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Abstract:



Environmental pollutants represent a major problem worldwide that cannot be passively avoided. It is known that skin sensitivities can result from environmental assaults, such as toxins and pollutants in air and water. Additionally, dermal assaults from wind and exposure to seasonal cold temperatures are known. All of these environmental assaults are associated with oxidative stress and the intracellular generation of reactive oxygen species (ROS), which damage DNA, lipids, proteins and mitochondrial function. Additionally, the influence of diet on dermal health and, especially, antioxidant defense in skin function are well established. In this regard, environmental pollution worldwide has generated a high demand for anti-pollution personal care products to protect the skin against the daily exposure of airborne toxins and various other assaults. Major cosmetic companies have anti-pollution personal care products but, in general, the products are formulated with commonly used active ingredients that have been retooled with market strategies to address current environmental pollution treatments. Equol is a new botanical active ingredient compound for skin applications. It has a polyphenolic chemical structure found in plant and food products, and is also classified as an isoflavonoid. Moreover, equol appears to address the need for an active ingredient in personal care products to protect against pollution assaults by increasing antioxidant defense, while inhibiting oxidative stress and inflammation. Separate sections covering equol’s enhanced (a) delivery mechanism into human skin; (b) antioxidant effects via Nrf2 activation; (c) effects on extracellular matrix proteins like collagen and elastin and; (d) protection against oxidative stress and inflammation are presented.
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1. Introduction


Human skin is the largest, and a complex, organ functioning as a physical barrier to protect the body from environmental assaults, such as pathogens, chemicals, physical agents, and solar ultraviolet radiation (UVR) throughout life [1,2]. The skin also provides essential physiological functions, including immune defense, thermoregulation, sensory input from mechanoreceptors, as well as endocrine and metabolic mechanisms to sustain optimal health [2]. Finally, and most importantly, the antioxidant defense capacity of the skin is greater compared to internal organs due to the protective structural and biological functioning of the dermal layers [1,2]. Skin aging can be classified by intrinsic (chronological) and extrinsic (photoaging) mechanisms [1,2]. This brief review focuses on extrinsic skin aging that examines environmental factors, such as pollution, which represent a major cause of concern worldwide. Pollution is associated with the generation of reactive oxygen species (ROS), which damage DNA, lipids, proteins, mitochondrial function, and increases inflammation [2]. In reference to antioxidants defense, it is well known that diet can influence dermal health [3]. Many major cosmetic companies have anti-pollution personal care products with topical and/or oral applications to address current environmental concerns. However, there is always a need to identify and develop new active ingredients for skin applications that would address environmental assaults. Equol, a novel botanical active ingredient compound appears to potentially protect against pollution assaults via a variety of mechanisms to increase antioxidant defense, while also decreasing oxidative stress and inflammation [2]. Separate sections on perceptions of skin sensitivity, environmental factors of pollution, sources of oxidative stress, diet and the influence of antioxidants, and equol’s apparent protective effects against environmental assaults are presented.




2. Perceptions of Sensitive Skin with Environmental Causes


Environmental factors are strongly associated with sensitive skin [4]. For example, approximately ten years ago, Farage from Procter and Gamble reported that 50 to almost 70% of women reported skin sensitivity worldwide [4]. A subsequent study by Farage et al. in 2013 confirmed several previous studies by demonstrating that women in every region of the United States, like women in other parts of the world, reported some degree of skin sensitivity at fairly high levels [5]. In this latter report, the authors concluded that it is increasingly recognized that psychosocial influences, as well as biological and environmental factors, contribute to skin sensitivity [5]. Neuropsychiatric factors in sensitive skin such as environmental conditions and psychological (stress) have been recently reviewed by Misery in 2017 [6]. In general, sensitive skin is a common disorder that can induce changes in the quality of life and has psychological consequences [6]. Moreover, the study by Farage in 2008 showed that stress was the factor most strongly associated with perceived sensitive skin especially on the face [4].



While “stress” in the Farage report, in 2008, was not well defined, the complex process of skin aging (and disease, in general) was determined by intrinsic, extrinsic, and infectious factors [4]. In this case, “stress” may be the real or perceived impact of various factors that in turn change a person’s self-perception with a declination in feeling good about one’s self, especially of how they look or are perceived by others. For example, whether a person goes through dermal trauma from war or accidental means compared to individuals experiencing intrinsic (chronological) skin aging, the impact on patients in regard to positive self-perception is paramount and comparable, especially if the events/changes occur in highly-visible body areas, such as the face, neck, hands, and arm regions [7,8].



In regards to environmental factors exposure to sunlight, chemicals, pesticides, heavy metals, or other contaminants, plus various diseases, disorders, or trauma, along with unhealthy lifestyles, like tobacco smoking, alcohol consumption, and poor choice of diet, influence the generation of reactive oxygen species (ROS) [9]. If the generation of ROS overwhelms endogenous antioxidant protection within the body, this subsequently leads to oxidative stress or damage [9]. Thus, oxidative stress is a process caused by ROS, which are unstable molecules whereby they damage or “oxidize” cells in the body, similar to a sliced apple that turns brown when exposed to air is oxidized [9].



It is well established that all of these categories (intrinsic, extrinsic and infectious factors) can increase oxidative stress that in turn alter or damage DNA, cells, and tissues (see Figure 1) [9,10,11,12]. Additionally, it is well known that oxidative stress is a major source of skin aging, and the mechanisms by which it occurs have been reviewed [2,13,14]. Finally, since the skin is the first line of defense, there are several important antioxidant enzymes in human skin [2,15,16]. Antioxidants are known to block free radicals and/or ROS from stealing electrons from other atoms; notably, superoxide dismutase (SOD), catalase, and glutathione peroxidase are examples. Other molecules derived from our diet, such as vitamins A, C, and E, can also act as antioxidants which are found in high concentrations in the epidermis and dermis [2,15,16,17]. In other words, an antioxidant is any substance that inhibits damage due to oxygen (oxidation) that is caused by ROS.


Figure 1. Intrinsic, extrinsic, and infectious factors that lead to oxidative stress and subsequent DNA, tissue and cell damage. The extrinsic factors listed in the upper left-hand corner are covered in this review. Sunlight, air/water pollution, and exposure to chemicals are known to increase oxidative stress, while dietary intake can influence antioxidant levels that are known to counteract oxidative stress and ROS.
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3. Intrinsic and Extrinsic Sources of Oxidative Stress


Human skin aging can be classified mainly by intrinsic and extrinsic mechanisms (along with infectious or disease factors). Intrinsic or chronological aging is the unavoidable occurrence that includes several influences like genetics, metabolism, and the passage of time, where repair functions become slow or defective [2,13,18,19,20,21]. For example, in intrinsic aging, there is ROS production via normal oxidative metabolism within cells that is inevitable, but contributes in a modest way to skin aging compared to extrinsic aging [2,18,19]. Extrinsic aging comes from external sources that increase oxidative stress, which include sunlight, especially ultraviolet radiation (UVR), temperature conditions, like cold weather, and air/water pollution. In this regard, the dietary intake of food sources containing antioxidants are known to decrease ROS [2,7,9,22]. Both intrinsic and extrinsic factors contribute to the generation of ROS-mediated oxidative stress that can impair and damage skin structure and function [2,22]. Presumably, extrinsic factors associated with sunlight represent a major impact on skin aging [2,22].




4. Environmental Factors that Influence Generation or Inhibition of ROS


4.1. Sunlight Photoaging and the Generation of ROS


Extrinsic aging can be avoided to some extent, since it is due to environmental exposure, primarily to solar UV radiation (UVR) or ultraviolet (UV) light from artificial tanning sources, both of which are commonly referred to as photoaging. Photoaging is the long-term UVR or UV exposure and the resulting solar damage superimposed on intrinsically aged skin [2,13]. It is thought that up to 80–90% of skin aging is due to the deleterious effects of sunlight or photoaging [2,13].



There are different types of solar radiation: UVR contributes approximately 5%, visible light about 42%, and infrared light around 53% of the content of sunlight [13,23]. The UVR classification accounting for approximately 5% of the total content of sunlight can be subdivided into three categories by wavelength; UVA (320–400 nm), UVB (280–320 nm,) and UVC (100–280 nm) [13] (see Figure 2). UVC rays are blocked by the ozone layer and do not reach the surface of the Earth [23]. UVA and UVB rays make up 95–98% and 2–5%, respectively, of the UV radiation reaching human skin [23]. However, several factors influence the amount of UVB exposure, such as solar zenith angle, latitude, stratospheric ozone levels, pollution, weather-cloud cover, and altitude [23].


Figure 2. Human skin layers as influenced by ultraviolet radiation (UVR). The UVR classification accounts for approximately 5% of the total content of sunlight can be subdivided into three categories by wavelength; UVA (320–400 nm), UVB (280–320 nm), and UVC (100–280 nm) [10]. UVB rays account for approximately 2–5% of UVR and is known to penetrate the epidermis, damage DNA and increase oxidative stress and ROS [2,13]. UVA rays account for approximately 95–98% of UVR and penetrates deeper into the epidermis and dermis, is known to degrade collagen and elastin, increase matrix metalloproteinases (MMPs) and increase oxidative stress and ROS [2,13,23,24,25]. This cartoon displays the epidermis, dermis, and hypodermis, along with the cellular components and extra cellular matrix elements. Redrawn, in part, with permission (see E.D. Lephart, J. Cosmet. Dermatol., 2018, in press).
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UVB (280–320 nm), while representing only 2–5% of the sun’s emissions, penetrates into epidermal cells, can damage DNA and activate a cascade of events leading to the generation of ROS and increased photo-aging [2,13,23,24]. Conversely, UVA (320–400 nm) at a higher wavelength range represents 95–98% of the total UV radiation reaching the Earth’s surface can damage the epidermis and penetrates deeper into the dermis to degrade collagen and elastin fibers via oxidative stress mechanisms that in turn activate matrix metalloproteinases (MMPs) and damage mitochondrial structure/function that leads to extrinsic skin photoaging [2,13,14]. Thus, most UV-induced oxidative stress is generated by UVA, which is more cytotoxic to human skin compared to UVB; whereas UVB are mostly mutagenic, both are known to stimulate the generation of ROS, [2,13,14,25] (see Figure 2).




4.2. Cold Weather and the Generation of ROS


Health problems associated with cold weather include skin disorders and the effects of cold on skin has been reviewed by Lemuskallio et al., in 2002, and more recently by Makinen and Hassi, in 2009 [26,27]. These are especially true for those who work in cold environments or where being outside in cold temperatures with lengthy exposures can cause dry skin conditions or aggravate common dermatoses, such as atopic dermatitis and psoriasis [27]. A recent study by Briggs et al. in 2017 examined the rate of cooling of volunteer’s faces in cold, windy outdoor conditions (−14 to 1 °C) and quantified the amount of time that people were willing to spend outside before they were too cold and wanted to go indoors [28]. Additionally, thermal infrared imaging of each subject’s face was quantified in this study. While the endpoints of thermal imaging at which people wanted to quit displayed a wide variance in the data, in general, it only took a few minutes before their faces were so cold that they wanted to go indoors. The human subjects exposed to low temperatures and high wind conditions displayed the quickest request interval to go indoors at around 4–5 min, whereas, low temperatures and low wind condition subject’s requests to go indoors occurred around 8–10 min. Thus, windy, cold conditions represent an environmental factor, where facial cooling usually occurs within minutes, contributing to skin sensitivity [22,28].



Notably, the investigation by Farage, in 2008, reported that of all the environmental factors, cold weather was perceived by the highest percentage of subjects overall (81%) as causing skin irritation [4]. While not well studied, cold exposure in humans is known to increase oxidative stress [29,30]. For example, being exposed to, or performing physical tasks in, cold conditions increased free radical production as seen by the elevation of reactive oxygen metabolites and the concomitant decrease of plasma antioxidants in human subjects [29,30]. Thus, cold weather appears to be a major concern of potential skin irritation, especially in women [4].




4.3. Air and Water Pollution and the Generation of ROS


Environmental pollution is increasing, especially in industrialized countries, and represents a worldwide problem that cannot be passively avoided [31]. Less research has been performed to date on environmental pollutants and human skin aging. However, it is well recognized that facial wrinkling is one of the most notable signs of skin aging [32]. Additionally, tobacco smoking is known to damage the skin and advance the aging process [32,33]. In this regard, some researchers suggest that environmental pollutants advance the aging process more than UVA and UVB damage. Others believe that pollutants can cause hyperpigmentation, inflammation, breakdown collagen, and elastin, resulting in rough and damaged skin, while many dermatologists currently believe UV rays are still the top priority in aging prevention [2,34].



The adverse effects of air pollution on human health have been studied in a variety of ways via epidemiological investigations, where a clear association between cardiovascular morbidity, decreased lung function, increased hospital admissions, mortality, and airborne particulate pollutants have been reported since the early 1990s [35,36]. Additionally, there is a strong body of evidence that indicates exposure to air pollution is mediated by oxidative stress in its damaging effects on many physiological functions [35,37,38].



In reference to human skin aging, journal reports have shown that airborne pollutant exposure is correlated with extrinsic skin aging in adults and children [22,31,39]. However, air pollution represents either indoor or outdoor environmental exposure to any chemical, physical, or biological agent. The United States Environmental Protection Agency (EPA) has classified pollutants into six categories arising from metal/industrial plants (lead); particulate matter (PM) (both fine at 2.5 microns or 10 microns) or gases (O3, CO2, CO, SO2, NO2) from soot, exhaust or industrial sources; nitrogen oxide from car exhaust; sulfur oxide from industrial plants; or ozone (at ground level), all of which are known to generate ROS [3,40,41]. The first published reports on air pollution and skin aging appeared in the Journal of Investigative Dermatology in 2010 [42,43]. Both reports suggested that air pollution exposure was significantly correlated with extrinsic skin aging, particularly to pigment spots on the face and hands and, to a lesser extent, for wrinkles [42,43].



Subsequent publications on air pollution and skin aging from 2011 through 2014 demonstrated that: (a) airborne polychlorinated biphenyls (PBCs) reduced telomerase activity and shorten telomere length in human skin (HaCat) keratinocytes [44]; (b) free radicals and organic nanoparticles reduced human keratinocyte viability by apoptosis [43,45,46]; (c) eczema increased with exposure to PM of 10 microns or less in office indoor environments [47] and; (d) atopic dermatitis and other skin sensitivities or aging endpoints increased with air pollutants that are known to induce increased levels of ROS [48,49,50].



From 2015 to the present (2017) the number of published reports on air pollution and skin increased substantially and covered topics such as: (a) indoor air pollution from cooking accelerated skin aging in Chinese women, and atopic dermatitis increased from other indoor pollutants, such as polyvinyl chloride (PVCs) from wallpaper [51,52]; (b) decreased skin barrier function and increased facial hyperpigmentation (lentigines) from ambient PMs that are known to increase inflammatory skin diseases, ROS and matrix metalloproteinases (MMPs) that degrade collagen [53,54,55,56,57]; and (c) fine airborne PM activated the aryl hydrocarbon receptor (AHR) that resulted in detrimental effects on human keratinocytes [58,59]. Finally, in brief, two recent reviews have summarized the recognized negative impact of ambient air pollution on skin health, which suggested four general mechanisms by which this occurs: (1) generation of ROS; (2) induction of the inflammatory cascade and subsequent impairment of the skin barrier; (3) activation of the AHR which stimulates the expression skin aging genes such as MMPs that degrade collagen; and (4) alterations to the skin microflora [60,61].



Water pollution, to date, has not been examined in reference to skin health. Although, investigations that have quantified molecular biomarkers in aquatic organisms due to their sensitivity to oxidative stress demonstrated that ROS are present in environmental pollutants in water from field studies [62,63].




4.4. Diet and the Influence of Antioxidants that Inhibit ROS


Dermatologist are well aware that skin disorders can result from poor nutrition, such as scurvy (vitamin C deficiency), atopic dermatitis, which is associated with essential fatty acid deficiency, and people who do not eat well do not look well; meaning eating better results in “better” looking skin [3,17,64]. Additionally, beginning in the 1990s, food lost its exclusive nutritional role and transformed into a prevention tool to preserve health from chronic, aging, and degenerative diseases that could increase wellness [65]. Following this prospect, the cosmetic industry found a novel opportunity to support traditional topical treatments with oral supplementation to enhance skin health [65]. Thus, what scientific information is available about diet, supplementation, and the benefits to skin health?



Recall that exposure to solar UVR, chemical agents, and other environmental pollutants are known to increase free radical or ROS formation along with the inescapable generation of ROS by normal metabolic cellular oxidation associated with mitochondrial function [2,21]. Hence, a healthy life free of disease becomes a matter of balance; biological systems must have enough antioxidants available that are ready to “neutralize” various free radicals or ROS the body is either exposed to or that it produces [2]. Dietary sources that are commonly known for their antioxidant properties include vitamin A, C, and E along with other antioxidants in carotenoids, lipoic acid, and phenolic compounds found in abundance in many plant products like fruits and vegetables [2,17,66]. Many of these dietary antioxidants are incorporated into the epidermal and dermal layers of human skin [15,17].



For example, studies have shown that consumption of the Mediterranean diet increased longevity and reduced age-related diseases, lowered levels of oxidative stress, and prevented cellular senescence in human epithelial cells [31]. Moreover, both dietary (via vitamins) and supplementation of antioxidant-rich ingredients (i.e., polyphenolic compounds like green tea or beta-carotene, lycopene, etc.) have been reported to improve parameters of skin structure, density and elasticity and protect against the damaging influence of UV exposure [64,67]. Conversely, Heinrich, in 2017, stated that while healthy nutritional intake and supplementation are recommended to increase the body’s inherent UV protective mechanisms and/or improve skin health, this must not be a compensatory choice for an unhealthy diet [67]. In this regard, a recent study by Valacchi in 2015 showed that vitamin C mixtures prevented ozone-induced oxidative damage in human keratinoctyes [68].



Finally, nuclear-factor-erythroid 2-related factor 2 (Nrf2) is a master regulator of the transcriptional response to oxidative stress, and it is structurally and functionally conserved from insects to humans [69]. Nrf2 plays a key role in the cellular defense against oxidative and xenobiotic stressors by its capacity to induce the expression of numerous genes, which encode detoxifying enzymes and antioxidant proteins that provide protection in endothelial cells, skin morphogenesis, wound repair, and skin cancer [70,71,72,73]. For example, Nrf2 deficiency or Nrf2-knockdown is known to cause lipid oxidation, inflammation, and extracellular matrix-protease expression (e.g., MMPs, cyclo-oxygenases (Cox) in UVA-irradiated skin fibroblasts or heat shock-induced human dermal fibroblasts [74,75]. In addition to dietary intake of vitamins and supplementation of antioxidant ingredients, other plant-derived compounds, such as equol, are known to stimulate Nfr2 and increase endogenous detoxifying enzymes and antioxidant production [2,73]. Finally, a recent review by Greenwald et al., in 2016, described a need for a Nfr2 activator in human skin to maintain dermal redox balance in modulating the Keap 1-Nfr2 pathway for antioxidant defense [76].





5. What Is Equol?


5.1. Equol Is a Polyphenolic Compound


Traditionally, equol is classified as a polyphenolic compound. Phenolics are a group of compounds having at least one hydroxyl group attached to an aromatic ring. The most high-profile polyphenolic molecule structurally related to equol known to the general public is resveratrol [2,77,78] (see Figure 3). In higher plants, thousands of molecules have polyphenolic structures that are thought to be involved in protecting plants against ultraviolet radiation, aggression by pathogens, or stress-related responses, such as drought, or other extreme environmental conditions, such as temperatures (heat or cold) [2,77,78].


Figure 3. Equol’s classifications, chemical structural and functional characteristics. “What type of molecule is Equol?” is displayed on the left-hand portion, which includes polyphenolic, phytochemical, phytoestrogen, and isoflavonoid classifications. On the right-hand portion, the polyphenolic classifications include the major lignans, phenolic acids, flavonoids, and stilbene categories, and the chemical structures are shown in reference to equol’s isoflavonoid classification with its unique chiral carbon and, thus, mirror-image expression of isomers.
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Notably, both equol and resveratrol are known to be strong antioxidants when topically applied and the differences in orally administrated between these two polyphenolic molecules are reviewed elsewhere [2].




5.2. Equol Is a Phytochemical


Phyto means coming from, or related to, plants. Thus, equol (presumably S-equol) is present naturally in some plants, such as beans, cabbage, and lettuces, having a botanical origin [2,78,79] (see Figure 3). It also has chemical or biological properties, such as being a very strong antioxidant, the ability to bind specifically the potent androgen 5alpha-dihydrotestosterone (5α-DHT) with no affinity for a variety of other steroids, and it has an asymmetric carbon atom or chiral carbon that makes it structurally different from other polyphenolic compounds [2,78]. The asymmetric carbon is attached to four different atoms or groups of atoms, resulting in isomers or mirror image molecules that cannot be superimposed on each other [2] (see Figure 3). Notably, both S-equol and R-equol can specifically bind free 5α-DHT [2,79].




5.3. Equol Is a Phytoestrogen


Phyto-derived compounds from plants may have estrogenic characteristics because they can bind to mammalian estrogen receptors and to estrogen-related receptor gamma (ERR gama) [2,78] (see Figure 3). While endogenous estrogenic hormones, such as 17β-estradiol, are steroids with a cyclo-hexane-phenantrene parent chemical structure that is derived from cholesterol, equol is not a steroid. However, equol and 17β-estradiol have similar chemical structures/confirmations and molecular weights (C15H14O3 vs. C18H24O2; 242.3 g/mol vs. 272.4 g/mol, respectively) [2]. Since equol has a chiral carbon, it can exist as two isomers, S-equol and R-equol. Remarkably, S-equol binds ERβ approximately 1/5, as well as 17β-estradiol, while having low affinity for ERα [2,78,80]. For example, the Kd for 17β-estradiol has been reported at 0.15 nM for ERβ, while the Ki for S-equol was 0.7 nM as reported by Setchell at al. in 2005 and reviewed in 2017 [78,80]. Thus, S-equol is classified as a selective estrogen receptor modulator (SERM) with high affinity for ERβ. Conversely, R-equol has weak affinity for either ER and, in general, has weak estrogenic properties, at best [2,78]. Additionally, racemic equol (exactly a 50% mixture of the S- and R-isomers of equol) has been shown to bind and activate ERR gamma, which has been shown to be protective against inflammation and has anti-proliferative effects on prostate and breast cancer cells [2,78,81,82]. Finally, equol and cancer prevention was reviewed, in 2017, not only for its estrogenic and anti-estrogenic activities, but also for its antioxidant and anti-inflammatory properties [83].




5.4. Equol Is an Isoflavonoid


S-equol, which is a metabolite of daidzein (an isoflavone found in plant and food products), has been found in plant products such as beans, cabbage, lettuces, tofu, and other food and animal products, like eggs and cow’s milk, as reviewed elsewhere [2,78] (see Figure 3). S-equol is an intestinal metabolite in animals and humans, when precursor compounds (like daidzein) are consumed but, in general, most humans do not generate S-equol concentrations at high levels [2,78,79]. Interestingly, until the equol hypothesis was proposed genistein, another polyphenolic/isoflavonoid molecule, was highly studied in the 1980s to the mid-1990s [2,78,79]. The equol hypothesis suggested that maintaining blood levels of S-equol at threshold concentrations (around 10 to 20 ng/mL) would imply health benefits in humans, such as protection against breast and prostate cancer [78,79,80]. After this hypothesis was proposed a dramatic increase in research activity occurred that reported equol’s beneficial properties for a variety of disorders [2,79]. Finally, equol’s chemical name is: 4′,7-isoflavandiol, which denotes its classification as an isoflavonoid.





6. How Equol Protects Skin against Environmental Assaults


Equol has been studied for more than 20 years [79,83]. However, more recently its novel application to skin health has occurred, where several reports using topical applications of equol have demonstrated improved human dermal parameters, such as: in in vitro (human dermal fibroblast cell cultures or human dermal organotypic cell cultures), in ex vivo (human dermal Franz cell testing and human skin gene microarray studies), and have shown proof of principle, proof of concept, and proof of mechanism(s), along with in vivo studies from human repeat insult patch test (RIPT) and applications in cosmetics, where more than 100,000 women have used topically-applied equol with great success [2,78,84,85]. In fact, equol is the only cosmetic ingredient, where in vitro gene expression biomarkers have been shown to correspond to protein expression levels validating that gene activation results in a parallel change in gene product or protein levels [86].



6.1. Equol Is Delivered into Human Skin via a Unique “Reservoir” Delivery Mechanism


Franz cell testing using tritiated equol penetration into human skin has shown: (1) the percutaneous absorption and; (2) skin content distribution among the epidermal and dermal compartments. Thus, the epidermal “reservoir” delivery mechanism of topically applied equol to the dermal layer over time has not been seen with other compounds, such as other polyphenolic molecules like resveratrol, along with the isoflavonoid genistein, or topical drugs, like 17β-estradiol [85]. For example, based upon the percutaneous absorption profile of equol through human skin it is presumably sequestered into the epidermal compartment due to its affinity to, and the abundance of, estrogen receptor beta (ER β) in keratinocytes and forms an equol “reservoir” that has a time-release prolife into the dermis with a primary absorption peak at approximately 8 h and a secondary peak at around 28 h [85]. This sustained release of topically-applied equol acts upon fibroblasts and promotes continued positive effects on skin health and addresses the issues of oxidative stress [2,85]. Undoubtedly, equol may enhance the skin’s barrier function and cellular integrity via its topical application and sustained delivery mechanism [12,82]. In support of this notion, the recent report by Lademann et al., in 2016, showed that antioxidants positively influenced the barrier function of human skin [87]. For example, antioxidants significantly increased epidermal thickness, elasticity, and stratum corneum moisture content [87].




6.2. Equol Increases Skin Antioxidant Defense and Stimulates Nrf2 Gene Expression


In vitro studies have shown that equol itself is a strong antioxidant with greater capacity for neutralizing oxidants compared, in general, to genistein, vitamin C, or other polyphenolic compounds, like quercetin, that are known to counteract the damaging effects of oxidative stress or ROS [2,88,89,90,91]. In regards to ROS, previous studies have examined the role of antioxidants in dermal aging by oxidative stress production via gene expression analysis [91,92]. From gene array studies, equol has been shown to stimulate the following antioxidant enzymes in human skin, such as SOD 2 and thioredoxin reductase 1 (TXNRD 1) [84,85]. It is well established that SOD 2 and TXNRD 1 are known to protect against free radicals, oxidative stress, and UV-induced skin damage [15,93]. Furthermore, other investigators have reported the positive biological activities of equol that include the UV-protective antioxidant effects via the endogenous cutaneous antioxidant enzyme haem oxygenase (HO)-1 [94]. It is known from cardiovascular studies examining dietary isoflavones that haem oxygenase is a protector of lipid peroxidation and is part of the mitogen-activated protein kinase (MAPK) pathway that results in the activation of antioxidant genes/enzyme via the Nrf2/KEAP 1/ARE pathway [95]. Additionally, equol has been shown to stimulate the gene expression of the SH-rich detoxifying proteins, like metallothionein-1H and metallothionein-2H, that protect against metal toxicity [85,94]. Finally, Widyarini et al. have shown that equol’s photo-protective effect in mouse and human skin is dependent on metallothionein [96].



Furthermore, since Nrf2 activation is known to increase antioxidants gene expression of several proteins, equol has been shown to increase nuclear-factor-erythroid 2-related factor 2 (Nrf2) expression [73]. This molecular mechanism has been described, where it involves the release of Nrf2 (transcription factor) from Keap 1 (its cytoplasmic binding protein) and subsequent binding to the antioxidant response element (ARE) that are present in the promoter region of genes for antioxidant proteins and enzymes [6,97]. Specifically, equol may increase Nrf2 levels and/or bind to the estrogen-responsive elements (EREs) in the promoter region the Nrf2 gene and/or increase gene expression of other antioxidant genes [2,97]. Support for this described mechanism was demonstrated by Zhang et al. (2013) that showed S-equol protected against peroxide-induced endothelial cell apoptosis by activation of estrogen receptor and Nrf2/ARE signaling pathways [73]. Additionally, for another detoxifying protein, equol was reported to increase the expression of the xenobiotic metabolizing enzyme quinone reductase (both mRNA and protein levels) via similar molecular mechanisms involving ER β and Nrf2 to that described above [98].



Therefore, in brief, equol itself is a very strong antioxidant, and, in turn, it can increase the levels of the master gene, Nrf2, which regulates the endogenous expression of detoxifying proteins and many other antioxidant enzymes that are involved in wound repair, protection against skin cancer, and where Nrf2 activation guards against dermal damage, from sunlight (ionizing radiation) and oxidative stress via ROS [2,69,70,71,72,73,76,99].




6.3. Equol Increases Extracellular Matrix Proteins, Like Collagen, Elastin, and TIMP 1


Since environmental pollutants are known to speed up the aging process by breaking down the vital extracellular matrix proteins like collagen and elastin, it is important to note the positive impact equol has on these structural and functional molecules, along with the enzymes that breakdown, especially, collagen. From gene array and human fibroblast cell culture experiments equol has been shown to significantly increase the gene and protein expression of collagen and elastin by approximately 2-fold along with increasing tissue inhibitor of matrix metalloproteinase 1 (TIMP 1) by 5.4-fold (the protein that blocks the action of matrix metalloproteinase (MMP)) that is known to break down collagen (see Figure 4) [2,84].


Figure 4. Equol increases the gene and protein expression of collagen type I, elastin, and tissue inhibitor of matrix metalloproteinase 1 (TIMP 1). In vitro cell culture, organotypic cell cultures, and gene array studies quantified the protein and gene expression levels of these dermal components when 10 nM of equol was applied [84].
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Additionally, when the enzyme gene expression of elastase (that breaks down elastin) and MMP 1, MMP 3, and MMP 9 (that are known to break down collagen and elastin fibers), were quantified, all were significantly inhibited by topically-applied equol in long-term organotypic cell cultures (see Figure 5) [2,84,85]. Particularly, where protein expression data were also available for MMP 1 and MMP 3, these values corresponded with, in general, the inhibition in gene expression levels (see Figure 5) [86].


Figure 5. Equol inhibits the gene and protein expression of elastase and the matrix metalloproteinases (MMP 1, MMP 3, and MMP 9). In vitro cell culture, organotypic cell cultures, and gene array studies quantified the protein and gene expression levels of these dermal components when 10 nM of equol was applied [84].
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6.4. Equol Decreases Oxidative Stress (ROS) and Inflammation


The goal to slow down skin aging should include lifestyle changes (decreased sun exposure, diet, exercise, etc.) and treatments to decrease ROS production, in order to delay the onset/development of damaged cutaneous elements to support good dermal health. The formation of ROS is a widely accepted pivotal mechanism leading to skin aging (see Figure 6) [2,13,14]. For example, photoaging or extrinsic aging due to exposure to UV light along with assaults from environmental pollutants (such as particles, wind or cold) trigger oxidative stress and the formation of ROS that damages DNA, mitochondrial function, protein, lipids, and results in the declination of antioxidant levels [2,13,14]. Additionally, ROS activates AP-1 and suppresses TGF beta to decrease pro-collagen synthesis, while, at the same time, ROS increases MMP production (to break down collagen fibers) and also activates NF-KB to stimulate the inflammatory response that feeds back in a positive manner to generate more ROS (see Figure 6) [2].


Figure 6. The major factors of extrinsic skin aging include: photoaging and environmental pollutants that, in turn, increase oxidative stress (ROS). The cascade of events associated with ROS production are shown which results in decreased skin antioxidant levels, the degradation of collage, and the activation of the inflammatory response. Redrawn, in part, from [2] with permission.
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Data obtained from cell culture (primary or organotypic), molecular, and gene expression/array methods have examined equol’s influence on oxidative stress along with various biomarkers at different cascade steps/events that lead to damaged skin [2]. First, activator protein1 (AP-1) is a nuclear transcription element that is part of the oxidative stress cascade. AP-1 is known to block the positive pro-collagen actions of transforming growth factor-β1 [100]. In this regard, Kang et al., in 2007, reported that the anti-tumor effects of equol are due to the inhibition of cell transformation by the MEK signaling pathway by blocking AP-1 [101]. Equol displayed a dose-dependently attenuated TPA-induced activation of AP-1, whereas, daidzein did not exert any effect when tested at the same concentrations [102]. Finally, ER β signaling has been shown to protect against transplanted skin tumor growth in mice, which implicated a common mechanism of how the blocked AP-1 actions by equol reported by Kang et al. may be mediated [101,102]. Additionally, along with ROS’s known direct stimulation of MMPs, AP-1 is also known to induce MMPs in human skin that, in turn, activates collagen degradation [2,103].



Next, the pro-inflammatory transcription factor NF-kappB (NF-KB) has been studied for more than 25 years and is known to be expressed in all cell types, where it is involved in the oxidative stress mechanism by the expression of numerous genes, such as the cytokines, and plays a major role in the pathology of inflammatory disease [104,105]. Equol has been shown to inhibit NF-KB in macrophages and block the production of free radicals like nitric oxide (NO) [106,107]. Additionally, since NF-KB is a pro-inflammatory agent, topical equol treatment in human skin via gene array studies have demonstrated that interleukin (IL) levels were significantly inhibited (such as IL-I, IL-6, IL-8 as well as cyclo-oxygenase 1 (COX-1)) [84,85]. Additionally, tumor necrosis factor receptor levels were significantly inhibited by equol when compared to controls [84,85].



Finally, since equol can be expressed as isomers, the type of equol tested (racemic, S-equol or R-equol) has been examined in a comprehensive investigation using PCR/mRNA quantification methods of human skin gene expression. In general, R-equol and/or racemic were more potent compared to S-equol in the obtained results for various human skin biomarkers [85]. For example, only three genes displayed the greatest significant expression by S-equol, whereas 16 genes displayed the greatest significant levels (either stimulation or inhibition) by R-equol and/or racemic equol, such as extracellular matrix proteins (i.e., collagen and elastin), nerve growth factor, aging genes (FOS, 100 A8 and A9 calcium-binding proteins, 5alpha-reductase type 1, and matrix metalloproteinases (1, 3, and 9)), and the inflammatory genes (e.g., interleukin-1 alpha, interleukin-6, and cyclooxygenase-1). Also, collagen type I expression in fibroblasts was greater with racemic versus S-equol treatment at 1 and 10 nM.





7. Conclusions


In brief, this short review covers the perception of skin sensitivities from environmental causes, such as toxins and pollutants in the air, and dermal assaults from wind and cold seasonal temperature exposure, along with the influence of diet on dermal health and, especially, antioxidant enhancement. All of these factors are associated with the generation of ROS, and this information is discussed in reference to skin antioxidant defense characteristics and dermal damage caused by inflammation and stress. In this regard, environmental pollution worldwide has generated a high demand for anti-pollution personal care products to protect the skin against the daily exposure of airborne toxins and various other assaults, like UV light, wind, and seasonal cold temperatures. Consumers are demanding anti-aging ingredients with enhanced antioxidant defense and protection against oxidative stress (ROS). Many major cosmetic companies have anti-pollution personal care products, but, in general, the products are formulated with commonly used active ingredients that have been in the marketplace for some time and have been retooled using marketing strategies to address current environmental pollution treatments to improve dermal health. Equol is a botanical compound with polyphenolic chemical characteristics found in plant and food products, and it is also classified as an isoflavonoid [12,76]. Moreover, equol appears to address the need as a new active ingredient in personal care products to protect against pollution assaults by increasing antioxidant defense, while inhibiting oxidative stress and inflammation [2,78]. Separate sections covering equol’s enhanced: (a) delivery mechanism into human skin; (b) antioxidant effects via Nrf2 activation; (c) effects on extracellular matrix proteins like collagen and elastin; and (d) protection against oxidative stress and inflammation were presented. In fact, equol has been compared to other botanical actives, like resveratrol, and it appears to be an exceptional choice for potential incorporation into human skin applications, especially for women, due to its multiple positive actions to improve dermal health [2,78,108].
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