells and, at a concentration of 50 µM, can be safely used against renal cell carcinoma, as no significant effect was observed at this concentration allowing controlled delivery [79]. The number of new cases of non-melanoma skin cancers is around 1,42,056 million globally each year and there are 287,723 diagnoses of melanoma skin cancers. The number of non-melanoma deaths in 2018 was 65.155 people of both sexes, of all ages, and 60,712 melanoma deaths were reported [80]. Studies on the antioxidant action of rutin on the skin associated with filters is a promising field.



In view of these aggravating factors, photoprotective strategies against photocarcinogenesis and photoaging should be studied. Some groups of researchers are investigating the addition of natural phenolics from terrestrial sources, including flavonoids, benzoic acids and cinnamic acids, which have antioxidants, cardioprotective, neuroprotective, anticancer, anti-inflammation, anti-aging and antimicrobial properties in cosmetic products and especially in sunscreens, in order to assess an improvement in the sun protection factor (SPF) and prevent inflammatory reactions in the skin [75,81].



The tape stripping technique was applied to evaluate ex vivo antioxidant activity of ferulic acid and rutin-loaded ethosomes. Formulations were applied over the volar forearm of the subjects. After that, the tape stripping technique was performed, and the tapes were exposed in solar simulator. An organic solvent was used to extract the stratum corneum. The antioxidant activity was measured by DPPH. The data showed that there was no tendency to increase the antioxidant activity on the skin after treatment with the formulation containing ferulic acid or rutin-loaded ethosomes, even though the in vitro assay of samples, without stratum corneum, demonstrated an affirmative antioxidant action [81,82]. Gonçalves [83], evaluated the efficacy of UVB sunscreens by quantifying the lipid peroxidation from the stratum corneum removed by tape stripping, measured by TBARs method. The efficacy, compared to the inhibition of lipid peroxidation, was similar in all samples, with or without UVB filters. This result was a screening about antioxidant activity in the stratum corneum and indicated a course for further studies.



Figure 1 show the potential effect of the antioxidant action on the stratum corneum and Table 1 shows an overview of the main active compounds and their mechanisms of action as protective agents of antioxidant activity.




5. Conclusions


Lipid peroxidation is a natural process in biological systems, but oxidative stress can be harmful to humans, including healthy skin maintenance. Healthy skin has the capacity to balance peroxidation, but in adverse situations, such as under pollution and UV radiation, it can be unbalanced. Antioxidant substances are great allies to facilitate a return to the equilibrium situation and studies on the performance of antioxidants in the stratum corneum are currently highlighted as this barrier is the first limit for extrinsic damage. Multipurpose treatment strategies combining physical and biological defense against contemporary pollution agents and UV radiation are more effective in terms of both short and long-term damage to the skin.
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Figure 1. (A) Potential effect of the antioxidant action on the stratum corneum against polluting agents. ROS: Reactive Oxygen Species. (B) Potential effect of the antioxidant action on the stratum corneum against ultraviolet radiation (UV). UVA: Ultraviolet A; UVB: Ultraviolet B; ROS: Reactive Oxygen Species; DNA: Deoxyribonucleic Acid. 
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Table 1. Summary of antioxidant substances and their chemical structures, main active compounds, main effects and evaluation methods.
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	Name
	Structural Formulas
	Types of Compound(s)
	Main Effect(s)
	Method
	Refs.





	Ascorbic Acid
	 [image: Scipharm 88 00027 i003]
	Water soluble phenolic
	Protection skin against erythema produced by UVB and UVA irradiation
	Ex vivosolar simulator
	[56]



	Vitamin E (α-tocopherol)
	 [image: Scipharm 88 00027 i004]
	Fat soluble phenolic
	Prevents UVB radiation
	Ex vivosolar simulator
	[56]



	Helichrysumodoratissimum (L.) Sweet
	N/A
	Flavonoid, chalcones
	Increases SPF and reduces UV-induced erythema
	In vivo-SANS 1557:2013 and ISO 24444:2010.
	[72,73]



	Genistein
	 [image: Scipharm 88 00027 i005]
	Isoflavone
	Agents against UV-induced photodamage
	In vitroHuman skin grown in 3D.
	[63]



	Lycopene
	 [image: Scipharm 88 00027 i006]
	Carotenoid
	microemulsion increased lycopene penetration and

antioxidant activity
	Ex vivoporcineearskin
	[64]



	Vitisvinifera L.
	 [image: Scipharm 88 00027 i007]
	Phenolic
	Increased SPF value and broad protection spectrum
	In vitro-diffuse reflectance spectrophotometry, DPPH
	[74]



	Extracts of Brazilian species of bamboo
	N/A
	Phenolic
	Increased efficiency and photo-stability of UV sunscreens
	In vitro-diffuse reflectance spectrophotometry, DPPH
	[55]



	Buckwheat extract
	N/A
	Flavonoids, flavones, phytosterols
	Lipid Protection
	In vivoTBARS
	[77]



	Rutin
	 [image: Scipharm 88 00027 i008]
	Polyphenol, flavonoid
	Prevent UV irradiation induced oxidative stress
	In vivo
	[79]



	Caffeine
	 [image: Scipharm 88 00027 i009]
	Phenolic
	±25% increase in anti-UVB protection in vivo
	In vivo-International SPF Test Method (Cosmetics Europe, 2006).

In vitro-diffuse reflectance spectrophotometers
	[76]







N/A: not applicable.
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