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Abstract:



Skin pigmentary abnormalities are seen as aesthetically unfavorable and have led to the development of cosmetic and therapeutic treatment modalities of varying efficacy. Hence, several putative depigmenting agents aimed at modulating skin pigmentation are currently being researched or sold in commercially available products. In this review we will discuss the regulation of processes that control skin complexion coloration. This includes direct inhibition of tyrosinase and related melanogenic enzymes, regulation of melanocyte homeostasis, alteration of constitutive and facultative pigmentation and down-regulation of melanosome transfer to the keratinocytes. These various processes, in the complex mechanism of skin pigmentation, can be regulated individually or concomitantly to alter complexion coloration and thus ameliorate skin complexion diseases.






Keywords:


depigmenting agents; hyperpigmentation; melanin; pigment; tyrosinase








1. Introduction


The acquisition of an aesthetically pleasing skin pigmentary appearance has been a primary focus of many cosmetic and therapeutic based industries. As a result, several treatment modalities are being investigated for their efficacy in treating skin hyperpigmentary lesions. This review will detail many of the current skin depigmenting agents and treatment approaches that are currently being employed to combat skin pigmentary disorders.



Melanocytes, the pigment producing cells of the follicular and interfollicular epidermis, produce a specialized lysosomal related organelle termed the melanosome. Within the melanosome, biopolymers of the pigment melanin are synthesized to give hair and skin, as well as other tissue, its color. This melanin synthesis involves a bipartite process in which structural proteins are exported from the endoplasmic reticulum and fuse with melanosome-specific regulatory glycoproteins released in coated vesicles from the Golgi-apparatus. Melanin synthesis ensues subsequent to the sorting and trafficking of these proteins to the melanosome [1,2]. Each melanocyte resides in the basal epithelial layer and, by virtue of its dendrites, interacts with approximately 36 keratinocytes to transfer melanosomes and protect the skin from photo-induced carcinogenesis. Furthermore, the amount and type of melanin produced and transferred to the keratinocytes with subsequent incorporation, aggregation and degradation influences skin complexion coloration [3]. Hyperpigmentary disorders of the skin such as melasma, agespots or solar lentigo can result from the overproduction and accumulation of melanin [4,5]. As such, depigmenting agents can have potent effects by acting on one or more steps in the melanogenic pathway, melanosome transfer or post-transfer pigment processing and degradation.



Tyrosinase, the rate limiting enzyme of the melanogenic pathway, is a copper containing glycoprotein of approximately 60–70 kDa and a common target for therapeutic agents intended to alleviate cutaneous hyperpigmentation [6,7]. The biosynthesis of the two major forms of melanin, black/brown eumelanin and yellow/red pheomelanin is initially catalyzed by tyrosinase. Specifically, the enzyme catalyzes the hydroxylation of the monophenol l-tyrosine to the o-diphenol 3,4-dihydroxyphenylalanine (DOPA) and the oxidation of DOPA to the o-quinone DOPAquinone (Scheme 1) [8,9]. Several depigmenting agents modulate skin pigmentation by influencing the transcription and activity of tyrosinase as well as related melanogenic enzymes tyrosinase related protein-1 (TYRP-1), tyrosinase related protein-2 (TYRP-2) and/or peroxidase [10].


Scheme 1. Process of melanogenesis within epidermal melanosomes.Tyrosinase, the rate limiting enzyme of melanogenesis, catalyzes the hydroxylation of l-tyrosine to DOPA and the oxidation of DOPA to DOPAquinone. If cysteine or glutathione is present, it reacts with DOPAquinone to produce cysteinylDOPA and the benzothiazine derivatives of pheomelanin. As cysteine is diminished, DOPAquinone cyclizes into DOPAchrome. TYRP-2 catalyzes the tautomerization of DOPAchrome to 5,6-dihydroxyindole-2-carboxylic acid (DHICA), which is later oxidized to DHICA-melanin subunits. The oxidation of DHICA to eumelanin is thought to be catalyzed by TYRP-1. In the absence of TYRP-2 the carboxylic acid moiety of DOPAchrome is spontaneously lost to form 5,6-dihydroxyindole (DHI). DHICA in conjunction with DHI comprise subunits of eumelanin [11,12].
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2. Transcriptional Regulation of Melanogenic Enzymes


The transcriptional level is the first stage by which the expression of tyrosinase and related melanogenic enzymes may be modulated. Influential in this process, the microphthalmia-associated transcription factor (MITF) is a basic helix-loop-helix leucine zipper transcription factor that regulates melanocyte cellular differentiation as well as the transcription of melanogenic enzymes (tyrosinase, TYRP1 and TYRP2) and melanosome structural proteins (MART-1 and PMEL17) [13–15]. Mutations in the MITF gene are associated with auditory and pigmentary abnormalities of Waardenburg syndrome type IIA [16,17].



The MITF-M isoform, with the promoter most proximally located upstream to the common exon sequences, is exclusively expressed in melanocytes and is believed to bind the M box regulatory element and transactivate the promoter of tyrosinase, TYRP-1 and TYRP-2, as well as other genes. [7,10,13,15,18,19]. It is believed that upon stimulatory binding of α-melanocyte stimulating hormone (α-MSH) to the melanocortin 1 receptor (MC1R), adenyl cyclase is activated and cAMP produced. cAMP then activates the protein kinase A (PKA) pathway to phosphorylate cAMP-responsive element binding protein (CREB) transcription factors, which mediates MITF-M promoter activation to induce melanogenesis. MITF is also regulated at the transcriptional level by interleukin-6 (IL-6) and Wnt Signaling pathway. Furthermore, MITF is post-transcriptionally regulated by phosphorylation via ribosomal S6 kinase (RSK), glycogen synthase kinase-3b (GSK3b), p38 stress signaling and mitogen-activated protein kinase (MAPK) pathways by currently undefined mechanisms/pathways [15,18,20,21]. As MITF is considered an important regulator of melanogenesis, manipulation of the aforementioned signaling pathways may have potential therapeutic use.



Transforming growth factor-β1 (TGF-β1) is a cytokine that plays a role in cell differentiation, proliferation and apoptosis, in addition to the inhibition of pigmentation. TGF-β1 is believed to mediate the down-regulation of the MITF promoter activity, reducing the production of tyrosinase, TYRP-1, TYRP-2 and MITF protein levels [20,22]. Yang et al. have shown that TGF-β1 inhibits the expression of paired-box homeotic gene (PAX 3), a transcription factor and key regulator of MITF in melanocytes [23]. Kim et al. have also demonstrated that TGF-β1 influences the extracellular-signal related kinase (ERK) pathway and down-regulates MITF as well as melanogenic enzyme production [20,22,24,25]. Similarly, ERK activation by sphingosine-1-phosphate, C2-ceramide and sphingosylphosphorylcholine has also been reported by Kim et al., which the authors hypothesize, may play an important role in the inhibition of melanogenesis [25–27]. ERK activation, in those cases, is thought to result in phosphorylation of MITF and its subsequent ubiquitination and degradation [25,28–30]. In a distinct study, the authors demonstrated that lysophosphatidic acid (LPA), a serum phospholipid released by activated platelets, mediates the reduction of MITF promoter activity as well as MITF and tyrosinase protein and melanin synthesis in Mel-Ab cells, an immortalized mouse melanocyte line [31].



In addition to the process of melanization, MITF also regulates melanocyte differentiation, development, and survival [32]. Pertaining to survival, MITF regulates the anti-apoptotic molecule Bcl-2 as well as additional survival genes [33,34]. It has recently been demonstrated that melanocytes deficient in MITF expression are compromised in their resistance to UV-induced apoptosis [35]. Therefore, caution is warranted when attempting to decrease skin pigmentation by down-regulating MITF since melanocyte death may be a consequence.




3. Post-Translational Modification of Melanogenic Enzymes


A major post-translational modification of melanogenic enzymes is the attachment of N-linked glycans to asparagine residues in Asn-X-Ser/Thr motifs (where X is not Pro), during the polypeptides translocation in the ER. This glycosylation is critical for the proper maturation of tyrosinase [10,36,37]. A detailed review of the processes involved in the N-glycosylation of melanogenic enzymes has been published by Branza-Nichita et al. [37]. Inhibition of proper N-glycan processing of melanogenic enzymes can result in improper polypeptide folding and in turn inhibition of melanogenesis, as they facilitate association with lectin-chaperones. Treatment with various agents that inhibit N-glycosylation can result in the down-regulation of melanosomal enzyme activity and reduced melanosomal maturation [9,10,37,38].



Studies completed by Mishima and Imokawa using tunicamycin and glucosamine, specific inhibitors of lipid carrier-dependent glycosylation of protein, resulted in decreased pigmentation and ultrastructural as well as biochemical aberrations in melanogenic compartments of treated B16 melanoma cells. In addition, electron microscopic analysis showed melanosomes with internal structural irregularities and pigment loss [10,39]. In a more recent study, Terao et al. tested a novel compound, BMY-28565, that inhibited melanogenesis by depressing tyrosinase activity with no impact on tyrosinase mRNA levels in B16 melanoma cells. As other active derivatives of the compound cause an increase in protein glycosylation in B16 melanoma cells, the authors hypothesize that the test compound inhibited tyrosinase by modifying the sugar moieties of the enzyme [40,41]. In a distinct study by Choi et al., treatment of HM3KO melanoma cells with deoxynojirimycin, a α-glucosidase inhibitor that disrupts early ER N-glycan processing, and deoxymannojirimycin, an inhibitor of α-1,2-mannosidase which are thought to be responsible for late glycan processing, showed inhibition of glycosylation, transportation of tyrosinase to the melanosome and melanin synthesis [42]. Other factors explored for their ability to modulate tyrosinase glycosylation include calcium d-pantetheine-S-sulfonate [43], ferritin [44] and glutathione [45]. Glutathione induced inhibition of tyrosinase glycosylation, blocks the maturation and transfer of tyrosinase from GERL (Golgi-endoplasmic reticulum-lysosome)-coated vesicles to the pre-melanosome. Yet, other mechanisms of action proposed for glutathione include (A) the direct inactivation of tyrosinase by chelating copper within the enzyme’s active site, (B) mediating the transition from eumelanogenesis to pheomelanogenesis, as glutathione participates in the conversion of dopaquinone to pheomelanin, (C) antioxidant properties that quench free radicals and peroxides that induce melanin formation and (D) modulating the depigmenting capabilities of melanocytotoxic agents [20,46].




4. Attenuation of Tyrosinase and Related Melanogenic Enzymes Catalytic Activity


4.1. Hydroquinone


Hydroquinone (1,4-dihydroxybenzene, HQ) has been the gold standard for treating hyperpigmentation for more than 50 years and has been successfully used to treat melanosis. The compound can be found in wheat, tea, berries, beer and coffee, but is detoxified within the liver into inert compounds [6,47]. Hydroquinone is a phenolic compound and depigmenting agent that mainly exerts its effect on melanocytes with active tyrosinase. As HQ dependent melanogenic inhibition requires the presence of active tyrosinase, it is therefore not useful in altering the color of melanin that is previously present in the dermis and epidermis [48].



The structural similarity between HQ and melanogenic precursors enables HQ’s interaction with tyrosinase. This interaction mediates HQ’s inhibition of tyrosinase by binding histidines or copper at the active site of the enzyme. Additionally, HQ induced generation of reactive oxygen species and quinones leads to the oxidative damage of membrane lipids and proteins such as tyrosinase. Hydroquinone is also thought to inhibit pigmentation by depleting glutathione, modifying melanosome formation or reducing DNA and RNA synthesis with concomitant melanosome degradation and melanocyte destruction [10,20,49,50].



Traditional hydroquinone formulations contain other constituents that promote a synergistic effect. A popular formulation is comprised of hydroquinone and a corticosteroid to reduce inflammation, along with tretinoin, shown to reduce the atrophy associated with the corticosteroid and remove pigmentation by increasing keratinocyte turnover and the penetration of hydroquinone [50,51].



Due to the risks of side effects such as exogenous ochronosis and permanent depigmentation following long term use, hydroquinone has been banned by the European Committee (24th Dir 2000/6/EC) and formulations have been withdrawn from cosmetics and are available only through prescription [10,20,50].



Other phenolic compounds have been evaluated for their depigmenting capabilities. In fact the chemical structures of several phenolic compounds have been investigated to delineate structure related tyrosinase inhibitory activity. It has been suggested that having a hydroxyl group para to an electron donator group is required for a compound to be an effective alternative substrate for tyrosinase [10]. Distinct structure-activity based analysis done by Ni-Komatsu et al. on quinolines, which contain a 4-substituted amino group with a tertiary amine side chain, shows significant inhibitory effect. Yet these quinolines, such as chloroquine, were not reported to influence the enzymatic activity of tyrosinase, but rather the intracellular trafficking of tyrosinase related proteins and lysosome associated membrane protein-1 (LAMP-1) [52].




4.2. Monobenzylether


The mono benzyl ether of hydroquinone (MBEH) is a related compound that is metabolized within the cell to form a quinone species that interacts with and results in permanent depigmentation, even at areas distant from the site of application. MBEH can destroy melanocytes and should not be used to treat post-inflammatory hyperpigmentation or melasma. MBEH therapy is appropriate for generalized depigmentation in the treatment of patients with vitiligo unresponsive to repigmentation therapy [10,20,48]. Proposed mechanisms of action for MBEH are both cytotoxicity to melanocytes as a result of free radical formation and competitive inhibition of tyrosinase activity [6].




4.3. Arbutin and Deoxyarbutin


Arbutin (hydroquinone-O-β-d-glucopyranoside), a derivative of hydroquinone, is a botanically derived compound found in cranberries, blueberries, wheat and pears [6,51]. Arbutin is used as an effective treatment of hyperpigmentary disorders, and displays less melanocyte cytotoxicity than hydroquinone. The compound inhibits melanogenesis by competitively and reversibly binding tyrosinase without influencing the mRNA transcription of tyrosinase. It also inhibits the maturation of melanosomes, possibly by its reported influence on DHICA polymerase activity and Pmel-17 protein. The mild effect of arbutin is attributed to the controlled release of hydroquinone as a result of in-vivo cleavage of the glycosidic bond. Higher concentrations of arbutin are more efficacious than lower concentrations, but may cause paradoxical hyperpigmentation [20,45,49,51,53]. Deoxyarbutin (dA), a synthetic form of arbutin synthesized without the hydroxyl moiety, provides a promising treatment for reducing skin hyperpigmentation [50]. dA shows reversible inhibition of tyrosinase activity with associated skin lightening in both a hairless guinea pig model system and in human skin. The reversibility of dA’s impact on skin pigmentation suggests that the compound does not permanently destroy melanocytes [20,54,55]. In addition to the reported efficacy, Hamed et al. have found that dA is less cytotoxic/cytostatic than HQ in treatment of cultured human melanocytes [56]. Chawla et al. have reported that dA and associated second-generation derivatives, dose-dependently inhibit tyrosinase hydroxylation and DOPAoxidase activity of tyrosinase. This may be attributed to the chemical structure of dA, as the deoxysugars may increase skin penetration and binding affinity for tyrosinase [20,54].




4.4. Mequinol


Mequinol (hydroquinone monomethyl ether, 4-hydroxyanisole, para-hydroxymethoxybenzene), another derivative of hydroquinone, is enzymatically oxidized by tyrosinase to produce melanocytotoxic quinones. The formation of quinones results in pigment cell destruction and skin depigmentation [10,57]. The combination of 0.01% tretinoin with mequinol has been reported to inhibit melanin production and has been shown to be effective and safe in the treatment of solar lentigenes and related hyperpigmentation [48,50,58,59].




4.5. N-Acetyl-4-S-Cysteaminylphenol


N-Acetyl-4-S-cysteaminylphenol (NCAP) is a phenolic thioether that has been used in the treatment of epidermal hyperpigmentation such as melasma and also in anti-melanoma studies. NCAP is structurally similar to tyrosine and acts specifically in melanin-synthesizing cells as an alternative tyrosinase substrate [48,50,60]. Ferguson et al. suggests that NCAP may undergo oxidation by tyrosinase to form a reactive o-quinone that is capable of alkylating thiol groups of essential enzymes, which may interfere with cell growth and proliferation [61]. In a 12 patient study of the efficacy of NCAP completed by Jimbow, the author describes an 8% complete loss and 66% marked improvement in visible changes of melanoderma after 2 to 4 weeks of topical application. The author attributes this depigmentation to a decrease in the number of functional melanocytes and the number of melanosomes transferred to keratinocytes. NCAP is suggested to be a depigmenting agent that is less irritating and more stable than HQ, with specificity for melanin-synthesizing cells [60].




4.6. Kojic Acid


Kojic acid (5-hydroxy-2-hydroxymethyl-4H-pyran-4-one, KA) is a naturally occurring hydrophilic fungal metabolite obtained from species of Acetobacter, Aspergillus and Penicillium [48,49]. Kojic acid is believed to inactivate tyrosinase by chelating copper atoms as well as suppressing the tautomerization of dopachrome to DHICA. [50] Although KA is a popular treatment for melasma, it is associated with sensitization, contact dermatitis and erythema [51]. A distinct, more stable derivative of kojic acid synthesized by Kim et al., 5-[(3-aminopropyl)phosphinooxy]-2-(hydroxymethyl)-4H-pyran-4-one (Kojyl-APPA), showed increased skin penetration and pigment lightening efficacy in melanoma and normal human melanocytes [20,62].




4.7. Azelaic Acid


Azelaic acid (1,7-heptanedicarboxyilic acid, AZA) is a naturally occurring non-toxic straight chain, saturated dicarboxylic acid derived from Pityrosporum ovale [57,63,64]. AZA appears to selectively influence the mechanism of hyperactive and abnormal melanocytes, but minimally influences normal skin pigmentation, freckles, nevi and senile lentigenes [6,10,65]. AZA’s antiproliferative and cytotoxic effect may be mediated by the inhibition of DNA synthesis and mitochondrial oxidoreductase activity. The compound is also able to bind amino and carboxyl groups and may prevent the interaction of tyrosine in the active site of tyrosinase and thus function as a competitive inhibitor. Although not all authors are in agreement with the therapeutic efficacy of AZA, it has been reported to be effective in treatment of melasma and acne [10,65]. A 24 week multicenter, controlled, double blind clinical trial of 329 women completed by Baliña et al. compared the efficacy of a 20% AZA cream to a 4% HQ cream in treating melasma. The authors reported no significant difference between the results where ~65% of the patients treated with AZA were reported to achieve good to excellent results compared to ~73% of HQ treated patients [66]. 20% azelaic acid seems to be well tolerated in treated patients with no systemic side effects, but some local cutaneous irritation, a burning sensation, mild erythema, scaling and pruritus that subsided 2 to 4 weeks post treatment [65,67].




4.8. Gentisic Acid


The methyl ester of gentisic acid (2,5-dihydroxybenzoic acid, MG) is a natural derivative of Gentianas root with the capacity to inhibit tyrosinase. MG can act as a pro-drug that releases HQ which subsequently inhibits tyrosinase. Yet, methyl gentisate is less cytotoxic and mutagenic than HQ [10,20,50].




4.9. Flavonoid-like Agents


Flavonoids are natural plant polyphenols found in leaves, bark and flowers. Some 4,000 members have been identified to date, all benzo-γ-pyran derivates comprised of phenolic and pyran rings. These polyphenolic compounds are known to have anti-inflammatory, antiviral, antioxidant and anticarcinogenic properties [20,50,63]. The flavonoids may also have ROS scavenging properties and the ability to chelate metals at the active site of metalloenzymes. Flavonoids may have hypopigmenting capabilities by directly inhibiting tyrosinase activity at distal portions of the melanogenic pathway [20]. Structure-function analysis of flavonoids suggests that flavonoids with an α-keto group show potent tyrosinase inhibition due to the similarity between the dihydroxyphenyl group of DOPA and the α-keto containing flavonoids [63]. Similar analysis completed by Kubo et al. suggests that flavonoids have the capability to chelate copper in tyrosinase’s active site as long as the 3-hydroxygroup is free [64,68]. A comprehensive review on the properties of plant polyphenols has been published by Kim et al. [63] Flavonoids that will be reviewed here include aloesin, hydroxystilbene derivates and licorice extracts.



4.9.1. Aloesin


Aloesin is a natural hydroxymethyl chromone compound derived from aloe vera plants [49]. It competitively inhibits the function of tyrosinase by inhibiting the hydroxylation of tyrosine to DOPA and oxidation of DOPA to dopaquinone [50]. Studies completed by Jones et al. on normal human melanocytes treated with aloesin, showed a dose dependent decrease in tyrosinase activity [69]. The hydrophilic nature of the compound reduces the skin penetration of aloesin. Hence, combination treatment of aloesin with arbutin has been studied to assess the synergistic effects on tyrosinase activity. The two adhere to different mechanisms of action where aloesin exhibits noncompetitive inhibition while arbutin inhibits competitively [49,64,69–71]. Testing of aloesin revealed no cytotoxicity, which makes it a good alternative to HQ [50].




4.9.2. Hydroxystilbene


Some of the more efficient pigment lightening flavonoid subcategories are the hydroxystilbene compounds, derived from natural products found in oriental herbal medicines. There are more than 30 stilbene and stilbene glycosides with a structural skeleton comprised of two aromatic rings linked by an ethylene bridge [20,72]. Commonly studied hydroxystilbene products include resveratrol (3,4’,5 trihydroxystilbene), its isomer oxyresveratrol and methoxylated or glycosylated analogs piceid-glucoside, rhapontigenin and rhaponticin [20,73]. The number and position of hydroxyl substituents of hydroxystilbene compounds seem to play an important role on the inhibition of tyrosinase activity [74]. However, glycosylated hydroxystilbene compounds such as piceid, the glycoside of resveratrol at position 3, exhibit decreased tyrosinase inhibition compared to the parent compound [72]. In all cases, tyrosinase inhibition is reversible and in turn requires a high concentration of hydroxylated stilbenes within melanocytes [20]. Resveratrol, a commonly studied hydroxystilbene, is found in red wine and displays free radical scavenging, anticancer and anti-inflammatory activities [10]. Some data attribute resveratrol depigmenting affect to its ability to reduce Mitf and tyrosinase promoter activities in B16 mouse melanoma cells [18,20]. However, other contradictory results suggest that resveratrol treated normal human melanocytes (NHM) display steady-state tyrosinase RNA and, as such, regulation of tyrosinase transcription does not influence its depigmentation [75]. Additionally, further analysis of the resveratrol treated NHM displayed ER-retained immature tyrosinase, suggesting disrupted trafficking of tyrosinase in the GERL and elevated proteolytic degradation [75]. The resveratrol analog oxyresveratrol is a stronger inhibitor than resveratrol. Oxyresveratrol has been described to have a potent dose-dependent non-competitive inhibition on l-tyrosine oxidation by tyrosinase from mushroom and murine melanoma B-16, without suppression of tyrosinase synthesis or expression [74]. The hydroxystilbene products still require more analysis to properly elucidate their pigment lightening effect and mechanism(s) of action.




4.9.3. Licorice Extract


Licorice extract is obtained from the root of Glycyrrhia Glabra Linneva and has been used in traditional Chinese medicine [6,20,48]. The main component of the hydrophobic fraction of licorice is glabridin. Glabridin has been shown to prevent UVB-induced pigmentation and to inhibit tyrosinase activity, superoxide anion production and cyclo-oxygenase activity. This suggests an influence of glabridin extract on both melanogenesis and inflammation of the skin [48,50]. Other active agents of licorice extracts include liquiritin and isoliquertin. Liquiritin is a glycoside containing flavonoid that induces skin lightening by dispersing melanin [49]. Licorice extracts also influence pigmentation by removing epidermal melanin, inhibiting the biosynthesis of melanin and inhibiting the activity of tyrosinase in a dose-dependent manner. Licorice extract has been tested in the treatment of melasma with good results and very mild irritation [50,51].





4.10. Antioxidants and Redox Agents


Ultraviolet radiation influences the proliferation of melanocytes and the production and secretion of paracrine and autocrine factors that stimulate melanogenesis. UV radiation can also produce reactive oxygen species (ROS) in the skin that may induce melanogenesis, DNA damage, melanocyte proliferation and/or apoptosis [76,77]. The skin contains a number of antioxidants that can be depleted by UV exposure and cause oxidative damage. The application of topical antioxidants has the capacity to prevent oxidative damage to the skin [78]. Redox agents capable of scavenging ROS generated in the skin can inhibit second messengers that may stimulate melanogenesis. Redox agents can also influence skin pigmentation by interacting with copper at the active site of tyrosinase or with o-quinones to impede the oxidative polymerization of melanin intermediates [10,79]. Here we will review vitamin C, vitamin E and later we will review the vitamin B derivative niacinamide.



4.10.1. l-Ascorbic Acid and Magnesium-l-Ascorbyl-2-Phosphate


l-Ascorbic Acid (vitamin C, AsA), obtained from citrus fruits and leafy green vegetables, is a water soluble vitamin and the most plentiful antioxidant in human skin [51,80]. AsA interferes with melanin synthesis by reducing oxidized dopaquinone, interrupting DHICA oxidation and interacting with copper ions at the active site of tyrosinase. AsA acts as an ROS scavenger by donating electrons to neutralize free radicals found in the aqueous compartment of the cell [10,80]. Unfortunately, AsA is highly unstable and is rapidly oxidized and decomposed in aqueous solutions. The hydrophilic nature of AsA also limits its skin penetration, unless the stratum corneum barrier is disrupted [10,51]. The more stable ascorbate ester, magnesium-l-ascorbyl-2-phosphate (MAP) is more lipophilic and has a greater permeation through the stratum corneum [50,51]. MAP is then hydrolyzed by phosphatases in the skin to AsA and demonstrates the reducing capabilities of AsA [81]. In related skin lightening studies, Hakozaki et al. have used ultrasound to increase the transepidermal penetration and efficacy of the vitamin C derivative, ascorbyl glucoside and niacinamide [82].




4.10.2. Alpha Tocopherol and Alpha Tocopherol Ferulate


Vitamin E (α-tocopherol, α-Toc) is a lipophilic antioxidant in the body, derived from cereal, vegetables, vegetable oil and nuts [51]. α-Toc is known to inhibit the oxidative attack of free and membrane bound unsaturated fatty acid and interferes with the lipid peroxidation of melanocyte membranes. The vitamin is also able to scavenge free radicals including superoxide anions, hydroxyl radicals and singlet molecular oxygen. It can also act as a humectant. The depigmenting effect of α-Toc can further be attributed to an increase in intracellular glutathione and the inhibition of tyrosinase [51,83–85]. α-Tocopherol ferulate (α-TF) is a related compound, in which α-tocopherol is linked by an ester bond to ferulic acid, an antioxidant that stabilizes α-Toc [10]. The presence of another antioxidant ferulic acid, causes a rapid regeneration of α-Toc and maintains a long lasting antioxidant effect. A study completed investigating the biochemical effect of α-TF in human melanoma cells suggests the whitening effect is due to tyrosinase inhibition at the post-transcriptional level, possibly by an unidentified secondary molecule [50,86].






5. Interruption of Melanosome Transfer


Regulation of cutaneous pigmentation is dependent on several processes beyond melanin synthesis within the melanosome. The efficiency of melanosomal transfer from melanocytes to keratinocytes, followed by melanosome processing in the recipient keratinocytes plays a critical role in skin pigmentation. Without successful transfer of melanosomes to keratinocytes, the skin can appear essentially unpigmented [87]. Treatment modalities aimed at inhibiting melanosome transfer may influence and modulate skin pigmentation.



5.1. Centaureidin and Methylophiopogonanone B


The first step of melanosome transfer from melanocytes to surrounding keratinocytes is successful melanocytic dendrite formation and extension towards surrounding keratinocytes. The extension of melanocytic dendrites requires the reorganization of the melanocyte cytoskeletal elements such as actin filaments and microtubules [88]. Small GTPases Rho, Rac and Cdc42 play a pivotal role in cell morphology and dendrite formation. Specifically, Rac stimulates membrane ruffling and lamellipodia formation, Rho activates dendrite retraction and Cdc42 mediates filopodia and peripheral actin microspike formation [88–90]. Ito et al. has shown that treatment of melanocyte and keratinocyte co-cultures with methylophiopogonanone B (5,7-dihydroxy-6,8-dimethyl-3-(4-methoxybenzyl)chroman-4-one, MOPB), an agent reported to activate Rho and induce microtubule disorganization and tubule depolymerization, appeared to reduce melanosome transfer [89,90]. The authors also showed that treatment with 1μM MOPB did not influence melanin synthesis or the expression of melanogenic enzymes. MOPB appeared to induce a reversible dendrite retraction and transfer inhibition without associated cytotoxicity (tested up to 72 hours) [89]. Centaureidin (5,7,3’-trihydroxy-3,6,4’-trimethoxyflavone), a flavonoid glucoside derived from yarrow, also reduces melanosomal transfer to keratinocytes. Centaureidin is believed to directly or indirectly activate Rho, leading to melanocyte dendrite retraction without influencing melanogenic enzyme expression or melanin synthesis [88,91]. More analysis is needed to confirm the applicability of MOPB and centaureidin as skin lightening agents.




5.2. Niacinamide


Niacinamide (vitamin B3, nicotinamide, 3-pyridinecarboxamide) is a biologically active form of niacin found in many root vegetables as well as in yeast [70,92]. Physiologically, niacinamide functions as a precursor to the co-factors nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP). Along with their reduced forms NADH and NADPH, these enzymes participate in numerous enzymatic reactions and also act as antioxidants [70,92]. Niacinamide has several proposed medicinal applications in the skin including anti-inflammation, prevention of photoimmunosuppression and increased intercellular lipid synthesis [93]. Niacinamide’s role as a co-enzyme precursor may explain the multiple roles it has in skin, but this is not clearly defined [82,94]. Topical niacinamide is described to have several benefits on aging skin including but not limited to improved barrier function, improved appearance of photoaged facial skin (including texture, hyperpigmentation, redness, fine lines and wrinkles) and reduced sebum production [92,94–97]. Additionally, niacinamide is believed to influence cutaneous pigmentation by down-regulating transfer of melanosomes from the melanocytes to the keratinocytes [20,57,92]. Studies completed by Hakozaki et al. suggest that niacinamide has no effect on tyrosinase activity, melanin synthesis or melanocyte number in a monolayer culture system. Alternatively, the authors found that niacinamide down-regulated the number of melanosomes transferred from melanocytes to keratinocytes by 35 to 68% in a co-culture model system [92]. The actual process by which niacinamide down-regulates melanosome transfer remains to be properly established.




5.3. PAR-2 Inhibitors


PAR-2 belongs to a family of transmembrane G-protein coupled receptors (PAR1–PAR4) that are proteolytically activated by serine proteases. Specifically, the serine proteases (including trypsin or mast cell tryptase) cleave the extracellular amino terminal domain exposing a newly created N-terminus tethered ligand that undergoes a conformational change, binds and subsequently activates the receptors [98,99]. Within the epidermis, PAR-2 is expressed in keratinocytes, but not in melanocytes and is involved in the regulation of skin pigmentation through melanocyte-keratinocyte interactions [99–103]. Studies completed on keratinocyte PAR-2 indicate that it may influence melanosome incorporation and phagocytosis by keratinocytes and play a regulatory role in skin pigmentation. Therefore, modulation of PAR-2 activity augments or decreases melanosome transfer and in turn skin pigmentation [99,103–106]. PAR-2 activation can be achieved by synthetic peptides corresponding to the sequence of the N-terminal ligand. The peptide of mouse PAR-2 cleavage sequence SLIGRL is an equipotent activator of mouse and human PAR-2 receptor in comparison to the human tethered ligand SLIGKV [100]. Interestingly, PAR-2 expression and induction by ultraviolet irradiation is dependent on skin type, with a higher overall expression and induction in darker skin individuals [98,104,107]. Activation of PAR-2 enhances melanosome transfer, while inhibition of PAR-2 by serine protease inhibitors can result in reduced melanosomal transfer and distribution. Work published by Seiberg et al. and Paine et al. has shown that this inhibition leads to a dose-dependent lightening of skin pigmentation [103,104,106]. Work completed by Seiberg et al. examining the effect of serine protease inhibitor RWJ-50353 on epidermal equivalents shows an accumulation of melanosomes in melanocytes, with an increase in early stage melanosomes compared to untreated controls. They hypothesize that the keratinocytes inability to receive the presented melanosomes leads to an accumulation of melanosomes in the melanocytic dendrite and a concomitant negative feedback mechanism that slows pigment production. The authors additionally showed that Yucatan swine skin treated with RWJ-50353 for an 8 week period demonstrated a dose dependent, reversible skin lightening effect [103].



“Natural” therapies derived from soybeans have been explored for their safety and efficacy as depigmentation treatments. Two protein proteinase inhibitors have been isolated from soybean seeds Kunitz-type trypsin inhibitor (soybean trypsin inhibitor, STI) and the Bowman-Birk protease inhibitor (BBI). STI and BBI are found in the seeds of soybeans, but not in the other regions of the plant. STI inhibits trypsin proteolysis by forming a stable stoichiometric complex and BBI inhibits trypsin and chymotrypsin at separate reactive sites [106,108]. Work completed by Paine et al. has shown that soymilk and soybean extract reduces pigmentation in dark skinned Yucatan swine treated for an eight week period. The authors suggest that the soymilk inhibits PAR-2 activation in the skin and results in skin depigmentation. Moreover, the authors suggest that STI and BBI inhibit PAR-2 activation, causes a reduction in keratinocyte phagocytosis and a reduction in resulting skin pigmentation [106]. Soymilk also contains other constituents that may induce skin lightening such as trace amounts of free fatty acids and their acyl CoA esters that can inhibit trypsin and may participate in PAR-2 inhibition. Soybeans contain isoflavones, which are antioxidants that may reduce tyrosinase’s DOPA oxidase activity. In addition, soybeans contain phospholipids which the authors suggest may assist in the epidermal delivery of STI and BBI without the assistance of liposomes, when soy milk is used as a topical treatment [51,106].




5.4. Lectins and Neoglycoproteins


Cellular recognition between melanocytes and keratinocytes is an important event involved in melanosome transfer [87]. Lectins and neoglycoproteins have been explored as candidates that are involved in this phenomenon, because of their influence in cellular processes including intracellular trafficking, endocytosis and cell-cell recognition [87,93]. Interestingly, Minwalla et al. have demonstrated a role for melanocyte and keratinocyte membrane glycosylated residues in the process of receptor-mediated endocytosis to facilitate melanosome transfer. The authors suggest that lectins and neoglycoproteins play an inhibitory role in this process [20,87]. Specifically, plasma membrane lectins and their glycoconjugates are thought to interrupt melanocyte and keratinocyte contact and interaction, by binding their specific plasma membrane receptors, inhibiting melanosome transfer [109]. This inhibition is reversible and is shown to be enhanced by the presence of niacinamide [93].





6. Acceleration of Epidermal Turnover and Desquamation


The capability of a compound to accelerate the turnover of epidermal layers and/or disperse melanin pigment can result in skin lightening. Chemical agents used to exfoliate the skin, stimulates the removal of pigmented upper layer keratinocytes to lighten skin [10,110].



6.1. α-Hydroxyacids


α-Hydroxyacids (AHA) are weak organic acids found in fruits, plants and milk sugars [111]. For centuries, α-hydroxyacids have been one of the most commonly utilized peeling agents used to treat dry skin, acne, actinic damage and to improve skin color/texture [51]. AHAs are also reported to effectively treat pigmentary lesions such as solar lentigenes, melasma and post inflammatory hyperpigmentation (PIH). At low concentrations AHAs promotes exfoliation by decreasing corneocyte cohesion and stimulating new growth in the basal layer, while at higher concentrations AHAs promote epidermolysis and dispersed basal layer melanin. The accelerated desquamation of the stratum corneum by AHAs is complemented by a direct inhibition of tyrosinase, without influencing mRNA or protein expression [51,110,111]. Lactic acid (LA) and glycolic acid (GA) are AHAs derived from sour milk and sugarcane juice, respectively [110]. In a study investigating the histological differences between Japanese subjects treated for 6 weeks with 40% AHA, either glycolic, lactic or acetic acids, Yamamoto et al. reported an increase in epidermal thickness, decreased melanin deposition and up-regulated collagen levels. The authors also suggest that the AHAs induced a remodeling of the epidermis with accelerated desquamation [112].




6.2. Salicylic Acid


Salicylic Acid (SA) is a β-hydroxyacid found in willow bark and sweet birch. It is also a phytohormone, a plant product that acts similar to a hormone and regulates cell growth and differentiation. SA functions as a desquamating agent that penetrates and dissolves the intercellular matrix of the stratum corneum [50,111].




6.3. Linoleic Acid


Unsaturated fatty acids including oleic acid (C18:1), linoleic acid (C18:2) or α-linolenic acid (C18:3) suppresses melanogenesis and tyrosinase activity, while saturated fatty acids such as palmitic acid (C16:0) or stearic acid (C18:0) increases it [113]. Linoleic acid reduces the activity of tyrosinase in melanocytes, while mRNA levels remain unchanged [51]. No evidence of change in TYRP-1 and TYRP-2 protein levels suggest that fatty acids selectively target tyrosinase. This may influence the enzyme’s degradation via a physiologic proteasome-dependent mechanism, altering the tyrosinase protein content in hyperactive melanocytes [10,114]. Linoleic acid also influences skin pigmentation by stimulating epidermal turnover and increased desquamation of melanin pigment from the epidermis [51]. Studies completed to assess the skin lightening capabilities of unsaturated fatty acids, linoleic acid or α-linoleic acid, on UV induced hyperpigmentation of brown guinea pig skin, showed an efficient lightening effect [115]. It is thought that the unsaturated bonds of these molecules can be easily peroxidized, which in combination with an increase in epidermal turnover, correlate with an inhibitory effect on melanogenesis in vivo [51,115].




6.4. Retinoids


Retinoids are a common treatment option used to ameliorate acne, photodamage and PIH. The mechanism of action likely involves the inhibition of tyrosinase, the dispersion of keratinocyte pigmented granules, reduction in pigment transfer and a reduction in corneocyte cohesion with an associated acceleration of epidermal turnover [20,51,116]. Tretinoin (all-trans retinoic acid) is a derivative of vitamin A that is thought to have an inhibitory effect on tyrosinase transcription [117]. Tretinoin is reported to be effective in treating melasma, with some associated side effects including erythema, peeling at the site of application and PIH [20]. Tretinoin is also used in combination in topical creams, such as a formulation proposed by Kligman and Willis containing 5% HQ, 0.1% tretinoin and 0.1% dexamethasone. Tretinoin in this formulation acts as a stimulant of epidermal turnover and pigment reduction via epidermopoieses, an antioxidant to reduce the oxidation of HQ and a mild irritant to enhance the epidermal penetration of HQ [110].





7. Conclusions


Great advances have been made in understanding the cellular and biochemical mechanisms in pigment biology and the processes underlying skin pigmentation. This has led to the development of various skin lightening agents to reduce skin hyperpigmentation. While several agents target the rate limiting enzyme of melanogenesis tyrosinase, there has been an increased interest in alternative hypopigmenting mechanisms. Yet, as addressed by Lei et al., there is a need for a standardized and streamlined protocol to screen melanogenic regulatory compounds, to simplify the difficult task of product comparison [118]. Also, as the number of putative depigmenting agents grows there is an increased need for studies to clarify product efficacy, cytotoxicity, topical skin penetration, stability and safety. To add to the complexity, it may be more advantageous to test compounds together to address the synergistic effects on skin lightening, particularly when the active components influence distinct steps of melanogenesis [10]. While it is clear that great progress has been made in the study of skin lightening, it is even more apparent that there is a great deal of work still left to be done.







References and Notes


	1. 
Turner, W; Taylor, J; Tchen, T. Melanosome formation in the goldfish: The role of multivesicular bodies. J. Ultra. Res 1975, 51, 16–31. [Google Scholar]

	2. 
Boissy, R; Huizing, M; Gahl, W. Biogenesis of melanosomes. In The Pigmentary System: Physiology and Pathophysiology, 2nd ed; Nordlund, JJ, Boissy, RE, Hearing, VJ, King, RA, Oetting, WS, Ortonne, JP, Eds.; Blackwell Publishing Ltd: Oxford, UK, 2006; pp. 155–170. [Google Scholar]

	3. 
Boissy, R. Melanosome transfer to and translocation in the keratinocyte. Exp. Dermatol 2003, 12, 5–12. [Google Scholar]

	4. 
Urabe, K; Nakayama, J; Hori, Y. Mixed epidermal and dermal hypermelanoses. In The Pigmentary System: Physiology and Pathophysiology; Nordlund, JJ, Boissy, RE, Hearing, VJ, King, RA, Oetting, WS, Ortonne, JP, Eds.; Oxford University Press: New York, NY, USA, 1998; pp. 909–913. [Google Scholar]

	5. 
Virador, V; Matsunaga, N; Matsunaga, J; Valencia, J; Oldham, R; Kameyama, K; Peck, G; Ferrans, V; Vieira, W; Abdel-Malek, Z; Hearing, V. Production of melanocyte-specific antibodies to human melanosomal proteins: Expression patterns in normal human skin and in cutaneous pigmented lesions. Pigment Cell Res 2001, 14, 289–297. [Google Scholar]

	6. 
Parvez, S; Kang, M; Chung, H-S; Cho, C; Hong, M-C; Shin, M-K; Bae, H. Survey and mechanism of skin depigmentation and lightening agents. Phytother. Res 2006, 20, 921–934. [Google Scholar]

	7. 
Ando, H; Kondoh, H; Ichihashi, M; Hearing, V. Approaches to identify inhibitors of melanin biosynthesis via the quality control of tyrosinase. J. Invest. Dermatol 2007, 127, 751–761. [Google Scholar]

	8. 
Sturm, R; Teasdale, R; Box, N. Human pigmentation genes: Identification, structure and consequences of polymorphic variation. Gene 2001, 277, 49–62. [Google Scholar]

	9. 
García-Borrón, J; Solano, F. Molecular anatomy of tyrosinase and its related proteins: Beyond the histidine-bound metal catalytic center. Pigment Cell Res 2002, 15. [Google Scholar]

	10. 
Briganti, S; Camera, E; Picardo, M. Chemical and instrumental approaches to treat hyperpigmentation. Pigment Cell Res 2003, 16, 101–110. [Google Scholar]

	11. 
Yamaguchi, Y; Brenner, M; Hearing, V. The regulation of skin pigmentation. J. Biol. Chem 2007, 282, 27557–27561. [Google Scholar]

	12. 
Ito, S. A chemist’s view of melanogenesis. Pigment Cell Res 2003, 16, 230–236. [Google Scholar]

	13. 
Shibahara, S; Takeda, K; Yasumoto, K; Udono, T; Watanabe, K; Saito, H; Takahashi, K. Microphthalmia-associated transcription factor (MITF): Multiplicity in structure, function, and regulation. J. Investig. Dermatol. Symp. Proc 2001, 6, 99–104. [Google Scholar]

	14. 
Tachibana, M; Takeda, K; Nobukuni, Y; Urabe, K; Long, J; Meyers, K; Aaronson, S; Miki, T. Ectopic expression of MITF, a gene for Waardenburg syndrome type 2, converts fibroblasts to cells with melanocyte characteristics. Nat. Genet 1996, 14, 50–54. [Google Scholar]

	15. 
Levy, C; Khaled, M; Fisher, D. MITF: Master regulator of melanocyte development and melanoma oncogene. Trends Mol. Med 2006, 12, 406–414. [Google Scholar]

	16. 
Takeda, K; Shibahara, S. Transcriptional regulation of melanocyte function. In The Pigmentary System: Physiology and Pathophysiology, 2nd ed; Nordlund, JJ, Boissy, RE, Hearing, VJ, King, RA, Oetting, WS, Ortonne, JP, Eds.; Blackwell Publishing Ltd: Oxford, UK, 2006; pp. 242–260. [Google Scholar]

	17. 
Steingrímsson, E; Copeland, N; Jenkins, N. Melanocytes and the microphthalmia transcription factor network. Annu. Rev. Genet 2004, 38, 365–411. [Google Scholar]

	18. 
Lin, C; Babiarz, L; Liebel, F; Roydon Price, E; Kizoulis, M; Gendimenico, G; Fisher, D; Seiberg, M. Modulation of microphthalmia-associated transcription factor gene expression alters skin pigmentation. J. Invest. Dermatol 2002, 119, 1330–1340. [Google Scholar]

	19. 
Yasumoto, K; Yokoyama, K; Shibata, K; Tomita, Y; Shibahara, S. Microphthalmia-associated transcription factor as a regulator for melanocyte-specific transcription of the human tyrosinase gene. Mol. Cell. Biol 1994, 14, 8058–8070. [Google Scholar]

	20. 
Solano, F; Briganti, S; Picardo, M; Ghanem, G. Hypopigmenting agents: An updated review on biological, chemical and clinical aspects. Pigment Cell Res 2006, 90, 550–571. [Google Scholar]

	21. 
Saha, B; Sing, S; Sarkar, C; Bera, R; Ratha, J; Tobin, D; Bhadra, R. Activation of the Mitf promoter by lipid-stimulated activation of p38-stress signalling to CREB. Pigment Cell Res 2006, 19, 595–605. [Google Scholar]

	22. 
Kim, D; Park, S; Park, K. Transforming growth factor-β1 decreases melanin synthesis via delayed extracellular signal-regulated kinase activation. Int. J. Biochem. Cell Biol 2004, 36, 1482–1491. [Google Scholar]

	23. 
Yang, G; Li, Y; Nishimura, E; Xin, H; Zhou, A; Guo, Y; Dong, L; Denning, M; Nickoloff, B; Cui, R. Inhibition of PAX3 by TGF-β modulates melanocyte viability. Mol. Cell 2008, 32, 554–563. [Google Scholar]

	24. 
Englaro, W; Bertolotto, C; Busca, R; Brunet, A; Pages, G; Ortonne, J; Ballotti, R. Inhibition of the mitogen-activated protein kinase pathway triggers B16 melanoma cell differentiation. J. Biol. Chem 1998, 273, 9966–9970. [Google Scholar]

	25. 
Kim, D; Park, S; Kwon, S; Park, E; Huh, C; Youn, SW; Park, K. Sphingosylphosphorylcholine-induced ERK activation inhibits melanin synthesis in human melanocytes. Pigment Cell Res 2006, 19, 146–153. [Google Scholar]

	26. 
Kim, D; Hwang, E; Lee, J; Kim, S; Kwon, S; Park, K. Sphingosine-1-phosphate decreases melanin synthesis via sustained ERK activation and subsequent MITF degradation. J. Cell Sci 2003, 116, 1699–1706. [Google Scholar]

	27. 
Kim, D; Kim, S; Chung, J; Kim, K; Eun, H; Park, K. Delayed ERK activation by ceramide reduces melanin synthesis in human melanocytes. Cell. Signal 2002, 14, 779–785. [Google Scholar]

	28. 
Hemesath, T; Price, E; Takemoto, C; Badalian, T; Fisher, D. MAP kinase links the transcription factor Microphthalmia to c-Kit signalling in melanocytes. Nature 1998, 391, 298–301. [Google Scholar]

	29. 
Wu, M; Hemesath, T; Takemoto, C; Horstmann, M; Wells, A; Price, E; Fisher, DZ; Fisher, DE. c-Kit triggers dual phosphorylations, which couple activation and degradation of the essential melanocyte factor Mi. Genes Dev 2000, 14, 301–312. [Google Scholar]

	30. 
Xu, W; Gong, L; Haddad, M; Bischof, O; Campisi, J; Yeh, E; Medrano, E. Regulation of microphthalmia-associated transcription factor MITF protein levels by association with the ubiquitin-conjugating enzyme hUBC9. Exp. Cell Res 2000, 255, 135–143. [Google Scholar]

	31. 
Kim, D; Park, S; Kwon, S; Youn, S; Park, K. Effects of lysophosphatidic acid on melanogenesis. Chem. Phys. Lipids 2004, 127, 199–206. [Google Scholar]

	32. 
Widlund, H; Fisher, D. Microphthalamia-associated transcription factor: A critical regulator of pigment cell development and survival. Oncogene 2003, 22, 3035–3041. [Google Scholar]

	33. 
McGill, G; Horstmann, M; Widlund, H; Du, J; Motyckova, G; Nishimura, E; Lin, YL; Ramaswamy, S; Avery, W; Ding, H; Jordan, S; Jackson, I; Korsmeyer, S; Golub, T; Fisher, D. Bcl2 regulation by the melanocyte master regulator Mitf modulates lineage survival and melanoma cell viability. Cell 2002, 109, 707–718. [Google Scholar]

	34. 
Buscà, R; Berra, E; Gaggioli, C; Khaled, M; Bille, K; Marchetti, B; Thyss, R; Fitsialos, G; Larribère, L; Bertolotto, C; Virolle, T; Barbry, P; Pouysségur, J; Ponzio, G; Ballotti, R. Hypoxia-inducible factor 1α is a new target of microphthalmia-associated transcription factor (MITF) in melanoma cells. J. Cell Biol 2005, 170, 49–59. [Google Scholar]

	35. 
Hornyak, T; Jiang, S; Guzman, E; Scissors, B; Tuchinda, C; He, H; Neville, J; Strickland, F. Mitf dosage as a primary determinant of melanocyte survival after ultraviolet irradiation. Pigment Cell Melanoma Res 2009, 22, 307–318. [Google Scholar]

	36. 
Negriou, G; Branza-Nichita, N; Petrescu, A; Dwek, R; Petrescu, S. Protein specific N-glycosylation of tyrosinase and tyrosinase related protein-1 in B16 mouse melanoma cells. Biochem. J 1999, 344, 659–665. [Google Scholar]

	37. 
Branza-Nichita, N; Petrescu, A; Negroiu, G; Dwek, R; Petrescu, S. N-Glycosylation processing and glycoprotein folding Lessons from the tyrosinase-related proteins. Chem. Rev 2000, 100, 4697–4711. [Google Scholar]

	38. 
Imokawa, G; Mishima, Y. Functional analysis of tyrosinase isozymes of cultured malignant melanoma cells during the recovery period following interrupted melanogenesis induced by glycosylation inhibitors. J. Invest. Dermatol 1984, 83, 196–201. [Google Scholar]

	39. 
Mishima, Y; Imokawa, G. Selective aberration and pigment loss in melanosomes of malignant melanoma cells in vitro by glycosylation inhibitors: Premelanosomes as glycoproteins. J. Invest. Dermatol 1984, 81, 106–114. [Google Scholar]

	40. 
Terao, M; Tomita, K; Oki, T; Tabe, L; Gianni, M; Garattini, E. Inhibition of melanogenesis by BMY-28565, a novel compound depressing tyrosinase activity in B16 melanoma cells. Biochem. Pharmacol 1992, 43, 183–189. [Google Scholar]

	41. 
Land, E; Ramsden, C; Riley, P. Toxicological aspects of melanin and melanogenesis. In The Pigmentary System: Physiology and Pathophysiology, 2nd ed; Nordlund, JJ, Boissy, RE, Hearing, VJ, King, RA, Oetting, WS, Ortonne, JP, Eds.; Blackwell Publishing Ltd: Oxford, UK, 2006; pp. 354–394. [Google Scholar]

	42. 
Choi, H; Ahn, S; Chang, H; Cho, N; Joo, K; Lee, B; Chang, I; Hwang, J. Influence of N-glycan processing disruption on tyrosinase and melanin synthesis in HM3KO melanoma cells. Exp. Dermatol 2006, 16, 110–117. [Google Scholar]

	43. 
Franchi, J; Coutadeur, M; Marteau, C; Mersel, M; Kupferberg, A. Depigmenting effects of calcium d-pantetheine-s-sulfonate on human melanocytes. Pigment Cell Res 2000, 35, 165–171. [Google Scholar]

	44. 
Maresca, V; Flori, E; Cardinali, G; Briganti, S; Lombardi, D; Mileo, A; Paggi, M; Picardo, M. Ferritin light chain down-modulation generates depigmentation in human metastatic melanoma cells by influencing tyrosinase maturation. J. Cell. Physiol 2006, 206, 843–848. [Google Scholar]

	45. 
Imokawa, G. Analysis of initial melanogenesis including tyrosinase transfer and melanosome differentiation through interrupted melanization by glutathione. J. Invest. Dermatol 1989, 93, 100–107. [Google Scholar]

	46. 
Villarama, C; Maibach, H. Glutathione as a depigmenting agent: An overview. Int. J. Cosmet. Sci 2005, 27, 147–153. [Google Scholar]

	47. 
Nordlund, J; Grimes, P; Ortonne, J. The safety of hydroquinone. J. Eur. Acad. Dermatol. Venereol 2006, 20, 781–787. [Google Scholar]

	48. 
Halder, R; Nordlund, J. Topical treatment of pigmentary disorders. In The Pigmentary System: Physiology and Pathophysiology, 2nd ed; Nordlund, JJ, Boissy, RE, Hearing, VJ, King, RA, Oetting, WS, Ortonne, JP, Eds.; Blackwell Publishing Ltd: Oxford, UK, 2006; pp. 1165–1174. [Google Scholar]

	49. 
Draelos, Z. Skin lightening preparations and the hydroquinone controversy. Dermatol. Ther 2007, 20, 308–313. [Google Scholar]

	50. 
Picardo, M; Carrera, M. New and experimental treatments of cloasma and other hypermelanoses. Dermatol. Clin 2007, 25, 353–362. [Google Scholar]

	51. 
Badreshia-Bansal, S; Draelos, Z. Insight into skin lightening cosmeceuticals for women of color. J. Drugs Dermatol 2007, 6, 32–39. [Google Scholar]

	52. 
Ni-Komatsu, L; Tong, C; Chen, G; Brindzei, N; Orlow, S. Identification of quinolines that inhibit melanogenesis by altering tyrosinase family trafficking. Mol. Pharmacol 2008, 74, 1576–1586. [Google Scholar]

	53. 
Chakraborty, A; Funasaka, Y; Komoto, M; Ichihashi, M. Effect of arbutin on melanogenic proteins in human melanocytes. Pigment Cell Res 1998, 11, 206–212. [Google Scholar]

	54. 
Chawla, S; deLong, M; Visscher, M; Wickett, R; Manga, P; Boissy, R. Mechanism of tyrosinase inhibition by deoxyArbutin and its second-generation derivatives. Br. J. Dermatol 2008, 159, 1267–1274. [Google Scholar]

	55. 
Boissy, R; Visscher, M; DeLong, M. DeoxyArbutin: A novel reversible tyrosinase inhibitor with effective in vivo skin lightening potency. Exp. Dermatol 2005, 14, 601–608. [Google Scholar]

	56. 
Hamed, S; Sriwiriyanont, P; deLong, M; Visscher, M; Wickett, R; Boissy, R. Comparative efficacy and safety of deoxyarbutin, a new tyrosinase-inhibiting agent. J. Cos. Sci 2006, 57, 291–308. [Google Scholar]

	57. 
Petit, L; Piérard, G. Skin-lightening products revisited. Int. J. Cosmet. Sci 2003, 25, 169–181. [Google Scholar]

	58. 
Colby, S; Schwartzel, E; Huber, F; Highton, A; Altman, D; Epinette, W; Lyon, E. A promising new treatment for solar lentigines. J. Drugs Dermatol 2003, 2, 147–152. [Google Scholar]

	59. 
Keeling, J; Cardona, L; Benitez, A; Epstein, R; Rendon, M. Mequinol 2%/tretinoin 0.01% topical solution for the treatment of melasma in men: A case series and review of the literature. Cutis 2008, 81, 179–183. [Google Scholar]

	60. 
Jimbow, K. N-Acetyl-4-S-Cysteaminylphenol as a new type of depigmenting agent for the melanoderma of patients with melasma. Arch. Dermatol 1991, 127, 1528–1534. [Google Scholar]

	61. 
Ferguson, J; Rogers, PM; Kelland, LR; Robins, DJ. Synthesis and antimelanoma activity of sterically congested tertiary amide analogues of N-acetyl-4-S-cysteaminylphenol. Oncol. Res 2005, 15, 87–94. [Google Scholar]

	62. 
Kim, D; Hwang, J; Baek, H; Kim, K; Lee, B; Chang, I; Kang, H; Lee, O. Development of 5-[(3-aminopropyl)phosphinooxy]-2-(hydroxymethyl)-4H-pyran-4-one as a novel whitening agent. Chem. Pharm. Bull 2003, 51, 113–116. [Google Scholar]

	63. 
Kim, Y; Uyama, H. Tyrosinase inhibitors from natural and synthetic sources: Structure, inhibition mechanism and perspective for the future. Cell. Mol. Life Sci 2005, 62, 1707–1723. [Google Scholar]

	64. 
Parvez, S; Kang, M; Chung, H; Bae, H. Naturally occuring tyrosinase inhibitors: Mechanism and application in skin health, cosmetics and agriculture industries. Phytother. Res 2007, 21, 805–816. [Google Scholar]

	65. 
Grimes, P. Melasma: Etiologic and therapeutic considerations. Arch. Dermatol 1995, 131, 1453–1457. [Google Scholar]

	66. 
Baliña, L; Graupe, K. The treatment of melasma 20% azeiaic acid versus 4% hydroquinone cream. Int. J. Dermatol 1991, 30, 893–895. [Google Scholar]

	67. 
Fitton, A; Goa, K. Azelaic acid: A review of its pharmacological properties and therapeutic efficacy in acne and hyperpigmentary skin disorders. Drugs 1991, 41, 780–798. [Google Scholar]

	68. 
Kubo, I; Kinst-Hori, I; Kubo, Y; Yamagiwa, Y; Kamikawa, T; Haraguchi, H. Molecular design of antibrowing agents. J. Agric. Food Chem 2000, 48, 1393–1399. [Google Scholar]

	69. 
Jones, K; Hughes, J; Hong, M; Jia, Q; Orndorff, S. Modulation of melanogenesis by aloesin: A competitive inhibitor of tyrosinase. Pigment Cell Res 2002, 15, 335–340. [Google Scholar]

	70. 
Zhu, W; Gao, J. The use of botanical extracts as topical skin-lightening agents for the improvement of skin pigmentation disorders. J. Investig. Dermatol. Symp. Proc 2008, 13, 20–24. [Google Scholar]

	71. 
Jin, Y; Lee, S; Chung, M; Park, J; Park, YI; Cho, T; Lee, S. Aloesin and arbutin inhibit tyrosinase activity in a synergistic manner via a different action mechanism. Arch. Pharm. Res 1999, 22, 232–236. [Google Scholar]

	72. 
Kim, D; Kim, J; Baek, D; Seo, J; Kho, Y; Oh, T; Lee, C. Enhancement of tyrosinase inhibition of the extract of veratrum patulum using cellulase. Biotechnol. Bioeng 2004, 87, 849–854. [Google Scholar]

	73. 
Frémont, L. Biological effects of resveratrol. Life Sci 2000, 66, 663–673. [Google Scholar]

	74. 
Kim, Y; Yun, J; Lee, C; Lee, H; Min, K; Kim, Y. Oxyresveratrol and hydroxystilbene compounds inhibitory effect on tyrosinase and mechanisms of action. J. Biol. Chem 2002, 227, 16340–16344. [Google Scholar]

	75. 
Newton, R; Cook, A; Roberts, D; Leonard, J; Sturm, R. Post-transcriptional regulation of melanin biosynthetic enzymes by cAMP and resveratrol in human melanocytes. J. Invest. Dermatol 2007, 127, 2216–2227. [Google Scholar]

	76. 
Yamakoshi, J; Otsuka, F; Sano, A; Tokutake, S; Saito, M. Lightening effect on ultraviolet-induced pigmentation of guinea pig skin by oral administration of a proanthocyanidin-rich extract from grape seeds. Pigment Cell Res 2003, 16, 629–638. [Google Scholar]

	77. 
Hachiya, A; Kobayashi, A; Yoshida, Y; Kitahara, T; Takema, Y; Imokawa, G. Biphasic expression of two paracrine melanogenic cytokines, stem cell factor and endothelin-1, in ultraviolet b-induced human melanogenesis. Am. J. Pathol 2004, 165, 2099–2109. [Google Scholar]

	78. 
Berson, D. Natural antioxidants. J. Drugs Dermatol 2008, 7, s7–s12. [Google Scholar]

	79. 
Karg, E; Odh, G; Wittbjer, A; Rosengren, E; Rorsman, H. Hydrogen peroxide as inducer of elevated tyrosinase level in melanoma cells. J. Invest. Dermatol 1993, 100, 209s–213s. [Google Scholar]

	80. 
Farris, P. Topical vitamin C: A useful agent for treating photoaging and other dermatologic conditions. Dermatol. Surg 2005, 31, 814–818. [Google Scholar]

	81. 
Kameyama, K; Sakai, C; Kondoh, S; Yonemoto, K; Nishiyama, S; Tagawa, M; Murata, T; Ohnuma, T; Quigley, J; Dorsky, A; Bucks, D; Blanock, K. Inhibitory effect of magnesium l-ascorbyl-2-phosphate (VC-PMG) on melanogenesis in vitro and in vivo. J. Am. Acad. Dermatol 1996, 34, 29–33. [Google Scholar]

	82. 
Hakozaki, T; Takiwaki, H; Miyamoto, K; Sato, Y; Arase, S. Ultrasound enhanced skin-lightening effect of vitamin C and niacinamide. Skin Res. Technol 2006, 12, 105–113. [Google Scholar]

	83. 
Shimizu, K; Kondo, R; Sakai, K; Takeda, N; Nagahata, T; Oniki, T. Novel vitamin E derivative with 4-substituted resorcinol moiety has both antioxidant and tyrosinase inhibitory properties. Lipids 2001, 36, 1321–1326. [Google Scholar]

	84. 
Fukuzawa, K; Gebicki, J. Oxidation of α-tocopherol in micelles and liposomes by hydroxy, perhydroxy and superoxide free radicals. Arch. Biochem. Biophys 1983, 226, 242–251. [Google Scholar]

	85. 
Choi, C; Berson, D. Cosmeceuticals. Semin. Cutan. Med. Surg 2006, 25, 163–168. [Google Scholar]

	86. 
Funasaka, Y; Chakraborty, A; Komoto, M; Ohashi, A; Ichihashi, M. The depigmenting effect of α-tocopheryl ferulate on human melanoma cells. Br. J. Dermatol 1999, 141, 20–29. [Google Scholar]

	87. 
Minwalla, L; Zhao, Y; Cornelius, J; Babcock, G; Wickett, R; Le Poole, I; Boissy, R. Inhibition of melanosome transfer from melanocytes to keratinocytes by lectins and neoglycoproteins in an in vitro model system. Pigment Cell Res 2001, 14, 185–194. [Google Scholar]

	88. 
Ito, Y; Kanamaru, A; Tada, A. Centaureidin promotes dendrite retraction of melanocytes by activating Rho. Biochim. Biophys. Acta 2006, 1760, 487–494. [Google Scholar]

	89. 
Ito, Y; Kanamaru, A; Tada, A. Effects of methylophiopogonanone B on melanosome transfer and dendrite retraction. J. Dermatol. Sci 2006, 42, 68–70. [Google Scholar]

	90. 
Ito, Y; Kanamaru, A; Tada, A. A novel agent, methylophiopogonanone B, promotes Rho activation and tubulin depolymerization. Mol. Cell Biochem 2007, 297, 121–129. [Google Scholar]

	91. 
Lin, J; Chiang, H; Lin, Y; Wen, K. Natural products with skin–whitening effects. J.Food Drug Anal 2008, 16, 1–10. [Google Scholar]

	92. 
Hakozaki, T; Minwalla, L; Zhuang, J; Chhoa, M; Matsubara, A; Miyamoto, K; Greatens, A; Hillebrand, G; Bissett, D; Boissy, R. The effect of niacinamide on reducing cutaneous pigmentation and suppression of melanosome transfer. Br. J. Dermatol 2002, 147, 20–31. [Google Scholar]

	93. 
Greatens, A; Hakozaki, T; Koshoffer, A; Epstein, H; Schwemberger, S; Babcock, G; Bissett, D; Takiwaki, H; Arase, S; Wickett, R; Boissy, R. Effective inhibition of melanosome transfer to keratinocytes by lectins and niacinamide is reversible. Exp. Dermatol 2005, 14, 498–508. [Google Scholar]

	94. 
Bissett, D; Miyamoto, K; Sun, P; Li, J; Berge, C. Topical niacinamide reduces yellowing, wrinkling, red blotchiness, and hyperpigmented spots in aging facial skin. Int. J. Cosmet. Sci 2004, 26, 231–238. [Google Scholar]

	95. 
Bissett, D; Oblong, J; Berge, C. Niacinamide: A B vitamin that improves aging facial skin appearance. Dermatol. Surg 2005, 31, 860–865. [Google Scholar]

	96. 
Bissett, D. Topical niacinamide and barrier enhancement. Cutis 2002, 70S, 8–12. [Google Scholar]

	97. 
Bissett, D; Oblong, J; Saud, A; Berge, C; Trejo, A; Biedermann, K. Topical niacinamide provides skin aging appearance benefits while enhancing barrier function. J. Clin. Dermatol 2003, 32S, 9–18. [Google Scholar]

	98. 
Van Den Bossche, K; Naeyaert, J; Lambert, J. The quest for the mechanism of melanin transfer. Traffic 2006, 7, 769–778. [Google Scholar]

	99. 
Seiberg, M; Paine, C; Sharlow, E; Andrade-Gordon, P; Costanzo, M; Eisinger, M; Shapiro, S. The protease-activated receptor 2 regulates pigmentation via keratinocyte-melanocyte interactions. Exp. Cell Res 2000, 254, 25–32. [Google Scholar]

	100. 
Lin, C; Chen, N; Scarpa, R; Guan, F; Babiarz-Magee, L; Liebel, F; Li, W; Kizoulis, M; Shapiro, S; Seiberg, M. LIGR, a protease-activated receptor-2-derived peptide, enhances skin pigmentation without inducing inflammatory processes. Pigment Cell Melanoma Res 2008, 21, 172–183. [Google Scholar]

	101. 
Derian, C; Eckardt, A; Andrade-Gordon, P. Differential regulation of human keratinocyte growth and differentiation by a novel family of protease-activated receptors. Cell Growth Diff 1997, 8, 743–749. [Google Scholar]

	102. 
Marthinuss, J; Andrade-Gordon, P; Seiberg, M. A secreted serine protease can induce apoptosis in Pam212 keratinocytes. Cell Growth Diff 1995, 6, 807–816. [Google Scholar]

	103. 
Seiberg, M; Paine, C; Sharlow, E; Andrade-Gordon, P; Constanzo, M; Eisinger, M; Shapiro, S. Inhibition of melanosome transfer results in skin lightening. J. Invest. Dermatol 2000, 115, 162–167. [Google Scholar]

	104. 
Babiarz-Magee, L; Chen, N; Seiberg, M; Lin, C. The expression and activation of protease-activated receptor-2 correlate with skin color. Pigment Cell Res 2004, 17, 241–251. [Google Scholar]

	105. 
Sharlow, E; Paine, C; Babiarz, L; Eisinger, M; Shapiro, S; Seiberg, M. The protease-activated receptor-2 upregulates keratinocyte phagocytosis. J. Cell Sci 2000, 113, 3093–3101. [Google Scholar]

	106. 
Paine, C; Sharlow, E; Liebel, F; Eisinger, M; Shapiro, S; Seiberg, M. An alternative approach to depigmentation by soybean extracts via the inhibition of the PAR-2 pathway. J. Invest. Dermatol 2001, 116, 587–595. [Google Scholar]

	107. 
Scott, G; Deng, A; Rodriguez-Burford, C; Seiberg, M; Han, R; Babiarz, L; Grizzle, W; Bell, W; Pentland, A. Protease-activated receptor 2, a receptor involved in melanosome transfer, is upregulated in human skin by ultraviolet irradiation. J. Invest. Dermatol 2001, 117, 1412–1420. [Google Scholar]

	108. 
Birk, Y. The Bowman-Birk inhibitor. Trypsin- and chymotrypsin-inhibitor from soybeans. Int. J. Pept. Protein Res 1985, 25, 113–131. [Google Scholar]

	109. 
Brenner, M; Hearing, V. Modifying skin pigmentation–approaches through intrinsic biochemistry and exogenous agents. Drug Discov. Today Dis. Mech 2008, 5, 189–199. [Google Scholar]

	110. 
Zhu, W; Zhang, R. Skin lightening agents. In Cosmetic Formulation of Skin Care Products Cosmetic Science and Technology Series; Draelos, ZD, Thaman, LA, Eds.; Taylor and Francis Group LLC: New York, NY, USA, 2006; Volume 30, pp. 205–218. [Google Scholar]

	111. 
Bowe, W; Shalita, A. Effective over-the-counter acne treatments. Semin. Cutan. Med. Surg 2008, 27, 170–176. [Google Scholar]

	112. 
Yamamoto, Y; Uede, K; Yonei, N; Kishioka, A; Ohtani, T; Furukawa, F. Effects of alpha-hydroxy acids on the human skin of Japanese subjects: The rationale for chemical peeling. J. Dermatol 2006, 1, 16–22. [Google Scholar]

	113. 
Ando, H; Funasaka, Y; Oka, M; Ohashi, A; Furumura, M; Matsunaga, J; Matsunaga, N; Hearing, V; Ichihashi, M. Possible involvement of proteolytic degradation of tyrosinase in the regulatory effect of fatty acids on melanogenesis. J. Lipid Res 1999, 40, 1312–1316. [Google Scholar]

	114. 
Halaban, R; Cheng, E; Zhang, Y; Moellmann, G; Hanlon, D; Michalak, M; Setaluri, V; Hebert, D. Aberrant retention of tyrosinase in the endoplasmic reticulum mediates accelerated degradation of the enzyme and contributes to the dedifferentiated phenotype of amelanotic melanoma cells. Proc. Natl. Acad. Sci. USA 1997, 94, 6210–6215. [Google Scholar]

	115. 
Ando, H; Ryu, A; Hashimoto, A; Oka, M; Ichihashi, M. Linoleic acid and α-linolenic acid lightens ultraviolet-induced hyperpigmentation of the skin. Arch. Dermatol. Res 1998, 290, 375–381. [Google Scholar]

	116. 
Nair, X; Parah, P; Suhr, L; Tramposch, K. Combination of 4-hydroxyanisole and all trans retinoic acid produces synergistic skin depigmentation in swine. J. Invest. Dermatol 1993, 101, 145–149. [Google Scholar]

	117. 
Berardesca, E; Ardigò, M; Berardesca, M; Cameli, N. Melasma: Current and future treatments. Expert Rev. Dermatol 2008, 3, 187–193. [Google Scholar]

	118. 
Lei, T; Virador, V; Vieira, W; Hearing, V. A melanocyte–keratinocyte coculture model to assess regulators of pigmentation in vitro. Anal. Biochem 2002, 305, 260–268. [Google Scholar]









© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-10-04066


  
    		
      ijms-10-04066
    


  




  





media/file0.png
HO COOH

COOH HO COOH
NHz
NH; NH;
HO Ho s - N
Tyrosine HAN
Cysteine or s
Glutathione COOH
Tyrosinase DoPA 1,4 -Benzothiazinyl-alanine
s Tyrosinase CysteinyiDO
HO COOH ° oo '
NHa - PHEOMELANIN
o o NHz
DOPA (Dihydroxyphenylalanine) DOPAquinone
DOPAchrome tautomerase (TYRP-2) N
HO o - HO
= o + co;
HO N~ COoH N COOH HO N
H H
DHICA DOPAchrome DHI
DHICA oxidase (TYRP-1) »  Tymosinase
o. o
o N~ COOH o N

H

Indole-5,6-quinone-carboxylic acid

Indole-5,6-quinone

v
EUMELANIN






media/file1.png
HO COOH

COOH HO COOH
NHz
NH; NH;
HO Ho s - N
Tyrosine HAN
Cysteine or s
Glutathione COOH
Tyrosinase DoPA 1,4 -Benzothiazinyl-alanine
s Tyrosinase CysteinyiDO
HO COOH ° oo '
NHa - PHEOMELANIN
o o NHz
DOPA (Dihydroxyphenylalanine) DOPAquinone
DOPAchrome tautomerase (TYRP-2) N
HO o - HO
= o + co;
HO N~ COoH N COOH HO N
H H
DHICA DOPAchrome DHI
DHICA oxidase (TYRP-1) »  Tymosinase
o. o
o N~ COOH o N

H

Indole-5,6-quinone-carboxylic acid

Indole-5,6-quinone

v
EUMELANIN






