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Abstract: Melanin pigment is a major factor in determining the color of the skin, and its abnormal
increase or decrease can cause serious pigmentation disorders. The melanin pigment of the skin
is divided into light pheomelanin and dark eumelanin, and a big difference between them is
whether they contain sulfur. Melanin synthesis starts from a common reaction in which tyrosine
or dihydroxyphenylalanine (DOPA) is oxidized by tyrosinase (TYR) to produce dopaquinone
(DQ). DQ is spontaneously converted to leukodopachrome and then oxidized to dopachrome,
which enters the eumelanin synthesis pathway. When DQ reacts with cysteine, cysteinyl dopa
is generated, which is oxidized to cysteinyl DQ and enters the pheomelanin synthesis pathway.
Therefore, thiol compounds can influence the relative synthesis of eumelanin and pheomelanin. In
addition, thiol compounds can inhibit enzymatic activity by binding to copper ions at the active
site of TYR, and act as an antioxidant scavenging reactive oxygen species and free radicals or
as a modulator of redox balance, thereby inhibiting overall melanin synthesis. This review will
cover the metabolic aspects of thiol compounds, the role of thiol compounds in melanin synthesis,
comparison of the antimelanogenic effects of various thiol compounds, and clinical trials on the
skin lightening efficacy of thiol compounds. We hope that this review will help identify the
advantages and disadvantages of various thiol compounds as modulators of skin pigmentation
and contribute to the development of safer and more effective strategies for the treatment of
pigmentation disorders.

Keywords: melanin synthesis; eumelanin; pheomelanin; thiol compound; sulfhydryl compound;
skin pigmentation; pigmentary disorder

1. Introduction

Melanin is a colored biopolymer commonly found in most living organisms, and in
humans, it is a major determinant of pigmentation of the skin, hair, mucous membranes,
and retina [1-4]. Melanin synthesized in the melanosomes of epidermal melanocytes
plays key roles in maintaining skin homeostasis [1,2], and photoprotection [5,6]. Skin
pigmentary disease can be caused when melanin pigment is excessively high, low,
or unevenly distributed [7-9]. The disease occupies an important part of skin prob-
lems, and medical demand is greatly increasing [10-14]. This disease is socially very
important because it causes mental stress and reduces productivity and quality of
life [15].

Prevention and treatment strategies for hyperpigmentation include photoprotection,
topical therapy, surgical treatment (chemical peeling and laser treatment), and cosmetic
camouflage [16,17]. Hydroquinone is used as primary therapy, usually in combination
with retinoids or steroids, but it can cause side effects, such as skin irritation, allergies,
mutations, and cancer [18,19]. Chemical peels and laser treatments are often performed,
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but there are side effects, such as dermatitis-induced pigmentation. In the cosmetic field,
arbutin, nicotinamide (niacinamide), and ascorbic acid derivatives are mainly formulated
for skin lightening effects [20-22].

Melanin is synthesized in melanosomes of melanocytes, and mature melanosomes
filled with melanin are delivered to surrounding keratinocytes through the dendrites of
melanocytes and spread to the skin [4,23]. Therefore, effectively controlling one of these
multiple processes is a promising strategy to treat skin pigmentation. The most well studied
molecular targets for artificially regulating skin pigmentation are (1) the receptors on the
surface of melanocytes that transmit intracellular signals, (2) the enzymes and proteins
involved in melanin synthesis in melanosomes, and (3) the biogenesis, maturation, and
intercellular transfer of melanosomes [24]. This research team discovered and reported
glycinamide and low molecular weight peptides that act on the first target and exhibit skin
depigmenting effects in previous studies [25,26]. In addition, the skin depigmenting effects
of resveratrol derivatives and p-coumaric acid acting on the second target have also been
reported [27,28].

Melanin synthesis starts from a common reaction in which tyrosine or dihydrox-
yphenylalanine (DOPA) is oxidized by tyrosinase (TYR) to produce dopaquinone (DQ) [29],
which enters either the eumelanin (brownish-black color) or pheomelanin (reddish-yellow
color) synthesis pathway depending on the availability of thiol compounds, such as cysteine
and glutathione [4,30,31]. The relative content of eumelanin and pheomelanin has been
associated with skin color [32]. Human skin color and glutathione content are correlated
with each other [33]. In Tortoiseshell guinea pigs, the content of reduced glutathione was
lower in the black skin area than in the red or yellow skin area [34]. Thus, the use of thiol
compounds that can affect the relative synthesis of eumelanin versus pheomelanin is a
promising strategy to control skin pigmentation. Furthermore, several thiol compounds
can affect cellular redox homeostasis, leading to changes in cellular melanogenesis and
skin pigmentation.

In this review, we will first summarize metabolic processes involving thiol com-
pounds, such as cysteine, glutathione, and coenzyme A. We will then discuss the effects
of different thiol compounds on in vitro tyrosinase enzyme activity and melanogenesis
at the cellular level. Additionally, we will discuss clinical trials on the skin lightening
efficacy of thiol compounds. It is hoped that this review will help understand the ad-
vantages and disadvantages of thiol compounds as modulators of skin pigmentation
and contribute to the development of safer and more effective treatment strategies for
pigmentation disorders.

2. The Metabolism of Cysteine and Related Thiol Compounds

Before understanding the role of thiol compounds in melanogenesis, basic knowl-
edge of the metabolism of these compounds is required. Figure 1 shows the anabolic and
catabolic pathways of cysteine and glutathione that have been studied as skin lightening
cosmeceuticals. The metabolic pathway of coenzyme A is also included because cys-
teamine, which is produced during its catabolism, has been developed as a skin lightener.
Understanding the interconnected metabolism will help to predict the direct and indirect
biological effects of a certain thiol compound and its potential side effects. In Figure 1,
only the reactions of enzymes whose existence has been known in mammals are shown.
The general information for each enzyme is available from BRENDA enzyme database at
https:/ /www.brenda-enzymes.org (accessed on 3 March 2022).
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Figure 1. The metabolism of cysteine and related thiol compounds in mammals. ADP, adenosine
diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CDP, cytidine diphos-
phate; CTP, cytidine triphosphate; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1;
GSH, glutathione; GSSG, glutathione disulfide; NAD*, nicotinamide adenine dinucleotide; NADH,
nicotinamide adenine dinucleotide hydrogen; NADP*, nicotinamide adenine dinucleotide phosphate;
NADPH, nicotinamide adenine dinucleotide phosphate hydrogen; Pi, inorganic phosphate; PPi,
inorganic pyrophosphate; Q, substrates or reactants for glutathionylation; THEF, tetrahydrofolate;

X, substrates for methylation.
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In bacteria and plants, O-acetyl serine, an activated form of serine, reacts with sul-
fide sources under cysteine synthase catalyst to produce cysteine and acetate [35,36]. In
mammals, cysteine is made from serine, and the source of sulfur is methionine [37]. Me-
thionine is converted to homocysteine via S-adenosyl methionine and S-adenosyl ho-
mocysteine [38]. Cystathionine (3-synthase combines homocysteine with serine to form
asymmetrical thioether cystathionine, and this compound is cleaved by cystathionine
v-lyase into «-ketobutyrate, ammonia, and cysteine [39]. If cystathionine is cleaved by
cystathionine (3-lyase, it produces pyruvate, ammonia, and homocysteine [40]. Homo-
cysteine can be converted to methionine by methionine synthase, which uses N°-methyl
tetrahydrofolate as a methyl group donor [41].

In addition to its biosynthesis in situ in the cells, cysteine and its oxidized form
cystine are imported from the outside of the cells to meet the cells” high metabolic needs.
Extracellular cysteine is readily oxidized and exists mainly in the form of cystine [42].
Cystine transport is mainly performed by the cystine/glutamate transporter, known as
system Xc- or xCT, which is encoded by the solute carrier family 7 member 11 (SLC7A11)
gene in humans [43]. It is an antiporter that imports cystine and exports glutamate [44].
Once cystine is transported across the membrane into cells, it is reduced back to cysteine by
cystine reductase or glutathione-cystine transhydrogenase [45,46]. Cysteine itself can also
be transported into the cell by other transporters, such as excitatory amino acid transporter
3 (EAAT3) [47]. Recently, major facilitator superfamily domain containing 12 (MFSD12)
has been reported to transport cysteine to melanosomes or lysosomes [48].

Cysteine is used not only as a building block of proteins but also in the synthesis
of various thiols that play crucial roles in maintaining redox homeostasis and cellular
metabolism [49]. Glutathione is a tripeptide with multiple functions associated with antiox-
idant defense and other related cell physiology [50,51]. For the synthesis of glutathione,
cysteine is first combined with glutamate to form y-glutamyl cysteine, and then glycine is
added to synthesize glutathione [52]. Glutathione can be oxidized to glutathione disulfide
by several oxidoreductases, such as glutathione peroxidase, or non-enzymatically by vari-
ous reactive oxygen species (ROS) or oxidizing agents [53]. Glutathione disulfide is reduced
in a glutathione reductase-catalyzed reaction, in which nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH) is consumed [54]. Glutathione also binds to substrates
in the metabolic process of xenobiotics to form conjugates [55]. Glutathione, its oxidized
form, and its conjugates can be exported out of the cell by specific transporters [56]. At
the cell surface, the glutamyl moiety of glutathione is transferred to other amino acids by
v-glutamyl transpeptidase, and cysteinyl glycine is produced [57]. Cysteinyl glycine is
further cleaved into cysteine and glycine by dipeptidase, and these free amino acids can
enter the cell by specific transporters [58].

Coenzyme A is an essential cofactor for many enzymes that mediate more than 100
different catabolic and anabolic reactions of lipids, carbohydrates, proteins, ethanol, bile
acids, and xenobiotics [59]. Cysteine enters the synthesis pathway of coenzyme A by
reacting with 4-phosphopantothenate to produce 4-phosphopantothenoyl cysteine [60].
4-Phosphopantetheine, which is produced by decarboxylation of 4-phosphopantothenoyl
cysteine, or by phosphorylation of pantetheine, is converted to coenzyme A through two
steps of ATP-dependent phosphorylation [61]. In the catabolic pathway of coenzyme
A, dephosphorylation by ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1)
produces 4-phosphopantetheine, and further dephosphorylation produces pantetheine [62].
Pantetheine is cleaved by pantetheinase/vanin to form cysteamine and pantethenate [63].
Cysteamine is not only a metabolite biosynthesized in cells but also a drug candidate with
various therapeutic potentials [64,65]. Cysteamine is oxidized to cystamine dimer or re-
acted with oxygen in a cysteamine dioxygenase catalyzed reaction to form hypotaurine [65].
Taurine, which is produced in the oxidation reaction of hypotaurine, is a non-protein
amino acid that regulates various cellular functions, including osmoregulation, ion move-
ment modulation, bile acid conjugation, antioxidation, anti-inflammation, and energy
metabolism regulation [66,67].
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In its catabolic pathways, cysteine undergoes transamination to form (3-mercaptopyruvate,
which is enzymatically decomposed into pyruvate and hydrogen sulfide [68]. Hydrogen
sulfide produced in many enzymatic reactions affects various cell functions, and various
therapies using it are also being studied [69]. In another catabolic pathway, cysteine is
oxidized to sulfinoalanine (cysteine sulfinate) by the action of cysteine dioxygenase [70].
Sulfinoalanine is decarboxylated and leads to the formation of hypotaurine and taurine in
a sequence, or is transaminated and produces (3-sulfinyl pyruvate, which is enzymatically
or spontaneously hydrolyzed to pyruvate and sulfite [71].

3. The Role of Thiol Compounds in Melanin Synthesis

Microphthalmia-associated transcription factor (MITF) regulates gene expression of
melanogenic enzymes such as TYR, tyrosinase-related protein 1 (TYRP1), and dopachrome
tautomerase (DCT) in response to a variety of internal and external stimuli [72,73].
a-Melanocyte stimulating hormone /melanocortin 1 receptor/adenyl cyclase/cyclic adeno-
sine monophosphate (CAMP)/protein kinase A /cAMP-reactive element-binding protein
pathway activates MITF [72,73]. In addition, the stem cell factor/receptor tyrosine kinase
c-Kit/mitogen-activated protein kinase pathway and the Wingless-related integration site
(WNT)/frizzled / glycogen synthase kinase 33 / 3-catenin pathway activate MITF [74,75].
Other signaling pathways, such as the phospholipase C/diacylglycerol/protein kinase
Cp cascade and the nitric oxide/cyclic guanosine monophosphate (cGMP)/protein kinase
G cascade also activate MITF [76,77]. Please refer to other comprehensive reviews on
autocrine and paracrine regulation of melanogenesis [77,78].

Figure 2 shows the simplified scheme of the biosynthesis pathway for eumelanin and
pheomelanin. TYR catalyzes the initial step of melanin synthesis, which is the oxidation of
tyrosine or DOPA to DQ [29]. The subsequent reactions differ depending on the availability
of thiol compounds [31].

When the thiol compound is deficient, DQ is spontaneously cyclized to leukodopa,
which is further oxidized to dopachrome in concert with the reduction of DQ to DOPA [79].
Dopachrome is then tautomerized to form 5,6-dihydroxyindole-2-carboxylic acid (DHICA)
or decarboxylate to form 5,6-dihydroxyindole (DHI) [80]. DHICA and DHI undergo
oxidation to form their quinones enzymatically or non-enzymatically [81]. Polymerization
of DHI and DHICA and their quinones leads to the formation of eumelanin [76].

Thiol compounds such as cysteine and glutathione rapidly react with DQ produced
in the TYR-catalyzed reaction [82]. If cysteine is the reactant, 5-5-cysteinyl dopa (5-5-CD)
or 2-S-cysteinyl dopa (2-S-CD) are produced [83]. 5-5-CD and 2-5-CD are then oxidized
to their quinones in concert with the reduction of DQ to DOPA or in a TYR-catalyzed
reaction [84] and then cyclized to benzothiazine or benzothiazole intermediates [30,85].
The polymerization reaction between these intermediates leads to the production of the
final product, pheomelanin [4,30,31].

Glutathione can react with DQ to produce 5-S-glutathionyl dopa and 2-S-glutathionyl
dopa in preference of the former [86]. 6-S-Glutathionyl dopa is also formed at a lower
yield (5%) compared to 5-S-glutathionyl dopa (76%) and 2-S-glutathionyl dopa (12%) [86].
Carstam et al. showed that 5-S-glutathionyl dopa is present in the homogenates of cultured
human melanoma cells at a hundred times lower molar concentration than that of 5-S-
cysteinyl dopa [87]. They also detected 5-S-cysteinyl glycyl dopa at a ten times lower level,
but y-glutamyl-5-S-cysteinyl dopa was not detected. Thus, 5-S-glutathionyl dopa is thought
to be converted to 5-S-cysteinyl glycyl dopa by y-glutamyl transpeptidase, and then to 5-5-
CD by dipeptidase. 2-S-Glutathionydopa may also be converted to the respective 2-S-CD
through a similar process. Thus formed 5-S-CD and 2-5-CD undergo oxidation to their
quinones and subsequent cyclization to the benzothiazine or benzothiazole intermediates,
as described above.
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The possibility that cysteinyl glycine produced during the decomposition of
glutathione directly reacts with DQ to produce 5-5-cysteinyl glycyl dopa cannot be
excluded. However, the possibility that y-glutamyl cysteine produced during the
synthesis of glutathione reacts with DQ to produce y-glutamyl-5-S-cysteinyl dopa
seems to be insignificant. Under the circumstance when the syntheses of glutathione
and cysteinyl dopa competitively consume cysteine, an increase in the synthesis
of glutathione can cause a decrease in the production of cysteinyl dopa, and vice
versa [88].

The melanogenesis occurring in melanosomes can be affected by various factors
including the concentration of thiol compounds and other metabolites, oxygen partial
pressure, and pH in this organelle. In particular, the metabolism of glutathione is predicted
to maintain a dynamic parallel relationship with the synthesis of pheomelanin, sometimes
in a cooperative relationship and sometimes in competition.

4. TYR-Inhibitory and Antimelanogenic Effects of Various Thiol Compounds
4.1. TYR-Inhibitory Effects In Vitro

TYR oxidizes pyrocatechol to ortho-quinone, and when thiol compounds are
present, a pyrocatechol-cysteine conjugate is generated [89]. Many studies have used
colorimetric methods monitoring the production of dopachrome from tyrosine or
DOPA to measure the activity of TYR. Therefore, it is difficult to distinguish whether
the test substance directly inhibits the catalytic activity of the enzyme to prevent
the production of DQ, or traps the reaction product, DQ, to prevent its oxidation
to dopachrome. For most thiol compounds, it is considered that the latter action
takes precedence over the former action. With this point in mind, we here discuss
the studies reporting the inhibitory effects of various thiol compounds on the TYR-
catalyzed reaction.

Kahn et al. compared the effects of various amino acids on the dihydroxyphenolase
activity of mushroom TYR using DOPA as a substrate [90]. Cysteine exhibited the most
potent TYR-inhibitory effect, extending an initial delay (lag period) in dopachrome for-
mation and suppressing it completely at 0.3 mM. In Jara et al.’s study, cysteine inhibited
mouse melanoma TYR hydroxylase activity measured by radioactive water released
from L—[3,5—3H]—tyrosine substrate (50% inhibitory concentration (ICsp), 0.66 mM), as
well as the DOPA oxidase activity of TYR measured by dopachrome formation [82].
In addition, cysteine at 0.15 or 0.30 mM inhibited mushroom TYR activity measured
by a spectrophotometric method (ICsp, 0.15 mM) and a polarographic method (ICs,
1.44 mM) [91]. Therefore, cysteine is one of the amino acids whose reactivity is unique,
and it can directly inhibit the activity of TYR in addition to reducing the production
of dopachrome.

The two Cu?* ions are present at the active site of the TYR enzyme, each being
coordinated by three histidine residues [92]. In the study of Jergil et al., cysteine at high
concentrations (10 mM) inactivated TYR, whereas the addition of tyrosine and DOPA
competitively restored the enzyme activity [93]. It is presumed that cysteine can bind to
copper at the active site of the TYR, inactivating the enzyme, and the substrates block
cysteine’s access to the active site of the enzyme.

Tseng et al. compared the inhibitory effects of 20 x 20 dipeptides against mushroom
TYR and found that cysteine-containing dipeptides are potent inhibitors and that N-
terminal cysteine-containing dipeptides are more potent inhibitors than C-terminal
cysteine-containing dipeptides [94]. In a study by Hsiao et al., cysteine-containing
tripeptides, such as arginine-cysteine-tyrosine and cysteine-arginine-tyrosine, exhibited
potent inhibitory effects against mushroom TYR activity [95]. Cysteine-arginine-tyrosine
tripeptide containing a cysteine residue at its N-terminus was estimated to be a more
potent TYR inhibitor (ICsp, 6.16 pM) compared with kojic acid (ICsp, 84.4 uM) and
arbutin (ICsg, 1008.7 uM). These studies suggest that the N-terminal cysteine residue
of certain peptides reacts faster with DQ than others. It also suggests a possibility that
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cysteinyl glycine, a product of the degradation process of glutathione, may react more
rapidly with DQ than does y-glutamyl cysteine, a substrate of the synthesis process
of glutathione.

TYR inhibitory effects of a series of sulfurated amino acids and tripeptides were
compared by Luisi et al. [96]. The results showed that cysteine, cystine, y-oxa-glutamyl
analog of glutathione, and ergothioneine exhibited more potent inhibition compared with
glutathione, whereas taurine exhibited a weaker inhibition.

In a recent study, we compared the effects of twenty different amidated amino acids
on human TYR-mediated dopachrome formation in vitro [97]. The results showed that
only cysteinamide among the tested amidated amino acids inhibited the DOPA formation
effectively. Its inhibitory effect against TYR-mediated dopachrome formation was superior
to those of cysteine, N-acetyl cysteine, glutathione, kojic acid, and arbutin. We have
proposed that cysteinamide may attenuate eumelanin synthesis through a dual mechanism
by diverting DQ to the formation of DOPA-cysteinamide conjugates (at 200 uM) and
directly inactivating the enzyme through chelation of copper at the active site of the TYR at
higher concentrations (500 uM) [97].

These studies show that thiol compounds may vary in their inhibitory effects on
the activity of TYR or their reactivity with DQ depending on their chemical structure.
In addition, although many studies have used mushroom TYR as an alternative for
the human enzyme, these enzymes are quite different in amino acid sequence and
substrate specificity [98,99]. Human and mushroom TYRs are inhibited differently
by an identical compound [100,101]. Therefore, the inhibitory effect of a certain com-
pound on mushroom TYR cannot be applied directly to human enzymes, and there is
a limit to predicting its effect on cellular melanin synthesis based on in vitro enzyme
assay results.

4.2. Anti-Melanogenic Effects in Cells

Deprivation of cysteine induced an increase in eumelanin synthesis as seen in
human melanoma cells [102]. Conversely, supplementation of cysteine increases
the pheomelanin/total melanin ratio in melanocytes, especially in a high tyrosine
medium [103]. Therefore, the concentration and the relative ratio of tyrosine and
cysteine will affect the concentration of total melanin and the ratio of eumelanin and
pheomelanin synthesized.

Qiu et al. compared the effects of various thiol compounds on cell melanin content
at their maximally tolerated concentrations in human melanoma cells (MM418c5) [104].
As a result, different thiol compounds showed varied melanin-reducing effects: dithio-
threitol, 98% reduction at 650 uM; phenyl thiourea, 97% reduction at 200 uM; cystamine,
95% reduction at 50 uM; cysteamine, 79% reduction at 100 pM; cysteine, 7% reduc-
tion at 1 mM; glutathione, 5% reduction at 1 mM. Chung et al. examined the effects
of glutathione and its derivatives, such as glutathione ethyl ester, glutathione diethyl
ester, and glutathione isopropyl ester, on the melanin production in Melan-A cells [105].
The results showed that glutathione itself had no inhibitory effect on melanin pro-
duction, but glutathione ethyl ester increased pheomelanin content and the pheome-
lanin/eumelanin ratio without significant effects on the expression of MITFE, TYR, TYRP1,
and DCT.

Choi et al. discovered the antimelanogenic effects of a homodimer of dipeptides
containing cysteine and methionine residues connected by an intramolecular disulfide
bond [106]. The peptide did not affect TYR catalytic activity in vitro but reduced melanin
production in normal human melanocytes by suppression of MITF and downregulation of
TYR protein.
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In our recent study [97], cysteinamide at 1 mM exhibited a more potent antime-
lanogenic effect compared to other thiol compounds, such as cysteine, N-acetyl cys-
teine, glutathione, cysteine ethyl ester, N-acetyl cysteinamide, and cysteamine, as well
as other TYR inhibitors, such as kojic acid, and (3-arbutin at the same concentration in
MNT-1 cells. Cysteine ethyl ester, arbutin, and cysteamine exhibited cytotoxicity in or-
der. Cysteinamide exhibited comparable inhibitory effects against melanin synthesis in
normal human epidermal melanocytes without altering the mRNA levels of TYR, TYRP1,
and DCT.

Therefore, the potency of biological activity and mechanism of action of thiol com-
pounds in inhibiting cell melanin synthesis will vary depending on the chemical structure
of individual compounds. It should be noted that the response of malignant melanocytes
used in several studies may not necessarily be the same as that of normal melanocytes.
In addition, although the results of experiments using normal human melanocytes are
relatively more reliable, verification of the depigmenting efficacy in clinical studies is
ultimately required.

5. Clinical Trials on the Skin Lightening Efficacy of Thiol Compounds
5.1. Glutathione and Glutathione Disulfide

Glutathione is an important component to maintain intracellular redox balance and
regulates cell melanin production through various mechanisms, so its skin lightening effect
was expected [107]. The results of clinical trials on the skin lightening effect and safety of
glutathione reported so far are not fully consistent or conclusive [108,109].

A clinical study on the skin lightening action of reduced glutathione was reported early
in the 1960s in Japan [110]. After oral administration of glutathione, facial pigmentation
disorders in women were significantly improved. According to a clinical study reported in
Korea in 1977, out of 150 patients with melasma who took 50-100 mg of glutathione orally
three times a day for 6 weeks on average, 74.1%, 56.7%, 7.3%, and 18.6% showed excellent,
good, fair, and no improvement, respectively [111].

Table 1 shows selected clinical studies that were conducted to evaluate the skin light-
ening efficacy of glutathione and glutathione disulfide. Arjinpathana etal. [112] reported
that when glutathione was taken orally, the symptoms of melasma and the appearance of
spots caused by UV exposure were reduced [112]. Because glutathione is easily oxidized,
it is difficult to apply in cosmetic formulations. On the other hand, glutathione disul-
fide, an oxidized form of glutathione, is relatively stable and can regenerate reduced
glutathione in cells. Based on these ideas, Watanabe et al. evaluated the skin lightening
efficacy of topical application of glutathione disulfide [113]. As a result, the skin melanin
index was significantly reduced compared to the placebo. Glutathione disulfide also
showed the effect of increasing skin moisture and reducing wrinkles [113]. In a study by
Weschawalit et al., both oral administrations of glutathione and glutathione disulfide
reduced the melanin index and UV spots compared to the placebo group [114]. These
studies suggest that both glutathione and its oxidized form can give beneficial effects in
alleviating hyperpigmentation.

Oral administration of glutathione has a problem in that it disappears through
the gastrointestinal tract, and topical administration has a disadvantage in that it is
difficult to absorb into the skin. To avoid these problems, direct intravenous injection of
glutathione and absorption through the oral mucosa have been attempted. Intravenous
injection of glutathione showed a remarkable skin lightening effect, various side effects
appeared in almost all patients, and there was a problem that the therapeutic effect
disappeared within a few months after the end of treatment [115]. In a clinical trial in
which glutathione contained in a lozenge was absorbed through the mucous membrane
in the mouth, a skin lightening effect was observed without major side effects [116].
However, the superiority of this method was not demonstrated because it was not
directly compared with oral administration.
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Table 1. Clinical trials on the skin lightening efficacy of glutathione and glutathione disulfide.

Literature Study Format No. of Subjects Tested Materials Treatment Key Findings
Compared to the baseline values, the melanin indices and the
A double-blind, 30 Placebo capsules . number of ultraviolet (UV) spots at all six skin sites decreased
. The capsules were orally taken twice . . . . .
[112] randomized, placebo- . consistently in subjects who received glutathione for 4 weeks.
daily for 4 weeks. . - C O
controlled study Glutathione The reductions were statistically significantly greater than
30 250 mg capsules those receiving placebo at some skin sites.
A randomized, . .. L .
double-blind, A placebo lotion Subjects applied test lotion to one side 1 T'he skin melanin 1ndex§va§ s}igrilﬁcz;ntiy l'ower with GSfS ©
hed-pair 30 of the face and a placebo lotion to the otion treatment compared with placebo lotion treatment from
[113] matched-pair, her side twi p daily for 1 K the first week after the start of the trial through to the end of
placebot—C(()introlled Glutathione disulfide other side twice daily for 10 weeks. the study period (10th week).
study 2% lotion
A randomized, 20 25((;)lutathione )
double-blind, Mg capsu’e A capsule was orally taken daily for Melanin index and UV spots were reduced in the glutathione
[114] placebo-controlled, 18 Glutathione disulfide 12 weeks group and the glutathione disulfide group compared to the
parallel, three- 250 mg placebo group.
arm study 19 Placebo capsule
16 Placebo Patients were given 2 intravenous After 12 1n!ect'1(?ns of' glutathione, 6' of 1'6 (37.5%) subjects
A placebo- injections (glutathione 1200 m showed significant improvement in skin tone, whereas
[115] P jections 1& & 3 (18.7%) subjects improved with placebo. After stopping the
controlled study ascorbic acid, hydrolyzed collagen, L. .
) NaCl, and aqua) per week for 6 weeks treatment, this improvement was gradually lost in most
16 Glutathione 1200 mg , patients in 6 months.
Subjects put one lozenge in the mouth There was a significant decrease in melanin indices from
[116] An open-label, 30 Glutathione against the inner cheek (buccal baseline to end that became evident as early as 2 weeks. The
single-arm clinical trial 500 mg lozenges mucosa) until completely dissolved skin lightening effect was observed both in sun-exposed and
every morning for 8 weeks. sun-protected skin.
A randomized 32 Placebo Oral supplementation of cystine plus glutathione induced a
o : ) ) significant skin lightening after 12 weeks. This combination
17 double-blind, 31 Glutathione 250 mg Subjects ingested tablets or capsules also induced a significant reduction in the size of facial dark
[117] parallel-group, 30 Cystine 500 mg daily or twice daily for 12 weeks in a spots after 6 and 12 weeks. The changes were significantly
benchmark- and ] : blinded format. bigger than those obtained not only with placebo but also with
lacebo-controlled trial Cystine 500 mg plus . :
P 31 cystine alone or glutathione alone.

glutathione 250 mg
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In a recent clinical study, Duperray et al. evaluated the skin lightening effect in pa-
tients who were orally administered glutathione 250 mg, cystine 500 mg, or glutathione
250 mg plus cystine 500 mg [117]. Overall, the skin lightening effect in all groups
was not large, but in the group treated with glutathione or cysteine alone, the light-
ness and the individual typology angles (ITA®) of certain skin sites were significantly
higher than those of the placebo group. ITA® values are calculated using the equation:
ITA® = (arc tangent [(L* — 50)/b*]) 180/3.14159 [118], and higher ITA® value represents
lighter skin color. Notably, the group treated with glutathione and cystine together
exhibited the most excellent skin lightening effect, and there were significant differences
in skin lightness and ITA® values compared to the group treated with glutathione or
cystine alone as well as the placebo group.

5.2. Cysteine, N-Acetyl Cysteine and Cystine

N-acetyl cysteine is a donor of cysteine and is being extensively studied for derma-
tological applications [119]. Its effect against human melasma has been examined in a
double-blind, placebo-controlled, split-face study [120]. Melasma patients applied a cream
containing 4.7% N-acetyl cysteine and 2% hydroquinone on one side of the face and the
cream base on the other side for 4 months. Mild-to-strong bleaching of the skin was ob-
served where an active cream was applied in 9 out of 10 female patients. The other side
where the cream base was applied showed no significant changes in these 9 patients. The
effect of cysteine alone was not evaluated in this trial.

Changes in skin luminosity score due to UV-B exposure (0.384 ] cm ™!, on day 8, 10, 12,
15, 17, and 19) were monitored in brown guinea pigs orally administered either ascorbic
acid (600 mg kg’l) alone or in combination with cysteine (160 mg kg’l) and a-tocopherol
(50 mg kg 1) daily for approximately 5 weeks [121]. The skin luminosity score of the triple
combination group was higher than that of the control group, ascorbic acid alone group,
and ascorbic acid plus cysteine group (n = 12, each group). There was no evidence of the
skin lightening effect of cysteine itself in this animal study.

As mentioned in the above section, in a clinical trial, a skin lightening effect was
observed after a combination of glutathione 250 mg plus cystine 500 mg was orally admin-
istered, and a weaker but significant skin lightening effect was observed when only 500 mg
of cystine was administered [117]. Overall, clinical validation of the skin lightening effects
of cysteine, N-acetyl cysteine, and cystine is still insufficient to draw any conclusion, and
additional research is needed.

5.3. Cysteamine

Numerous clinical trial results have been reported on the skin lightening efficacy of
cysteamine [122], and selected studies are shown in Table 2.

Cysteamine 5% cream significantly improved melasma area severity index (MASI)
and the investigator’s global assessment (IGA) and reduced the degree of pigmentation
measured by Mexameter and Dermacatch compared to placebo [123,124]. The melasma
improvement efficacy of cysteamine 5% cream was comparable to that of the modified
Kligman’s formula (MKF) comprising 4% hydroquinone, 0.05% retinoic acid, and 0.1%
betamethasone [125]. Cysteamine cream showed relatively better skin tolerability
than MKEF. Cysteamine 5% cream showed efficacy similar to that of hydroquinone 4%
cream in the treatment of melasma, and the latter showed relatively good skin tolera-
bility [126]. In a clinical trial comparing the efficacy of the application of cysteamine
cream and the mesotherapy of tranexamic acid, the modified MASI and the IGA were
decreased to a similar extent in both groups [127]. Therefore, although there is a de-
bate about the skin tolerability of cysteamine, its skin lightening effect is evaluated to
be significant.
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Table 2. Clinical trials on the skin lightening efficacy of cysteamine.

Literature Study Format No. of Subjects Tested Materials Treatment Key Findings
A randomized The mean differences between pigmented and normal skin
drari)lor}?ll'zed ’ 25 A placebo cream Cysteamine cream or placebo was (calculated by Mexameter) were reduced after 2 and 4 months
[123] 1 011; € tm led applied on the lesions once a day at of application of cysteamine cream. At the end of the treatment,
place O‘Can Tolle Cysteamine bedtime over 4 months. the melasma area severity index (MASI) scores were
study 25 5}:, v, cream significantly lower in the cysteamine group vs. placebo.
C . laceb Cysteamine cream significantly reduced the degree of
A double-blind 20 A placebo cream a y?f:gn;;nfhzrfjs?:)r?; Enacceea c;l;vaZt pigmentation measured by Mexameter and Dermacatch after 2
[124] placebo-controlled Ep dtime th h he 4 yh weeks compared to the pre-use and placebo-using groups.
study Cysteamine edtime t rogg Ou’F tde -mont After 4 weeks, MASI and IGA scores were significantly lower
20 '_-‘37% cream study period. in the cysteamine group compared to the placebo group.
Modified Kligman’s
formula (I\%IKF, The cysteamine treatment decreased the modified MASI score
A randomized, 25 4% hydroquinone, Cysteamine cream was applied once to aogreater degree (32.3%, 51'3%). compared to MKF (23.7%,
[125] double-blind 0.05% retinoic acid, and (15 min) daily, and MKF was applied 42.3%) at 2 and 4.m.onths, .respe.:ctwely, and' these differences
clinical study 0.1% betamethasone) once (whole night) daily over 4 months. Were strongly statistically §1gn1f1cant. The dlfferenfzes‘ between
- the MKF and cysteamine groups were not statistically
25 C5y:/steam1ne significant in IGA assessments at 2 and 4 months.
% cream
) C . lied There was a 19.7% and 39.1% reduction in modified MASI for
5 Cysteamine ysteamine cream was daplp 1€ donce the cysteamine group and a 39.2% and 33% reduction in the
[126] A randomized, 5% cream hvd (15 min exposure) daily, ?n q hydroquinone group at 8 and 16 weeks, respectively. The
double-blind trial Yy roqu1goqe cream was aEP 1ed once difference between groups was not statistically significant.
Hydroquinone aily over 16 weeks. Hydroquinone cream was better tolerated than
9 4% cream cysteamine cream.
) C . ” lied The MASI scores and Dermacatch values were significantly
. . 27 C};steamme thys’cealnmne 51 A .crear??o was ?Ff) 1€ bog decreased in both cysteamine (2, 4 months) and tranexamic
[127] A Smféle‘bhf}@ 5% cream € melasma fesmns }I1mn ctore be acid mesotherapy groups (4, 8 weeks) compared with baseline.
randomized clinical or 4 r.r:jont S h The improvement rates between the two groups were similar
study Tranexamic acid Tranexamic acid mesotherapy (cysteamine for 2 months vs. tranexamic acid mesotherapy for
1 (0.05 mL) was performed every 4 4 Ks: ine for 4 h ic acid
27 (4 mg mL~!) mesother- weeks; cysteamine for 4 months vs. tranexamic aci

apy

weeks until 8 weeks.

mesotherapy for 8 weeks).
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6. Discussion

The metabolism of thiol compounds such as cysteine and glutathione is closely related
to the synthesis of melanin, especially the relative synthesis of eumelanin and pheomelanin.
When cysteine is sufficient, glutathione synthesis occurs well, and cysteine and glutathione
rapidly quench DQ to generate dopa-thiol conjugates. As a result, it will increase the
production of pheomelanin rather than eumelanin. However, when cysteine is insufficient,
the syntheses of glutathione and cysteinyl dopa compete for the limited cysteine, and the
possibility of eumelanin synthesis is higher than that of pheomelanin. This scenario has
been the metabolic basis for a strategy to pursue skin lightening using thiol compounds.

What happens if the concentration of cysteine is too high? A very high concentration
of cysteine chelates copper at the active site of TYR, inactivates the enzyme, and inhibits the
synthesis of both eumelanin and pheomelanin, leading to extreme hypopigmentation. At
this time, the activity of other metal-containing enzymes in the cell also can be inactivated,
which will disturb overall cell physiology. Interestingly, it was reported that increased
homocysteine levels were associated with hypopigmentation disorders [128,129]. Serum
homocysteine levels are highly elevated in vitiligo patients [130]. The ROS produced by
homocysteine oxidation might induce the apoptosis of melanocytes [131]. It was also
reported that homocysteine inactivated the TYR enzyme by binding copper at the active
site of the enzyme [132]. Thus, an abnormal increase in local homocysteine concentration
can inhibit normal melanogenesis and survival of melanocytes, causing the pathogenesis
of vitiligo. In support of this notion, the expression level of S-adenosylhomocysteine
hydrolase producing homocysteine was upregulated in the vitiliginous skin [133], and its
specific inhibitor 3-deazaneplanocin A increased melanin synthesis in B16/F10 murine
melanoma cells [134].

To reduce the synthesis of eumelanin and to increase the synthesis of pheomelanin,
a safe and effective nutrient source capable of increasing the pool of thiol compounds
in cells is required. According to the results of our study [97], 1 mM of cysteinamide
effectively inhibited cell melanogenesis compared to the same concentration of cysteine
and other thiol compounds, such as N-acetyl cysteine, glutathione, cysteine ethyl ester, and
N-acetyl cysteinamide. Cysteinamide increased pheomelanin content while decreasing
total melanin and eumelanin content in melanocytes. This suggests that cysteinamide has
advantageous properties that can safely and efficiently increase the thiol pool of cells and
enhance pheomelanin synthesis.

Cysteine supplied from the outside enters the cell through the cystine/glutamate
antiporter mainly in the form of oxidized cysteine [43,44]. It can also enter the cells
in the form of cysteine through other transporters [47]. Cysteine can be transported to
melanosomes or lysosomes via recently identified MFSD12 [48]. On the other hand, it is
not known how cysteinamide gets into cells and melanosomes. Further studies are needed
to determine which systems are involved in the transport of cysteinamide and whether
cysteinamide is oxidized or converted to other metabolites during its transport process.

Cellular melanin synthesis can be regulated not only by inhibiting the enzymatic reac-
tion but also by suppressing the mRNA and protein expression of melanogenic enzymes.
Cysteinamide decreased melanin synthesis without affecting the mRNA and protein expres-
sion levels of TYR, TYRP1, and DCT, so it appears to act through the former mechanism [97].
On the other hand, a homodimer of dipeptides tested in the study of Choi et al. appears
to reduce melanin through the latter mechanism of suppressing MITF and TYR protein
expression without affecting TYR catalytic activity in vitro [106].

Changes in cellular redox balance also affect melanin synthesis [20]. External factors,
such as ultraviolet (UV) rays, can stimulate melanin synthesis by increasing the production
of reactive oxygen species (ROS) in cells [135]. Melanin acts to block UV rays in the
skin [136], but its synthetic process generates ROS and free radicals [137]. ROS from various
sources can affect the melanogenic activity of melanocytes, causing hyperpigmentation
or hypopigmentation [135]. Thiol compounds can reduce melanogenesis by acting as an
antioxidant scavenging ROS and free radicals or as a modulator of redox balance [138].
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In clinical trials, the effects of glutathione and its oxidized form, cysteamine, cys-
teine, and its oxidized form, alone or in combination, administered by various methods,
such as transdermal, oral, and intravenous administration, on skin color, number of
UV spots, and severity of melasma were investigated. The oral or topical applica-
tion of thiol compounds did not have any notable side effects at the concentrations
used in most cases. On the other hand, when glutathione was administered via intra-
venous injection, adverse reactions of varying severity were observed in all patients,
requiring special attention. The tested thiol compound in general showed significant
improvement in skin color, UV spots, and melasma compared to pre-use and placebo.
Interestingly, the reduced and oxidized forms of thiol compounds show similar efficacy,
which seems to be reasonable because they are readily interconvertible inside and outside
the cell.

Challenges to overcome for topical application of thiol compounds to the skin
include enhancing stability and promoting transdermal absorption [139,140]. Since
thiol compounds have a characteristic odor and their degradation products give off
an irritating odor, the development of a special formulation is highly required. Nev-
ertheless, the value of thiol compounds as a skin lightener that can replace hydro-
quinone, which is of concern regarding toxicity in cosmetics where safety is important,
needs to be reevaluated. Many plants, such as asparagus, contain cysteine, N-acetyl
cysteine, homocysteine, y-glutamyl cysteine, and glutathione in substantial concen-
trations, so the extracts of these plants can be used as a resource for thiols [141]. In
addition, numerous thiol compounds of microbial and marine origin, such as coen-
zyme B, coenzyme M, and mycothiol, have been reported [142]. It is necessary to study
whether these uncommon thiol compounds can be used in treating hyperpigmentation or
hypopigmentation disorders.

7. Conclusions

In this review, the metabolism of thiol compounds was examined with a focus on the
synthesis and degradation of cysteine, glutathione, and coenzyme A. In addition, it was
discussed that the synthesis of pheomelanin can compete or cooperate with the synthesis
of glutathione depending on the availability of cysteine. Thiol compounds have common
properties useful as modulators of melanin synthesis and skin pigmentation. However,
the actual mechanism of action and clinical efficacy depend on the individual chemical
structures of various thiol compounds.

Several clinical trials have been conducted on the skin lightening effects of glu-
tathione, its oxidized form, and cysteamine, and the evidence for their efficacy has
been partially established. Clinical trials on cysteine, N-acetyl cysteine, and cys-
tine are still insufficient. Cysteinamide, which has been found to more safely and
effectively inhibit the production of eumelanin in cells compared to other thiol com-
pounds, is expected to open up new possibilities for skin lightening. Further research
and clinical trials are needed to verify the merits of cysteinamide as a depigment-
ing cosmeceutical compared to other thiol compounds, such as cysteine, glutathione,
and cysteamine.
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