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Abstract: Caffeic acid derivatives represent promising lead compounds in the search for tyrosinase
inhibitors to be used in the treatment of skin local hyperpigmentation associated to an overproduction
or accumulation of melanin. We recently reported the marked inhibitory activity of a conjugate of
caffeic acid with dihydrolipoic acid, 2-S-lipoylcaffeic acid (LCA), on the tyrosine hydroxylase (TH)
and dopa oxidase (DO) activities of mushroom tyrosinase. In the present study, we evaluated a
more lipophilic derivative, 2-S-lipoyl caffeic acid methyl ester (LCAME), as an inhibitor of tyrosinase
from human melanoma cells. Preliminary analysis of the effects of LCAME on mushroom tyrosinase
indicated more potent inhibitory effects on either enzyme activities (IC50 = 0.05 ± 0.01 µM for DO and
0.83 ± 0.09 µM for TH) compared with LCA and the reference compound kojic acid. The inhibition
of DO of human tyrosinase was effective (Ki = 34.7 ± 1.1 µM) as well, while the action on TH was
weaker. Lineweaver–Burk analyses indicated a competitive inhibitor mechanism. LCAME was not
substrate of tyrosinase and proved nontoxic at concentrations up to 50 µM. No alteration of basal
tyrosinase expression was observed after 24 h treatment of human melanoma cells with the inhibitor,
but preliminary evidence suggested LCAME might impair the induction of tyrosinase expression in
cells stimulated with α-melanocyte-stimulating hormone. All these data point to this compound as a
valuable candidate for further trials toward its use as a skin depigmenting agent. They also highlight
the differential effects of tyrosinase inhibitors on the human and mushroom enzymes.

Keywords: caffeic acid; dihydrolipoic acid; tyrosinase; inhibition mechanism; dopa oxidase;
skin lightening; depigmenting agent

1. Introduction

Melanin pigmentation is believed to be one of the main determinants of sensitivity to ultraviolet
light and susceptibility to sun damage [1]. Under physiological conditions, its synthesis is restricted
to melanosomes, membrane-bound organelles located in melanocytes, and is under complex
regulatory control by multiple agents interacting via pathways activated by receptor-dependent
and -independent mechanisms [2,3]. An overproduction or accumulation of melanin can lead to a local
excess of pigmentation (or “hypermelanosis”) associated with disorders such as melasma, lentigo,
or postinflammatory hyperpigmentation [2,4,5] whose medical and aesthetical impact has prompted a
constant search for new nontoxic depigmenting agents [6–10].
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Since control of pigmentation depends on several factors that can be regulated individually or
concomitantly, different control points are possible, e.g., tyrosinase activity, expression, and stability,
the use of chemicals to inhibit the reaction pathway leading to melanin, or interference with
melanosome transfer [11–13]. One of the most common approaches involves the use of inhibitors of
tyrosinase (EC 1.14.18.1). This enzyme catalyzes the initial steps of melanogenesis [13–15], namely
the hydroxylation of the monophenol L-tyrosine to the o-diphenol L-3,4-dihydroxyphenylalanine
(DOPA), and the oxidation of DOPA to the corresponding o-quinone, dopaquinone, via an electron
exchange with copper atoms present in the active site [16–18]. These two tyrosinase activities are
termed cresolase and catecholase activity or, more specifically in the case of melanogenesis, tyrosine
hydroxylase (TH) and DOPA oxidase (DO) activity. Oxidative polymerization of products deriving
from intramolecular cyclization of dopaquinone leads to eumelanin pigments [19,20].

A critical issue in the search for tyrosinase inhibitors is that most compounds, tested preliminarily
on mushroom tyrosinase, proved to be noneffective on human tyrosinase [13,21–23]. Currently only
a few tyrosinase inhibitors have been further developed for cosmetic and health care purposes as
several factors such as cytotoxicity, solubility, cutaneous absorption, and stability should be considered
as well.

Bioinspired structural manipulations of catechol systems from natural sources have been pursued
as a strategy to potentiate their properties for several applications in biomedicine and materials
science [24]. In a previous paper [25], we reported the inhibitory activity of a conjugate of caffeic acid
(CA) with dihydrolipoic acid (DHLA). Together with its oxidized form lipoic acid (LA), DHLA behaves
as a powerful antioxidant [26,27] that can exert its functions at membrane level and in aqueous
phases of cytoplasm, being soluble both in fats and water. The structure of these compounds
is shown in Figure 1. Both DHLA and LA per se have been reported to block the expression of
microphthalmia-associated transcription factor (Mitf) [28], a master regulator of the expression of
melanogenic proteins [29]. DHLA was shown to affect melanogenesis by trapping dopaquinone and
has therefore been included in topical formulations [30].
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The S-conjugate of DHLA and caffeic acid, the 2-S-lipoylcaffeic acid (LCA), showed a half maximal
inhibitory concentration (IC50) value of 3.22 and 2.0 µM for the DO and TH activity of the mushroom
enzyme, respectively, being a promising lead structure for the development of new catechol-based
bioinspired tyrosinase inhibitors [25]. Moreover, LCA was shown not to be a substrate of tyrosinase,
a critical issue for the toxicity of depigmenting agents in vivo as fully appreciated further to the case
of rhododendrol, a phenolic depigmenting agent whose oxidation products generated by the action
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of tyrosinase proved to be toxic and able to induce leukoderma [31–35]. The nature of tyrosinase
inhibition was explored using Lineweaver–Burk plots suggesting a mixed type mechanism. Under the
same conditions, caffeic acid did not show any effect, indicating that the inhibitory activity stems likely
from the insertion of DHLA in the molecular scaffold.

Caffeic acid is a substrate of tyrosinase allegedly for its similarity to L-DOPA [36],
while its derivatives containing amino acid residues such as the caffeoyl-prolyl-hydroxamic acid
(CA-Pro-NHOH) proved to be good tyrosinase inhibitors [37], possibly because of the copper-chelating
properties and the hydrophobicity that provides the proper structure for binding to the active site of
tyrosinase. Actually, amino acids containing hydrophobic aliphatic side chains like leucine are known
to play an important role in tyrosinase inhibition, and amino acids containing a hydrophobic aromatic
ring like phenylalanine can interact with tyrosinase because of its similarity to tyrosine, the natural
substrate of the enzyme [38]. Also amidic derivatives of caffeic acid with serine or lysine, in particular
N-caffeoyl-O-acetylserine methyl ester, showed strong tyrosinase inhibitory activity [39].

On this basis, in the present study we examined the ability of LCA to inhibit tyrosinase from HBL
human melanoma cells. In order to assess the contribution of the addition of hydrophobic groups
to the tyrosinase inhibitory potency, the methyl ester of LCA, the 2-S-lipoylcaffeic acid methyl ester
(LCAME), was prepared and the dose-activity profile was analyzed in comparison with the parent
compound and a reference tyrosinase inhibitor as kojic acid. Moreover, Lineweaver–Burk plots were
obtained to disclose the mechanism of inhibition. The effects on tyrosinase expression and cell viability
were also analyzed.

2. Results and Discussion

2.1. Preparation of LCAME

LCAME was prepared by a procedure previously developed for LCA [25], involving in situ
generation of the o-quinone of caffeic acid ester by the regioselective hydroxylation of p-coumaric acid
methyl ester with 2-iodoxybenzoic acid (IBX), followed by addition of DHLA. LCAME was obtained in
pure form in 52% yield after preparative High Pressure Liquid Chromatography (HPLC) purification
and subjected to complete spectral characterization.

2.2. Inhibition of Mushroom Tyrosinase Activities by LCAME

The inhibition properties of LCAME were preliminarily investigated on mushroom tyrosinase
by spectrophotometric monitoring of dopachrome formation, a method which is routinely used for
evaluation of the activity of potential tyrosinase inhibitors [13,21,22]. L-DOPA was used as the substrate
to test DO activity while L-tyrosine was used to test TH activity.

LCAME was incubated in 50 mM phosphate buffer in the presence of mushroom tyrosinase
(20 U/mL) at room temperature. After 10 min, L-DOPA or L-tyrosine (1 mM final concentration) were
added and the absorbance at 475 nm was measured at different times over 10 min. For comparative
purposes the effects of CAME were evaluated as well.

Table 1 reports the IC50 values obtained for LCAME and CAME in comparison with those reported
for LCA [25]. For the DO activity of tyrosinase, the inhibitory potency of LCAME was much higher
than that of CAME or LCA. Concerning TH activity, LCAME was as well the most effective inhibitor,
with LCA showing a comparable potency, whereas CAME was far less active. Comparing the effects of
LCAME and LCA, it appears that the former is more active on DO activity than on TH activity whereas
the reverse holds for LCA. These findings are in keeping with the occurrence of subtle differences in
the structural requirements for efficient recognition of mono- and diphenols by tyrosinase, previously
described for the mammalian enzyme [40]. Moreover, it should be cautioned that promising results
with fungal enzyme are not expected to be straightforwardly confirmed using mammalian tyrosinase.
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Table 1. IC50 values for caffeic acid methyl ester (CAME) and lipoyl caffeic acid methyl ester (LCAME)
for Dopa Oxidase (DO) and Tyrosine Hydroxylase (TH) activities of mushroom tyrosinase.

Compound IC50 (DO Activity) IC50 (TH Activity)

CAME 155 ± 7 µM 79 ± 7 µM
LCAME 0.05 + 0.01 µM 0.83 ± 0.09 µM
LCA [25] 3.22 ± 0.02 µM 2.0 ± 0.1 µM

In order to investigate the effect of pre-incubation on the inhibitory activity, we performed a similar
assay adding L-DOPA immediately after LCAME at a final concentration of 0.050 µM. Under these
conditions a decrease of the inhibition from 50 ± 2% to 42 ± 1% (p = 0.02) was observed.

Separate experiments aimed at investigating the possibility that the decreased absorbance at
475 nm observed with the caffeic acid derivatives under study might actually be due to a redox
exchange process or to addition to dopachrome. The inhibitor was therefore added to the reaction
mixture 10 min after the start of the reaction of L-DOPA, when dopachrome formation was at its
maximum, but no effect was observed on the intensity of the absorbance at 475 nm.

Some tyrosinase inhibitors are also substrates of the enzyme and this is a critical issue because
their oxidation can lead to the formation of highly reactive, cytotoxic o-quinones [22,41,42]. To rule
out this possibility, either LCAME or CAME at 100 µM were exposed to mushroom tyrosinase, in the
absence of L-DOPA, and after 10 min, the reaction mixtures were analyzed by HPLC. In the case of
LCAME, no significant consumption of the inhibitor was observed, suggesting that it is not a substrate
of the enzyme. The same result was obtained in the presence of L-DOPA. In the case of CAME,
the consumption of the inhibitor was almost complete but it was extremely low in the presence of
L-DOPA, suggesting a competition between the two compounds as substrates.

2.3. Effect of Lipoylconjugates on Human Tyrosinase Activity

In further experiments, the effect of LCAME and LCA was investigated on extracts from HBL
human melanoma cells expressing tyrosinase, and the inhibition of DO activity was evaluated.
DO activity was determined according to Winder and Harris [43] with some minor modifications: cell
extracts were incubated with 3-methyl-2-benzothiazolinone hydrazone (MBTH) and absorbance at
490 nm was measured every 10 min for 1 h.

These experiments showed a significant inhibitory effect on DO activity of both LCA and LCAME
employed at a fixed concentration of 25 µM, whereas the corresponding compounds lacking the lipoic
acid moiety showed a statistically significant but lower inhibition activity (Figure 2a). Next, the dose
dependence profile for inhibition of DO activity was established by determining the residual DO
activity at a fixed L-DOPA concentration, in the presence of increasing concentrations of the inhibitors.
The results are shown in Figure 2b, expressed as percentage of the maximal activity (in the absence of
the inhibitors). In the presence of LCA and LCAME, residual activity was far lower than that of kojic
acid (KA), the reference DO inhibitor. IC50 values were evaluated as 76 µM for LCA, and as low as
30 µM for LCAME (Table 2).
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Table 2. IC50 values for selected compounds versus DO activity of human tyrosinase.

Compound IC50 (Mean ± SEM, µM)

CA n.d.
LCA 76.2 ± 6.0

CAME n.d.
LCAME 30.1 ± 1.5

Kojic acid 282.2 ± 1.8

IC50 values were calculated by a nonlinear regression of the semi-logarithmic plot (log[inhibitor] vs. response
curves) of the data shown in Figure 2b using the GraphPad Prism software. Results are expressed as mean ± SEM
of two independent assays. “n.d.” stands for “not determined”, as the inhibitory action of CAME was too low to
enable an accurate estimate of the IC50, and CA did not significantly inhibit the DO activity of human tyrosinase at
the concentrations tested.
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Figure 2. Effect of the caffeic acid derivatives included in this study on the DO activity of tyrosinase
from HBL human melanoma cells. The oxidation of L-DOPA by cell-free HBL cell extracts was
monitored spectrophotometrically at 490 nm for 1 h, in the presence of MBTH, as described in Materials
and Methods. (a) Residual DO activity of HBL extracts incubated with 25 µM CA, LCA, CAME or
LCAME. Data are represented as residual activity relative to the control activity measured in identical
conditions but in the absence of the inhibitors. The results shown are the mean ± SEM of 4 independent
experiments, ** p < 0.01. (b) Dose-response curves for DO activity inhibition. The DO activity of HBL
cell extracts was measured in the presence of several concentrations (0 to 1000 µM) of the indicated
compounds. Residual activities were determined as above and plotted against the logarithm of the
inhibitor concentration (µM). Data are shown as the mean ± SEM of three independent experiments.
KA = kojic acid.

On the other hand, incubation of LCAME at different concentrations in the presence of HBL cell
lysates and MBTH did not induce any change in the absorbance at 490 nm for over 1 h, suggesting that
the compound is not a substrate for human tyrosinase. Overall, these results indicated LCAME as the
most promising inhibitor and further experiments mostly focused on this compound.

In order to determine the type of inhibition induced by LCAME, DO activity was measured at
varying concentrations of L-DOPA (from 0.1 to 2.0 mM), in the presence of two fixed concentrations of
LCAME (10 or 25 µM) (Figure 3a) and Lineweaver–Burk plots were obtained (Figure 3b). No significant
changes in Vmax between the control conditions and the two series tested in the presence of the
inhibitor were detected and a progressive increase in the apparent Km (Km

app) was observed (Table 3),
strongly suggesting a competitive inhibition. Analysis of the data assuming Michaelis-Menten kinetics
and a competitive inhibition profile where Km

app = Km (1 + [I]/Ki), yielded a Ki of 34.7 ± 1.1 µM.
On this basis it appears that introduction of a methyl group in LCA increased its inhibitory potency
towards human tyrosinase.
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Table 3. Effect of LCAME on the kinetic parameters for the DO activity of human tyrosinase.

[LCAME] (µM) Vmax (∆A490/min mg) Km (mM)

0 0.19 ± 0.01 1.12 ± 0.06
10 0.18 ± 0.02 1.43 ± 0.30
25 0.19 ± 0.03 1.95 ± 0.50

Results are expressed as mean ± SEM and were obtained by nonlinear regression of the data shown in Figure 3a
using the GraphPad Prism software for Michaelis–Menten kinetics.Int. J. Mol. Sci. 2018, 19, x 6 of 13 
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Figure 3. (a) Michaelis-Menten and (b) Lineweaver-Burk plots for human tyrosinase DO activity in the
presence of LCAME. The DO activity of HBL cell-free extracts was assayed using concentrations of
L-DOPA ranging from 0.1 to 2.0 mM as described in Materials and Methods, in the absence or presence
of 10 or 25 µM of LCAME. The reaction rate, normalized for protein content, was represented vs. the
substrate concentration (a), and the corresponding double reciprocal plots were obtained (b) using the
GraphPad Software for Michaelis–Menten kinetics.

2.4. Effects on HBL Cell Viability

The effect of the inhibitors on cell viability was evaluated by phase contrast microscopy and by
means of the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. HBL cells
were treated with the compounds (25 or 50 µM) for 24 h. At the end of the incubation period,
phase contrast images were taken and the MTT assay was performed to test the cytotoxicity of each
compound. Cells treated with CA, LCA, or LCAME exhibited a similar morphology than control,
untreated cells (Figure 4a), whereas treatment with 50 µM CAME induced a significant change in
the cells, which became rounded, indicative of detectable toxicity. Concerning their proliferation,
data showed that CA, LCA, or LCAME were not cytotoxic at the concentrations used. Conversely,
CAME reduced cell viability when employed at the highest concentration tested (50 µM) (Figure 4b) in
keeping with the observed changes in phase contrast micrographs.
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24 h with the inhibitors at 25 or 50 µM. (a) Phase contrast microscopy images. Representative images
are shown (n = 8) Bar size: 50 µm. (b) MTT viability assay. Cells were grown in 96-well plates to
~80% confluence in the presence or absence of the indicated compounds. After 24 h, MTT was added
(1 mg/mL final concentration) and maintained in the culture media for 4 h. Cells were PBS-washed
twice and solubilized in DMSO. Absorbance at 562 nm was measured and represented as a percentage
of the control value. The mean ± SEM of 8 independent experiments is shown. **** p < 0.0001.

2.5. Effect of Inhibitors on Human Tyrosinase Expression

Both DHLA and LA have been reported to block the expression of Mitf [28], a master melanocyte
transcription factor that upregulates the expression of genes encoding for tyrosinase and other
melanogenic proteins [29]. Mitf expression is normally activated via cAMP signaling following binding
of α melanocyte-stimulating hormone (αMSH) to the melanocortin 1 receptor (MC1R), thus accounting
for the induction of tyrosinase activity in melanocytes stimulated by αMSH [44,45]. Accordingly, it was
of interest to determine whether in addition to the competitive inhibition of tyrosinase activity observed
in the kinetic analysis described above, LCAME might also lead to reduced expression of tyrosinase in
cells cultured in the presence of the compound. To this end, we used HBL human melanoma cells as a
convenient cellular model. HBL cells are wild type for the MC1R, NRAS and BRAF genes, which allows
them to respond to αMSH by activating the cAMP and ERK pathways responsible for the regulation
of MITF expression and stability, much like normal human melanocytes [46] Accordingly, they have
been widely used to study the molecular mechanisms accounting for the physiological responses to
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αMSH [47–49]. Moreover, their high basal pigmentation and tyrosinase activity make them well-suited
for the analysis of potential depigmenting agents.

Control HBL cells or cells grown in the presence of CAME (25 µM) or LCAME (25 or 50 µM) were
stimulated for 48 h with a potent analogue of αMSH ([Nle4,D-Phe7]-α-MSH (NDP-MSH), 10−7 M). Use
of the 50 µM concentration of CAME was avoided since this concentration was somewhat cytotoxic
as shown above. Expression of tyrosinase was then evaluated by Western blot using a specific
antibody directed against tyrosinase (αPEP7). Tyrosinase displayed the expected electrophoretic
pattern corresponding to the presence of several N-glycosylation forms [50]. No significant changes in
basal tyrosinase expression were observed for cells treated with either CAME or LCAME (Figure 5).
Moreover, in control cells and in cells grown in the presence of 25 µM CAME, a compound lacking a
lipoic acid-derived moiety, tyrosinase expression was similarly induced by NDP-MSH. Conversely,
LCAME apparently blocked NDP-MSH-mediated stimulation of tyrosinase, suggesting that its lipoic
acid moiety retained the ability to interfere with Mitf expression. However, other mechanisms such as
interference with activation and/or functional coupling of the melanocortin 1 receptor responsible for
αMSH actions cannot be ruled out and a complete study of these possibilities is beyond the scope of
this work. Accordingly, interference of LCAME with MITF expression or activity remains speculative
at this stage. In any case, this preliminary observation deserves confirmation using cultured normal
human melanocytes and further mechanistic analysis, as it may further support the potential use of
LCAME as a skin depigmenting agent. Indeed, LCAME may act at two different levels, on one hand
by inhibiting preexisting tyrosinase by a competitive mechanism, and on the other hand by interfering
with αMSH-dependent induction of tyrosinase expression.Int. J. Mol. Sci. 2018, 19, x 8 of 13 
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Figure 5. Effect on tyrosinase expression of CAME (25 µM) and LCAME (25 and 50 µM). HBL melanoma
cells were incubated with or without the indicated compounds and stimulated with NDP-MSH
(10−7 M). After 48 h of treatment, tyrosinase levels were compared by Western blotting, performed as
described in Materials and Methods. Comparable loading was assessed by staining the membranes
with an anti-ERK2 antibody. For each experimental condition, the fold-increase of tyrosinase abundance
upon NDP-MSH treatment relative to the corresponding control was determined by densitometric
analysis (ImageJ software) and is shown below the figure.

3. Materials and Methods

3.1. Materials

Iodobenzoic acid, oxone®, (±)-lipoic acid (LA), sodium borohydride, p-coumaric acid, L-tyrosine,
L-3,4-dihydroxyphenylalanine (L-DOPA), bovine serum albumin, phenylmethylsulfonylfluoride
(PMSF), Igepal CA-630 NP 40, and 3-methyl-2-benzothiazolinone hydrazone hydrochloride hydrate
(MBTH) were purchased from Sigma-Aldrich (Milan, Italy). Trichloroacetic acid, glycine, Tris, EDTA,
and monosodium and disodium phosphate were from Merck (Darmstadt, Germany). Acrylamide,
bisacrylamide, TEMED, Tween 20, and ammonium persulfate were obtained from Bio-Rad (Hercules,
CA, USA).
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High-performance liquid chromatography (HPLC) grade solvents (VWR, Milan, Italy) and
Milli-Q® water were used.

2-Iodoxybenzoic acid (IBX) [51], DHLA [52], 2-S-lipoylcaffeic acid (LCA) [25] were synthesized
as reported.

3.2. Methods

Nuclear magnetic resonance (NMR) spectra were recorded at 400 MHz in deuterated solvents on
a Bruker instrument (Milan, Italy).

Assays of mushroom tyrosinase activity were performed recording spectra on a UV Jasco V-730
Spectrophotometer (Lecco, Italy).

HPLC purification was performed on an Agilent 1100 binary pump instrument (Agilent
Technologies, Milan, Italy) equipped with a UV detector set at 254 nm using an Econosil C18 column
(22 mm × 250 mm, 10 µm) and 0.1% formic acid: methanol 35:65 v/v as the eluant, at 15 mL/min.

HPLC analyses for determination of the consumption of CAME and LCAME in the presence of
mushroom tyrosinase were performed on a Agilent 1100 binary pump instrument equipped with a
UV-visible detector using an octadecylsilane-coated column, 250 mm × 4.6 mm, 5 µm particle size
(Phenomenex Sphereclone ODS, Bologna, Italy) at 0.7 mL/min, using the following gradient: 0.1%
formic acid (eluant a)/ methanol (eluant b): 40% b, 0–10 min; from 40 to 80% b, 47.5–52.5 min; from 80
to 40% b, 52.5–57.5 min. Detection wavelength was set at 280 nm.

Liquid chromatography-mass spectrometry (LC-MS) analysis of LCAME was performed on an
Agilent HPLC 1100 VL instrument (Agilent Technologies, Milan, Italy), equipped with an electrospray
ionization source (positive ion mode, ESI+). An Eclipse XBD-C18 column (150 mm × 4.60 mm, 5 µm)
was used, adopting the same eluant used for the HPLC analysis (flow rate: 0.4 mL/min). Conditions
were set up as following: nebulizer pressure 50 psi; drying gas (nitrogen) flow 10 L/min, 350 ◦C, and
capillary voltage 4000 V.

3.3. Synthesis of p-Coumaric Acid Methyl Ester

p-coumaric acid methyl ester was prepared by reacting p-coumaric acid (600 mg) in methanol
(6 mL) with 96% sulfuric acid (600 µL) under reflux. After 2 h the mixture was diluted with water,
extracted with ethyl acetate, and washed twice with a 5% sodium bicarbonate solution. The organic
layer was dried over sodium sulfate and taken to dryness to afford the product (410 mg, 58% yield) as
a pale-yellow powder.

3.4. Synthesis of 2-S-Lipoylcaffeic Acid Methyl Ester (LCAME)

A solution of p-coumaric acid methyl ester (180 mg, 0.90 mmol) in methanol (12 mL) was treated
with IBX (384 mg, 1.38 mmol) under vigorous stirring at room temperature. After 7 min a solution of
DHLA (774 mg, 3.66 mmol) in methanol (12 mL) was added dropwise, and after additional 15 min the
reaction mixture was concentrated and purified by preparative HPLC (209 mg, 52% yield).

ESI+/MS: m/z 401 ([M + H]+); UV: λmax (CH3OH) 251, 318 nm; 1H-NMR (CD3OD):δ (ppm)
1.38 (m, 1H), 1.54 (m, 1H), 1.54 (m, 2H), 1.42 (m, 1H), 1.62 (m, 1H), 1.78 (m, 1H), 1.81 (m, 1H), 2.26 (m,
2H), 2.88 (m, 1H), 2.90 (m, 1H), 2.96 (m, 1H), 3.78 (s, 3H), 6.33 (d, J = 16 Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H),
7.22 (d, J = 8.4 Hz, 1H), 8.40 (d, J = 16 Hz, 1H). 13C NMR (CD3OD): δ (ppm) 25.7 (CH2), 27.6 (CH2),
34.1 (CH2), 34.7 (CH2), 39.3 (CH2), 39.6 (CH2), 41.3 (CH), 57.5 (CH3), 117.0 (CH), 117.1 (CH), 120.0 (CH),
122.4 (C), 130.7 (C), 145.3 (CH), 148.3 (C), 148.6 (C), 169.6 (C), 177.4 (C).

3.5. Mushroom Tyrosinase Activity Inhibition Assay

Stock methanolic solutions of LCAME or CAME, ranging in concentration from 0.02 to 20 mM
concentration were prepared dissolving a proper amount of the compound of interest in methanol.
100 µL of these solutions were added to 2 mL of 50 mM phosphate buffer at pH 6.8 (final concentrations
range: 0.001–1 mM), in the presence or in the absence of 20 U/mL mushroom tyrosinase. After 10 min
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incubation at room temperature, 20 µL of a 100 mM solution of L-DOPA or L-tyrosine in 0.6 M HCl,
were added (final concentration: 1 mM). Spectrophotometric analysis was performed by measuring
the absorbance at 475 nm for 10 min at 2 min intervals. In control experiments, the reaction was run in
the absence of LCAME. When required, the experiment was performed as above but adding L-DOP A
soon after the addition of LCAME (0.050 µM). In separate experiments, the assay was run as above
with LCAME or CAME at 100 µM, in the presence or absence of L-DOPA, and after 10 min the mixture
was analyzed by HPLC.

3.6. Cell Culture

HBL cells were kindly provided by Prof. G. Ghanem (Laboratory of Oncology and Experimental
Surgery, Université Libre de Bruxelles, Brussels, Belgium). Cells were grown in a water-saturated
5% CO2 atmosphere in plates of the required size to ~80% confluence. The culture medium was
DMEM-GlutaMAXTM (Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum, penicillin
(100 U/mL) and streptomycin (100 µg/mL).

3.7. Enzyme Activity Determination

Cells were solubilized in 1% Igepal, 1% phenylmethylsulfonyl fluoride, 50 mM phosphate buffer
(pH 6.8) and centrifuged at 2000 rpm for 5 min.

DO activity determinations were performed according to Winder and Harris [43] with minor
modifications. Briefly, cell extracts (usually 50–100 µg protein/assay) were incubated with 5 mM MBTH
and 2.5 mM L-DOPA in 50 mM phosphate buffer pH 6.8 in the presence of the indicated concentrations
of the compound of choice in a 96-wells plate. DO activity was measured spectrophotometrically in a
microplate reader every ten minutes for one hour and was expressed as the slopes calculated with the
GraphPad Prism 7 software (Linear Regression, San Diego, CA, USA).

For the analysis of kinetic parameters, the assays were run as above, using different
concentrations of L-DOPA (from 0.1 to 2.0 mM) and of the inhibitor (0, 10 and 25 µM) to build
the Lineweaver–Burk plot.

3.8. Immunochemical Techniques

After protein separation by SDS-PAGE, they were transferred from the gel to the membrane
and immunochemical detection with anti-PEP7 was performed as previously described [53]. Briefly,
the filters were blocked for 1 h in 2% bovine serum albumin in 1% Tween 20 PBS and incubated
overnight at 4 ◦C with primary antibodies (1:4000 dilution). The filters were washed and further
incubated with peroxidase-labeled mouse anti-rabbit IgG (1:5000 dilution). Staining and detection were
done with ECL Plus Western Blotting Detection System chemiluminescent substrate (Thermo Fisher
Scientific, Waltham, MA, USA). Images were acquired in a Fusion Solo.6S system (Vilber-Lourmat,
Marne La Vallée, France). Signal intensities were estimated with ImageJ (National Institutes of Health,
Bethesda, MA, USA) in independent blots, and normalized with the corresponding loading controls
(obtained by staining the membranes with an anti-ERK2 antibody).

3.9. MTT Assay

Cell viability was measured by the MTT assay [54]. HBL cells were seeded into the wells of a
96-wells plate at a density of 10,000 cells in 200 µL cell culture media. The seeded cells were incubated
for 18 h at 37 ◦C, then treated with the compounds (25 or 50 µM) for 24 h or left untreated. At the end
of the incubation period, images were taken and the MTT assay was performed to test the cytotoxicity
of the different caffeic acid derivatives.
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3.10. Statistical Analysis

Results are given as mean ± SEM for experiments performed at least twice, with independent
duplicates or triplicates (n ≥ 4), unless specified otherwise. Statistical significance was assessed with
an unpaired two-tailed Student’s t-test, using the GraphPad Prism package (GraphPad Software,
San Diego, CA, USA). p values of <0.05 were considered statistically significant.

4. Conclusions

2-S-lipoylcaffeic acid (LCA), the S-conjugation product of caffeic acid and dihydrolipoic acid, and
its methyl ester derivative (LCAME) inhibited the TH and DO activities of mushroom tyrosinase, with
IC50 values much lower than those obtained for the reference inhibitor kojic acid. Under the same
conditions, caffeic acid (CA) and caffeic acid methyl ester (CAME) did not show any effect, pointing to
a critical role of the lipoyl moiety in determining the inhibitory activity.

The higher inhibitory potency of LCAME compared with LCA further points to improvement of
the inhibitory action as a result of enhancement of lipophilicity.

The inhibitory activity of lipoyl adducts was maintained on the DO activity of human tyrosinase,
with LCAME being more potent than LCA, whereas the effects of both compounds on the TH activity
were much smaller.

LCAME is not substrate of human or mushroom tyrosinase. In addition, the lack of toxicity
of LCAME on HBL human melanocytic cells further supports the perspective of its exploitation for
control of hyperpigmentation.

Analysis of the mechanism of action of LCAME on human tyrosinase indicated a competitive
mechanism. However, it is also possible that the lipoyl moiety might impair Mitf induction in
αMSH-stimulated cells, thus contributing to tyrosinase inhibition by an additional mechanism based
on decreased tyrosinase gene expression.

The results of this study point to lipoyl conjugates, in particular LCAME, as good candidates for
further trials toward their use as skin depigmenting agent.
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Abbreviations

α-MSH Melanocyte Stimulating Hormone
CA Caffeic acid
CAME Caffeic acid methylester
LCA 2-S-lipoylcaffeic acid
TH Tyrosine hydroxylase
DHLA Dihydrolipoic acid
DO Dopa oxidase



Int. J. Mol. Sci. 2018, 19, 2156 12 of 14

DOPA L-3,4-Dihydroxyohenylalanine
IBX 2-iodoxybenzoic acid
IC50 Half maximum inhibitory concentration
KA Kojic acid
LA Lipoic acid
LCAME 2-S-lipoylcaffeic acid methylester
MBTH 3-methyl-2-benzothiazolinone hydrazone
Mitf Microphthalmia-associated transcription
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
PMSF Phenylmethylsulfonylfluorid
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8. Gunia-Krzyżak, A.; Popiół, J.; Marona, H. Melanogenesis inhibitors: Strategies for searching for and
evaluation of active compounds. Curr. Med. Chem. 2016, 23, 3548–3574. [CrossRef] [PubMed]

9. Kim, H.; Choi, H.R.; Kim, D.S.; Park, K.C. Topical hypopigmenting agents for pigmentary disorders and
their mechanisms of action. Ann. Dermatol. 2012, 24, 1–6. [CrossRef] [PubMed]

10. Pillaiyar, T.; Namasivayam, V.; Manickam, M.; Jung, S.-H. Inhibitors of Melanogenesis: An Updated Review.
J. Med. Chem. 2018. [CrossRef] [PubMed]

11. Ebanks, J.P.; Wickett, R.R.; Boissy, R.E. Mechanisms regulating skin pigmentation: The rise and fall of
complexion coloration. Int. J. Mol. Sci. 2009, 10, 4066–4087. [CrossRef] [PubMed]

12. Slominski, A.; Zmijewski, M.A.; Pawelek, J. L-tyrosine and L-dihydroxyphenylalanine as hormone-like
regulators of melanocyte functions. Pigment Cell Melanoma Res. 2012, 25, 14–27. [CrossRef] [PubMed]

13. Solano, F.; Briganti, S.; Picardo, M.; Ghanem, G. Hypopigmenting agents: An updated review on biological,
chemical and clinical aspects. Pigment Cell Res. 2006, 19, 550–571. [CrossRef] [PubMed]

14. Pillaiyar, T.; Manickam, M.; Namasivayam, V. Skin whitening agents: Medicinal chemistry perspective of
tyrosinase inhibitors. J. Enzym. Inhib. Med. Chem. 2017, 32, 403–425. [CrossRef] [PubMed]

15. Chang, T.-S. An updated review of tyrosinase inhibitors. Int. J. Mol. Sci. 2009, 10, 2440–2475. [CrossRef]
[PubMed]

16. Riley, P.A. Tyrosinase Kinetics: A Semi-quantitative Model of the Mechanism of Oxidation of Monohydric
and Dihydric Phenolic Substrates. J. Theor. Biol. 2000, 203, 1–12. [CrossRef] [PubMed]

17. Ito, S.; Wakamatsu, K. Chemistry of mixed melanogenesis—Pivotal roles of dopaquinone. Photochem.
Photobiol. 2008, 84, 582–592. [CrossRef] [PubMed]

18. Solano, F. On the metal cofactor in the tyrosinase family. Int. J. Mol. Sci. 2018, 19, 633. [CrossRef] [PubMed]
19. Sugumaran, M. Reactivities of quinone methides versus o-Quinones in catecholamine metabolism and

eumelanin biosynthesis. Int. J. Mol. Sci. 2016, 17, 1576. [CrossRef] [PubMed]
20. Sugumaran, M.; Barek, H. Critical analysis of the melanogenic pathway in insects and higher animals.

Int. J. Mol. Sci. 2016, 17, 1753. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1751-1097.2007.00226.x
http://www.ncbi.nlm.nih.gov/pubmed/18435612
http://dx.doi.org/10.1152/physrev.00044.2003
http://www.ncbi.nlm.nih.gov/pubmed/15383650
http://dx.doi.org/10.1586/edm.10.70
http://www.ncbi.nlm.nih.gov/pubmed/21572549
http://dx.doi.org/10.1101/cshperspect.a017046
http://www.ncbi.nlm.nih.gov/pubmed/24789876
http://dx.doi.org/10.1016/S0151-9638(12)70127-8
http://dx.doi.org/10.3390/ijms10125326
http://www.ncbi.nlm.nih.gov/pubmed/20054473
http://dx.doi.org/10.3390/ijms19030690
http://www.ncbi.nlm.nih.gov/pubmed/29495618
http://dx.doi.org/10.2174/0929867323666160627094938
http://www.ncbi.nlm.nih.gov/pubmed/27356545
http://dx.doi.org/10.5021/ad.2012.24.1.1
http://www.ncbi.nlm.nih.gov/pubmed/22363147
http://dx.doi.org/10.1021/acs.jmedchem.7b00967
http://www.ncbi.nlm.nih.gov/pubmed/29763564
http://dx.doi.org/10.3390/ijms10094066
http://www.ncbi.nlm.nih.gov/pubmed/19865532
http://dx.doi.org/10.1111/j.1755-148X.2011.00898.x
http://www.ncbi.nlm.nih.gov/pubmed/21834848
http://dx.doi.org/10.1111/j.1600-0749.2006.00334.x
http://www.ncbi.nlm.nih.gov/pubmed/17083484
http://dx.doi.org/10.1080/14756366.2016.1256882
http://www.ncbi.nlm.nih.gov/pubmed/28097901
http://dx.doi.org/10.3390/ijms10062440
http://www.ncbi.nlm.nih.gov/pubmed/19582213
http://dx.doi.org/10.1006/jtbi.1999.1061
http://www.ncbi.nlm.nih.gov/pubmed/10677273
http://dx.doi.org/10.1111/j.1751-1097.2007.00238.x
http://www.ncbi.nlm.nih.gov/pubmed/18435614
http://dx.doi.org/10.3390/ijms19020633
http://www.ncbi.nlm.nih.gov/pubmed/29473882
http://dx.doi.org/10.3390/ijms17091576
http://www.ncbi.nlm.nih.gov/pubmed/27657049
http://dx.doi.org/10.3390/ijms17101753
http://www.ncbi.nlm.nih.gov/pubmed/27775611


Int. J. Mol. Sci. 2018, 19, 2156 13 of 14

21. 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. [CrossRef] [PubMed]

22. Ito, S.; Wakamatsu, K. A convenient screening method to differentiate phenolic skin whitening tyrosinase
inhibitors from leukoderma-inducing phenols. J. Dermatol. Sci. 2015, 80, 18–24. [CrossRef] [PubMed]

23. Hearing, V.J.; Ekel, T.M.; Montague, P.M.; Nicholson, J.M. Mammalin tyrosinase. Stoichiometry and
measurement of reaction products. Biochim. Biophys. Acta 1980, 611, 251–268. [CrossRef]

24. D’Ischia, M.; Ruiz-Molina, D. Bioinspired Catechol-Based Systems: Chemistry and Applications. Biomimetics
2017, 2, 25. [CrossRef]

25. Micillo, R.; Pistorio, V.; Pizzo, E.; Panzella, L.; Napolitano, A.; D’Ischia, M. 2-S-Lipoylcaffeic Acid, a Natural
Product-Based Entry to Tyrosinase Inhibition via Catechol Manipulation. Biomimetics 2017, 2, 15. [CrossRef]

26. Bilska, A.; Włodek, L. Biologic properties of lipoic acid. Postep. Hig. Med. Dosw. 2002, 56, 201–219.
27. Packer, L.; Witt, E.H.; Tritschler, H.J. α-Lipoic acid as a biological antioxidant. Free Radic. Biol. Med. 1995, 19,

227–250. [CrossRef]
28. Lin, C.B.; Babiarz, L.; Liebel, F.; Kizoulis, M.; Gendimenico, G.J.; Seiberg, M.; Roydon Price, E.; Fisher, D.E.

Modulation of Microphthalmia-associated Transcription Factor Gene Expression Alters Skin Pigmentation.
J. Investig. Dermatol. 2002, 119, 1330–1340. [CrossRef] [PubMed]

29. Cheli, Y.; Ohanna, M.; Ballotti, R.; Bertolotto, C. Fifteen-year quest for microphthalmia-associated
transcription factor target genes. Pigment Cell Melanoma Res. 2010, 23, 27–40. [CrossRef] [PubMed]

30. Tsuji-Naito, K.; Hatani, T.; Okada, T.; Tehara, T. Evidence for covalent lipoyl adduction with dopaquinone
following tyrosinase-catalyzed oxidation. Biochem. Biophys. Res. Commun. 2006, 343, 15–20. [CrossRef]
[PubMed]

31. Lee, C.S.; Joo, Y.H.; Baek, H.S.; Park, M.; Kim, J.H.; Shin, H.J.; Park, N.H.; Lee, J.H.; Park, Y.H.; Shin, S.S.; et al.
Different effects of five depigmentary compounds, rhododendrol, raspberry ketone, monobenzone, rucinol
and AP736 on melanogenesis and viability of human epidermal melanocytes. Exp. Dermatol. 2016, 25, 44–49.
[CrossRef] [PubMed]

32. Ito, S.; Hinoshita, M.; Suzuki, E.; Ojika, M.; Wakamatsu, K. Tyrosinase-Catalyzed Oxidation of the
Leukoderma-Inducing Agent Raspberry Ketone Produces (E)-4-(3-Oxo-1-butenyl)-1,2-benzoquinone:
Implications for Melanocyte Toxicity. Chem. Res. Toxicol. 2017, 30, 859–868. [CrossRef] [PubMed]

33. Okura, M.; Yamashita, T.; Ishii-Osai, Y.; Yoshikawa, M.; Sumikawa, Y.; Wakamatsu, K.; Ito, S. Effects of
rhododendrol and its metabolic products on melanocytic cell growth. J. Dermatol. Sci. 2015, 80, 142–149.
[CrossRef] [PubMed]

34. Ito, S.; Ojika, M.; Yamashita, T.; Wakamatsu, K. Tyrosinase-catalyzed oxidation of rhododendrol produces
2-methylchromane-6,7-dione, the putative ultimate toxic metabolite: Implications for melanocyte toxicity.
Pigment Cell Melanoma Res. 2014, 27, 744–753. [CrossRef] [PubMed]

35. Sasaki, M.; Kondo, M.; Sato, K.; Umeda, M.; Kawabata, K.; Takahashi, Y.; Suzuki, T.; Matsunaga, K.;
Inoue, S. Rhododendrol, a depigmentation-inducing phenolic compound, exerts melanocyte cytotoxicity via
a tyrosinase-dependent mechanism. Pigment Cell Melanoma Res. 2014, 27, 754–763. [CrossRef] [PubMed]

36. Muñoz-Muñoz, J.L.; Berna, J.; Garcia-Molina, F.; Garcia-Ruiz, P.A.; Tudela, J.; Rodriguez-Lopez, J.N.;
Garcia-Canovas, F. Unravelling the suicide inactivation of tyrosinase: A discrimination between mechanisms.
J. Mol. Catal. B Enzym. 2012, 75, 11–19. [CrossRef]

37. Kwak, S.-Y.Y.; Lee, S.; Choi, H.-R.R.; Park, K.-C.C.; Lee, Y.-S.S. Dual effects of caffeoyl-amino
acidyl-hydroxamic acid as an antioxidant and depigmenting agent. Bioorgan. Med. Chem. Lett. 2011,
21, 5155–5158. [CrossRef] [PubMed]

38. Schurink, M.; van Berkel, W.J.H.; Wichers, H.J.; Boeriu, C.G. Novel peptides with tyrosinase inhibitory
activity. Peptides 2007, 28, 485–495. [CrossRef] [PubMed]

39. Tada, T.; Ohnishi, K.; Komiya, T.; Imai, K. Synthetic Search for Cosmetic Ingredients: Preparations, Tyrosinase
Inhibitory and Antioxidant Activities of Caffeic Amides. J. Oleo Sci. 2002, 51, 19–27. [CrossRef]

40. Olivares, C.; García-Borrón, J.C.; Solano, F. Identification of active site residues involved in metal cofactor
binding and stereospecific substrate recognition in mammalian tyrosinase. Implications to the catalytic cycle.
Biochemistry 2002, 41, 679–686. [CrossRef] [PubMed]

41. Riley, P.A.; Cooksey, C.J.; Johnson, C.I.; Land, E.J.; Latter, A.M.; Ramsden, C.A. Melanogenesis-targeted
anti-melanoma pro-drug development: Effect of side-chain variations on the cytotoxicity of
tyrosinase-generated ortho-quinones in a model screening system. Eur. J. Cancer 1997, 33, 135–143. [CrossRef]

http://dx.doi.org/10.1034/j.1600-0749.2002.02014.x
http://www.ncbi.nlm.nih.gov/pubmed/12213089
http://dx.doi.org/10.1016/j.jdermsci.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26228294
http://dx.doi.org/10.1016/0005-2744(80)90061-3
http://dx.doi.org/10.3390/biomimetics2040025
http://dx.doi.org/10.3390/biomimetics2030015
http://dx.doi.org/10.1016/0891-5849(95)00017-R
http://dx.doi.org/10.1046/j.1523-1747.2002.19615.x
http://www.ncbi.nlm.nih.gov/pubmed/12485436
http://dx.doi.org/10.1111/j.1755-148X.2009.00653.x
http://www.ncbi.nlm.nih.gov/pubmed/19995375
http://dx.doi.org/10.1016/j.bbrc.2006.02.118
http://www.ncbi.nlm.nih.gov/pubmed/16527255
http://dx.doi.org/10.1111/exd.12871
http://www.ncbi.nlm.nih.gov/pubmed/26440747
http://dx.doi.org/10.1021/acs.chemrestox.7b00006
http://www.ncbi.nlm.nih.gov/pubmed/28219012
http://dx.doi.org/10.1016/j.jdermsci.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26282085
http://dx.doi.org/10.1111/pcmr.12275
http://www.ncbi.nlm.nih.gov/pubmed/24903082
http://dx.doi.org/10.1111/pcmr.12269
http://www.ncbi.nlm.nih.gov/pubmed/24890809
http://dx.doi.org/10.1016/j.molcatb.2011.11.001
http://dx.doi.org/10.1016/j.bmcl.2011.07.064
http://www.ncbi.nlm.nih.gov/pubmed/21840713
http://dx.doi.org/10.1016/j.peptides.2006.11.023
http://www.ncbi.nlm.nih.gov/pubmed/17241698
http://dx.doi.org/10.5650/jos.51.19
http://dx.doi.org/10.1021/bi011535n
http://www.ncbi.nlm.nih.gov/pubmed/11781109
http://dx.doi.org/10.1016/S0959-8049(96)00340-1


Int. J. Mol. Sci. 2018, 19, 2156 14 of 14

42. Cooksey, C.J.; Land, E.J.; Ramsden, C.A.; Riley, P.A. Tyrosinase-mediated cytotoxicity of 4-substituted
phenols: Prediction of thiol reactivity of the derived o-quinones60. Melanoma Res. 1995, 5, 35. [CrossRef]

43. Winder, A.J.; Harris, H. New assays for the tyrosine hydroxylase and dopa oxidase activities of tyrosinase.
Eur. J. Biochem. 1991, 198, 317–326. [CrossRef] [PubMed]

44. Herraiz, C.; Garcia-Borron, J.C.; Jiménez-Cervantes, C.; Olivares, C. MC1R signaling. Intracellular partners
and pathophysiological implications. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 2448–2461. [CrossRef]
[PubMed]

45. Flori, E.; Rosati, E.; Cardinali, G.; Kovacs, D.; Bellei, B.; Picardo, M.; Maresca, V. The α-melanocyte stimulating
hormone/peroxisome proliferator activated receptor-γ pathway down-regulates proliferation in melanoma
cell lines. J. Exp. Clin. Cancer Res. 2017, 36, 1–13. [CrossRef] [PubMed]

46. García-Borrón, J.C.; Abdel-Malek, Z.; Jimenez-Cervantes, C.; García-Borrón, J.C.; Abdel-Malek, Z.;
Jiménez-Cervantes, C. MC1R, the cAMP pathway, and the response to solar UV: Extending the horizon
beyond pigmentation. Pigment Cell Melanoma Res. 2014, 27, 699–720. [CrossRef] [PubMed]

47. Abrisqueta, M.; Herraiz, C.; Perez Oliva, A.B.; Sanchez-Laorden, B.L.; Olivares, C.; Jimenez-Cervantes, C.;
Garcia-Borron, J.C. Differential and competitive regulation of human melanocortin 1 receptor signaling by
-arrestin isoforms. J. Cell Sci. 2013, 126, 3724–3737. [CrossRef] [PubMed]

48. Herraiz, C.; Journé, F.; Abdel-Malek, Z.; Ghanem, G.; Jiménez-Cervantes, C.; García-Borrón, J.C. Signaling
from the human melanocortin 1 receptor to ERK1 and ERK2 mitogen-activated protein kinases involves
transactivation of cKIT. Mol. Endocrinol. 2011, 25, 138–156. [CrossRef] [PubMed]

49. Pérez-Oliva, A.B.; Olivares, C.; Jiménez-Cervantes, C.; García-Borrón, J.C. Mahogunin Ring Finger-1
(MGRN1) E3 Ubiquitin Ligase Inhibits Signaling from Melanocortin Receptor by Competition with Gαs.
J. Biol. Chem. 2009, 284, 31714–31725. [CrossRef] [PubMed]

50. Olivares, C.; Solano, F.; García-Borrón, J.C. Conformation-dependent post-translational glycosylation of
tyrosinase: Requirement of a specific interaction involving the CuB metal binding site. J. Biol. Chem. 2003,
278, 15735–15743. [CrossRef] [PubMed]

51. Frigerio, M.; Santagostino, M.; Sputore, S. A user-friendly entry to 2-iodoxybenzoic acid (IBX). J. Org. Chem.
1999, 64, 4537–4538. [CrossRef]

52. Gunsalus, I.C.; Barton, L.S.; Gruber, W. Biosynthesis and Structure of Lipoic Acid Derivatives. J. Am. Chem.
Soc. 1956, 78, 1763–1766. [CrossRef]

53. Jiménez-Cervantes, C.; Solano, F.; Kobayashi, T.; Urabe, K.; Hearing, V.J.; Lozano, J.A.; García-Borrón, J.C.
A new enzymatic function in the melanogenic pathway: The 5,6-dihydroxyindole-2-carboxylic acid oxidase
activity of tyrosinase-related protein-1 (TRP1). J. Biol. Chem. 1994, 269, 17993–18000. [PubMed]

54. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/00008390-199509001-00060
http://dx.doi.org/10.1111/j.1432-1033.1991.tb16018.x
http://www.ncbi.nlm.nih.gov/pubmed/1674912
http://dx.doi.org/10.1016/j.bbadis.2017.02.027
http://www.ncbi.nlm.nih.gov/pubmed/28259754
http://dx.doi.org/10.1186/s13046-017-0611-4
http://www.ncbi.nlm.nih.gov/pubmed/29020973
http://dx.doi.org/10.1111/pcmr.12257
http://www.ncbi.nlm.nih.gov/pubmed/24807163
http://dx.doi.org/10.1242/jcs.128322
http://www.ncbi.nlm.nih.gov/pubmed/23750009
http://dx.doi.org/10.1210/me.2010-0217
http://www.ncbi.nlm.nih.gov/pubmed/21084381
http://dx.doi.org/10.1074/jbc.M109.028100
http://www.ncbi.nlm.nih.gov/pubmed/19737927
http://dx.doi.org/10.1074/jbc.M300658200
http://www.ncbi.nlm.nih.gov/pubmed/12595535
http://dx.doi.org/10.1021/jo9824596
http://dx.doi.org/10.1021/ja01589a079
http://www.ncbi.nlm.nih.gov/pubmed/8027058
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Preparation of LCAME 
	Inhibition of Mushroom Tyrosinase Activities by LCAME 
	Effect of Lipoylconjugates on Human Tyrosinase Activity 
	Effects on HBL Cell Viability 
	Effect of Inhibitors on Human Tyrosinase Expression 

	Materials and Methods 
	Materials 
	Methods 
	Synthesis of p-Coumaric Acid Methyl Ester 
	Synthesis of 2-S-Lipoylcaffeic Acid Methyl Ester (LCAME) 
	Mushroom Tyrosinase Activity Inhibition Assay 
	Cell Culture 
	Enzyme Activity Determination 
	Immunochemical Techniques 
	MTT Assay 
	Statistical Analysis 

	Conclusions 
	References

