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Abstract:



Topical sun protective cosmetics (sunscreens, pre- and post-sun) have been intensively developed and produced to protect human skin against solar irradiation-associated damages/pathologies. Unfortunately, routine cosmetics for sun protection containing synthetic organic and/or physical sunscreens could exert adverse effects towards human organisms and bring undesirable ecological changes. Terrestrial and marine plant species, being exposed to sun light for hundreds of millions of years, have evolved two pro-survival strategies: effective protection against/adaptation to its deleterious effects and the use of solar energy for photosynthesis/photo-biochemical reactions. Secondary plant metabolites (SPM) are primary sensors of solar energy and mediators of its use (photo-sensitisers) or neutralisation (photo-protectors). A similar double photo-protective/photo-sensitising system is built in within human skin. Modern development of toxicologically/ecologically safe yet effective sun-protective cosmetics attempts to pre-select photo-stable and non-phototoxic SPMs that provide broad UVA + UVB sunscreen, free radical scavenging and direct antioxidant defence, endogenous antioxidant rescue, induction of antioxidant enzymes (indirect antioxidant defence), and normalisation of metabolic and immune responses to UVA + UVB. Proper formulation of sun protective cosmetics should assure targeted delivery of photo-active SPMs to definite skin layers to invigorate the built in photo-chemical skin barrier.
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1. Introduction


Solar UV radiation interacts with an extremely complex networks of cutaneous compartments dedicated to mechanical, photo-chemical, redox, metabolic, and immune defence of the skin and underlying organs. As a first step, UV induces photo-chemical reactions in the outmost superficial skin surface lipids. Then, UV photo-chemically modifies non-viable keratinocytes and intercellular lipids of the stratum corneum. Finally, it reaches directly or by means of photo-chemical mediators the viable layers of epidermis and the underlying dermal compartments [1]. Upon exposure to UV radiation or to photo-chemical mediators, skin keratinocytes mount characteristic inflammatory, metabolic, and proliferative responses in an attempt for self-protection from and adaptation to UV-induced damage [2]. Effective and safe skin protection against damages induced by solar irradiation remains among the unsolved problems of modern dermatology and cosmetology [3]. Currently, plants and marine organisms are considered valuable sources of anti-photo-ageing and photo-protective compounds for the development of cosmeceutical and topical pharmaceutical products [4,5,6,7]. Here, we will address this issue comparing natural evolution-derived photo-active systems/mechanisms in human skin, higher plants, and lower marine organisms.




2. Photo-Chemical Barrier in Plants versus Human Skin


2.1. Photo-Active Secondary Metabolites in Terrestrial and Marine Plants: Biosynthesis and Physiological Effects


Terrestrial and marine plants synthesise primary metabolites essential for their growth, division, and propagation (proteins and aminoacids, lipids and fatty acids, poly- and oligosaccharides). They account for more than 90–95% of a dry weight of higher and marine plants [8].



Terrestrial plants and lower eucariots, such as marine micro/macroalgae, sea weeds, coral gorgonians, etc., have evolved biosynthesis of secondary metabolites (SPMs), which do not participate directly in their growth, division, and propagation but are essential for defence and adaptation to continuously changing environmental conditions (to co-called biotic and abiotic stresses) [4,9,10,11]. For example, secondary metabolism in plants/marine organisms starts upon exposure to UV, X-rays or ultrasonic irradiation, extreme temperatures (cold or heat), heavy metals, salts, and organic toxins, mechanical damage, etc. [7]. It is also initiated by bacterial, viral or parasite infections, or by damage produced by herbivores and insects. In general, SPMs are known as protective, adaptive, connecting, and regulatory (hormone-like) substances. It is believed that SPMs play the role of the primitive “immune system” and “detoxification network” in plants and lower marine organisms (reviewed in [12]). A wealth of known so far SPMs (more than 5000 substances) are commonly divided in accordance with their chemical structure into three major classes:

	-

	
phenylpropanoids (synonyms, ethylpropanoids) and their derivatives, such as simple polyphenolics (acids, alcohols, and aldehydes), aromatic/poly-aromatic polyphenols (flavonoids, stilbenes, curcuminoids, coumarins, etc.), and glycosides (glycoside moieties, are, mainly, rhamnose, mannose, rutinose, etc.). All these SPMs contain exclusively carbon, hydrogen, and oxygen atoms and multiple hydroxyl groups;




	-

	
terpenoids containing long, mainly, unsaturated C-H chain and nucleus of non aromatic C-H cycle;




	-

	
nitrogen-containing heterocycles, such as alkaloids, purines, pyrimidines, porphyrins, chlorophylls, flavins, etc.









A great majority of SPMs are synthesised upon exposure to solar UV irradiation [5,9,13,14].



Protective properties of secondary plant metabolites against solar light of broad spectral range from UV irradiation to visible and infrared light [10,14] are greatly similar for plant and mammalian cells. This possibility of universal defence is provided by peculiar chemical structure (chromophores) that absorbs solar light energy and dissipates it either in the form of thermal or fluorescent/phosphorescent light energy (sunscreen properties) or convert it into energy for chemical reactions (photo-sensitising properties).



For example, polyphenols like phenylpropanoids and their glycosides as well as bioflavonoids are synthesised in plant cells through phenylpropanoid pathway immediately upon exposure to UV [8,9,14,15]. Having molecular structure consisting of condensed aromatic 5- and 6-carbon rings with multiple OH-groups, they effectively absorb UVA + UVB (sun screen properties) (Figure 1) without promotion of further photo-chemical reactions. They have been considered safer than classical synthetic sunscreens [16], chemical structures of which are also aromatic polyphenols [17,18]. From a kinetic chemistry point of view, SPM phenylpropanoids and their off-spring polyphenols usually have rather high activation energy; therefore, they need UV irradiation to acquire an excited state. Due to their highly conjugated aromatic moieties with stable “π” configuration, their excited state lives longer and energy dissipates within the space of this molecule. Their aromatic rings are mainly in perpendicular positions that favour electron “entrap” within the molecule (Figure 1). Moreover, the presence of glycosyl moieties in SPMs provides increased photo-stability, hence many of the glycosylated metabolites are not susceptible to UVA destruction [19].


Figure 1. Photo-protective polyphenolic secondary plant metabolites. Examples of plant-derived secondary polyphenolic metabolites (phenylpropanoid glycoside verbascoside; flavonoids (glycosylated and aglycon baicalein/baicalin), rutin, silibinin).
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Other SPMs (stilbenes, catechins, flavonoids, and terpenoids) preferably protect plant molecules and structures against damaging effects of reactive oxygen species (superoxide anion-radicals, hydroxyl radicals, peroxides, and singlet oxygen) formed upon UV reaction with organic matter in the presence of molecular oxygen (type II photo-reactions) [5,13] (Figure 2).


Figure 2. Modes of photo-protection by polyphenolic secondary plant metabolites. Physical photo-protection by interaction with UV light quantum (sunscreen), free radical scavenging, antioxidant, and singlet oxygen quenching (photo-chemical protection), and inhibition of inflammatory and metabolic skin responses to UV light (biological protection).
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In contrast, the majority of nitrogen-containing heterocycles (Figure 3) and terpenoids are photo-sensitisers, which use UV energy, visible or infra-red solar irradiation to promote biologically important free radical-driven photo-chemical reactions (Figure 4), such as photosynthesis or terpenoid- and polyphenol-containing polymer synthesis [9]. Of note that polyphenols also containing aldehyde group(s) could exert properties of photo-sensitisers due to decreased energy of photo-excitation [20,21] (Figure 5).


Figure 3. Nitrogen-containing heterocycle secondary plant metabolites possess photo-sensitising properties. Examples of biologically important secondary plant metabolites (nitrogen-containing heterocycles) with photo-sensitising action.
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Figure 4. Excitation of photo-sensitisers. Scheme explaining the process of solar light (UV, visible, infrared) -excitation of secondary plant metabolites followed by photo-chemical reactions.
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Figure 5. Polyaromatic secondary plant metabolites with aldehyde group(s) are mainly photo-sensitisers. Examples of polyaromatic aldehyde-containing secondary plant metabolites with prevalently photo-sensitising properties.
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When whole botanical extracts are used for topical photo-protection, there is a great risk of adverse photo-sensitising effects of definite plant-derived secondary metabolites that lead to phyto-photo dermatosis or allergic reaction [12].



The UV-protecting systems in plants and lower marine organisms resemble a cutaneous photo-chemical barrier in humans (Figure 6) consisting of photo-screens (pheomelanin, melatonin, and proteins rich of aromatic amino acids) [22,23] and photo-sensitisers (amino acid tryptophan and derivatives, retinoic acid, eumelanin, porphyrins, flavins, haemoglobin, purines, and pyrimidines) [24,25,26,27].


Figure 6. Endogenous photo-protectors and photo-sensitisers within human skin. Quantum of solar energy (hν) is absorbed by endogenous chromophore (CH), which becomes excited (CH*) and highly reactive either directly with DNA and proteins (type I reaction) or it reacts first with molecular oxygen (type II reaction) converting it in singlet oxygen, thus initiating non-enzymatic oxidation reaction. Examples of endogenous cutaneous photo-protectors and photo-sensitisers are in the brackets.
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The endogenous cutaneous barrier efficacy depends on the photo-protector/photo-sensitiser balance that gradually deteriorates in ageing or ailing human skin [25,28].




2.2. Photo-Chemical Barrier in Human Skin


A very peculiar photo-chemical barrier of the human skin aims to detoxify/eliminate solar light-modified low molecular weight substances.



The outmost external photo-chemical barrier encountered by environmental radiations is the skin surface lipids, a protective hydrophobic film occurring more abundantly in the most photo-exposed cutaneous districts [1]. The lipid barrier is a mixture of epidermal lipids, deriving: (a) from the exfoliating stratum corneum, mainly composed of keratinocyte debris phospholipids and their products of hydrolysis, and (b) from lipids, triglycerides, sterols, and lipophilic vitamins (vitamin E and coenzyme Q10) produced by sebaceous glands. The lipids synthesised in sebocytes are rich in highly oxidisable triterpenoid squalene, a highly lipophilic molecule presents uniquely on human skin, which is regarded not only as a water-insulating and skin-smoothening factor, but also most importantly as a sacrificial antioxidant [29,30]. Under UV exposure, following the rapid degradation of the lipophilic antioxidants, squalene remains a main guardian protecting precious epidermal unsaturated phospholipid moieties from the UV-induced free radical-driven oxidative damage. The short-lived, hydrophilic, low-molecular weight oxidative by-products of squalene oxidation, able to rapidly diffuse to viable epidermal and dermal layers, have been proven to be an early signal triggering the adaptive skin immune response to UV-irradiation [31] as well as a cutaneous metabolic response to solar-simulating UV [32]. Although squalene has long been considered a double edge sword: if produced by sebaceous glands or applied to the skin in excessive amounts, squalene could give an uncontrolled rise of toxic aldehydes and epoxides, which are not sufficiently metabolised by the built in skin antioxidant systems. In this case, squalene may be responsible for the pro-inflammatory, pro-ageing, and tumour-promoting cutaneous photo-oxidative damage (reviewed in [1]). The rate of squalene degradation has been therefore proposed as a feasible parameter to measure the efficacy of sun-protecting formulations [33]. A role for selected plant-derived polyphenols in the modulation of squalene oxidation under UV stimuli is anticipated [7,32].



Several photo-chemical mediators of UV signalling to skin cells, such as products of tryptophan photo-oxidation [34], 4-hydroxy-2-nonenal, the final product of membrane-bound arachidonic acid oxidation [35], 9-hydroxyoctadecadienoic acid, the product of photo-oxidation of linoleum acid [36], and photo-oxidised squalene [32] have been identified so far.



At underlying cellular skin layers (epidermis and derma), the UV interaction starts from absorption of UV light by endogenous chromophores such as trans-urocanic acid, melanins, porphyrins, flavins, quinones, tryptophan and its photo-oxidised metabolites, such as N′-formylkinurenine and 6-formylindolo[3,2-b]carbazole, hydropirydines, and advanced glycation end-products [22,23,24,25]. This interaction reduces UV penetration, hence the chromophores play a protective role of sacrificial sunscreens. Recently, the utmost importance of epidermal and dermal UV chromophore rich proteins including the late cornified envelope proteins, keratin associated proteins, and elastic fibre-associated components as endogenous sacrificial sunscreens have been described [37].




2.3. Redox Barrier of Human Skin


Human skin, being the largest organ in the organism exposed to a hostile environment, secures redox protection from the air- and UV-born free radicals and reactive species (so called redox barrier of the skin). In the viable layers of the epidermis, lipid-soluble antioxidants, mainly alpha-tocopherol, and antioxidant enzymes like catalase (CAT), superoxide dismutases (SOD), glutathione peroxidases (GPx), mainly GPx3, and peroxyredoxins (Px) are abundantly expressed [38,39]. The homeostatic role of mitochondrial manganese SOD (MnSOD) towards keratinocyte response to UV irradiation mediated through the epidermal growth factor receptor (EGFR) has recently been discovered [40].



To effectively counteract insults coming from the environment, the epidermis of normal human skin contains high levels of water and lipid-soluble antioxidants such as glutathione, thioredoxin, vitamin C, uric acid, alpha-tocopherol, squalene, and coenzyme Q10, distributed in a gradient with the highest concentration on the deepest epidermal layers [38,39].



Endogenous intracutaneous melatonin and its metabolites, which are formed in enzymatic and non-enzymatic oxidation reactions, appear to represent the most potent antioxidants against UV irradiation-induced oxidative stress and carcinogenesis due to their hydroxyl radical scavenging properties [41,42]. Melatonin-derived metabolites exerting antioxidant properties (6-hydroxymelatonin, N(1)-acetyl-N(2)-formyl-5-methoxykynuramine, and 5-methoxytryptamine) were detected in three types of normal human skin cells, keratinocytes, melanocytes, and dermal fibroblasts [43]. The extracellular space of dermis contains large amounts of water-soluble antioxidants such as ascorbic acid, uric acid, and glutathione. In addition, several key structural proteins abundantly present in the stratum corneum, hair, and papillary dermis and characterised by the high content of aminoacids-chromophores, namely, cysteine, tryptophan, and tyrosine, appear to have significant impact on cutaneous antioxidant defence protecting skin structures against photo-chemical oxidative stress [37]. As part of an adaptive response, abnormal levels of ROS also induce the expression of ROS-detoxifying enzymes, mainly through a nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent mechanism [44].




2.4. Effects of Secondary Plant Metabolites on Photo-Chemical and Redox Barriers of Human Skin


The transcription factor Nrf2 (nuclear factor-E2-related factor 2) is widely considered a key switch of cell defence against environmental abiotic stresses, such as UV radiation, pollutants, xenobiotics both low molecular weight toxins and drugs, heavy metals, ozone, oxidative stress, etc. [45,46]. Genes regulated by this nuclear factor include detoxifying phase II enzymes, DNA repair, inflammatory signalling, and antioxidant response. Recently, Nrf2-regulated gene expression in response to solar UVA + UVB radiation in cultivated human skin cells has been reported [47]. Due to these findings, Nrf2 has been suggested as a target for modulation of skin chronological and premature photo-damage-associated skin ageing [48,49].





3. Metabolic Barrier of Human Skin


The skin is an excellent biochemical/toxicological barrier against transcutaneous penetration of low molecular weight xenobiotics and drugs. Topically applied SPMs are a spectacular example of xenobiotics to be detoxified and eliminated through activation of skin-located metabolic enzymes. In addition, these enzymes participate in biotransformation followed by elimination of toxic endogenous metabolites, such as hormones, oxidised/photo-oxidised lipids and amino acids.



The biotransformation is initiated by the oxidative phase I enzymes (cytochrome 450-CYPs- superfamily, flavoprotein mono-oxygenase, cycloxygenase, alcohol dehydrogenase, amine oxidases, epoxide hydroxylase, and others). An oxidised toxin is subjected to reductive or conjugative modification by the phase II enzymes (glutathione-S-transferases (GSTs), UDP-glucoronosyl transferases (UGTs), catechol-O-methyl transferases (COMT), N-acetyl transferases (NATs), and sulfo transferases). Expression of xenobiotic metabolising enzymes is regulated by nuclear receptors, transcription factors, and epigenetic mechanisms including microRNAs. It is common knowledge now that phase I enzymatic reactions are less relevant than metabolic transformations provided by phase II enzymes in the skin (reviewed recently in [50]). Of relevance, both Cyp1A1 and Cyp1B1 are highly inducible in human keratinocytes not only by polyaromatic chemicals, including environmental organic toxins, drugs, SPMs, cosmetics, but also by UVB irradiation [34,51,52]. The metabolising enzymes are located mostly in keratinocytes within the epidermis [53], although these enzymes are also expressed in cutaneous immune cells, melanocytes, and fibroblasts [50,54].



Their induction and activity are regulated by the aryl hydrocarbon receptor (AhR), a transcriptional factor shuttling from cytoplasm to nucleus. For a long time, the AhR has been considered a sensor and a primary regulator of the adaptive metabolic response to a wide range of xenobiotics. It also plays a leading role in the metabolic degradation of toxic endobiotics. For example, prostaglandins, lipoxins, and other eicosanoids serve as AhR ligands-activators of its signal transduction pathway [55]. There is also growing evidence that the physiological role of AhR in the skin is not limited to xenobiotic metabolism, but it extends to numerous functions of cutaneous cells such as breakdown of endogenous metabolites, proliferation, cell-to-cell contacts, immune and inflammatory responses, and melanogenesis [56]. Among the endogenous AhR ligands identified so far, there are the products of tryptophan photo-oxidation, squalene photo-oxidation, oestrogen, prostaglandins, bilirubin/biliverdin, and kinurenic acid [32,57,58]. Apart from metabolic enzymes, a number of growth factors, cytokines, chemokines and their receptors are down-stream gene targets for activated AhR [45,59]. AhR is also functionally connected with epidermal growth factor receptor, presumably, through the NF-kappaB-regulated pathway [60], thus influencing the epithelial cell proliferation. AhR can also cross-talk and directly interact with proteins involved in major redox-regulated signalling pathways such as NF-kappaB and various kinases, such as Src, JNK, p38, MAPK and with oestrogen receptors to mediate oestrogen metabolism [61]. Recent studies have unraveled unsuspected physiological roles and novel alternative ligand-specific pathways for this receptor that allowed for hypothesising numerous pharmacological roles of AhR ligands useful for the development of a new generation of photo-protective drugs and cosmetics [62,63].



3.1. Metabolic Responses in Human Skin to Solar Irradiation


The tryptophan photo-oxidation products, firstly formylindolo[3,2-b]carbazole (FICZ), were identified as endogenous ligands of AhR hence mediators of CYP-related metabolic responses to UV in keratinocytes and melanocytes [34]. A recent publication has shown that squalene, a major component of human skin surface lipids, becomes an AhR ligand and, as a consequence, a CYP1A1 and CYP1B1 inducer, following photo-oxidation by solar UV [32]. In this context, peroxidated squalene has been suggested as another endogenous AhR-CYP activator in the skin, and also a potential contributor to pro-inflammatory functions of epidermal keratinocytes amid their response to squalene peroxide with a significant upregulation and de novo synthesis of IL-6 and TNF-alpha [32].




3.2. Effects of Secondary Plant Metabolites on Metabolic Responses to Solar Irradiation


A number of dietary redox active polyphenols (resveratrol, quercetin, curcumin, etc.), indoles, tryptophan metabolites, bilirubin, and oxidised products of lipid metabolism have been suggested as non-toxic ligands-activators or ligands-inhibitors of the AhR expression by competitive and non-competitive pathways [32,56]. Among a number of plant polyphenols used for topical application, exclusively phenylpropanoid verbascoside and flavonoid quercetin were strong inhibitors of UV- or FICZ-upregulated AhR-CYP1A1-CYP1B1 axis in human keratinocytes [63,64], suggesting their potency as topical UV protectors. Several plant-derived polyphenols have been shown to suppress UV-stimulated CYP1A1 and CYP1B1 enzymes, which have been suggested as a positive sign to prevent biotransformation of pro-carcinogens into ultimate carcinogens in the skin [65]. Several other SPMs induced over-expression of these metabolic enzymes that could be described in terms of increased risk of non-melanoma skin cancer development [66,67]. On the other hand, induction of phase I enzymes could accelerate SPMs metabolism in the skin. There are data confirming that AhR receptor activation/inhibition by definite plant polyphenols correlate with the consequent CYP1 behaviour [68]. Resveratrol and its glycoside polydatin augment metabolic and inflammatory responses of human keratinocytes to UVA + UVB radiation or to exogenous FICZ [69], which allowed for issuing a warning about possible risks of resveratrol in sun protective cosmetics.





4. Immune System in Human Skin


The skin has been evolved to assure appropriate multilevel defence of entire human organisms against mechanical damage, foreign biological invaders, high molecular weight and low molecular weight substances, and physical changes in the environment, such as temperature and solar irradiation. Numerous microbial and viral organisms, high molecular weight haptens and UV-modified substances are guarded by the innate skin-resided immune system as well as by the acquired induced-by-stimulus immunity consisting of keratinocytes, endotheliocytes, tissue-located and recruited professional immune cells (lymphocytes, monocytes, granulocytes, dendritic cells, and Langerhans cells). The cellular components communicate by means of cytokines and chemokines to provide acute immune/inflammatory response targeting the invader [22] (Figure 7).


Figure 7. Immune system in human skin. Skin immune system consists of cells-residents (mainly, keratinocytes, tissue macrophages, dendritic and Langerhans cells) and recruited professional immune cells, such as lymphocytes, granulocytes, and monocytes. Immune cells react to foreign invaders and UV radiation by synthesising de novo a plethora of cytokines and chemokines as well as growth factors. UV-responsive cellular receptors, such as Toll-like (TLR), epidermal growth factor receptor (EGFR), aryl hydrocarbon receptor (AhR) initiate molecular events with the aid of specialised nuclear factors (NF-kappaB and Nrf2), which lead to metabolic and inflammatory response of the skin in order to protect intra-cutaneous homeostasis. Photo-protective secondary plant metabolites could modulate these molecular events, thus enhancing the photo-protection.
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4.1. Immune Responses to Solar Irradiation


Immune system of the skin suffers the most upon exposure to UV radiation and/or photo-modified metabolites derived from surface skin lipids, damaged skin cells and extracellular matrix. The finely tuned system of defence against foreigners, such as high molecular weight molecules, dust and bacterial particles, protozoa, fungi, and viruses, becomes confused and its responses are greatly altered either being suppressed (immune deficit) or inadequately enhanced (inflammation). Chronic exposure to solar irradiation inevitably results in the immune deficit of a cutaneous immune system that is commonly regarded as a causative reason for UV-induced carcinogenesis [2,3,28,65]. Immune responses of cutaneous cells could be made evident and quantified by the measurements of cytokines, chemokines, and growth factors’ expression, by the expression of receptors responsive to UV light, such as membrane-bound epidermal growth factor receptor, Toll-like receptors, G2A receptors and many others, or intra-cellular receptors, for example, NF-kappaB and AhR [28,34,64,69]. A majority of skin pathologies and skin ageing is attributed to these alterations in the local immune system. Therefore, abnormally expressed soluble or cell-bound substances and cutaneous immune cells have become targets for the search of pathogenically relevant drugs and photo-protective cosmetics.




4.2. Effects of Secondary Plant Metabolites on Immune Responses to Solar Irradiation


A wealth of publications on the photo-protective effects of plant-derived substances, mainly SPMs, have been done during the last two decades due to growing public and medicinal society concern about severe damage associated with solar and artificial UV irradiation [3,4,5,7,65]. Experimental data suggest that a variety of SPMs, mainly, polyphenols extracted from green tea, grape seed, soy beans, or Curcuma longa root, when taken orally or applied topically, do exert chemo-prevention of skin inflammation (erythema and sunburned lesions) followed by a significant decrease in non-malignant and malignant skin tumours derived from exposure to carcinogenic doses of UV [70,71]. In a clinical study, the soybean isoflavone genistein effectively inhibited UVB-induced erythema when applied onto the skin before UVB irradiation [72]. Phytochemicals containing a plethora of SPMs directly exert their chemo-prevention of properties by diminishing the levels of pro-inflammatory mediators such as free radicals, inorganic and organic peroxides, and aldehydes generated by UV irradiation [8,15]. Oxidation end-products of sebum and keratinocyte cell membrane lipid moieties represent key biochemical mediators of the inflammatory reaction induced by UV irradiation [1,73,74], among which 4-hydroxynonenal (4-HNE) is the most thoroughly characterised. Green tea polyphenols, theaflavins, and other SPMs could act as sacrificial nucleophiles trapping 4-HNE efficiently, the reason why tea and red wine polyphenols protect various types of cells in vitro, against HNE-induced intracellular oxidative stress and cytotoxicity [75]. In addition, a significant inhibition of HNE-induced mitochondrial ROS production is provided by quercetin, epigallocatechin gallate (EGCG), theaflavins and their gallate esters [76]. The most documented applications for skin damage protection under photo-irradiation anti-proliferative therapy concern standardised green tea extracts, due to their potent anti-inflammatory and photo-protective properties [67]. Green tea epicatechin derivatives, possessing free radical scavenging, antioxidant, anti-inflammatory, as well as direct anti-carcinogenic properties, have shown to be protective against UVB- or PUVA-induced photo-toxicity, with inflammation control through the suppression of proteasome function, NF-kappaB activity, and cytokine release [66]. Carotenoids, being a significant part of terpenoid SPMs, including beta-carotene, lycopene, lutein, zeaxanthin, and astaxanthin, have been studied for many years as remedies for cutaneous photo-protection [28]. The systemic intake of carotenoids displayed photo-protective effects after cutaneous accumulation. The mechanistic studies have revealed that carotenoids accumulated in the skin were light photon absorbers, served as sacrificial antioxidants, and quenchers of excited states and singlet oxygen. Recent publications have suggested bixin, an apocarotenoid from seeds of the achiote tree acted as a potent UV protector for cultured skin cells as well as after oral intake. Bixin mainly stimulated Toll-like receptor 4, an ancient system of immune response to bacterial particles, which is closely interconnected with Nrf2-dependent mechanism of adaptation/protection from deleterious effects of solar radiation. [25,28].





5. Pre-Selection of Sun-Protective Secondary Plant Metabolites


Usually, to achieve an optimal composition of topical sunscreens labeled as products with high broad-band UVA + UVB protection, several synthetic molecules having polyphenol nature-inspired moieties (derivatives of benzoic or cinnamic acids) are combined [17,18]. To meet requirements of regulatory bodies for claimed SPF-B and SPF-A values, these synthetic substances should be added to sunscreen cosmetics/drugs in high concentrations ranging from 10 to 25% [18] that sharply increases risks of adverse cutaneous reactions to poly-aromatic synthetics [12] and might have negative environmental impact.



The very first attempts to substitute synthetic sunscreens with the natural ones, for example, leaf extracts of Baccharis antioquensis containing quercetin, kaempferol, and caffeic acid glycosides [77] have been conducted. It has been published recently [23] that the glycosylated plant phenylpropanoids (polyphenols) baicalein and verbascoside protected cultured human keratinocytes against a broad band UVA + UBV simulating solar UV irradiation better than benzophenone-3. According to this paper and other publications [23,68], baicalein and verbascoside protected cell viability via multiple pathways: partly by physical UVA + UVB absorption, partly by direct free radical scavenging (chemical protection), and/or targeting adaptive/pro-survival, such as Nrf2-connected pathways in keratinocytes (biological protection).



Theoretically, SPMs could modify skin-UV interaction at several crucial points: (a) by absorption of UVA + UVB (screen action); (b) by inhibition of UV-induced free radical reactions in skin cells and extracellular matrix (scavenging and direct antioxidant chain-breaking effects); (c) by protection of skin surface lipid antioxidants, such as alpha-tocopherol, coenzyme Q10, and squalene (antioxidant rescue action); (d) by induction of endogenous antioxidant systems in keratinocytes and fibroblasts (indirect antioxidant effects); (e) by attenuation of inflammatory responses in cutaneous immune cells (keratinocytes/leukocytes/dendritic cells); (f) by modulation of excessive metabolic and proliferative UV-induced stress responses (anti-stress effects), and (g) by attenuation of UV-related immune suppression (immuno-modulation) [23,78,79,80].



The problem of photo-stability of sunscreens has been drawing close attention for quite some time because it might seriously affect desired durable photo-protection and recommendations regarding frequency of re-applications. Previous studies have shown that synthetic sunscreens lost a significant part of their protection when exposed to UV irradiation [81,82]. Unfortunately, natural UVA + UVB screens could also be susceptible to photo-degradation mainly by the UVA range of solar radiation [23,83]. To suppress photo-instability of natural chromophores based on SPM, several technological approaches have been applied in the course of formulation of fully natural sun protective cosmetics.




6. Formulation of Sun Protective Cosmetics Based on Secondary Plant Metabolites


Organic (synthetic) and mineral UV filters pose relevant challenges related to their photo-stability in vitro and in vivo under UV irradiation [81,82], their homogeneous distribution onto the skin [83,84,85], and their capability to reach the viable layers of epidermis and obtain sufficient accumulation in the stratum corneum [86] while also avoiding their systemic penetration due to the widespread concerns on their toxicity [87]. A major role is played by vehicles, which undergo a continuous technological evolution in the highly competitive cosmetic world, moving from the traditional vaseline or oil-in-water (o/w) emulsion delivery systems. This search for state-of-the-art formulations goes along with the attempt to develop innovative experimental methods to reliably assess effective penetration, homogeneity, stability, and bioavailability of the sunscreens in the various cosmetic micro-environments with different physical and chemical features [88,89]. A large potential portfolio of industrial applications of secondary plant metabolites promises breakthrough sunscreening properties, with reduced toxicity and appealing environmental sustainability. The natural UV filters are nevertheless also limited by several factors, including their low solubility with consequence difficulties in the cosmetic formulation, their fragile chemo- and photo-stability in the given cosmetic moiety, their reduced capability to penetrate the stratum corneum, and their limited bioavailability in the target skin layers [83,90]. These major drawbacks have been addressed by different formulations strategies, ranging from mere changes of vehicle viscosity to liposome or cyclodextrin complexation [90,91].



Many up-to-date studies support the advantages of formulation strategies searching for a synergic photo-protective effect among natural plant sources, able to exert synergic anti-photo-ageing, anti-inflammatory, and antioxidant activities [90]. Several vegetable oils have been proposed as photo-stability enhancers [92] and skin-friendly carriers by increasing the penetration of both synthetic and natural UV filters. Vegetable oils provide hydration to the sun-exposed skin and, in addition, can have an SPF themselves [93]. Plant oils based on renewable vegetable resources proved to be effective enhancers for chemical sunscreens. Soybean and olive oils displayed optimal performance as skin penetration enhancers for dihydroquercetin, a very effective inhibitor of skin photo-damage hitherto limited by its solubility in aqueous solvents inferior to 0.1% [94]. Future industrial-scale use shall rely on the appropriate standardisation of the vegetable sources, variable in their fatty acid composition and in the quality grade of raw materials. Rice bran oil and raspberry seed oil, formulated as advanced nano-structured lipid carriers with antioxidant properties, have shown minimal side effects and the ability to release controlled mounts of the encapsulated synthetic broad-spectrum filters butyl-methoxydibenzoylmethane and octocrylene, which were then needed in lower amounts [95]. Lipid micro- and nano-carriers represent the evolution of the pioneer liposome-based carriers. These were first found to enhance the skin penetration and absorption of the lipophilic sunscreens such as ethyl hexyl methoxycinnamate, as compared to the traditional oil/water emulsions supplied with emulsifiers [96], or the stratum corneum bio-adhesiveness of padimate O [97], although limited in the industrial applications by the unresolved problem of liposome instability. Nano-emulsifier particles also show the ability to inhibit trans-cutaneous absorption of the systemically toxic and immune-suppressing chemical filters [98]. Major limitations lay in the uncertain regulatory status of many polymers, and the elevated costs of large scale production [98,99].



Solid lipid nano-particles and nanostructure lipid carriers, in forms already available on the cosmetic market, have been proven to be effective and sustainable (solvent-free) carrier systems for natural lipid-soluble sun-protecting factors like lutein, by increasing its stability and inhibiting its physical-chemical degradation, while exerting skin hydrating and elasticity boosting essential cosmetic functions [99]. The encapsulation of flavonoids, such as rutin, with limited solubility in aqueous solvents and scarce permeation in the stratum corneum, showed the promising advantages of gelatin nano-particles entrapping rutin, which, when coupled, enhanced sun protection with an elevated skin compatibility of the new vehicle [100]. Genistein was successfully encapsulated in Vitamin E nano-particle emulsions with photo-chemo-preventive efficacy [101]. Mono-oleate lipid nano-particles display a liquid crystal gel structure in water-rich environments. They were feasible for the co-formulation with other cosmetic ingredients, have been shown to enhance trans-epidermal penetration and bio-adhesiveness of lipophilic natural compounds like Vitamin K [102]. Surfactant Transcutol®, coupled with penetration enhancers like sucrose esters, are among the cosmetic excipients enabling increased solubility, penetration, and bioavailability, of attractive UV-protecting plant actives against UVB-induced oxidative stress, like Silybum marianum extracts [103].



In spite of the ongoing intense biological investigations and technological improvements, so far, no entirely natural UV filter has been officially approved for the EU market (Annex VI, Directive. EC-1223/2009). Waiting for the expected breakthroughs in the cosmetic regulations in the application of natural sunscreens alone, the advantages of a synergy between synthetic and plant-derived UV filters have been widely assessed, based on the antioxidant and anti-inflammatory properties of the plant molecules, which are able to enhance the sunscreen efficacy by protecting its photo-degradation and by boosting the target tissue endogenous defence from UV-driven inflammation [104]. In contrast, chemical filters are also being investigated as low-dose stabilisers for plant sunscreens, as in the case of green tea catechins. For example, epigallocatechin-3-gallate in oil/water emulsions was the most effectively protected from UV degradation by low concentrations of the water-soluble UVB filter Benzophenone-4 [83].



The combination of chemical sunscreens with melatonin, rutin, lipophilic antioxidants proved their efficacy as sun protection boosters and inhibitors of skin photo-oxidative damage [90,105]. For the conventional synthetic organic filters, many of which are potential endocrine disruptors, the inhibition of their deep penetration in the dermis remains a primary clinical goal. This has been traditionally attempted by increasing of vehicle viscosity. More effective increase of synthetic UV-filters safety has been recently achieved with the co-formulation of beta-carotene and resveratrol. These plant-derived SPMs inhibited deep transcutaneous penetration of synthetic UV filters and prolonged their accumulation in the stratum corneum [87]. This may represent a feasible approach to the reduction of repeated sunscreen applications to ensure sunscreen compliance [106].



The reduction of UV filter concentrations in sunscreen cosmetics, achieved through innovative delivery strategies or by the combination or substitution with plant-derived natural filters, will also have a major impact on environmental sustainability, at risk for the high concentration of endocrine disrupting chemical UV-filters in aquatic environments. Concerns have been raised, however, on the safety of the long-term application of the novel vehicles, and on the environmental impact of cosmetic micro- and nano-particles [107].




7. Conclusions: Advantages and Disadvantages of Fully Natural Sun Protective Cosmetics


The idea to develop fully natural sun protective cosmeceuticals and skin care products is one of the most attractive yet challenging health concepts in the modern highly technological world. This idea is an “evolution inspired” because it is based on striking similarities of endogenous UV protection/adaptation in humans, terrestrial and marine plants. Numerous SPMs synthesised by plants/marine organisms on request in response to challenges of the hostile environment, first of all, solar irradiation seems to be excellent candidates to prevent, decelerate or even revert skin damage provided by solar radiation [108]. Photo-protective plant-derived SPMs have a chemical structure of chromophores capable of effectively absorbing solar light energy within a wide range of biologically damaging UVA and UVB spectra (sunscreen properties). After physical interaction with solar energy, they could maintain their initial chemical structure for quite some time that is a feature of their photo-stability. Due to photo-stability, plant-derived SPMs should not theoretically exert photo-toxic effects against skin cells and extracellular matrix. Very peculiar redox characteristics and metal chelating properties make SPMs excellent free radical scavengers and direct antioxidants to prevent and repair photo-oxidative damage provided by solar radiation [109]. A combination of sunscreen and redox protection allows for SPMs to rescue endogenous skin-located low molecular antioxidants (antioxidant rescue properties). Being polyaromatic xenobiotics, SPMs interact with endogenous cutaneous antioxidant and detoxifying enzymes constructing metabolic and redox barriers of the skin. This interaction leads to restoration of normal antioxidant defence (indirect antioxidant action) [110] and to modulation of phase I and phase II metabolic enzymes to eliminate toxic photo-oxidised metabolites of lipid degradation and SPMs decomposition (detox action). Structural similarity of SPMs and human bioactive molecules results in the ability of SPMs to interact with multiple receptors on skin immune cells and to alter molecular pathways leading to their response to UV irradiation that attenuates UV-associated pro-inflammatory signalling (anti-inflammatory action). To achieve all the above-mentioned positive properties and actions of SPM, there should be serious research on mechanisms/dose-dependent anti-UV effects of single isolated SPM, of its combination with other potential photo-protectors, as well as their anti-UV effects within a final sun protective cosmetic product.
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