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Abstract

Naturally Occurring Melanin Synthesis Regulators and
Their Modes of Action

by
Hiroki Satooka
Doctor of Philosophy in Molecular Toxicology
University of California, Berkeley

Professor Isao Kubo, Chair

The effect of various naturally occurring and structurally related chemical compounds on
mushroom tyrosinase and B16-F10 melanoma cells were examined. For each natural
product or related compound, the detailed mechanism of regulatory effect on tyrosinase-
catalyzed melanin synthesis was elucidated, and occasionally, the optimal mechanism of
cytotoxicity on B16 melanoma cells exhibited by chemical compounds are evaluated.
Arbutin (hydroquinone-o-B-D-glucopyranoside), a well-known depigmenting reagent,
was oxidized by tyrosinase to the corresponding o-quinone with an extremely slow rate,
and this reactive metabolite caused melanocytotoxicity, resulting in the antimelanogenic
effect. Another monophenol derivative, thymol (5-methyl-2-isopropylphenol), on the
other hand, did not act as either a substrate or an inhibitor, but it acted as a redox
inhibitor, due to its prooxidative property, to disrupt the melanin formation. This
prooxidant effect also triggered the prooxidative-related toxicity on melanoma cells. In
the case of cardols (5-alkylresorcinol), naturally occurring resorcinolic lipid, hydrophilic
head, and hydrophobic tail concept was applied to the mechanism of both tyrosinase
inhibition and cytotoxicity. More specifically, resorcinol moiety quickly and reversibly
bound to binuclear copper of tyrosinase, and then, hydrophobic tail portion slowly and
irreversibly interacted with the hydrophobic portions proximate to the active site of the
enzyme. However, this inhibitory mechanism was only observed when the hydrophobic
alkyl chain was long enough to interact with the hydrophobic portion of the enzyme. In
the case of cellular effect, cardol (Cis:3) preferentially acted as a surfactant to disrupt the
function of cellular membrane while cardol (Cs.0) produced prooxidant-related toxicity.
Alkyl-3,5-dihydroxybenzoate and 3,5-dihydroxyphenyl alkanoate with various lengths of
alkyl chain were examined to clarify the effect of the lengths of alkyl chain on inhibitory
and toxic effect. In the cases of both alkyl-3,5-dihydroxybenzoate and 3,5-
dihydroxyphenyl alkanoate, basically, both compounds with alkyl chain longer than C9
caused a two-step inactivation on mushroom tyrosinase. In addition, alkyl-3,5-
dihydroxybenzoate acted as a surfactant to cause cytotoxicity while 3,5-dihydroxyphenyl



alkanoate were decomposed in the growth medium. Alkyl-3,5-dihydroxybenzoate,
interestingly and importantly, inhibited melanogenesis without affecting any cell growth,
which is due to the combined effect of the two-step tyrosinase inactivation and surfactant
activity. Finally, the effect of polyphenolic compounds, resveratrol and luteolin, were
subjects to elucidate their effect on tyrosinase and B16 melanoma cells. In both cases,
tyrosinase oxidized them to the corresponding o-quinone. However, in the case of
resveratrol (¢frans-3,5,4’-trihydroxystilbene), the corresponding o-quinone irreversibly
interacted with tyrosinase, indicating that kc., type (suicide) inhibition was the mechanism
of inhibition. Resveratrol did not show any toxicity up to 200 uM, and at 200 pM,
melanogenesis was suppressed with the addition of resveratrol. Luteolin (2-(3,4-
Dihydroxyphenyl)-5,7-dihydroxy-4-chromenone), on the other hand, the corresponding
o-quinone did not inhibit tyrosinase but did act as a redox cycler, which oxidized
leukodopachrome to dopachrome when luteolin was coexisted L-DOPA and tyrosinase.
In the case of luteolin, luteolin o-quinone was also an active principle for the toxicity.
Through the investigation, the biological significance of each molecule was observed.
Based on the dynamic perspective and the biological significance, the possible utilization
of these chemicals was also discussed.
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Introduction



Melanin and Melanogenesis

Melanin is a biopigment, which is a polymer of oxidized products of L-tyrosine.
There are two types of melanin; namely, eumelanin and pheomelanin. Eumelanin is a
black/brown pigmented molecule which is a cross-linked polymer molecule of 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) while
pheomelanin, composed of benzothiaine, is a colored one (/). Even though the entire
function of melanin in human has not been identified yet, several biological functions of
melanin have been reported previously: a redox buffer (free radical scavenger), a cation
binding material, and a radiation sink (photoprotection and photosensitization to protect
from UV radiation) (2). In other organisms such as a fungus or insect (except spiders),
melanin also has important roles as pigments (3). Thus, melanin biosynthesis is one of the
ubiquitous biochemical processes in nature.

Melanogenesis is the process of melanin production in melanocytes, which is
located in the bottom layer of the epidermis in the skin. Melanocytes are also located in
hair follicles, eyes or even brain. In melanocytes, there are special organelles called
melanosomes, and they are derived from Golgi or early endosome through cellular
surface (4). Melanosomes are highly mobile, and their actions are controlled by hormonal
signals. They are tracked by microtubules and motor proteins to transfer to the periphery
of the cells (5). This tracking mechanism of melanosomes helps the insoluble (insoluble
in water-based or organic solvent) polymer compound, melanin, to be transferable to
other cells such as keratinocytes or brain cells, from melanocytes. Seiberg et al.
previously reported that skin lightening effect resulted from the inhibition of melanosome
transfer (6). Interestingly, different racial skin colors are primarily determined by
difference in the number, size, and the distribution of melanosomes. Hence, melanin is
the key factor of skin, hair and eyes colors. (7, 8). Furthermore, dopamine, one of the
most important neurotransmitters in organisms is also synthesized from L-tyrosine and L-
DOPA within melanosomes, and it is transferred to neuronal cells (9). Therefore,
melanogenesis is a significantly important process in most living organisms.

Tyrosinase
Melanogenesis is mediated by several enzymes such as tyrosinase (EC

1.14.18.1), tyrosinase-related protein-1 and -2 (TRP-1 and TRP-2) (/0). In melanin
biosynthesis, tyrosinase is the key enzyme. This copper-containing multi-functional
oxidase catalyzes two reactions (Eqn. a and b). Monophenolase activity of tyrosinase
catalyzes the ortho-hydroxylation of L-tyrosine to L-dihydroxyphenylalanine (L-DOPA)
(Eqn. a), and diphenolase (or catecholase) activity of that catalyzes the oxidation of L-
DOPA to dopaquinone (Eqn. b) (/7).

monophenol + 1/2 O2 — ortho-diphenol + H2O  (a)

ortho-diphenol + 1/2 O2 — ortho-quinone + H2O (b)
The reaction from the dopaquinone to dopachrome is proceeded non-enzymatically. The
relatively stable intermediate compound, dopachrome, then undergoes chemical and
enzymatic processes to form eumelanin (/2, 13). Subsequently, dopaquinone is also



reacted with thiols such as L-cysteine or glutathione to be a pheomelanin (/3). This series
of reaction are known as the Raper-Mason Pathway (Figure 1) (/4, 15). The first two
steps, L-tyrosine to L-DOPA and L-DOPA to dopaquinone, are the rate-limiting steps in
melanogenesis. Hence, the regulation of these two reactions significantly impacts on the
melanin biosynthesis, respectively (73, 16). In Figure 1, the addition of hydroxyl group
on ortho-position of L-tyrosine is relatively an unfavorable reaction rather than the
oxidation of catechol to ortho-quinone; hence, the first catalysis (L-tyrosine to L-DOPA)
is usually much slower than the latter case. Thus, in the reaction of monophenolase, the
induction phase (lag phase) is usually observed (/7). The rate of tyrosinase-catalyzed
monophenol oxidation is enhanced with the addition of cofactors, which is observed as a
disappearance of the lag phase. The well-known cofactors are L-DOPA and L-ascorbic
acid (vitamin C) (/8, 19). The proton donation of cofactors to tyrosinase active site seems
to change its conformation from resting to active form. This conformational change is
one key feature of tyrosinase activity and of its regulatory mechanisms (20, 21).

Various diversities of tyrosinase have been discovered and studied including
bacteria, fungi, plants, crustaceans, insects, vertebrates, and mammals (22). Mushroom
tyrosinase isolated from Agaricus bisporus (known as a common mushroom) has been
studied extensively for its kinetics, inhibitors, and so on, due to its availability and
convenience. Because of the high degree of hydrophobicity of tyrosinase, the X-ray
crystallization of the enzyme has not been reported yet. However, bacterial tyrosinase
was recently isolated for its X-ray crystal structure (23, 24). The crystal structure of
tyrosinase gave the information to understanding the metal complex and the role of
amino acid residues surrounding in its active site; however, many questions still have
been unclear.

Binuclear copper of tyrosinase active site is p-n?:n?-peroxodicopper(Il) active
site coordination (Type III Copper) (Figure 2) (11, 25). As well as tyrosinase, hemocyanin
and catechol oxidase are type III copper enzymes, and share the same bridging mode.
This p-n?:m? side-on peroxo complex reacts very differently from other types of binuclear
peroxo-dicopper(Il) complexes (26). Depending on the oxidation states of this binuclear
copper coordination, tyrosinase allows three different conformations, namely Emet, Edeoxy
and Eoxy (Figure 3) (27). Each state of tyrosinase has a unique coordination and
corresponding catalytic functions. The oxidation of monophenol to o-diphenol and o-
diphenol to o-quinone are dependent on several factors: the oxidation states of copper,
structural arrangement of copper and oxygen and contribution of imidazole provided by
histidine (and maybe other amino acids residue surrounded) in tyrosinase active site (23,
24, 28-30).

Monophenolase activity of tyrosinase is quite unique and powerful. However,
the mechanism is still unclear and debatable. Figure 4 shows the possible mechanism of
monophenolase and diphenolase activities of tyrosinase activity. To activate molecular
oxygen for monophenol hydroxylation, dioxygen has to be bound to deoxy form,
containing Cu(l), of tyrosinase. This binding event activates binuclear copper to form



oxy-tyrosinase with Cu(II) state. During the reaction, monophenol substrate has to be
bound to copper-dioxygen complex and oxygen atom is transferred to ortho-position to
the hydroxyl group of monophenol bound to active site. In oxy state of tyrosinase, one
copper (CuA) exhibits a tetragonal-pyramidal geometry, with two binding of hydroxide
and two histidine residues in equatorial and one histidine residue in an axial position (23,
31). The other copper (CuB) also holds similar geometry. Decker and his colleagues
importantly indicated that trans-position to axial histidine of CuA (and also CuB) is
freely accessible from the substrate binding pocket (32). Thus, as a substrate binding, a
monophenol substrate approaches towards the frans-position to axial histidine of CuA in
oxy-tyrosinase with the preorientation through a hydrophobic interaction to the equatorial
histidine residue of CuA (or CuB). For the hydroxylation of monophenol substrate, the O-
O axis in the active site rotates to point toward the phenolic ring, and then electrophilic
attack on the aromatic ring (37). The electrophilic substitution mechanism was further
supported by Itoh and Fukuzaki. They found that “neutral” phenol substrates gave C-C or
C-O coupling dimer as products rather than catechol (actual product of tyrosinase
reaction) when they were treated with p-n2:m?-peroxodicopper(Il) complex as a model
system. This suggests that oxygenation of “neutral” phenol involves radical mechanism;
the peroxo complex of tyrosinase acts as a one-electron oxidant to produce a phenoxy
radical. However, the oxygenation reaction of “phenolate” (deprotonated form of phenol)
by the side-on peroxo complex involves neither electron transfer nor hydrogen atom
transfer but proceeds via an ionic mechanism such as “an electrophilic aromatic
substitution mechanism.” In this case, successful C-O bond was generated (Figure 5). In
the case of “phenolate,” formation of the phenoxy radial is prohibited due to the energetic
uphill while the anionic reaction is preferred (29). Hence, the state of the substrate
(Neutral vs. Phenolate) gives dramatic difference in products, and active site environment
has great importance for the catalytic activity of tyrosinase. Several mechanisms of
hydroxylation have been also proposed; however, the mechanism of the step is still under
investigation.

Molecular Mechanism of Melanogenesis

Transcription of melanogenic enzymes is often controlled by hormonal signals
(33). Melanocyte stimulating hormone (MSH) is one of the peptide hormones,
synthesized and secreted from the proopiomelanocortin (POMC) gene promoter in
keratinocytes cells or opiomelanotropinergic cells of the pair intermediate of the pituitary
gland and by neurons in the central nervous system (34). a-MSH, one class of MSH,
stimulates melanocortin-1 receptor (MC1R), located at the melanocytic plasma
membrane. It leads to the activation of adenylyl cyclase to increase the level of cAMP,
followed by the activation of protein kinase A (PKA). In downstream event, PKA induces
the transcription of microphthalmia-associated transcription factor (MITF). MITF is fully
activated by MAP kinase cascade, which leads to the activation of the transcription of
melanogenic proteins. The synthesized melanin and melanosomes are transported to
initially stimulating keratinocytes (Figure 6) (33).



UV B radiation is directly absorbed by DNA molecules, leading to DNA
damage. This DNA damage (or other stress factors) also stimulates melanogenesis.
Treatment of melanocytes with the agents that cause excessive DNA damage, enhances
melanogenesis (36, 37). UV-induced melanocytes or melanoma is in the absence of high
a-MSH level; however, they show a strong melanogenic response. Moreover, UV
induced DNA damage induces H202, known as a p53 activator. Previous study shows that
p53 also stimulates tyrosinase transcription. Hence, these pathways may have a critical
role in the induction of melanogenesis in UV-irradiated melanocytes (38, 39).

Mammalian tyrosinase is the copper containing glycoprotein which is located on
the melanosomal membrane. The catalytic domain is faced toward the inner melanosomal
domain, and two serine residues in the cytoplasmic domain of melanosome. The
activation of this enzyme requires phosphorylation of these two serine residues by a
PKC-Bq, followed by the activation through the ligand-activated cell surface receptors
and UV radiation (35). Thus, the regulation of melanogenesis is highly regulated in the
molecular and enzymatic level.

Lastly, melanosomes are “tissue-specific lysosome-related organelles,”
synthesized in the endosomal reticulum. Matured melanosomes are translocated along the
microtubule to keratinocytes. This translocation is facilitated by both dynein and kinesin
motor proteins, and also other peripheral proteins. Several molecular machineries involve
the sorting process of melanosomes. The sorting is highly regulated and the protein
complex called BLOC-1 exhibits a role of the regulator. The mechanism of the regulation
of melanosome sorting is complex; however, the advances in understanding the
melanosome biology may allow for a new sight of understand in other cell-specific
lysosome organelles (4).

Applications of Melanogenesis Regulators

Alterations in melanin synthesis occur in many disease states such as melanoma,
melasma, or Parkinson’s disease, because of the various functions of melanin in living
systems. Melanoma is one of the most commonly diagnosed diseases (40, 41) and its
incidence is raising a world-wide concern (42). Melanoma is less common than other
types of skin cancer; however, it causes the highest rate of death in skin cancer (43).
During melanoma neoplasia, the pigmentation is uncontrolled, and the over-expression of
melanin causes irregulared skin color. Melanoma is cured in most cases by surgery, but
once the metastatic phase developed, it is almost always fatal. Systemic chemotherapy is
often the only viable treatment, but the lack of selective cytotoxicity often leads to
intolerable side effects (44). Moreover, melanoma has one of the worst response rates to
chemotherapy of all neoplasisas (45). Thus, understanding the regulatory mechanism of
melanogenesis plays a critical role in developing the treatment of melanin-related
disorders.

Melanogenesis regulators (inhibitors or activators) can be used for many other
purposes. As described, in various living systems, melanin is responsible for
pigmentation and other functions such as chelation. However, undesirable browning is a



considerable problem in food industries or for cosmetic users. Furthermore, toxic
oxidized products are commonly generated in the melanin synthetic pathway; for
instance, high lipid content fruits such as avocado develop the toxic oxide products in the
browning process (46). Thus, antibrowning reagents are frequently used. Previously most
widely spread method for antibrowning was the use of sulfiting agents (47), but Food and
Drug Administration has banned sulfate agent for fruits and vegetables (48). As the
purpose of applications, naturally occurring substances are usually more favorable than
synthetic ones. The most common natural antibrowning agent is ascorbic acid. However,
the effect of ascorbic acid against enzymatic oxidation is temporary since it is chemically
oxidized to non-functional form, dehydroascorbic acid (49). Hence, immediate finding
for a replacement of antibrowning reagents is essential. On the other hand, melanogenesis
activators can also be used in a different sense since melanins play a crucial role in the
absorption of free radicals generated within the cytoplasm and in shielding the host from
various types of ionizing radicals, including UV irradiation. This role unfortunately
seems destined to become even more critical due to the alarming predicted increases in
incident UV at the Earth’s surface by recent stratospheric ozone depletion. In fact, light-
skinned people usually have a lower level of melanin, especially eumelanin (33), and
have a lower level of protection against UV radiation than dark-skinned people. Those
people who absorb a high level of UV radiation are easier to get skin tumors such as
melanoma. Hence, the melanogenic activators from natural products are possibly used as
major active components of UV-blocker reagents or sun-tanning oils, which reduce the
risk of skin cancers. These problems and aspects prompt us to search safer and more
stable melanin formation regulators from natural sources.

Finally, the clear explanations of their toxic mechanism (if they show toxicity)
are also required as long as they are used for the general application. Furthermore,
because melanogenesis is one type of defense systems of skin, the advance in
melanogenesis regulations may allow us to better understand other defense systems such
as apoptosis or stress response. However, the regulatory mechanism of melanogenesis has
been poorly understood. The basic concepts how small molecules involve in the
regulatory systems, give the detailed picture of the biological functions/mechanisms.

Natural Products

Natural product science has a long history. Even though anthropogenic
chemicals have been heavily used in many fields, naturally occurring compounds still
have played many roles in agriculture, medicine, and nutrition; many naturally occurring
chemicals are discovered and developed as medicines, pesticides, or food preservatives.
Especially, nowadays, the underestimation of the safety, due to poor understanding of
newly synthesized chemicals, becomes more critical (50). On the other hand, the
advantage of utilization of natural products rather than synthetic chemicals is the
enormous amount of data collected for hundreds of thousands of years, which is a
fundamental resource for current pharmacology, medicinal chemistry and many other
fields. For instance, many chemotherapeutic drugs are commonly designed based on the



functions of natural products. Thus, linking to modern biological science/technology
offers the development of new fields of natural product utilization.
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1.1 Effect of Arbutin on Mushroom Tyrosinase and B16 Melanoma Cells

1.1.1 INTRODUCTION

Arbutin, hydroquinone-o-f3-D-glucopyranoside (1; see Figure 7 for the
structure), has been used as a depigmenting agent in cosmetics in recent years. In our
continuing search of melanin formation regulators from plant sources, arbutin was
previously characterized from the fresh fruits of California buckeye, Aesculus california
(7). In spite of the wide usage of arbutin as a depigmenting reagent, the detailed
molecular mechanism of depigmenting has not been fully understood. This hydroquinone
glucoside was previously reported to show a dose-dependent competitive inhibitory effect
on the oxidation of L-DOPA catalyzed by mushroom tyrosinase with ICso of 8.4 mM (2).
However, our recent finding shows that arbutin actually acts as a poor substrate on
tyrosinase (3); hence, a common kinetic study does not apply to the case of arbutin. Eoxy,
the active form of tyrosinase, slowly oxidizes arbutin to release the corresponding o-diol.
Further oxidation allows releasing corresponding o-quinone. The result indicates
alternative clues on how arbutin acts as a depigmenting agent. Therefore, further study of
arbutin to gain new insight into the biological activities is prompted.

1.1.2 RESULTS

Effect of Arbutin on Mushroom Tyrosinase

Tyrosinase (EC 1.14.18.1) is a key enzyme in melanin synthesis and therefore,
tyrosinase inhibitors are expected to inhibit melanin production. Hence, their effects on
tyrosinase activity were tested. In our preliminary cell free experiments using mushroom
tyrosinase, arbutin (1) inhibited the tyrosinase catalyzed oxidation of L-tyrosine.
Inhibitory action on tyrosinase activity was measured using UV-vis spectrum and oxygen
consumption assays (Figure 8 A and B). In both measurements, tyrosinase activity was
dose-dependently inhibited. Furthermore, direct inhibitory interaction of arbutin with
tyrosinase was monitored using N-acetyl-L-tyrosine. Because of the blockage of
intracyclization of N-acetyldopaquinone, only the tyrosinase-catalyzed reaction step in
melanin synthesis can be examined with N-acetyl- L-tyrosine. Arbutin suppressed
oxidation of N-acetyl-L-tyrosine in the 60 min of reaction period (Figure 9). Typical lag
phases due to monophenol oxidation were observed in both control and sample cases.
The rate of consumption of N-acetyl-L-tyrosine was significantly slowed down with
addition of 100 uM arbutin. Interestingly, about 45% of the inhibitory effect by arbutin
(the difference of the substrate consumption between control and arbutin sample) was
maximized at 35 min, and it was reduced to 35 % at the end of the reaction. This
suggested that tyrosinase activity was not completely inactivated by arbutin, but the
inhibitory effect was slowly diminished. In fact, the oxidation of substrate such as L-
tyrosine was suppressed due to an extremely slow rate of oxidation of arbutin by
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tyrosinase (3). As a result, the inhibition by arbutin on tyrosinase was reduced when
arbutin was slowly oxidized. Thus, it is logical to conclude that arbutin is not a “true”
inhibitor.

Cellular Degradation of Arbutin

According to tyrosinase assay results and the previous study (3) arbutin could
be intracellularly metabolized by tyrosinase. Hence, the experiment was further extended
to determine whether arbutin is oxidized intracellularly or not. Cellular homogenate was
prepared with the method described in the Materials and Methods section. Briefly, B16-
F10 melanoma cells were homogenated using a sonic homogenizer with a designated
buffer. Corrected cell lysate was incubated with DMSO or arbutin for 6 hr. For each 2 hr
interval, the reaction mixture was corrected in order to be analyzed with reverse-phase
HPLC system. In Figure 10, arbutin (peak a; R = 10.0 min) was time-dependently
decreased. About 15-20 % of arbutin in peak height was degraded after 6 hrs of
incubation. It should be noted that the degradation of arbutin was observed in vitro
experiment with using mushroom tyrosinase, but not with using horseradish peroxidase,
which is one of the enzymes corresponding with the xenobiotic metabolism (data not
shown). On the basis of cell-free experiments, arbutin was enzymatically modified its
structure and this modification could affect cellular functions. Thus, the experiment of
arbutin was extended to test for their effects on murine B16-F10 melanoma cells.

Degradation of Arbutin in DMEM

The investigation began with checking the stability of arbutin in Dulbecco’s
modified Eagle’s medium (DMEM). Some molecules had high degradability in this
growth medium since the pH of fresh DMEM was relatively basic, and was about pH 9.
Arbutin was a subject to test its degradability in this medium since the ester linkage
between hydroquinone to glucose might be unstable in this pH range. Hence, the stability
of arbutin in DMEM was tested with HPLC analysis (Figure 11). After 60 min of
incubation in DMEM, any consumption/decrease of arbutin (peak a; frr = 14.0 min) was
not observed. Thus, arbutin was stable in this medium and it is readily used for the
cellular assays.

Effects of Arbutin on B16-F10 Melanoma Cells

The initial goal was to test whether arbutin inhibits melanogenesis in cultured
melanocytes without affecting cell growth. Hence, their cell viability was examined first.
In this regard, cell viability was determined on the third day for melanocytes using both
trypan blue dye exclusion and 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assays. The same result was usually observed by both
assays, but the concentration leading to 50 % viable cells lost (ICs0) was established by
trypan blue assay for steady comparison purpose. The specificity of melanogenesis
inhibition was assessed by dividing the melanin content by the number of cells
determined by tyrpan blue exclusion. The appropriated concentrations of the test
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chemicals were selected by microscopic observation of the preliminary cell viability
assay.

The effect of arbutin on B16 melanoma cells was examined first. Highest
examined concentration of arbutin was 200 pM. Arbutin dose-dependently suppressed
cell viability (Figure 12A), and observed ICso was 105 pM. The cell viability above 12.5
uM was significantly different (P <0.01) from the control. Total melanin production was
significantly suppressed (P <0.01) up to 200 uM in a concentration-dependent manner
(Figure 12B). It came out that the total melanin production was reduced with the decline
of cell viability; that is to say, there is positive correlation between cytotoxic and
depigmentation effects. Interestingly, arbutin showed inhibitory effect on cellular melanin
production (Figure 12C). At the concentration between 12.5 uM and 50 pM, the cellular
melanin synthesis was significantly suppressed (P <0.01). As expected from the previous
reports, arbutin showed potent depigmenting effects; however, at the same time, the
inhibitory effect was corresponding to the cytotoxic effects.

Hydroquinone and Structurally-related Compounds

Various hydroquinone derivatives and structurally related compounds were
tested for the structure activity relationship (SAR) study (all data not shown). Among the
tested compounds, hydroquinone (2; See Figure 7 for the structure) showed the most
potent cytotoxic and antimelanogenic effect on B16-F10 melanoma cells. The effects of
hydroquinone on cells had similar patterns to that of arbutin. Observed ICso was 6 uM.
Other hydroquinone-related compounds, 4-hydroxyanisole (3), and 4-tert-butylcatechol
(4) also showed similar effects; both compounds also showed potent toxicity and dose-
dependent antimelanogenic effect up to 200 uM. Observed ICso of 4-hydroxyanisole and
4-tert-butylcatechol were 24 uM and 32.5 uM, respectively. Depigmenting effects of all
three compounds were positively correlated to their cytotoxic effects as well as arbutin.

Effects of Vitamin C, GSH, BHA and L-cysteine on Arbutin-treated Cells

Surprisingly, observed cytotoxicity of arbutin at 100 uM (approximately
equivalent to ICs0) was suppressed by 40 % in cell viability with addition of L-ascorbic
acid (vitamin C) up to 400 pM (Figure 13A). It is possible for vitamin C to act as a two-
electron reductant or a radical scavenger to reduce the toxicity of arbutin. Additionally,
glutathione (GSH) was also tested in the same manner. GSH is a major intracellular
antioxidant molecule to eliminate oxidative stress, or it also acts as a nucleophile to
eliminate reactive electrophiles such as quinones. GSH suppressed the toxic effect of
arbutin by 10 % in cell viability on B16-F10 melanoma cells (data not shown). According
to the results, it seemed that arbutin toxicity was due to either the transformation of
arbutin to toxic oxide by intracellular oxidation or the generation of free radicals
(prooxidant effect). In order to determine this postulate, a single electron scavenger,
butylated hydroxyanisole (BHA) was also tested for a comparison. As a result, BHA
showed no reversed effect on arbutin-treated melanoma cells (Figure 13B). Thus, o-
quinone formation was involved in the arbutin toxicity. For further confirmation of the
involvement of formation of o-quinone, L- cysteine was also used. L-cysteine does not
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act as either a reducing agent or a radical scavenger but rather acts as a nucleophile to
react with a Michael-addition receptor such as quinone-related compounds. Cytotoxicity
of arbutin on B16-F10 melanoma cells were reversed by 13 % in cell viability with a
treatment of L-cysteine (data not shown). Therefore, arbutin was intracellularly oxidized
to convert to corresponding o-quinone molecule.

This result was further confirmed with 2°,7’-dichlorodihydrofluorescin diacetate
(DCFH-DA) assay. After 1hr of incubation with arbutin and DCFH-DA, B16-F10
melanoma cells were assayed to measure intracellular ROS. Up to 200 pM, the total ROS
did not show any change as well as cellular viability (data not shown). Thus, ROS per
cells also did not change. The primary mechanism of arbutin toxicity, at least, was not
due to prooxidative effect in this concentration range.

Morphological Change of B16 Melanoma Cells

Cellular morphological changes of arbutin-treated melanoma cells were
microscopically observed. Figure 14A and B represent the cellular morphology of control
(DMSO treated) cells and arbutin treated cells, respectively. As seen in the Figures, the
density of melanoma cells was significantly reduced by addition of 100 uM arbutin.
Further, the dendrites of individual arbutin- treated cell were extended compared to
DMSO treatment. Interestingly, after a treatment of equivalent concentration of vitamin C
to arbutin-treated cells (100 pM), the morphological change of arbutin-treated cells
became similar to that of the control (Figure 14C). As expected; however, this
phenomenon was not observed with a treatment of 100 uM of BHA (Figure 14D).

1.1.3 DISCUSSION

Several antibrowning reagents are developed and discovered nowadays.
Hydroquinone is one of the most potent depigmenting reagents, studied for long decades.
Depigmenting effect of hydroquinone, as previously reported, is due to the potent toxic
action to kill the melanin synthetic cells (4). In addition to hydroquinone, other two tested
hydroquinone-related compounds (4-hydroxyanisole, and 4-fert-butylcatechol) are
subject to be oxidized by tyrosinase, which leads to cytotoxic and depigmenting effects
on the cells (4-6). According to our cell-free and cellular experimental data, it is logical to
conclude that arbutin is intracellularly oxidized and is converted to corresponding o-
quinone. The antibrowning effect of arbutin is mainly due to this cytotoxic effect
resulting in the formation of o-quinone as well as the case of hydroquinone. A previous
report and our new findings explain that this corresponding o-quinone formation is
specifically due to tyrosinase (3). Quinone-related compounds are known to cause
damage on cellular macromolecules such as DNA, RNA and proteins. Subsequently, a
correlation between depletion of glutathione level and antimelanogenesis is previously
reported (7). Some potent depigmenting reagents such as hydroquinone show their action
through depletion of glutathione. (8, 9). Thus, there is no doubt that the formation of
arbutin-o-quinone through two-oxidation reactions of tyrosinase causes
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melanocytotoxicity, and then further antimelanogenic effect is possible. (Scheme 1). It is
true that tyrosinase activity was inhibited by addition of arbutin in short period (<5 min)
in vitro; however, arbutin was slowly degraded. Hence, based on the cell- free and
cellular experimental results, for the long term effect, the primary mechanism of
depigmentation of arbutin is the formation of o-quinone but not the inhibition of
tyrosinase.

Arbutin showed moderate cytotoxicity on B16-F10 melanoma cells (ICso= 105
uM); several biological reasons lead this “moderate” toxicity of arbutin on cells. One is
the very slow rate of oxidation of arbutin by tyrosinase (3). This implies that only a small
portion of arbutin is oxidized to release o-quinone. The secondary reason of moderate
toxicity is low absorbing rate of arbutin into the cells. In general, high hydrophilic
molecules are less membrane permeable. Thus, because of high hydrophilicity due to
glucose molecules in arbutin, there is no doubt that arbutin is poorly absorbed into cells.
All of these suggest that arbutin toxicity is much lower than that of hydroquinone.

Safety is a primary concern for many purposes including chemotherapy and
cosmetic products. As shown, arbutin showed adverse effects on melanoma cell line.
Thus, it is hazardous to use arbutin at high doses; especially, large caution is required for
the usage of stale arbutin products, which may contain oxidized arbutin. Many of
biological effects of arbutin remain to be defined. Further investigation including cell free
experiments and human cell lines, is still under the projects.

DISCLOSURE
The cellular work of arbutin was presented in part at the Poster Session for the 2009
AAAS National Meeting in Chicago, IL.
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1.1.4 FIGURES & TABLES
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4
Figure 7. Structure of arbutin (1), hydroquinone (2), 4-hydroxyanisole (3), and 4-fert-butylcatechol (4).
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Figure 8. (A) UV-Vis spectra at 475 nm obtained in oxidation of 100 uM of L-tyrosine by mushroom
tyrosinase in presence of arbutin for 60 min. Concentrations of arbutin were selected at 50 uM (2), 100
pM (3) and 200 uM (4). Line 1 represents oxidation of L-tyrosine by mushroom tyrosinase in absence
of arbutin. (B) Oxygen consumption of 100 pM of L-tyrosine oxidation by mushroom tyrosinase in
presence of arbutin for 60 min. Concentrations of arbutin was selected at 200 uM (1), 100 uM (3) and
50 uM (2). Line 4 represents oxidation of L-tyrosine by mushroom tyrosinase in absence of arbutin.
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Figure 9. HPLC analysis of N-acetyl-L-tyrosine (100 uM) oxidation by tyrosinase in absence (©) or
presence (@) of arbutin (100 pM). Sampling time was chosen at 0 min, 15 min, 30 min, 45 min and 60
min. HPLC operating conditions were as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO.,
LTD., Seto-Shi, Aichi, Japan). Solvent; 12 % MeCN/H2O containing 0.2 % TFA, Flow rate 1.0 mL/
min, detection; UV at 280 nm, 0.02 range, injected amount; 25 pL. Curve fitting is done with
SigmaPlot (Systat Software, Inc.).
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Figure 10. HPLC analysis of the reaction mixture with arbutin (100 pM) and B16 melanoma cell
lysate. Sampling times were chosen at 0 h (A), 2 h (B), 4 h (C) and 6 h (D). HPLC operating
conditions were as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi,
Japan). Solvent; 1.0 % MeCN/H:O containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280
nm, injected amount; 25 pL. Peak a represents arbutin.
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Figure 11. HPLC analysis of DMEM with arbutin (400uM). Sampling time
was chosen at 0 min (left) and 60 min (right). HPLC operating conditions were
as follows; Develosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi,
Aichi, Japan). Solvent; 1.0 % MeCN/H2O containing 0.2 % TFA, Flow rate 0.6
mL/min, detection; UV at 280 nm, injected amount; 25 pL. Peak a represents
arbutin.
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Figure 12. (A) Viabilities of B16-F10 melanoma cells following treatment with
arbutin for 72hr; data are expressed as percentage of the number of viable cells
observed with the control, and each column represents the mean + S.D. of at
least 4 determinations. (B) Total melanin content in B16 melanoma cells
following treatment with arbutin for 72hr; data are expressed as percentage of
melanin content per well observed with the control, and each column represents
the mean + S.D. of 4 determinations. (C) Cellular melanin content in B16
melanoma cells following treatment with arbutin for 72hr measured as
percentage of melanin content per cell observed with the control, and each
column represents the mean = S.D. of 4 determinations. The statistical
significance of differences was evaluated using Student’s or Welch’s #-test.

Significantly different from the control value: *p<0.05, **p<0.01.
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Figure 13. (A) Viabilities of B16 melanoma cells following treatment with 100 pM of arbutin in presence
or absence of vitamin C (VC) for 72hr. The concentrations of vitamin C applied to arbutin treated cells
were chosen at 0 uM (100/0), 100 uM (100/100), 200 uM (100/200) and 400 uM (100/400). Cells are also
treated with 400uM of vitamin C without arbutin (0/400). Data are expressed as the percentage of the
number of viable cells observed with arbutin control (100/0), and each column represents the mean + S.D.
of at least 4 determinations. (B) Viabilities of B16 melanoma cells following treatment with 100 pM of
arbutin in presence or absence of butylated hydroxyanisole (BHA) for 72hr. The concentrations of
butylated hydroxyanisole applied to arbutin treated cells were chosen at 0 uM (100/0), 12.5 uM
(100/12.5), 25 uM (100/25) and 50 puM (100/50). Cells are also treated with 50 uM of butylated
hydroxyanisole without arbutin (0/50). Data are expressed as the percentage of the number of viable cells
observed with arbutin control (100/0), and each column represents the mean + S.D. of at least 4
determinations. The statistical significance of differences was evaluated using Student’s or Welch’s ¢-test.
Significantly different from arbutin control value: *p <0.05, **p <0.01.
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Figure 14. Cellular morphological change of B16-F10 melanoma cells. A represents cellular
morphology of DMSO treated melanoma cells while B indicates morphological change of arbutin
(100 uM) treated B16 melanoma cells. C shows that morphology of melanoma cells treated with
arbutin (100 pM) and vitamin C (100 uM). D indicates that morphology of melanoma cells treated
with arbutin (100 pM) and BHA (100 uM).
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Scheme 1. Postulated mechanism of toxicity and antimelanogenic effects by arbutin.
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1.2 Effect of Thymol on Mushroom Tyrosinase and B16 Melanoma Cells

1.2.1 INTRODUCTION

Aromatic monoterpenes, thymol (5-methyl-2-isopropylphenol) (1), carvacrol (5-
isopropyl-2-methylphenol) (2) and p-cymene (1-methyl-4-(1-methylethyl)benzene) (3)
(see Figure 15 for the structures) are found in the essential oil faction of thyme, Thymus
vulgaris or T. zygis L. var. gracilis Boissir (Lamiaceae). The main constituents of thyme
oil are thymol and carvacrol (up to 80 %). Thyme essential oil has been commercially
available as a part of mouth washes for more than 100 years. Besides their odoriferous
functions, thymol and carvacrol show antimicrobial activities (/0-12). Thus, thymol and
carvacrol are commonly used as meat preservatives or flavorings in the food industries.
In addition to their broad antimicrobial activities, the antioxidant activity of thyme
essential oils was previously reported (inhibit phospholipids peroxidation and lipid
autoxidation without prooxidant effects), and it has been known to be due to the presence
of thymol and carvacrol (/3-15). As antioxidants, thymol and carvacrol protect food
qualities and organisms from damage induced by oxidative stress. In contrast to these
well-studied biological effects of thymol and carvacrol, their inhibitory actions on
tyrosinase and melanin biosynthesis are poorly understood. The antibrowning effect in
addition to the antimicrobial and antioxidant activities of thymol and carvacrol would
help them to be considered as multifunctional additives. Hence, thymol was studied as a
melanin formation inhibitor.

1.2.2 RESULTS

Effects of Thyme Oil on Mushroom Tyrosinase

The investigation began with thyme oil because it is commercially available and
also found in food supplies. Thyme oil exhibited a concentration-dependent inhibitory
effect on the tyrosinase-catalyzed oxidation of L-tyrosine with 60 min of reaction time
(Figure 16) whereas there was no inhibition effect against the L-DOPA oxidation (data
not shown). As the concentration of thyme oil increased, the formation of dopachrome
decreased. Due to the solubility problem, the highest tested concentration of the oil was
66.6 ug/mL, and about 35 % of dopachrome formation was suppressed at this
concentration. Typical lag phases were observed in all of the curves (Figure 16 curve
1-3). However, the extension of the lag phase, which is commonly observed with the
effect of monophenol substrate analogues, was not observed with addition of thyme oil.
The components of thyme oil were characterized by using a Gas Chromatography-Mass
Spectrometry (GC-MS) system. The major component of thyme oil was thymol (75.71
%), and about 80 % of contents were thymol and carvacrol in thyme oil (data not shown).
As described above, thymol and carvacrol are the bioactive compounds in thyme oil for
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various biological activities. Hence, we concluded that, in thyme oil, thymol and
carvacrol are the major bioactive compounds for melanogenesis inhibition.

Effects of Thymol on Tyrosinase

As well as thyme essential oil inhibits dopachrome formation, thymol exhibited a
concentration-dependent inhibitory effect on the dopachrome formation (Figure 17A). At
475 nm, about 25 % of dopachrome formation was suppressed with 400 uM of thymol
after the 60 min of the incubation. The consumption of oxygen was also inhibited dose-
dependently with addition of thymol (Figure 17B). Any change in lag phase was not
observed for all curves in both UV and oxygen consumption assays (Figure 17A & B
curve 1-4). However, the inhibitory effect was not observed with L-DOPA in UV-vis and
oxygen consumption assays (data not shown). Similar inhibitory effects of thymol were
observed using carvacrol in both spectrophotometric and oxygen consumption assays
(data not shown). Interestingly, this inhibitory effect on dopachrome synthesis (475nm)
and oxygen consumption with L-tyrosine was not observed when thymol methyl ether (1-
methyl-3-methoxy-4-isopropylbenzene) (4) was used (data not shown). Blocking the
phenolic OH of thymol with methyl group diminished the inhibitory activity that is
observed with thymol. This structure activity relationship (SAR) study suggests that the
presence of the phenolic hydroxyl group of thymol or carvacrol is essential for the
inhibition.

The consecutive UV-vis spectrum of L-tyrosine oxidation by tyrosinase in the
presence of 400 uM of thymol was obtained. The evolution of the peak at 475 nm,
corresponding to dopachrome formation, decreased with the addition of thymol (Figure
18). About 40 % of dopachrome formation was suppressed in the spectrophotometric
assay. Furthermore, at 320 nm, the peak developed in both spectra, but there was less
increase in Figure 18B. The evolution of the peak at this wavelength refers to the
formation of a quinone product, dopaquinone in the melanin synthesis process. Basically,
the same result was observed in both spectrophotometric assays at 475 nm and
consecutive UV-vis assay.

Effect of Thymol on Eox, State of Tyrosinase

The effect of thymol on the Eoxy state of tyrosinase was examined by the addition
of 10 uM L-DOPA as a cofactor. Introduction of L-DOPA to tyrosinase reduces its state
from Emet to Eoxy, which are resting and active form of tyrosinase, respectively. L-DOPA
was preincubated with tyrosinase for 3 min in order to convert all of the enzyme to Eoxy,
and then dopachrome formation was measured after the addition of 100 uM L-tyrosine
with or without 400 pM thymol. Addition of a cofactor did not show any effect on the
inhibition of dopachrome formation (Figure 19) compared to the measurement result
without a cofactor (Figure 17). Furthermore, previous results showing that thymol (and
thyme oil) did not affect the lag phase support this result. Thus, these suggest that thymol
does not interact with the Eoxy state of tyrosinase, and it can be concluded that thymol
does not act as a monophenol analogue.
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Radical Scavenger and Thymol

Surprisingly, the inhibitory effect of thymol was masked with the application of a
radical scavenger, butylated hydroxyanisole (BHA). As the concentration of BHA was
increased to 100 uM, the inhibitory effect due to thymol on dopachrome formation was
dose-dependently decreased (Figure 20). With 100 uM BHA and thymol, about 20 % of
the inhibitory activity on dopachrome formation was suppressed. This suggests that BHA
affected the antimelanogenic action of thymol; in other words, the phenoxy radical
formation and proton donation of thymol are linked to the antimelanogenic activity of
thymol. On the other hand, the inhibitory activity was enhanced when tyrosinase was
preincubated with thymol for 10 min (data not shown). In this treatment, preincubation
gives extra time for the proton to dissociate from the hydroxyl group of thymol to form of
a phenoxy radical. Thus, the antioxidant effect of thymol is the key for inhibition of
dopachrome formation.

Non-involvement of Thymol on Tyrosinase Activity

The involvement of thymol in enzymatic reactions in melanin synthesis was
investigated with N-acetyl-L-tyrosine. Using N-acetyl-L-tyrosine as a substrate,
tyrosinase oxidizes substrate to synthesize up to N-acetyldopaquinone. Because of the
presence of an acetate group on the N-group of an amino acid, intracyclization of
dopaquinone to leukodopachrome is blocked. Hence, only the tyrosinase-catalyzed
reaction step in melanin synthesis process can be examined using this compound as a
substrate. When N-acetyl-L-tyrosine is applied to tyrosinase in the presence of 400 uM
thymol, the consumption of N-acetyl-L-tyrosine was no different from the control (Figure
21). This explains why thymol did not show any involvement in the enzymatic reactions.
Thus, it appears that thymol is not a “tyrosinase” inhibitor.

Inhibition of Redox Reaction in Melanogenesis

The formation of dopachrome from dopaquinone is extremely rapid. Therefore,
an alternative model of this reaction is required to test whether thymol affects this
nonenzymatic process. L-DOPA and p-benzoquinone were used as models instead of
leukodopachrome and dopaquinone, respectively. The consmption of p-benzoquinone
was measured by using HPLC analysis. As thymol was incubated in this model system,
the consumption of p-benzoquinone was decreased about 20 % in 10 min (Figure 22
Top). At the same time, the formation of hydroquinone was also measured in the same
manner. About 20 % of hydroquinone formation was suppressed with the addition of 400
uM thymol (Figure 22 Bottom). These results suggest thymol quenched the redox
reaction between L-DOPA and p-benzoquinone (Scheme 2). On the basis of these results,
it is logical to assume that the inhibitory action of thymol on dopachrome formation is
due to the suppression of conversion of leukodopachrome to dopachrome (Scheme 3).

Effects of Thyme Essential Oil on B16-F10 Melanoma Cells
On the basis of tyrosinase inhibitor activity, thymol did not interact with
tyrosinase; however, thymol inhibited a redox reaction in the melanin synthesis pathway.
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Tyrosinase-catalyzed dopachrome formation is a key step in melanogenesis and therefore,
inhibitors of dopachrome formation are expected to inhibit cellular melanin production.
Thus, the investigation was extended to test for the effects of thymol on murine B16-F10
melanoma cells. Carvacrol (2), p-cymene (3), thymol methyl ether (1-methyl-3-
methoxy-4-isopropylbenzene) (4), menthol (5), and a well-known depigmenting agent,
arbutin (6) were also examined for comparisons (see Figure 15 for the structures).

The investigation began with thyme essential oil since it contains thymol, and it
is commercially available. The composition of thyme oil was characterized by using a
GC-MS system. The major component of thyme oil was thymol (75.71 %), and about 80
% of the contents were thymol and carvacrol (5.47 %) in thyme oil (data not shown). The
examined highest concentration of thyme oil was 100 pg/mL, and it was the maximal
concentration tested due to a problem in solubility. Thyme oil concentration-dependently
suppressed cell viability (Figure 23A), and estimated ICso was about 150 pg/mL. The cell
viability above 12.5 pg/mL was significantly different (P <0.01) from the control. Total
melanin production was significantly suppressed (£ <0.01), up to 100 pg/mL in a
concentration-dependent manner (Figure 23B). However, thyme oil did not show any
effect on cellular melanin production (Figure 23C). As described in the introduction,
thymol is a bioactive compound in thyme oil for various biological activities; hence, the
investigation was continued using one of the components of thyme oil, thymol.

Effects of Thymol & Carvacrol on B16-F10 Melanoma Cells

Both thymol and carvacrol were noted to exhibit moderate cytotoxicity when
they were cultured with murine B16-F10 melanoma cells. The highest concentration of
thymol was 1200 uM. Cell viability of thymol-treated cells was suppressed in a
concentration-dependent manner (Figure 24A). Observed ICso was 400 uM (60.09 pg/
mL) and almost complete lethality was observed at 1200 uM. Cell viability above 75 uM
was significantly different (P <0.01) compared to the control. Total melanin production
was also suppressed in a concentration-dependent manner (Figure 24B) and this
suppression above 300 uM was significant (P <0.01). The cellular melanin production
was not suppressed but slightly increased (Figure 24C). In the case of carvacrol, similar
results were obtained in cell viability and melanin assays (Table 1). Unfortunately, both
thymol and carvacrol did not inhibit melanogenesis in cultured melanocytes even though
they inhibited dopachrome formation. Maeda and Fukuda previously reported that a
correlation was not seen between the inhibition of mushroom tyrosinase activity with that
of cellular tyrosinase or melanin formation in cultured melanocytes (2). However, the
toxicity mechanism of these monoterpenes is poorly understood, and clarification of the
mechanism of toxicity is important for further usage of thymol as food additives and for
scientific purposes. Thus, investigation was focused on identifying the mechanism of
toxicity of thymol or carvacrol.

Toxic Effects of Thymol-Related Compounds

p-Cymene (3), thymol methyl ether (1-methyl-3-methoxy-4-isopropylbenzene)
(4), and menthol (5) were tested for structure activity relationship (SAR) studies. Among
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the tested compounds, none of the compounds showed any significant cytotoxicity on
B16 melanoma cells up to designated concentrations (Table 1). It should be noted that
thymol methyl ether had relatively less solubility; hence, the tested highest concentration
of thymol methyl ether was 200 uM. The results suggested that the blocking or lacking of
hydroxyl OH group in monoterpene phenol decreased cytotoxicity against B16-F10
melanoma cells. As concluded in a previous report, phenolic hydroxyl group of thymol or
carvacrol is essential for biological activities (/6). Subsequently, menthol also did not
show significant toxicity up to 1000 uM. It indicates that the aromaticity was essential for
the toxicity.

Recovery from Thymol Toxicity

Cytotoxicity of thymol observed at 400 uM (approximately equivalent to ICso)
was suppressed by 20 % in cell viability with the addition of an equivalent concentration
of vitamin C (Figure 25A). As a result, intracellular transformation of thymol, to either a
toxic oxide by intracellular oxidation or a stable phenoxy radical to generate oxidative
stress, involved in the mechanism of toxicity of thymol. In order to examine this
postulate, the effect of vitamin E was also tested. Vitamin E showed approximately 40 %
of reversed effect in cell viability on the same thymol-treated melanoma cells (Figure
25B). Subsequently, butylated hydroxyanisole (BHA) and butylated hydroxytoluene
(BHT), were examined. Both treatments reduced the cytotoxicity of thymol by 17 % and
11 % in cell viability, respectively (Table 2). Additionally, glutathione (GSH) was tested
in the same manner. GSH is a major intracellular antioxidant molecule to eliminate
radicals as well as vitamin E. GSH treatment suppressed the toxic effect of thymol by 22
% in cell viability on B16-F10 melanoma cells. Since vitamin E, BHA, BHT and GSH
are well-known radical scavenger, their defensive effects against thymol toxicity on B16
melanoma cells explained that a radical-based toxicity was, at least, involved in the
mechanism of thymol toxicity. A surprising result was observed with the treatment of L-
cysteine on thymol-treated cells. Toxicity effect of thymol on B16-F10 melanoma cells
were reduced 15 % by the treatment of L-cysteine (Table 2). In fact, L-cysteine does not
act as either a reducing agent or a radical scavenger, but it acts as a nucleophile to react
with a Michael-addition receptor such as quinone-related compounds. This result
suggested that thymol was converted to reactive electrophilic compound(s) such as
quinone. Thus, both radical formation and toxic oxide(s) formation involved in the
mechanism of thymol toxicity.

Intracellular Oxidative Stress

Intracellular oxidative stress was measured with DCFH-DA assay. Intracellular
ROS oxidized DCFH to a highly fluorescent compound, DCF, after esterase cleaves two
acetate groups (25). After 1hr of incubation of B16-F10 melanoma cells with thymol and
DCFH-DA, cells were assayed to measure intracellular ROS. Within 75 to 300 uM, the
total ROS were increased even though cellular viability was decreased (Figure 26A and
B). The cellular ROS generation above 75 uM was significantly increased (P <0.01) in a
concentration-dependent manner (Figure 26C). The highest increase of ROS was
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observed when 600 uM of thymol was applied to the cells. About two times higher ROS
was generated than the control . It appeared that thymol acted as a prooxidant above 75
UM rather than as an antioxidant. Thus, oxidative stress was generated with a high
concentration of thymol, and involved in the mechanism of toxicity.

Morphological Change of Thymol-Treated Cells

Cellular morphological changes of thymol-treated melanoma cells were
microscopically observed. Figure 27A represents the cellular morphology of control
(DMSO treated) cells while Figure 27B is that of thymol treated cells (Figure 27A and
B). As seen in these Figures, the density of melanoma cells was significantly reduced by
the treatment of 400 uM of thymol. Further, the individual cells were enlarged compared
to DMSO treatment. As expected, after the treatment of intracellular antioxidant, GSH, to
thymol-treated cells, the morphological change of the cells was masked and became
similar to that of controls (Figure 27C). It was difficult to represent how these
morphological differences were related to the mode of action of thymol; the questions
have still been under investigations.

1.2.3 DISCUSSION

On the basis of the data obtained, it may be logical to assume that thymol
inhibits the redox reaction in melanin synthetic pathway, and this inhibition of melanin
formation is due to the radical scavenging activity of thymol. Direct proton donation from
thymol interrupts electron flow between dopaquinone and leukodopachrome. The
electron-donating isopropyl and methyl groups in ortho position contribute to stability of
phenoxy radical and their antioxidative activities, similar to previous reports (17, 18).
Furthermore, various monophenol compounds are recognized by tyrosinase and
sometimes act as monophenol substrate analogues (19, 20). However, steric hindrance
due to methyl or isopropyl groups adjacent to hydroxyl groups prevents tyrosinase from
recognizing thymol as a monophenol substrate. Thus, thymol is considered to be a unique
melanin synthesis inhibitor, but not an enzyme inhibitor.

Antioxidants work in various ways including direct quenching of ROS,
inhibition of enzymes involved in the production of the ROS, chelation of low valent
metal ions such as Fe" or Cu?*, and regeneration of membrane bound antioxidants such
as a-tocophenol (27); however, antioxidant-related radicals are usually formed during the
action. The fate of newly formed radicals from antioxidant action to humans is still
unclear. Because of this property, antioxidants are also known as a double-edged sword.
All of the obtained data suggested that thymol showed moderate toxicity without any
effects on melanogenesis. The mechanism of thymol toxicity is due to the intracellular
transformation to corresponding toxic phenoxy radical and quinone. Because of its
lipophilicity and small structural feature, thymol passively dissolves into the cell through
the lipid bilayer. Once inside the cell, thymol first acts as an antioxidant which scavenges
free radicals from the environment (13, 15, 22). However, the phenoxy radical is newly
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formed through this reaction. The contribution of the electron donating methyl or
isopropyl group in the ortho position of the phenolic hydroxyl group helps thymol to
form a relatively stable phenoxy radical (/7). Moreover, the resonance due to the
aromaticity also involved to the stabilization of phenoxy radical based on the non-toxicity
data of menthol. This thymol-derived phenoxy radical oxidizes environmental oxygen to
generate reactive oxygen species (ROS); at the same time, phenoxy radical itself is
further oxidized to form quinone oxide-related compounds (Scheme 4). Excess level of
free radicals and of quinone-related compounds are known to lead oxidative stress in
cells, which causes serious damage, such as diabetes, mellitus and coronary
arteriosclerosis (23, 24), as well as being linked with aging and carcinogenesis (235).

Now, it is logical to conclude that the oxidative stress-related toxicity mechanism
is the major mechanism of thymol toxicity. The moderate cytotoxicity of thymol or thyme
oil is, interestingly, non-specific to all organisms; for example, they show the cytotoxic
effect against bacterial strains including Escherichia coli, Aeromoans hydrophila and
Staphylococcus aureus (26, 27), or fungi strains such as Candida albicans and
Saccharomyces cerevisiae (28, 29). For all organisms, from humans to microorganisms,
the oxidative phosphorylation in mitochondria is an essential metabolic pathway to create
energy for their activities; however, ROS such as superoxide and hydrogen peroxide are
usually propagated in this process. Thus, the excess amounts of thymol administration
leads to the excess level of proton-donating/radical-scavenging action in order to
eliminate these ROS; this leads to the generation of toxic levels of phenoxy radical
intermediates. Therefore, thymol acts as a prooxidant rather than an antioxidant at high
concentrations.

In the case of thymol, the radical-scavenging effect of thymol depletes an active
electron in melanin synthesis, but antioxidant-related phenoxy radicals are newly formed.
From our experimental results, the inhibitory mechanism of thymol on melanogenesis is
due to the inhibition of the redox reaction between dopaquinone and leukodopachrome
without any interaction with tyrosinase. Thus, this antimelanogenic effect (directly link to
the antioxidative effect) in addition to antimicrobial and antioxidant activities allows
thymol to be a multifunctional additive. However, at the high concentration, thymol
shows moderate oxidative toxicity due to this antioxidant property. The fate of radicals
newly formed through the antioxidant action promotes further formation of ROS and new
thymol-derived superoxide related ROS. Because of this property, antioxidants, the
careful consideration is required for the usage of thymol. However, the concentration that
shows the considerable toxicity by thymol is relatively high, but as food additives, the
toxic effect of thymol may be negligible. Moreover, Kohlert et al. reported that most of
the thymol (>90%) administrated orally is excreted as a conjugate with glucuronide or
sulfate in 40 hrs (30). Therefore, at low concentration, thymol may be an alternate choice
to non-natural food additives for the purpose of antibrowning. Despite its advantage as an
additive, the site of action including the metabolism is still unclear. Even though the part
of effect of thymol on tyrosinase and B16-F10 melanoma cells has been clarified in this
study, there are various uncertainties for the purpose of the applications.
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Figure 15. Chemical structures of thymol and related compounds.
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Figure 16. UV-Vis spectra at 475 nm obtained in oxidation of 100
UM of L-tyrosine by mushroom tyrosinase in presence or absence of
thyme oil for 60 min. Concentrations of thyme oil were selected at
33.3 pg/mL (2) and 66.6 pg/mL (3). Line 1 represents oxidation of L-
tyrosine by mushroom tyrosinase in absence of thyme oil.
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Figure 17. (A): UV-vis spectra at 475 nm obtained in oxidation of 100 uM of L-tyrosine by
mushroom tyrosinase in presence or absence of thymol for 60 min. Concentrations of thymol
were selected at 100 uM (2), 200 uM (3) and 400 uM (4). Line 1 represents oxidation of L-
tyrosine by mushroom tyrosinase in absence of thymol. (B): Oxygen consumption of oxidation of
L-tyrosine (100 uM) by mushroom tyrosinase in presence or absence of thymol for 60 min. The
concentrations of thymol were 400 uM (1), 200 uM (3) and 100 pM (3). Line 4 represents the
oxygen consumption of oxidation of 100 uM of L-tyrosine by mushroom tyrosinase in absence of
thymol.
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Figure 18. Consecutive UV-vis spectra obtained in the oxidation of 100 uM of L-tyrosine by
mushroom tyrosinase in absence (A) or presence (B) of 400 uM of thymol for 60min. Scan speed
was at 2 min intervals for 30 s. the arrows (1) designate the evolution of the peak.
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Figure 19. UV-vis spectra at 475 nm obtained in oxidation of
100 uM of L-tyrosine by mushroom tyrosinase in presence or
absence of thymol and a cofactor for 60 min. Mushroom
tyrosinase was preincubated with 10 pM of L-DOPA for
3min, and then L-tyrosine was added. Concentrations of
thymol were selected at 400 puM (2). Line 1 represents
oxidation of L-tyrosine by mushroom tyrosinase in absence of
thymol.
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Figure 20. UV-vis spectra at 475 nm obtained in oxidation of 100
UM of L-tyrosine by mushroom tyrosinase in presence or absence
of thymol and butylated hydroxyanisole mixture for 60 min.
Concentration of thymol was 100 pM. Concentrations of
butylated hydroxyanisole were selected at 100 uM (2), 50 uM (3)
and 0 pM (4). Line 1 represents oxidation of L-tyrosine by
mushroom tyrosinase in absence of both thymol and butylated
hydroxyanisole.
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Figure 21. HPLC analysis of N-acetyl-L-tyrosine (100 puM)
oxidation by tyrosinase in presence (©) or absence (®) of thymol
(400 uM). Sampling time was chosen at 0 min, 15 min, 30 min, 45
min and 60 min. HPLC operating conditions were as follows;
Develosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi,
Aichi, Japan). Solvent; 15 % MeCN/H20 containing 0.2 % TFA,
Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range,
injected amount; 25 pL. Curve fitting in order to connecting the
points smoothly, is done with SigmaPlot (Systat Software, Inc.).
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Figure 22. Top: HPLC analysis of the redox reaction of p-benzoquinone (400 uM) and L-DOPA (200 M)
in absence (1) or presence (2) of 400 uM of thymol in buffer (without tyrosinase). Sampling time was
chosen at 0 min (A), 10 min (B), and 20 min (C). HPLC operating conditions were as follows; Develosil
ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 10 % MeCN/H20 containing
0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 245 nm, 0.02 range, injected amount; 25 pL. Peak a
represents p-benzoquinone. Bottom: HPLC analysis of L-DOPA (200 uM) oxidation by p-benzoquinone in
absence (1) or presence (2) of 400 pM of thymol in buffer (without tyrosinase). Sampling time was chosen
at 0 min (A), 10 min (B) and 20 min (C). HPLC operating conditions were as follows; Develosil ODS-
UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 10 % MeCN/H20 containing 0.2 %
TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.04 range, injected amount; 25 pL. Peak a and b
represent p-benzoquinone and hydroquinone, respectively.
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Scheme 2. The inhibitory effect of thymol on the redox reaction between
p-benzoquinone and L-DOPA.
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Figure 23. (A) Viabilities of B16-F10 melanoma cells following treatment with
thyme oil for 72hr; data is expressed as a percentage of the number of viable cells
observed with the control, and each column represents the mean + S.D. of at least 4
determinations. (B) Total melanin content in B16 melanoma cells following
treatment with thyme oil for 72hr; data is expressed as a percentage of melanin
content per well observed with the control, and each column represents the mean +
S.D. of 4 determinations. (C) Cellular melanin content in B16 melanoma cells
following treatment with thyme oil for 72hr measured as a percentage of melanin
content per cell observed with the control, and each column represents the mean +
S.D. of 4 determinations. The statistical significance of differences was evaluated
using Student’s or Welch’s #-test. Significantly different from the control value: *p
<0.05, **p <0.01.
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Figure 24. (A) Viabilities of B16-F10 melanoma cells following treatment with thymol
for 72hr; data is expressed as a percentage of the number of viable cells observed with
the control, and each column represents the mean + S.D. of at least 4 determinations.
(B) Total melanin content in B16 melanoma cells following treatment with thymol for
72hr; data is expressed as a percentage of melanin content per well observed with the
control, and each column represents the mean + S.D. of 4 determinations. (C) Cellular
melanin content in B16 melanoma cells following treatment with thymol for 72hr
measured as a percentage of melanin content per cell observed with the control, and
each column represents the mean + S.D. of 4 determinations. The statistical significance
of differences was evaluated using Student’s or Welch’s #-test. Significantly different
from the control value: *p <0.05, **p <0.01.
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Table 1. Summary of the cytotoxic effect of thymol and of its related compounds

Tested Compounds I1Cso (ng/mL) LogP?
Thyme Oil N/A (~150) N/A
Thymol 400 uM (60.09) 3.37
Carvacrol 550 uM (82.62) 3.37
Thymol Methyl Ether >200 uM (>32.84) 3.63
p-Cymene >1000 uM (>134.22) 3.76
Menthol >1000 uM (>156.27) 2.75

2ogP was calculated with ChemBioDraw Ultra 12
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Figure 25. (A) Viabilities of B16 melanoma cells following treatment with 400 uM of thymol in
the presence (VC1-VC3) or absence (TH) of vitamin C for 72hr. The concentrations of vitamin C
applied to thymol treated cells were chosen at 200uM (VC1), 400uM (VC2) and 800uM (VC3).
Cells are also treated with 800puM of vitamin C without thymol (VC). (B) Viabilities of B16
melanoma cells following treatment with 400 uM of thymol in the presence (VE1-VE3) or
absence (TH) of vitamin E for 72hr. The concentrations of vitamin E applied to thymol treated
cells were chosen at 100uM (VEL), 200uM (VE2) and 400uM (VE3). Cells are also treated with
400uM of vitamin E without thymol (VE). Data is expressed as a percentage of the number of
viable cells observed with the TH control, and each column represents the mean + S.D. of at least
4 determinations. The statistical significance of differences was evaluated using Student’s or
Welch’s #-test. Significantly different from TH control value: *p <0.05, **p <0.01.
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Table 2. Summary table of the effect of tested treatment on thymol-applied B16 melanoma cells

Tested Treatments  Max. Recovery (%) Mechanism?
Vitamin C 23 Two e- Reduction/Radical Scavenging
Vitamin E 40 Radical Scavenging
BHA 17 Radical Scavenging
BHT 11 Radical Scavenging
GSH 22 Two e Reduction/Radical Scavenging
L-Cysteine 15 Nucleophilic Addition

aPossible mechanism to mask thymol cytotoxicity
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Figure 26. (A) Viabilities of B16-F10 melanoma cells following treatment with
thymol for 1 hr; data is expressed as a percentage of the number of viable cells
observed with the control, and each column represents the mean + S.D. of at least 4
determinations. (B) Total ROS contents in B16 melanoma cells following treatment
with thymol for 1 hr; data is expressed as a percentage of ROS content per well
observed with the control, and each column represents the mean + S.D. of 4
determinations. (C) Cellular ROS contents in B16 melanoma cells following treatment
with thymol for 1 hr measured as a percentage of ROS contents per cell observed with
the control, and each column represents the mean + S.D. of 4 determinations. The
statistical significance of differences was evaluated using Student’s or Welch’s #-test.
Significantly different from the control value: *p <0.05, **p <0.01.
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Figure 27. Cellular morphological change of B16-F10 melanoma cells. A represents cellular
morphology of DMSO treated melanoma cells while B indicates morphological change of
thymol (400 uM) treated B16 melanoma cells. C shows that morphology of melanoma cells
treated with thymol (400 uM) and glutathione (400 pM).
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Scheme 4. Postulated mechanism of cytotoxicity of thymol on B16-F10 melanoma cells.
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1.3 Conclusions and Remarks

Through the experiments with monophenol derivatives, the structural features of
chemicals have a severe impact on tyrosinase-catalyzed melanin formation and the effect
on B16-F10 melanoma cells. In the case of arbutin, it is a poor substrate of tyrosinase;
however, because of the slow rate of oxidation of arbutin, tyrosinase activity was
suppressed. The oxidation of arbutin conduces a further result; the corresponding o-
quinone of arbutin is formed, and it leads to the melanocytotoxicity in B16 melanoma
cells. As a result, cellular melanin content is reduced. On the other hand, thymol is not a
substrate due to a problem in steric hinderance. In fact, thymol does not interact with
tyrosinase; however, because of its antioxidative effect, thymol inhibits the redox reaction
in melanogenesis. Moreover, in the case of thymol, the newly formed thymol-derived
phenoxy radical causes prooxidative toxicity. As a result of cell free and cellular assays
with arbutin and thymol, a small difference of the position and the types of functional
groups causes a big impact on the difference in mechanism of action. In addition, the
dynamic structural change through the enzymatic and chemical reactions may determine
the cellular effects including cytotoxicity.
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1.4 Materials and Methods

General

General procedures were the same in the previous work (37-33). The assays
were performed in triplicate on separate occasions. Cells were viewed in 96-well plates
approximately 72 hours after the chemical treatment.

Materials

Thyme oil, manufactured by NOW Foods (Bloomingdale, IL), was purchased at
a local grocery store. Arbutin, thymol, carvacrol, menthol, p-cymene, 4-hydroxyanisole
and hydroquinone were purchased from Aldrich Chemical Co. (Milwaukee, WI). L-
Tyrosine, L-DOPA, L-cysteine, L-ascorbic acid (vitamin C), butylated hydroxyanisole,
butylated hydorxytoluene, 2°,7’-dichlorodihydrofluorescin diacetate (DCFH-DA),
dimethyl sulfoxide (DMSO) and a protease inhibitor cocktail were purchased from Sigma
Chemical Co. (St. Louis, MO). 1-methyl-3-methoxy-4-isopropylbenzene (thymol methyl
ether) was purchased from SASF Supply Solutions (St. Louis, MO). a-tocophenol
(vitamin E) was purchased from Lancaster Synthesis Inc. Pelham, NH). Glutathione was
purchased from EASTMAN KODAK CO. (Rochester, N.Y.). 4-tert-butylcatechol was
purchased from Fluka Chemika (Buchs, Switzerland). 1-methyl-3-methoxy-4-
isopropylbenzene was purchased from SASF Supply Solutions (St. Louis, MO). N-acetyl-
L-tyrosine was purchased from Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). Fatal
bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM), and 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay
kit were purchased from ATCC (Manassas, VA, USA).

Instrumentation - Gas Chromatography-Mass Spectrometry (GC-MS)

The composition of thyme oil was analyzed by a GC-MS system (GC-17A/
QP5050; Shimadzu Co., Ltd., Kyoto, Japan) equipped with a DB-5 column (30 m x 0.25
mm i.d., 0.25 pm film thickness; J & W Scientific Inc.). The temperature program was as
follows: 45 °C for 8 min, followed by increases of 2.5 °C/min to 180 °C, and 10 °C/min
to 250 °C, and holding for 3 min. The other parameters were as follows: injection
temperature, 250 °C; ion source temperature, 250 °C; ionization energy, 70 eV; carrier
gas, Helium (He) at 1.7 mL/min; injection volume, 1 pL (90 ug/mL Et:0O); split ratio,
1:20; mass range, m/z 50 to 450.

Enzyme/Spectrophotometric Assay

General procedures were the same as the previous works (34, 35) but slightly
modified. All assays were performed in triplicate on separate occasions. The mushroom
tyrosinase (EC 1.14.18.1) used for the bioassay was purchased from Sigma Chemical Co.
and was purified by anion-exchange chromatography using DEAE-Sepharose Fast Flow
(Pharmacia, Uppsala, Sweden) as previously described (36). The current experiment was
subjected to use the purified tyrosinase. Although mushroom tyrosinase differs somewhat
from those of other sources, this fungal enzyme was used for the entire experiment
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because it is readily available. Throughout the experiment, L-DOPA or L-tyrosine was
used as a substrate. In general, L-tyrosine was mainly used as a substrate since it is a
natural substrate of tyrosinase. In a spectrophotometric experiment, the enzyme activity
was monitored by dopachrome formation at 475 nm with a SpectraMAX Plus Microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA) at 30 °C. All samples were first
dissolved in DMSO and used for the experiment after dilution. The final concentration of
DMSO in the test solution was always 3.3%. The assay was performed as previously
reported with slight modifications. First, 100 uL of a 3 mM L-DOPA or L-tyrosine
aqueous solution was mixed with 2.1 mL of filtered distilled H2O and 600 pL of 250 M
phosphate buffer (pH 6.8) and incubated at 30 °C for 5 min. Then, 100 pL of the sample
solution and 100 pL of the same phosphate buffer solution of the purified mushroom
tyrosinase (1 pg/mL) were added in this order to the mixture. Results were expressed as
in absorbance unit with appropriate wavelength (nm), and all data were processed with
SigmaPlot 10 software (Systat Software Inc.).

Oxygen Consumption Assay

In general, procedure was previously described (34, 35). Briefly, 100 uL of a 3
mM L-DOPA or L-tyrosine aqueous solution was mixed with 2.1 mL of distilled H20O,
600 uL of 67 mM phosphate buffer (pH 6.8) and 100 pL of sample-DMSO solution was
incubated at 30 °C for 5 min. Then, 100 pL of the same phosphate buffer solution of the
purified mushroom tyrosinase (1 pg/mL) was added and oxygen consumption was
measured with an OBH 100 oxygen electrode and an oxygraph equipped with a water-
jacket chamber of YSI 5300 (all from Yellow Springs Instruments Co., Yellow Springs,
OH) maintained at 30 °C for 60 min. The results were expressed as the oxygen
consumption in uM, and calibration of an oxygen electrode was performed by using 4-
tert-butylcatechol and excess tyrosinase according to the previous report (37). All assays
were performed in triplicate on separate occasions.

HPLC analysis

Time-dependent consumption of substrates and/or formation of products were
monitored with HPLC analysis. The HPLC analysis was performed on an EYELA
LPG-100 (Tokyo Rikakikai Co. Ltd., Tokyo, Japan) with an EYELA UV-7000 detector
(Tokyo Rikakikai Co. Ltd., Tokyo, Japan) and Develosil ODS-UG-5 column (4.6 x 150
mm, Nomura Chemical Co., Ltd., Japan). In general, the operating conditions were as
follows: solvent; 7% MeCN/H>O containing 0.2 % TFA, flow rate; 1.0 mL/min,
detection; UV at 280 nm, injected amount; 20 pL from above described 3 mL assay
system. For analysis, samples were collected from the reaction mixtures described above
at certain time points. The peak heights of each chromatographic peak were used to
monitor the consumption of substrates and/or formation of products. In appropriate
occasions, the results were expressed with the ratio of the height of sample peaks to that
of control one, and then points were connected smoothly using the statistical software.
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Cell culture

B16-F10 mouse melanoma cells (CRL-6475) were obtained from ATCC
(Manassas, VA, USA), and cultured in continuous log phase growth in DMEM containing
10 % FBS. Cells were seeded in 96-well plates (2000 cells/well) and incubated at 37 °C
in 5 % CO2 for about 24 h before chemical treatment. Each chemical was applied in

duplicate with a final content of 0.1% DMSO, and treated cells were cultured for 72 h
before assays.

Melanin assay

The melanin content was determined as previously described (38, 39) with
minor modifications. Cells were washed with PBS, harvested by trypsinization, and
centrifuged for 10 min at 1500 x g. The cell pellets were then dissolved in 1.0 M NaOH
containing 10 % DMSO during 2 h incubation at 80 °C. Melanin content was measured at
475 nm using a SpectraMax Plus spectrophotometer and SoftMax Pro software
(Molecular Devices, Union City, CA, USA).

Cell viability assays

Cell viability was determined by trypan blue exclusion and MTT cell
proliferation assays. Both bioassays basically provided the same results but the
concentration leading to 50 % viable cells lost (ICso) was established by trypan blue assay
for steady comparison purpose. The appropriate concentrations of the test chemicals were
selected by microscopic observation of the preliminary cell viability assay using a Nikon
Diaphoto TMD (Nikon, Tokyo, Japan).

Trypan blue method

Cells were washed with PBS, and dispersed by trypsinization. An aliquot of the
cells was mixed with a half volume of DMEM containing 10 % FBS, and then mixed
with trypan blue solution (final content 0.1 %) at room temperature. Unstained cells
(viable cells) were counted using a hemocytometer within 10 min after mixing with
trypan blue solution.

MTT method

Cells were washed with PBS, and dispersed with trypsinization, and an aliquot
of the cells was seeded in 96-well plates and incubated with DMEM containing 10 %
FBS at 37 °C in 5 % COz for 16 to 24 h. At the end of the period, 10 pl of MTT reagent
were added to each well, which was then incubated at 37 °C in 5 % COx for 4 h. Then,
100 pl of detergent reagent were added to each well. The plate was kept at room
temperature in the dark for 2 h, and a relative amount of MTT reduction was determined
based on the absorbance at 570 nm using a SpectraMax Plus spectrophotometer and
SoftMax Pro software (Molecular Devices).
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DCFH-DA method

The level of intracellular reactive oxygen species (ROS) in B16-F10 melanoma
cells was measured by DCFH-DA method. Intracellular ROS oxidized the DCFH to a
highly fluorescent compound, DCF, after esterase cleaves two acetate groups (40).
General procedures are listed as previously described (41, 42) with minor modifications.
Shortly, the cultured cells were incubated with the sample and DCFH-DA reagent for 60
min at 37 °C in the dark. After the incubation, cells were removed from the plate with
trypsinization in order to measure fluorescent. The amount of formed DCF was measured
using fluorolog-3 with DataMax (Instruments S.A., Inc. NJ, USA) with the excitation
wavelength at 485 nm and the emission wavelength at 520 nm.

Cellular homogenate preparation

B16-F10 melanoma cells were cultured in flasks for 72 hrs for the designated
concentration (~ 10% cells). On the day of the assay, cells were harvested with
trypsinization in Ca/Mg free PBS. Buffer A (PBS with 1% of protease inhibitor cocktail)
was added to stop further activity of typsin. Corrected cell mixture was centrifuged at
1,000 x g for 5 min at 4 °C. Corrected pellet was dissolved with buffer A, and was lysed
with a sonic homogenizer for 30s. The mixture was centrifuged at 5,000 x g for 15 min at
4 °C. The corrected supernatant was used as cytosolic fraction for assays.

Statistical analysis

The statistical significance of differences was evaluated by either Student's or
Welch's #-test after examining the variances using F test and **p <0.01 was considered to
be statistically significant.
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Chapter 2

Resorcinolic Lipids
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2.1 Effect of Cardols on Mushroom Tyrosinase and B16 Melanoma Cells

2.1.1 INTRODUCTION

Resorcinol moiety is one of the most abundant chemical functional groups in
nature; many natural products including cardols, flavonoids, and stilbenoids contain the
resorcinol moiety as a part of their structures. In our continuing search for a melanin
formation inhibitor from natural sources, cardol triene, 5[8(Z),11(Z),14-pentadecatrienyl]
resorcinol, cardol diene, 5[8(Z),14-pentadecadenyl]resorcinol, and cardol monoene, 5[8
(Z)-pentadecaeyl]resorcinol, were previously isolated from the cashew Anacardium
occidentale L. (Anacardiaceae) in our previous studies (/), and in this paper, for
simplicity, referred to as cardol (Cis:3) (1), cardol (Cis:2) (2) and cardol (Cis:1) (3) (see
Figure 28 for the structures), respectively. Cardols are identified in many edible plants
such as pistachio, Pistacia vera, macadamia, Macademia ternifolia, and mango, Magifera
indica (2). Cashew nutshell liquid, a natural resin found in cashew nutshell, is also known
to contain cardols (3). In addition, similar resorcinolic lipids were also characterized from
grain plants such as wheat and rye (4). The biological significance, including
antimicrobial and antioxidative activities of these cardols with cashew, has been
extensively studied (5-8). In addition to these well-studied biological activities, cardols
(Cis:3, Cis:2, and Cis.1) showed the competitive inhibition on the oxidation of L-DOPA in
previous reports (/), and hence, they are expected to inhibit tyrosinase activity. 5-
pentylresorcinol, commonly known as olivetol, is also a naturally occurring resorcinolic
lipid. For the comparative simplicity, S-pentylresorcinol is referred to as cardol (Cs:o) (6).
Cardol (Cs.o) is characterized from some certain lichens such as oakmoss, Evernia
prunastri (L) Ach. (9). As well as cardols (Cis::), some biological activities of cardol
(Cs:0) such as an antioxidative effect, are previously reported (5). In spite of the wide
variety of biological outcome of cardols, the influence of these naturally occurring
resorcinolic lipids on melanogenesis and toxicological action in mechanistic points of
view are not fully understood. These aspects and questions prompt us to investigate
cardols.

2.1.2 RESULTS

Effect of Cardols on L-tyrosine Oxidation

L-tyrosine oxidation is one of the key steps in Raper-Mason mealanin synthetic
pathway. Hence, the inhibitory activity of cardols on the oxidation of L-tyrosine was
examined first. Tyrosinase activity was monitored with three different methods: UV-Vis
spectra at 475 nm, oxygen consumption, and high performance liquid chromatography
(HPLC) analysis. Tyrosinase (1.0 pg/mL) was incubated with L-tyrosine (100 uM) and
inhibitors for 60 min. Cardol (Cis:3) reduced dopachrome formation in a concentration-
dependent manner with UV-Vis spectra assay (Figure 29A). The addition of cardol (Cis:3)
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did not extend the lag phase. It should be noted that cardol (Cis:3) was highly lipophilic
and 1s extremely difficult to be dissolved in the water-based solutions; hence, examined
highest concentration was 2.5 uM (data not shown). In addition to that, cardol (Cis:3) was
used rather than the other cardol (Cis..). This is because there is no difference in
inhibitory activity due to the presence of double bonding was observed in current or
previous studies (data not shown) (/0, /7). Hence, the most soluble compound, cardol
(Cis:3) was place as a central for the assay. Oxygen consumption of L-tyrosine with the
addition of cardol (Cis:3), surprisingly, was almost exactly the same as that of the control
(Figure 29B). The results of UV-Vis and oxygen consumption assays were usually
followed by each other. Thus, this difference in the results may be the key to clarify the
mechanism of inhibition. Subsequently, the effect of cardol (Cs.o) or olivetol on
tyrosinase-catalyzed L-tyrosine oxidation was also measured. With the UV-Vis assay,
cardol (Cs.o) suppressed dopachrome formation in a dose-dependent manner (Figure
30A). The typical lag phase was observed and this lag phase was extended with the
addition of a higher concentration of cardol (Cs.o). Interestingly, in the case of cardol
(Cs.0), the concentration-dependent inhibitory activity was also observed with the oxygen
consumption assay (Figure 30B). At this point, several differences in the results were
observed, which implies that pentadeca(en)yl and pentyl alkyl side chains exhibit the
different inhibitory mechanism of tyrosinase (since both molecules share the same
resorcinol moiety).

Effect of Cardols on L-DOPA Oxidation

The effect of cardols on L-DOPA oxidation was also tested. Both cardols
inhibited tyrosinase-catalyzed L-DOPA oxidation. As a result of UV-Vis spectra at 475
nm, dopachrome formation was suppressed with the addition of cardol (Cis:3) in a dose-
dependent manner, but the inhibitory activity was very weak (Figure 31A). 10-19 % of
dopachrome formation was disrupted with the addition of cardol (Cis:3). For the first 5
min, the inhibitory effect was not observed; however, the inhibitory effect was larger at
the end of the reaction. This weak inhibitory effect of cardol (Cis:3), surprisingly, was not
observed with the oxygen consumption assay (Figure 31B). The addition of 2.5 uM
cardol (Cis:3) or a lower concentration of cardol (Cis:3) did not show any inhibition on the
consumption of oxygen during tyrosinase-catalyzed L-DOPA oxidation. Thus, it appeared
that cardol (Cis:3) did not inhibit the oxygen consumption of tyrosinase-catalyzed reaction
but did inhibit dopachrome formation. With the consecutive UV-Vis assay, cardol (C15:3)
showed a weak inhibitory activity on dopachrome formation (Figure 32A and B). In the
consecutive spectra, the peak at 320 nm and 475 nm were slightly suppressed, which
indicated that dopaquinone and dopachrome formation was reduced. In the case of cardol
(Cs.0), the inhibitory activity was observed with both UV-Vis and oxygen consumption
assay. In Figure 33A, cardol (Cs.o) slightly suppressed L-DOPA oxidation in a
concentration-dependent manner. The dopachrome formation was delayed with the
addition of cardol (Cs.0); however, the tyrosinase activity was not completely diminished.
In other words, no inactivation of tyrosinase was observed. In the case of cardol (Cs.o), it
showed inhibitory effect on oxygen consumption of tyrosinase-catalyzed reaction unlike
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cardol (Cis:3) (Figure 33B). Similar to Figure 33A, cardol (Cs.o) dose-dependently
inhibited the oxygen consumption of tyrosinase-catalyzed L-DOPA oxidation (Figure
33B). It should be noted that the difference between the assay of UV-Vis and oxygen
consumption was experimental condition due to instrumental restriction: static vs.
stirring. In UV-Vis assay, there is no option to stir the reaction mixture during the assay;
however, oxygen consumption has to be monitored in a stirring condition. It is possible
that this physical interruption with a stirrer leads to the difference in the results of
inhibition. This postulate was further confirmed using the HPLC assay. Tyrosinase
activity was monitored under two conditions: static and stirring. In a stirring condition,
the reaction mixture was stirred in an entire reaction period, while, in a static condition,
the reaction was proceeded without any mixing. Since the available oxygen in cuvette
was about 250 uM, there is enough oxygen for 100 uM L-DOPA oxidation in a static
condition. In the case of cardol (Cis:3), as expected, the inhibitory effect was diminished
with the introduction of stirring. In Figure 34A, L-DOPA consumption was suppressed by
about 13 % in L-DOPA consumption with the addition of 2.5 uM cardol (Cis:3); however,
tyrosinase-catalyzed L-DOPA consumption in a stirring condition was not inhibited even
though 2.5 uM cardol (Cis:3) was added (Figure 34B). This unique and considerable
difference was not observed in the case of cardol (Cs.0). In a static condition, cardol (Cs:.o)
inhibited L-DOPA oxidation about 16.7 %. This inhibitory effect for first 10 min was
slightly reduced; however, about 17 % of inhibition was still observed at the end of
reaction in a stirring condition (Figure 35A and B). This implied that the secondary effect
was involved in the inhibitory effect of cardol (Cis:3) since the simple competitive
binding of resorcinol moiety to binuclear copper cannot be disrupted by stirring. From
this point of view, it is now possible to postulate that weak interaction of cardol (Cis:3) to
tyrosinase is required to inhibit its activity. The lipophilicity of cardol (Cis:3) is relatively
high and it is possibly to interact with the hydrophobic region of the enzyme. This
postulate is probably not applied to the case of cardol (Cs.o) since the hydrophobicity of
cardol (Cs.) is significantly lower than that of cardols (Cis:3). The difference in log P of
cardol (Cis:3) and cardol (Cs:o) is 6.68 and 3.41, respectively. Thus, the investigation was
extended to search for the effect of alkyl chain of resorcinolic lipid on tyrosinase activity.

Effect of Cardols on N-acetyl-L-tyrosine Oxidation

To test our postulate, N-acetyl-L-tyrosine was used to examine the “direct”
interaction of resorcinolic lipids to tyrosinase. Because of the blockage of intracyclization
of N-acetyldopaquinone, only the tyrosinase-catalyzed reaction step in melanin synthesis
can be examined with N-acetyl-L-tyrosine. First, the effect of 1 uM cardol (Cis:3) on
tyrosinase (1.0 pg/mL) was examined with 100 uM N-acetyl-L-tyrosine in a stationary
phase. HPLC assay was used to determine the tyrosinase activity. Cardol (Cis:3)
suppressed the consumption of N-acetyl-L-tyrosine by tyrosinase (Figure 36A). The
inhibitory effect of cardol (Cis:3) was not observed until 30 min, and after 30 min the
inhibitory effect was significantly observed, suggesting that inhibitory interaction of
cardol (Cis:3) was slow interaction. This inhibitory effect was not observed in a stirring
condition as observed with UV-Vis or oxygen consumption assays (Figure 36B).
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Similarly, cardol (Cs.0) showed inhibition on N-acetyl-L-tyrosine oxidation in a stationary
phase (Figure 37A). The inhibitory effect of cardol (Cs.o) was observed by the first 15
min, indicating that cardol (Cs.o) exhibited fast interaction. In the case of cardol (Cs.o), it
also showed the inhibitory effect on N-acetyl-L-tyrosine consumption in a “stirring”
condition (Figure 37B). Based on the result, both cardol (Cis:3) and cardol (Cs.o) showed
direct inhibition on tyrosinase. Because both cardols inhibit monophenolase activity of
tyrosinase, presumably they interact with oxy-tyrosinase; however, the mechanism of the
inhibition should be different.

Effect of Cardol (C10.0) on Tyrosinase

There is a considerable difference between two tested cardols, and presumably
the difference is due to the hydrophobicity of alkyl chain. Hence, the eftect of
hydrophobicity of alkyl chain on mushroom tyrosinase was examined using cardol (Cio:0)
(5). The tyrosinase activity was monitored using HPLC since this instrumental assay
allowed to test two different conditions: static and stirring. In Figure 38A, cardol (Cio:0)
showed the significant inhibitory effect on the L-DOPA consumption in a static condition.
The inhibitory effect was more potent (55.6 % of inhibition) than the other two cardols,
which may indicate that there is an optimal length of hydrophobic alkyl chain for the
inhibitory effect. This inhibitory effect, interestingly, was reduced in the case of stirring
condition; however, unlike cardol (Cis:3), cardol (Cio:0) still inhibited L-DOPA oxidation
by 34.4 % (Figure 38B). The inhibitory effect of cardol (Cio:0) on tyrosinase-catalyzed N-
acetyl-L-tyrosine oxidation was also examined. Cardol (Cio.0) suppressed the
consumption of N-acetyl-L-tyrosine in a stationary phase (data not shown). This
inhibitory effect was slightly decreased by the stirring. It appeared that the inhibitory
effect of cardols is disrupted as if the cardol has a longer alkyl chain. In other words,
cardol with a longer alkyl chain requires slow and weak interaction, and the interaction is
easily disrupted by the stirring.

Preincubational Effect of Cardols

Preincubational effect of cardols on tyrosinase-catalyzed melanin formation was
also examined. Cardol (Cis:3) and cardol (Cs.o) was first incubated with tyrosinase for 0,
10, or 20 min and then L-DOPA was added as a substrate to start the reaction. All of the
reaction was proceeded in a stationary phase, and tyrosinase activity was measured with
HPLC assay. Inhibitory effect of cardol (Cis:3) on dopachrome formation was enhanced
with 10 and 20 min of preincubation (Figure 39A) in a time-dependent manner while
cardol (Cs.0) did not enhance its inhibitory activity with 10 or 20 min of preincubation
(Figure 39B). It appeared that there is a difference in results of the preincubational effects
between pentadeca(en)yl and pentyl alkyl chain of cardols, indicating that there is a
correlation between the preincubational effects and hydrophobicity. The enhancement of
inhibitory effect by preincubation was increased with the extension of the preincubational
period in only the case of cardol (Cis:3). This suggested that hydrophobic inhibitory
interaction requires “time” and this had been shown in previous data (Figure 29, 31, 34,
and 36). Moreover, this preincubational effect of cardols were also observed when L-
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tyrosine was used as a substrate (data not shown), suggesting that, as described, both
cardols interact with oxy-tyrosinase as a monophenol analogue.

Irreversibility of Inhibitory Effect of Cardols

For further proof of our postulate (hydrophobic inhibitory interaction), the
irreversibility of the inhibition was examined. Thus, the effect of stirring during the
reaction was tested. Cardol (Cis:3) or cardol (Cs.0) was added with the mixture of L-
DOPA (1000 uM) and tyrosinase (1.0pg/mL). Since the amount of residual oxygen is
approximately 250 uM, only 500 uM L-DOPA was able to oxidize for the first 15 min. At
15 min the reaction mixture was mixed with a voltex to add oxygen to help further L-
DOPA oxidation. In Figure 40A, cardol (Cis:3) suppressed L-DOPA oxidation for the first
15 min and further oxidation of L-DOPA was not observed even though the mixture was
mixed compared to the control. However, further oxidation of L-DOPA was observed for
the last 15 min in the case of cardol (Cs.o) as well as the first half (Figure 40B). There was
no difference in L-DOPA consumption between the sample and control before and after
the mixing in the case of cardol (Cs.o) (the control and sample lines were parallel to each
other for 30 min), which is probably due to the continuous competitive binding of cardol
(Cs.0). Thus, cardol (Cis:3) did inhibit tyrosinase-catalyzed melanin formation irreversibly
while cardol (Cs.0) did it reversibly. In addition to these two cardols, cardol (Cio.0) was
also tested for a comparison (data not shown). In the case of cardol (Cio.0), the further
oxidation of L-DOPA after 15 min was observed, but the amount of consumed L-DOPA
after 15 min was in between cardol (Cs.0) and cardol (Cis:3). This ultimately suggests that
there is a correlation between the length of alkyl side chain and the irreversibility of the
inhibitory effect. Combining all of the results obtained, cardol (Cis:3) irreversibly inhibits
tyrosinase activity through the hydrophobic portion of the alkyl chain. On the other hand,
cardol (Cs.o) inhibitory mechanism is simply the competitive binding of resorcinol
moiety, in which similar examples have been previously reported (/2-74). Thus, both
hydrophilic resorcinol moiety and hydrophobic pentadeca(en)yl side chain play an
important role to inactivate the enzyme activity. More, specifically, the resorcinol moiety
first quickly competes with the binuclear copper active site as a substrate analogue, and
then the hydrophobic pentadeca(en)yl side chain slowly interacts with the hydrophobic
domain proximate to the active site in the enzyme. The inactivation of the enzyme by
cardols undergoes without oxygen, indicating that k.., type inactivation (inactivation of
the enzyme by products of the reaction) is not involved. This tyrosinase inactivation
activity of cardols can be explained by their structural feature.

Effect of Cardols on B16-F10 Melanoma Cells

In a preliminary cell free experiment using mushroom tyrosinase, 5-pentadeca
(en)ylresorcinols, cardols (Cis:n), were found to inactivate the mushroom tyrosinase
without being oxidized. Tyrosinase-catalyzed dopachrome formation is a key step in
melanogenesis and therefore, inhibitors of dopachrome formation are expected to inhibit
cellular melanin production. Thus, the investigation was extended to test for the effects of
cardols on murine B16-F10 melanoma cells. The investigation was began with cardol
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(Ci5:3) (1) because cardol (Cis:3) was placed on the center in cell free experiments due to
its highest solubility among the tested cardol (Cis..) in water based test solutions. (/0). It
should be also noted that there are no significant differences in cytotoxicity among cardol
(Cis:3), cardol (Cis:2) (2), cardol (Cis:1) (3) and cardol (Cis:0) (4) (See Figure 28 for the
structures) in previous studies (//), indicating that double bond in the side chain is not
essential in eliciting the activity. Cardol (Cis:3) did not suppress melanin formation in the
cultured murine B16-F10 melanoma cells but rather increased it up to 25 uM. The cell
viability of cardol (Cis:3)-treated cells was significantly decreased compared to the
control (P <0.01) in the range of 25-50 pM (Figure 41A). Observed ICsp was at 28 uM
(8.8 ng/mL) and complete lethality was observed at 50 uM. The decrease of cell viability
from at 25 uM to at 50 uM was considerably large. This sudden death of cells were
observed when the chemical concentration (>25 uM) was exceeded the critical point,
which is often observed in the case of surfactant molecule (/5-77). Total melanin content
was slightly suppressed in a dose-dependent manner and the difference from the control
was statistically significant (P <0.01) in the range of 12.5-50 uM (Figure 41B). The
cellular melanin content, as described above, was slightly enhanced (Figure 41C) in a
dose-dependent manner. At 25 uM, the difference from the control was statistically
significant (P <0.01).

In the case of cardol (Cs.0) (6), known as olivetol, it also did not suppress
melanin production in the cultured murine B16-F10 melanoma cells. Cardol (Cs.o)
showed concentration-dependent suppression in the cell viability and the cell viabilities
between 100-800 uM were statistically significant different (P <0.01) (Figure 42A). The
ICso was established as 300 uM (54.1 pg/mL) and complete lethality was observed at 800
uM. Total melanin content was also dose-dependently suppressed with the addition of
cardol (Cs.o) (Figure 42B). In the range of 100-800 uM, the difference in the total melanin
content from the control was statistically significant (P <0.01). The cellular melanin
content was not suppressed but rather enhanced up to 400 uM (Figure 42C) and statistical
significance was observed at 400 uM. It should be noted that cellular melanin content at
800 uM is zero; however, this effect was not due to the antimelanogenic effect. Since the
number of viable cell is zero at this concentration, the total amount of melanin production
at equivalent concentration was suppressed.

Both cardol (Cis:3) and (Cs:0) did not inhibit melanogenesis in melanocytes. As
described, tyrosinase is the key enzyme in melanin synthetic pathway and hence
tyrosinase inhibitors are expected to inhibit cellular melanogenesis; however,
paradoxically, the inhibition of mushroom tyrosinase activity was reported not to
correlate with that of melanogenesis in cultured melanocytes (/8). Melanogenesis
inhibition in melanocyte is not simply to inhibit tyrosinase but involves more complex
biochemical reactions (/9). Instead of antimelanogenic effect, cardols showed potent
cytotoxic effects on B16-F10 melanoma cells. The toxicity mechanism of these
resorcinolic lipids is poorly investigated. Clarification of the mechanism of toxicity is
valuable for the utilization of cardols as functional phytochemical or simply for scientific
purposes. Thus, investigation was now focused on identifying the mechanism of the
toxicity of cardols.
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Toxic Effect of Cardol (C10.0) and Resorcinol

According to the toxicological results of cardol (Cis:3) and cardol (Cs.o), there
are big gaps between pentadeca(en)yl and pentyl alkyl side chain on the influence on the
cell viability. To answer this postulate, cardol (Cio.0) (5) and resorcinol (7) (See Figure 28
for the structure) were also comparatively examined in a same manner of cellular
experiment. Cardol (Ci0:0) showed concentration-dependent suppression of cell viability
(data not shown). Observed ICso was at 42 uM (12.3 pg/mL) and almost complete
lethality was observed above 100 uM. In the case of resorcinol, resorcinol dose-
dependently suppressed cell viability (data not shown). Observed 1Cso was at 750 uM ,
and almost complete lethality was observed at 4000 pM. By comparing the ICso, there is
a clear influence of longer alkyl side chain of cardol to cytotoxic effect. In other words,
longer alkyl side chain exhibited greater toxicity on B16 melanoma cells. This effect/
phenomenon was previously observed in the case of aliphatic alcohol and aldehyde (75,
20, 21). Previous studies showed that the mechanism of toxicity of aliphatic compounds
is a result of their nonionic surfactant properties to disrupt the biological functions of
plasma membrane. Hence, at least, cardol with a longer alkyl chain, that is to say, the
surfactant activity may be involved in the mechanism of toxicity of cardol (Cis.,).

Recovery from the Toxicity

Further investigation to identify the mechanism of toxicity of cardols was
conducted by using vitamin C and butylated hydroxyanisole (BHA). Vitamin C or BHA
were added to B16-F10 melanoma cells treated when 25 uM cardol (Cis:3)
(approximately equivalent to 1Cso) was applied, and the cell viability was examined after
72 hrs of incubation. The cytotoxic effect of cardol (Cis:3) was suppressed with the
addition of both vitamin C and BHA. Vitamin C dose-dependently suppressed the
cytotoxicity of cardol (Cis:3) and the maximal recovery was approximately 40% in cell
viability (Figure 43A). Subsequently, BHA was used as a radical scavenger to diminish
the single electron oxidation process. BHA suppressed the toxic effect of cardol (Cis:3)
and the highest recovery (approximately 30%) was made with the addition of 25 uM
BHA (Figure 43B). It appeared that the recovery of BHA from the cytotoxicity of cardol
(Ci5:3) on B16-F10 melanoma cells was not the dose-dependent manner but rather
enhanced the toxicity at the higher concentrations. This toxic effect is probably due to the
high concentration of BHA. Subsequently, vitamin C and BHA were also examined with
cardol (Cs:o)-treated B16-F10 melanoma cells in the same manner as the case of cardol
(C1s:3). The cytotoxicity of cardol (Cs.o) at 300 uM (approximately equivalent to ICso)
was reversed approximately by 30% in cell viability with the addition of an equivalent
vitamin C (Figure 44A). This protective effect against the toxic effect of cardol (Cs.0) was
not dose-dependent. In addition, BHA was also tested. As a result, BHA also showed
approximately 20% reversed effect in cell viability with the addition of 100 uM BHA
(Figure 44B). Subsequently, same experiments were conducted by using resorcinol as a
comparison. B16 melanoma cells are treated with 1000 uM resorcinol and either vitamin
C or BHA. The cytotoxicity of resorcinol-treated cells was suppressed with the addition
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of vitamin C but not with BHA (data not shown), indicating that resorcinol were more
likely to be oxidized by intracellular components such as microsomes. Thus, the
cytotoxicity of cardol (Cis:3), cardol (Cs.0) and resorcinol were partly prevented; however
the mechanism of cardols and resorcinol was presumably different. More specifically,
both vitamin C and BHA showed controversial effects on the cytotoxicity of both cardol
(Cis:3) and cardol (Cs.o) in murine B16-F10 melanoma cells. Since BHA does acts as a
two-electron reducing agent (Vitamin C can act either single or two electron reductant),
the cytotoxicity of both cardol (Cis:3) and cardol (Cs:0) may not be affected by their
intracellular oxidation. However, the cytotoxicity of resorcinol was prevented with
vitamin C and it appeared that resorcinol is intracellularly oxidized, which implies that
alkyl side chain bring the big impact on the mechanism of toxicity, although a more
thorough studies of their mechanism are beyond the scope of the present work.

Intracellular Oxidative Stress

Intracellular oxidative stress was measured with 2°,7’-dichlorodihydrofluorescin
diacetate (DCFH-DA) assay. After 1hr of incubation with cardols and DCFH-DA, B16-
F10 melanoma cells were assayed to measure intracellular ROS. Cardol (Cis:3) enhanced
the formation of intracellular ROS without affecting cell viability. Within 3.125-30 uM,
the total ROS were increased even though cellular viability did not change (Figure 45A
and B). The cellular ROS generation above 3.125 uM was enhanced in a concentration-
dependent manner and is significantly different from the control (P <0.01) (Figure 45C).
The highest increase of ROS was observed when 50 uM cardol (Cis:3) was applied to the
cells. Approximately five times the higher amount of ROS than control was generated. As
a result, cardol (Cis:3) increases intracellular ROS; however, it seemed that the
involvement of ROS in toxic activity of cardol (Cis:3) was not observed in 1 hr of
incubation (Figure 45A and B). Cardol (Cs.0) was also examined with the same manner of
DCFH-DA experiment. As expected, cardol (Cs.0) also showed a prooxidant effect on
B16-F10 melanoma cells. The highest total ROS content was observed at 50 uM and the
total amount of ROS formed was reduced from the highest amount at the higher
concentrations (100-800 uM) whereas cell viability was dose-dependently reduced
(Figure 46A and B). The cellular ROS content enhanced with the addition of cardol
(Cs.0), and the highest ROS formation was observed at approximately 50 and 100 uM
(Figure 46C). Different from cardol (Cis:3), the cell viability of cardol (Cs.o)-treated cells
were suppressed with the increase of intracellular ROS, indicating that at least, the
generation of free radical involved in the mechanism of toxicity of cardol (Cs.o). On the
other hand, resorcinol showed similar result as cardol (Cis:3) but not as cardol (Cs.0). B16
melanoma cells treated with 2000 uM resorcinol showed no toxicity after 1 hr of
exposure; however, cellular ROS content were dose-dependently increased (data not
shown). Thus, the primary toxic mechanism of resorcinol is presumably due to
intracellular oxidation to corresponding toxic metabolites. Subsequently, the effect of 6-
[8(Z)-pentadecenyl]salicylic acid, commonly known as anachardic acid monoene (8; see
Figure 28 for the structure), on intracellular ROS generation was examined for a
comparison. In the case of anachardic acid, any influences on both cell viability and

75



cellular ROS content was not observed (data not shown). As seen in the structure in
Figure 28, ortho-position of hydroxyl OH to carbonyl group is usually known to form
intramolecular hydrogen bonding. Thus, this prevents the formation of phenoxy radical
corresponding to anachardic acid. In addition, anachardic acid is known to act as a
chelator, indicating that, in cells, it could remove the active metal-related ROS
generations (//, 22), which suggested that ROS generation is due to the structural
features of resorcinol moiety but not due to the effect of alkyl side chain.

2.1.3 DISCUSSION

The inhibitory mechanism of tyrosinase is classified in several types. Both
cardol (Cis:3) and cardol (Cs:o) inhibited tyrosinase-catalyzed melanin formation (both L-
DOPA and L-tyrosine) but the mechanism of inhibition was different from each other
even though they share the hydrophilic resorcinol moiety (hydrophilic head). The only
difference is the length of alkyl chain, and it makes significant difference in inhibitory
mechanism. The hydrophobic portion of cardols showed noticeable impact on the
inhibition of tyrosinase activity. Furthermore, both L-DOPA and L-tyrosine oxidation
were inhibited by all cardols, which suggested that shared resorcinol moiety of cardols
are more likely to bind to oxy-tyrosinase as a substrate analogue (because only oxy-
tyrosinase binds to L-tyrosine or other monophenols). It is now logical to conclude, based
on the preliminary and current results, that cardol (Cis:3) inhibits tyrosinase activity with
a two-step inactivating process. First, resorcinol moiety of cardol (Cis:3) interacts with
copper site of tyrosinase, especially oxy-tyrosinase, as well as other resorcinol derivatives
(12-14, 23, 24), and then hydrophobic alkyl chain slowly interacts with hydrophobic
portion of proximate to active site of tyrosinase. Because of this hydrophobic interaction,
the cardol (Cis:3) is stabilized at the active site of tyrosinase with the binding of
resorcinolic OH to binuclear copper of tyrosinase. Furthermore, the hydrophobicity of
alkyl side chain may interact hydrophobically with other cardol (Cis:3) molecules of
hydrophobic portion, which leads to the complex binding/interactions of cardol (Cis:3)
molecules to tyrosinase (13, 25-27). As a result of this stabilization, this inhibition
process of cardol (Cis:3) seems to be irreversible. In addition, this interaction is
presumably slow process, and thus, preincubational experiments enhanced the inhibitory
effect of cardol (Cis:3). Once this hydrophobic interaction established, cardol (Cis:3)
irreversibly disrupt the quaternary structure of tyrosinase and, as a result, inactivate the
enzyme. Since native proteins form a sort of intramolecular micelle in which their
nonpolar side chains are largely out of contact with the water based-test solution. The
hydrophilic head part binds with an intermolecular hydrogen bond to hydrophilic portion
of the enzyme, and then the hydrophobic portion of the molecule is able to disrupt the
quaternary structure. The low conformational stabilities of native proteins make them
easily susceptible to denaturation by altering the balance of the weak nonbonding forces
that maintain the native conformation. On the other hand, cardol (Cs.o), or olivetol,
inhibits tyrosinase reversibly, which is due to the competitive binding of resorcinol
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moiety on the basis of previous and current studies (/2, 13, 23, 28). Because of less
hydrophobicity of pentyl side chain of cardol (Cs.o), the secondary process is not applied
to the case of cardol (Cs.o). Cardol (Cio.0) also showed similar inhibitory results of
tyrosinase to that of cardol (Cis:3); however, the inhibitory effect was surprisingly more
potent than other cardols by comparing the result of the consumption of L-DOPA (Figure
38). As a result, the inhibitory mechanism of cardol (Cio:0) on tyrosinase-catalyzed
dopachrome formation is a two-step inactivation as well as cardol (Cis:). It should be
noted that the higher lipophilicity does not simply exhibit greater degree of inhibition on
tyrosinase. The detailed influence of length of alkyl chain of resorcinolic lipid is
discussed in the following section (Chapter 2.2).

Based on the ICso result, the difference between cardol (Cis:3) and cardol (Cs.o)
in cytotoxicity is more likely due to the difference in length of alkyl chains (C15 vs. C5).
This difference directly affects the mechanism of toxicity. As a basis of the results from
our preliminary and current studies, the cytotoxicity of cardols obtained by the assays
estimated the following increasing order; Cis53 = Cis:2 = Cis:1 = Cis:0 > Ci0:0 > Cs:o
(olivetol) > resorcinol (/7). Consequently, the head and tail balanced concept of activity
may be applicable to the cardols. Thus, cardols are amphipathic molecules and therefore
their hydrophobic properties dominate the properties of these molecules. Presumably, the
pentadeca(en)yl hydrocarbon chain may act as an anchor by interacting with the
hydrophobic portion of the cellular membrane to disrupt membrane fluidity and
ultimately burst the cell wall, which would suggest that the cytotoxic effects observed
seems most likely due to its ability to act as a surfactant. A similar moderate cytotoxicity
activity of cardols against several cancerous cell lines was previously reported (29). As a
results of biochemical (addition of vitamin C and BHA) and intracellular reactive oxygen
species (ROS) measurement, it is possible to assume that both cardol (Cis:3) and cardol
(Cs.0) act as a prooxidant in B16-F10 melanoma cells while resorcinol could be
intracellularly oxidized to toxic metabolites. All cardols and resorcinol significantly
enhanced the level of intracellular oxidative stress; however, cardol (Cis:3) and resorcinol
did not affect cell viability while cardol (Cs.0) dose-dependently suppressed. This
suggests that prooxidative effect of cardol (Cis:3) and resorcinol is not directly linked to
the mechanism of the cytotoxicity of cardol (Cis:3) and resorcinol. In the case of cardol
(Cs.0), prooxidative effect is more likely the main mechanism of toxic effect. Moreover,
the prooxidative effect is due to the effect of resorcinol moiety but not due to the effect of
alkyl side chain. Combining this fact and sequential order of cytotoxicity (or simply ICso)
due to the length of alkyl chain, the primary toxic mechanism should be the surfactant
action by hydrophobic alkyl side chain. Thus, in a conclusion, pentadeca(en)yl side chain
of cardols (Cis:s) possibly act as an anchor to disrupt the cellular membrane whereas
pentyl side chain of cardol (Cs.o) is not long enough to disrupt the plasma membrane.
However, cardol (Cs.o) is passively absorbed into cell, and causes oxidative stress. In the
case of resorcinol, possibility of surfactant is diminished; however, ortho-position of
hydroxyl group is less steric hindrance compared to other cardols, which suggest that
resorcinol should be metabolized (30, 37). Moreover, the difference in length of alkyl
chain also greatly affects their solubility. Because cardol (Cs.o) has lower molecular
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weight and higher hydrophilicity than cardol (Cis:n), cardol (Cs.o) is more likely to
penetrate plasma membrane and to enter into cytoplasmic domain of the cells. On the
other hand, higher molecular weight and lipophilicity of cardol (Cis:3) interacts with
phospholipids in cellular membrane, indicating that surfactant mechanism is more
favorable than others.

Cardols are isolated from many edible plants and food protection agents isolated
from regularly consumed edible plants may be superior to non-natural products. Cardols
(Cis:1) can be obtained in quantities, as described, from the cashew nut shell liquid
(CNSL) (32, 33). Although, CNSL is available in greater tonnage, it is neglected in
commercial terms, and thus, there is thus considerable potential for further exploitation.
During the lipoxygenase kinetic study of cardols, we became aware that cardol (Cis:3)
and cardol (Cis:2) were oxidized as substrates at lower concentrations (<40 uM) because
both possess a (1Z,4Z)-pentadiene system in their C15-alkenyl side chain, although both
exhibited inhibitory activity at higher concentrations (>40 M) (34). However, in the case
of tyrosinase and B16-F10 melanoma cell assays, there is no considerable difference
between saturated and unsaturated C15-alkyl side chains of cardols. In addition, cardols
are known to exhibit broad antibacterial activity (35), and inhibit lipid peroxidation (&)
and lipoxygenase activity (36). On the other hand, it is not clear if ingested cardols are
absorbed into the system through the intestinal tract and delivered to the place where
these beneficial biological activities are needed without being metabolized. Their further
valuation is needed from not only one aspect, but also from a whole and dynamic
perspective.
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2.1.4 FIGURES & TABLES
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Figure 28. Chemical structures of cardol (Cis:3) (1), cardol (Cis:2) (2), cardol (Cis:1) (3), cardol
(Ci5:0) (4), cardol (Cio:0) (5), cardol (Cs.0) (6), resorcinol (7), and anachardic acid (Cis:1) (8).
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Figure 29. (A) UV-Vis spectra at 475 nm obtained in oxidation of 100 uM of L-tyrosine by
mushroom tyrosinase in presence of cardol (Cis:3) for 60 min. Concentrations of cardol (Cis:3)
were selected at 1 uM (2) and 2.5 uM (3). Line 1 represents oxidation of L-tyrosine by mushroom
tyrosinase in absence of cardol (Cis:3). (B) The oxygen consumption of oxidation of L-tyrosine
(100 uM) by mushroom tyrosinase in absence or presence of cardol (Cis3) for 60 min. The
concentrations of cardol (Cis:3) were selected at 1 pM (2) and 2.5 uM (3). Line 1 represents the
oxygen consumption of oxidation of 100 uM of L-tyrosine by mushroom tyrosinase in absence of
cardol (Cis:3).
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Figure 30. (A) UV-Vis spectra at 475 nm obtained from the oxidation of 100 uM L-tyrosine by
mushroom tyrosinase in presence of cardol (Cs.o) for 60 min. Concentrations of cardol (Cs.o)
were selected at 10 uM (2), 100 uM (3) and 200 pM (4). Line 1 represents oxidation of L-
tyrosine by mushroom tyrosinase in absence of cardol (Cs.0). (B) Oxygen consumption of 100
UM of L-tyrosine oxidation by mushroom tyrosinase in presence of cardol (Cs.0) for 60 min.
Concentrations of cardol (Cs.0) was selected at 200 uM (1), 100 uM (2) and 10 uM (3). Line 4
represents the oxidation of L-tyrosine in absence of cardol (Cs.o).
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Figure 31. (A) UV-Vis spectra at 475 nm obtained from the oxidation of 100 pM L-DOPA by
mushroom tyrosinase in presence of cardol (Cis:3) for 30 min. Concentrations of cardol (Cis:3)
were selected at 1 uM (2) and 2.5 puM (3). Line 1 represents oxidation of L-DOPA by mushroom
tyrosinase in absence of cardol (Cis:3). (B) The oxygen consumption of oxidation of L-DOPA
(100 uM) by mushroom tyrosinase in absence or presence of cardol (Cis3) for 30 min. The
concentrations of cardol (Cis:3) were selected at 1 pM (2) and 2.5 uM (3). Line 1 represents the
oxygen consumption of oxidation of 100 uM of L-DOPA by mushroom tyrosinase in absence of
cardol (Cis:3).
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Figure 32. Consecutive UV-Vis spectra obtained in the oxidation of 100 uM of L-DOPA by mushroom
tyrosinase in presence of 1 uM of cardol (Cis:3) for 30min. Change in absorbance of L-DOPA at 475 nm
in absence (@) or presence (0) of 1 uM of cardol (Cis:3). Scan speed was at 2 min intervals for 30 s. the
arrows (1) designate the evolution of the neak.
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Figure 33. (A) UV-Vis spectra at 475 nm obtained in oxidation of 100 uM of L-DOPA by mushroom
tyrosinase in presence of cardol (Cs.o) (olivetol) for 30 min. Concentrations of cardol (Cs.0) were selected
at 100 uM (2) or 200 uM (3). Line 1 represents oxidation of L-DOPA by mushroom tyrosinase in
absence of cardol (Cs.). (B) Oxygen consumption of the oxidation of L-DOPA (100 pM) by mushroom
tyrosinase in presence of cardol (Cs.o) for 30 min. The concentrations of cardol (Cs.0) were selected at
100 uM (2) or 200 uM (1). Line 3 represents the oxygen consumption of oxidation of 100 uM of L-
DOPA by mushroom tyrosinase in absence of cardol (Cs.o).
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Figure 34. (A) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in absence (®) or
presence (o) of 2.5 uM cardol (Cis:3) in a static condition. Sampling time was chosen at 0 min, 10
min, 20 min, and 30 min. (B) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in
absence (®) or presence (©) of 2.5 uM cardol (Cis:3). The experiment was done under the stirring
condition. Sampling time was chosen at 0 min, 10 min, 20 min, and 30 min. HPLC operating
conditions were as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi,
Japan). Solvent; 7 % MeCN/H2O containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at
280 nm, 0.02 range, injected amount; 25 plL. Each dot was connected smoothly with SigmaPlot
(Systat Software, Inc.).

85



A 100 B 100
— . —
2 =0 w80
L] L]
o o o
£ &
& 01 S €0
a a
E £
3 =
2 2
[=] 40 4 o 4 4
o o
<< <
o o
g g
5 204 5 2
0 T T 0 T T
0 10 20 20 0 10 20 20
Time (min) Time (min)

Figure 35. (A) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in absence (®) or
presence (©) of 2.5 uM cardol (Cs.0) (olivetol) in a static condition. Sampling time was chosen at 0
min, 10 min, 20 min, and 30 min. (B) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in
absence (e) or presence (©) of 200 uM cardol (Cs:.0). The experiment was performed in a stirring
condition. Sampling time was chosen at 0 min, 10 min, 20 min, and 30 min. HPLC operating
conditions were as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi,
Japan). Solvent; 7 % MeCN/H20 containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280
nm, 0.02 range, injected amount; 25 pL. Each dot was connected smoothly with SigmaPlot (Systat
Software, Inc.).
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Figure 36. HPLC analysis of N-acetyl-L-tyrosine (100 uM) oxidation by tyrosinase in absence (®) or
presence (o, V) of cardol (Cis:3) (1 uM). The reaction was proceeded with either static (A) or stirring (B)

condition. Sampling time was chosen at 0 min, 15 min, 30 min, 45 min and 60 min. HPLC operating
conditions were as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan).
Solvent; 18 % MeCN/H20O containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02
range, injected amount; 25 pL. Curve fitting is done with SigmaPlot (Systat Software, Inc.).
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Figure 37. HPLC analysis of N-acetyl-L-tyrosine (100 uM) oxidation by tyrosinase in absence (®) or
presence (©) of 10 uM cardol (Cs.0) (olivetol) in a static (A) or stirring (B) condition. Sampling time
was chosen at 0 min, 15 min, 30 min, 45 min and 60 min. HPLC operating conditions were as
follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 12
% MeCN/H20 containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range,
injected amount; 25 uL. Curve fitting is done with SigmaPlot (Systat Software, Inc.).
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Figure 38. (A) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in absence (®) or
presence (o) of 25 uM cardol (Cio.0) in a static condition. Sampling time was chosen at 0 min, 10
min, 20 min, and 30 min. (B) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in
absence (®) or presence (©) of 2.5 uM cardol (Cis:3). The experiment was performed in a stirring
condition. Sampling time was chosen at 0 min, 10 min, 20 min, and 30 min. HPLC operating
conditions were as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi,
Japan). Solvent; 7 % MeCN/H20 containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280
nm, 0.02 range, injected amount; 25 pL. Each dot was connected smoothly with SigmaPlot (Systat
Software, Inc.).
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Figure 39. HPLC analysis of L-DOPA (100 uM) oxidation by mushroom tyrosinase in absence (1) or
presence (2, 3, 4) of 5 uM cardol (Cis:3) (A) or 200 uM cardol (Cs.0) (B) without (2) or with 10 min
(3) or 20 min (4) of preincubation in a static condition. All data were normalized. Sampling time was
chosen at 0 min, 10 min, 20 min, and 30 min. HPLC operating conditions were as follows; Develosil
ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 10% MeCN/H20
containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected amount;
25 mL. Peak a and b represent L-DOPA and dopachrome, respectively.
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Figure 40. (A) HPLC analysis of L-DOPA (1000 uM) oxidation by tyrosinase in absence (®) or
presence (o) of cardol (Cis:3) (1 uM). The reaction mixtures were voltexed at 15 min. Sampling
time was chosen at 0 min, 15 min, 30 min, 45 min and 60 min. (B) HPLC analysis of L-DOPA
(1000 uM) oxidation by tyrosinase in absence (®) or presence (©) of cardol (Cs.o) (olivetol) (200
pM). The reaction mixtures were voltexed at 15 min. Sampling time was chosen at 0 min, 5 min, 10
min, 15 min, 20 min, 25 min and 30 min. HPLC operating conditions were as follows; Deverosil
ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 10 % MeCN/H>O
containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected
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Figure 41. (A) Viabilities of B16-F10 melanoma cells following treatment with cardol (Cis:3)
for 72hr; data are expressed as percentage of the number of viable cells observed with the
control, and each column represents the mean + S.D. of at least 4 determinations. (B) Total
melanin content in B16 melanoma cells following treatment with cardol (Cis:3) for 72hr; data
are expressed as percentage of melanin content per well observed with the control, and each
column represents the mean + S.D. of 4 determinations. (C) Cellular melanin content in B16
melanoma cells following treatment with cardol (Cis:3) for 72hr measured as percentage of
melanin content per cell observed with the control, and each column represents the mean +
S.D. of 4 determinations. The statistical significance of differences was evaluated using
Student’s or Welch’s #-test. Significantly different from the control value: *p<0.05, **p<0.01.
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Figure 42. (A) Viabilities of B16-F10 melanoma cells following treatment with cardol
(Cs.0) (olivetol) for 72hr; data are expressed as percentage of the number of viable cells
observed with the control, and each column represents the mean + S.D. of at least 4
determinations. (B) Total melanin content in B16 melanoma cells following treatment with
cardol (Cs) for 72hr; data are expressed as percentage of melanin content per well
observed with the control, and each column represents the mean + S.D. of 4
determinations. (C) Cellular melanin content in B16 melanoma cells following treatment
with cardol (Cs.) for 72hr measured as percentage of melanin content per cell observed
with the control, and each column represents the mean + S.D. of 4 determinations. The
statistical significance of differences was evaluated using Student’s or Welch’s #-test.
Significantly different from the control value: *p<0.05, **p<0.01.
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Figure 43. (A) Viabilities of B16 melanoma cells following treatment with 25 pM of cardol (Cis:3) in
presence or absence of vitamin C after 72hr of incubation. The concentrations of vitamin C applied to
cardol (Cis;3) treated cells were chosen at 0 uM (25/0), 25 uM (25/25), 50 puM (25/50) and 100 puM
(25/100). Cells are also treated with 100uM of vitamin C without cardol (Cis:3) (0/100). Data are expressed
as the percentage of the number of viable cells observed with cardol (Cis:3) control (0/25), and each column
represents the mean + S.D. of at least 4 determinations. (B) Viabilities of B16 melanoma cells following
treatment with 25 uM of cardol (Cis:3) in presence or absence of butylated hydroxyanisol (BHA) after 72 hr
of incubation. The concentrations of butylated hydroxyanisol applied to cardol (Cis:3) treated cells were
chosen at 0 uM (25/0), 25 uM (25/25), 50 uM (25/50) and 100 uM (25/100). Cells are also treated with 100
uM of butylated hydroxyanisol without cardol (Cis:3) (0/100). Data are expressed as the percentage of the
number of viable cells observed with cardol (Cis:3) control (25/0), and each column represents the mean +
S.D. of at least 4 determinations. The statistical significance of differences was evaluated using Student’s or
Welch’s #-test. Significantly different from the cardol control value: *p<0.05, **p<0.01.
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Figure 44. (A) Viabilities of B16 melanoma cells following treatment with 300 uM of cardol (Cs.o)
(olivetol) in presence or absence of vitamin C after 72hr of incubation. The concentrations of vitamin C
applied to cardol (Cs:o) treated cells were chosen at 0 uM (300/0), 300 uM (300/300), 600 uM (300/600)
and 1200 pM (300/1200). Cells are also treated with 1200uM of vitamin C without cardol (Cs.o)
(0/1200). Data are expressed as the percentage of the number of viable cells observed with cardol (Cs:o)
control (0/300), and each column represents the mean = S.D. of at least 4 determinations. (B) Viabilities
of B16 melanoma cells following treatment with 300 uM of cardol (Cs.) in presence or absence of
butylated hydroxyanisol (BHA) after 72 hr of incubation. The concentrations of BHA applied to cardol
(Cs.0) treated cells were chosen at 0 puM (300/0), 50 uM (300/50), 100 uM (300/100) and 200 pM
(300/200). Cells are also treated with 200 uM of BHA without cardol (Cs.0) (0/200). Data are expressed
as the percentage of the number of viable cells observed with cardol (Cs.0) control (300/0), and each
column represents the mean + S.D. of at least 4 determinations. The statistical significance of differences
was evaluated using Student’s or Welch’s t-test. Significantly different from the cardol control value:
*p<0.05, **p<0.01.
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Figure 45. (A) Viabilities of B16-F10 melanoma cells following treatment with cardol (Cis:3)
for 1 hr; data are expressed as percentage of the number of viable cells observed with the
control, and each column represents the mean + S.D. of at least 4 determinations. (B) Total
ROS contents in B16 melanoma cells following treatment with cardol (Cis:3) for 1 hr; data are
expressed as percentage of ROS content per well observed with the control, and each column
represents the mean £ S.D. of 4 determinations. (C) Cellular ROS contents in B16 melanoma
cells following treatment with cardol (Cis:3) for 1 hr measured as percentage of ROS contents
per cell observed with the control, and each column represents the mean + S.D. of 4
determinations. The statistical significance of differences was evaluated using Student’s or
Welch’s #-test. Significantly different from the control value: *p<0.05, **p<0.01.
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Figure 46. (A) Viabilities of B16-F10 melanoma cells following treatment with cardol
(Cs.0) (olivetol) for 1 hr; data are expressed as percentage of the number of viable cells
observed with the control, and each column represents the mean + S.D. of at least 4
determinations. (B) Total ROS contents in B16 melanoma cells following treatment with
cardol (Cs.) for 1 hr; data are expressed as percentage of ROS content per well observed
with the control, and each column represents the mean = S.D. of 4 determinations. (C)
Cellular ROS contents in B16 melanoma cells following treatment with cardol (Cs.o) for 1
hr measured as percentage of ROS contents per cell observed with the control, and each
column represents the mean = S.D. of 4 determinations. The statistical significance of
differences was evaluated using Student’s or Welch’s #-test. Significantly different from
the control value: *p<0.05, **p<0.01.
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2.2 Effect of Alkyl-3,5-dihydroxybenzoate and 3,5-dihydroxyphenyl Alkanoate on
Mushroom Tyrosinase and B16 Melanoma Cells

2.2.1 INTRODUCTION

In our continuing search for a melanin synthesis inhibitor from the natural
sources, cardol (Cis:3) (23) is an active principal. Cardol (Cis:3) showed a two-step
inactivation on tyrosinase leading to the reduction of dopachrome formation (Chapter
2.1). The resorcinol moiety first quickly and reversibly competes with the binuclear active
site as a substrate analogue after which the hydrophobic pentadeca(en)yl side chain
slowly and irreversibly interacts with the hydrophobic domain near the active site (two-
step inhibition). On the basis of this concept, we selected a resorcinol moiety as a head
portion. Once the head portion is selected, the inhibitory activity can be maximized by
the selection of the appropriate tail portions. A series of alkyl moieties can be connected
as esters, either -COOR or -OCOR. Thus, a homologous series of alkyl-3,5-
dihydroxybenzoates (1-9) and 3,5-dihydroxyphenyl alkanoates (16-22) (see Figure 47 for
the structures), which are referred to as RA or PLG, respectively for the convenient
purposes, were synthesized by one step esterification utilizing N,N’-
dicyclohexylcarbodiimide (DCC) as an activating reagent, similar to the procedure
described for alkyl-3,4-dihydroxybenzoates (37) and alkyl-3,4,5-trihydroxybenzoates
(38) (All compounds were synthesized by Dr. K. Nihei in previous studies; see Materials
and Methods, and Acknowledgement sections). The aim of the current experiment was to
clarify the role of alkyl chain length as well as for further confirmation of the result
obtained from cardols.

2.2.2 RESULTS

Effects of Alkyl-3,5-dihydroxybenzoate and 3,5-dihydroxyphenyl Alkanoate on Tyrosinase
Tyrosinase (EC 1.14.18.1) is a key enzyme in melanin synthesis and therefore,
tyrosinase inhibitors are expected to inhibit melanin production. Hence, their effects on
tyrosinase activity were tested first. A series of alkyl-3,5-dihydroxybenzoates (C6-C14)
(1-9) and 3,5-dihydroxyphenyl alkanoates (C7-C13) (16-22) were synthesized based on
the resorcinol scaffold and tested for their effects on the tyrosinase-catalyzed oxidation of
L-DOPA. The reaction mixture consisting of tyrosinase (1 pg/mL) and L-DOPA (100
uM) was used as the standard unless otherwise specified. The initial oxidation rate of L-
DOPA was fast and was oxidized within 5 min. The tyrosianse activity was monitored
with HPLC analysis since this method was free from the instrumental restrictions; hence,
both static and stirring conditions were tested (See chapter 2.1 for the details). Using a
HPLC analysis, both alkyl-3,5-dihydroxybenzoates (RA) and 3,5-dihydroxyphenyl
octanoate (PLG) with C9 through C12 alkyl chain (RA-9 to RA-12 and PLG-9 to
PLG-12) showed noticeable inhibition on tyrosinase-catalyzed L-DOPA oxidation in a

98



static condition. In Table 3, only RA-9, -10, -11 and -12 inhibited L-DOPA consumption;
however, the effect of RA-12 was lower than the other efficacious three RA molecules
(RA-9, -10 and -11). It appeared that only the RA molecules containing alkyl chain from
C9 to C12 inhibit tyrosinase activity during the 30 min of reaction period. Since their
head portion is the same, the observed data is interpreted to mean that the changes in the
hydrophobic tail portion correlated to this specific inhibitory activity. Thus, the
hydrophobic side chain from C9 to C12 plays an important role to inhibit the enzyme
activity. In addition, RA-9 showed the highest inhibitory effect on tyrosinase-catalyzed L-
DOPA oxidation, and about 53 % of L-DOPA consumption was diminished in this
method. It seemed that there is a correlation between the length of alkyl chain and
inhibitory effect but not between the length of alkyl chain and the degree of inhibition.
These inhibitory effects of RA-9 through RA-12, importantly, were not observed in the
case of stirring condition, as expected from the result of cardols (Chapter 2.1). Among the
tested PLG compounds, PLG-9 through PLG-12 showed the inhibition on mushroom
tyrosinase in a static condition as well as RA (Table 4). The highest inhibition was
observed with PLG-10, and 63 % of L-DOPA consumption was inhibited. Similar to the
case of RA, no inhibitory effect was observed with the addition of 100 uM PLG-7 and
PLG-8. As well as cardols or RA, the stirring during the tyrosinase assays diminished the
inhibitory effects of PLG-9 through PLG-12. According to the data obtained, there is a
clear boundary for inhibitory actions between C8 and C9 in both cases of RA and PLG.
Moreover, calculated log P values and experimental results suggested that there is a
correlation between the hydrophobicity of chemicals and inhibitory effect (log P column
in Table 3 and 4). In other words, this hydrophobicity of synthetic resorcinol lipids is the
key for the mode of action of RA and PLG, which implies that the inhibitory mechanism
observed with cardols could be applied.

Effect of Nonyl-3-hydroxybenzoate and Nonyl-2,4-dihydroxybenzoate on Tyrosinase

The investigation was first aimed to the involvement of resorcinolic moiety in the
mechanism of inhibition of RA and PLG. In order to understand the mode of action,
nonyl-3-hydroxybenzoate (11) and nonyl-2,4-dihydroxybenzoate (14) were obtained from
previous studies (20, 38). As mentioned, resorcinolic lipid could be considered to have
two domains: a hydrophilic head and a hydrophobic tail. Hence, nonyl-3-
hydroxybenzoate and nonyl-2,4-dihydroxybenzoate were used to test the effect of
hydrophilic head on tyrosinase-catalyzed melanin formation. The tyrosinase activity was
tested with HPLC analysis. In Figure 48A, any noticeable changes in L-DOPA
consumption were not observed with the addition of 100 uM nonyl-3-hydroxybenzoate.
In the case of nonyl-2,4-dihyroxybenzoate, tyrosinase-catalyzed L-DOPA oxidation was
also not inhibited (Figure 48B). It should be noted that hydroxyl OH at 2-position of
nonyl-2,4-dihydroxybenzoate commonly forms the intramolecular hydrogen bonding
with carbonyl group attached to benzene ring. Thus, it is not a “free” resorcinol moiety as
well as RA or PLG. Hence, resorcinol moiety is an essential component of resorcinolic
lipid as a tyrosinase inhibitor.
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Effect of 3,5-dihydroxyphynyl Undecanoate (PLG-10) on Tyrosinase

Among the tested compounds, 3,5-dihydroxyphenyl undecanoate (PLG-10; 19)
was the most efficacious one, and thus, it was further assayed for the identification of the
effect on tyrosinase activity using L-DOPA as a substrate. Decyl-3,5-dihydroxybenzoate
(RA-10; 5) were also tested for a comparison; however, similar results were usually
obtained in both PLG-10 and RA-10 unless specified. Based on the structural similarity,
RA-10 and PLG-10 were expected to have the similar inhibitory action to that of cardol
(Ci5:3) (23) (Chapter 2.1). Concentrations of PLG-10 were selected at 25 uM and 50 uM.
Tyrosinase was incubated with L-DOPA and PLG for 30 min, and the activity was
monitored by spectrophotometric or oxygen consumption methods. PLG-10 significantly
inhibited the tyrosinase-catalyzed oxidation of L-DOPA at the concentration of 50 uM but
not 25 uM. (Figure 49A). The same reaction mixture was incubated and oxygen
consumption was monitored for 30 min. Notably, the amount of oxygen consumption was
not different from the control, indicating that PLG-10 did not inhibit oxygen consumption
(Figure 49B). It should be noted that the difference in the inhibitory activity of PLG-10
observed with L-DOPA by measuring dopachrome formation spectrophotometrically and
by measuring oxygen consumption is presumably due to the same reason as to why
cardol (Cis:3) showed inhibitory effects in a static condition but not in a stirring condition
(Chapter 2.1). Subsequently, the consecutive UV-Vis spectrum of L-DOPA oxidation was
measured with 2 min intervals for 30 min under the same conditions as the oxygen uptake
experiment. The changes in the spectrum started increasing in the characteristic broad
absorbance, corresponding to dopachrome, with the maximum at around 475 nm. Thus,
the evolution of the peak at 475 nm decreased with the addition of PLG-10 (Figure 50B).
Thus, PLG-10 suppressed approximately 50% of dopachrome formation. The results
were consistent with the spectrophotometric assay but not with the oxygen consumption
experiment.

Direct Interaction of Resorcinolic Lipids with Tyrosinase

The enzyme activity was monitored by dopachrome formation at 475 nm even
when L-tyrosine was used as a substrate (data not shown). Both PLG-10 and RA-10
inhibited the dopachrome formation but the inhibition mechanism is still largely obscure.
However, the inhibitory effect of these molecules was not observed in the case of the
oxygen consumption assay. The effect of PLG-10 or RA-10 on the tyrosinase-catalyzed
oxidation of N-acetyl-L-tyrosine was examined as an alternative substrate. This amino
acid can be enzymatically oxidized to N-acetyl-dopaquinone but its further
intracyclization is blocked because its amino-group is acetylated, and therefore the
tyrosinase-catalyzed reaction to dopaquinone can be checked. The reaction mixture
consisting tyrosinase (1 pg/mL), N-acetyl-L-tyrosine (100 uM) and PLG-10 (100 pM)
was incubated and the activity was monitored by HPLC analysis of N-acetyl-L-tyrosine
(100 uM) consumption. The reaction was proceeded with (A) or without (B) stirring.
Sampling time was selected at 0 min, 15 min, 30 min, 45 min, and 60 min. As a result,
most of N-acetyl-L-tyrosine remained without being oxidized (Figure 51B), indicating
that PLG-10 inhibited the monophenolase activity of tyrosinase. Again, similar result was
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observed with RA-10. Thus, it appears that RA and PLG inhibited tyrosinase as a
monophenol substrate analogue but could not inhibit completely. The different results
between (A) and (B) indicate that the hydrophobic interaction was disrupted by stirring.
According to these results, the inactivation of tyrosinase by both RA and PLG were direct
interaction with tyrosinase.

Preincubation Effect of Tyrosinase with Resorcinolic Lipids

The preincubational effect on tyrosinase activity with RA-10 or PLG-10 was
further examined in order to test their slow hydrophobic inactivation to tyrosinase
activity. The effect of 10 min of preincubation of chemical inhibitors with tyrosinase was
examined, and the addition of 100 uM L-DOPA initiates the reaction. The tyrosinase
activity was monitored as a L-DOPA consumption with HPLC analysis. In Figure 52,
PLG-10 inhibits L-DOPA consumption by 67 % at the 30 min of reaction period. The 10
min of preincubation enhanced this inhibitory effect PLG-10, and additional 11 % of L-
DOPA consumption was suppressed (Figure 52A). Similar result was also observed with
RA-10, and the inhibitory activity was increased by 11 % with 10 min of preincubation
(data not shown). It should be noted that none of tested molecules were subjects to be
oxidized by tyrosinase, and hence, the mechanism of ke type inactivation, commonly
known as suicide inactivation, was not applied to both cases. Thus, the enhancement of
inhibition represents that the s/low interaction was involved in the mechanism of the
inhibition. These enhanced inhibitory effects observed in the cases of PLG-10 and RA-10
were not observed in the cases of PLG-8 and RA-8 (Figure 52B), suggesting that there is
a critical difference in the mechanism of inhibition. This is further indication that
hydrophobicity of alkyl side chain is involved in the mechanism of inhibition by PLG or
RA. Moreover, tyrosinase activity was not completely inactivated with 10 min of
preincubation in both cases of RA-10 and PLG-10; therefore, it can be assumed that this
inactivation process is a relatively slow process (Presumably, it takes more than 10 min
for PLG or RA to inactivate the enzyme).

Irreversibility of Tyrosinase Inhibition by Resorcinolic Lipids

The irreversibility of tyrosinase inhibition by PLG and RA on tyrosinase was
further examined in detail with the mixing experiment. The assay was carried out in air-
saturated aqueous solutions, though tyrosinase catalyzes a reaction between two
substrates, a phenolic compound (L-DOPA) and oxygen. The amount of available oxygen
in the cuvette was estimated approximately 250 uM, and therefore, the amount of L-
DOPA for this experiment was increased to 1000 uM. As expected, dopachrome
formation reached the plateau as all of the available oxygen in the cuvette was consumed
(0-15 min). The remaining L-DOPA in the cuvette was oxidized as soon as oxygen
became available by mixing in a second (15-30 min). In Figure 53, the remaining L-
DOPA in the cuvette containing 50 uM PLG-10 was not oxidized even when oxygen was
supplied by mixing (Figure 53), which is similar to the case of cardol (Cis:3). This
observation indicates that tyrosinase irreversibly interacts with an inhibitor over the
course of the reaction time, and thus, PLG-10 inactivated the enzyme. In the case of
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DMSO control, the remaining L-DOPA in the cuvette was oxidized as soon as oxygen
became available by mixing. In the case of RA-10, a similar result was observed with
RA-10 (data not shown). Based on the results obtained, the inhibitory effect of PLG and
RA were irreversible.

Effect of Longer Alkyl Chain (>C12) of Resorcinolic Lipids

In the case of dodecyl-3,5-dihydroxybenzoate (RA-12; 7), it showed less
inhibitory activity than RA-10 or RA-9 when L-DOPA was used as a substrate. It should
be noted, however, that this RA-12 exhibited significant inhibitory activity when N-
acetyl-L-tyrosine was used as a substrate (data not shown). Similar to RA-10 or RA-9,
this inhibitory activity was not visible when the enzyme activity was monitored under the
stirring condition (data not shown). In the case of RA-12 or a higher number of alkyl
chain containing RA or PLG, their inhibitory activity was not observed presumably
because only a low concentration of the chemicals are able to be tested due to the
problem in solubility. As testing this postulate, RA-12 and RA-14 (9) was subject to
examine their preincubation effect on tyrosinase-catalyzed L-DOPA oxidation. Again,
both RA-12 and RA-14 did not show any inhibitory effect as if L-DOPA was used as a
substrate. However, their inhibitory effects were observed after 10 min of preincubation
with tyrosinase. In Figure 54A, the result clearly showed that 10 min of preincubation of
RA-12 with tyrosinase, introduces the inhibition against L-DOPA consumption. A similar
result was observed in the case of RA-14 (Figure 54B), indicating that RA or PLG with a
higher number of carbon containing alkyl chain could inactive tyrosinase as well as
effective RA or PLG (>C9). However, because of their high lipophilicity as a molecule,
their concentration could not be reached to effective dose (effective dose > saturated
concentration). Because of this problem, resorcinolic lipids with a longer alkyl chain
exhibit less inhibitory effect. In other words, there is an optimal length of alkyl chain for
the inhibitory action, which is observed in the case of cardol (Cio.0) (Chapter 2.1).
Furthermore, there is a clear boundary at C9 to differentiate the inhibitory mechanism of
RA and PLG. Therefore, RA and PLG inhibited tyrosinase activity in different ways
depending on their alkyl chain lengths.

Effect of Resorcinolic Lipids on Monophenolase Activity

Among the tested compounds including RA, PLG, nonyl-3-dihydroxybenzoate
and nonyl-2,4-dihydroxybenzoate, only RA or PLG with the alkyl side chain longer than
C9 inhibited the tyrosinase-catalyzed oxidation of L-DOPA (diphenolase activity),
indicating that a specific head and tail balance is required for the diphenolase inhibitory
activity. The rate of the initial hydrophobic interaction depends on the alkyl chain lengths.
As aresult, RA and PLG with alkyl side chain shorter than C9 inhibit monophenolase
activity (L-tyrosine oxidation) competitively but cannot inhibit completely (no
inactivation). If the rate of the initial hydrophobic interaction is faster than the enzymatic
oxidation of L-DOPA, its oxidation is presumably inhibited. However, the hydrophobic
interaction is not an essential element in inhibiting the monophenolase activity. For
example, PLG-8 (3) does not form the hydrophobic irreversible interaction but still
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inhibit the monophenolase activity with all three analytical methods: UV-Vis, oxygen
consumption, and HPLC (data not shown). In the case of higher number of PLG (>C9)
they also inhibited monophenolase activity of tyrosinase; however, the effect was
observed only when the reaction was in a static condition (data not shown). This also
implied that there is significant difference in mechanistic point of view between >C9 and
<C9. In these resorcinol structures, the head and tail portions are connected as esters,
either -COOR or -OCOR. Thus, the ester groups either an electron withdrawing (-COOR)
or an electron donating (-OCOR) group were connected at C-5 position to the resorcinol
moiety. However, as a result, the electronegativity of resorcinol moiety is not essential for
the inhibition.

Effects of Resorcinolic Lipids on B16-F10 Melanoma Cells

Based on the result obtained from cell free assays, RA and PLG were expected to
inhibit melanogenesis on B16-F10 melanoma cells. Therefore, the investigation was
extended to cellular experiments including the identification of cytotoxic effect of RA
and PLG. Cytotoxic and antimelanogenic effects on B16-F10 melanoma cells with RA or
PLG were identified. Interestingly, some of the RA molecules showed antimelanogenic
effect on melanoma cells while none of the PLG molecules showed neither toxicity nor
antimelanogenic effect (Table 5). For instance, about 35 % of cellular melanin content of
RA-9-treated cells was suppressed with low toxic effect, win which the highest examined
concentration of RA-9 was 100 pM. RA-9 did not suppressed cell viability up to 25 uM,
and at 50 puM, slight reduction of cell viability was observed (Figure 55A). Almost
complete lethality was observed at 100 uM. Estimated ICso was 67 pM. Total melanin
production was significantly suppressed (P <0.01) up to 200 uM in a concentration-
dependent manner (Figure 55B). It came out that total melanin production up to 25 pM
was suppressed without any decline of cell viability. Thus, RA-9 showed inhibitory effect
on cellular melanin production (Figure 55C). At the concentration between 6.25 uM and
25 uM, the cellular melanin synthesis was significantly suppressed (P <0.01). This U-
shaped curve is usually observed when the depigmentation effect is larger than the
cytotoxic effects at the certain concentration range. A similar antimelanogenic effect was
observed with RA-9, RA-10, RA-12 and RA-14; however, none of the RA molecules that
has an alkyl side chain shorter than C9 did not inhibit melanogenesis (Table 5).
Interestingly, the cytotoxic effect of RA (ICso) was increased when the alkyl side chain
was increased, and the highest ICso was observed with RA-14. It appeared that there is a
clear correlation with hydrophobicity of alkyl side chain of RA and both antimelanogenic
and cytotoxic effects, which is partly expected from the result obtained in tyrosinase
assays. In the case of PLG, among the tested PLG, none of the compounds showed any
cytotoxicity and antimelanogenic effects on B16-F10 melanoma cells, different from the
case of RA (Table 5). Subsequently, alkyl-3-hydroxybenzoate (10-12) and alkyl-2,4-
dihydroxybenzoate (13-15) were also tested as a comparison (Table 5). Both alkyl-3-
hydroxybenzoate and alkyl-2,4-dihydroxybenzoate did not show any effect on
melanogenesis. Moreover, alkyl-3-hydroxybenzoate showed less toxic effect; however,
alkyl-2,4-dihydroxybenzoate showed a similar toxic effect to RA. Interestingly, the
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cytotoxic effect was increased when the alkyl side chain was extended, which is observed
in the case of RA. Thus, hydrophobic portion of the compounds are extremely important
for specific biological effect as well as the choice of hydrophilic head.

Toxic Mechanism of Alkyl-3,5-dihydroxybenzoate

For the utilization of RA as a whitening reagent, the clarification of the
mechanism of toxicity of RA is essential. As partly discussed above, it seemed that there
is a relationship between hydrophobicity of alkyl side chain and mechanism of toxicity.
In other words, the more potent cytotoxicity was observed with the increase in the length
of alkyl side chain. This phenomenon was often observed when molecules act as a
“surfactant” on cellular surface (11, 15, 16). The hydrophobic portion of resorcinol head
acts as a “hook” in order to interact with plasma membrane, and then the hydrophobic
portion of alkyl side chain is slowly diffused into and disrupts the cellular membrane.
Thus, higher hydrophobicity is more likely to interact with the lipid portion of plasma
membrane. To test this postulate, other possible mechanisms such as intracellular
oxidation or prooxidant have to be eliminated. Hence, the effect of vitamin C and
butylated hydroxyanisole (BHA) on RA molecule-treated melanoma cells were examined
since vitamin C can act as one or two electron reductant while BHA can act one electron
reductant. As a result, both vitamin C and BHA did not show any effects on the
cytotoxicity of RA on cells. For instance, observed cytotoxicity of RA-9 at 70 uM
(approximately equivalent to ICso) was not suppressed with the addition of vitamin C up
to 400 uM (Figure 56A). In the case of radical scavenger, BHA, it showed no reversed
effect on RA-9-treated melanoma cells (Figure 56B).

As a further supportive evidence to determine that none of the RA molecules are
prooxidants, intracellular oxidative stress was measured with 2°,7’-
dichlorodihydrofluorescin diacetate (DCFH-DA) assay. Intracellular reactive oxygen
species (ROS) oxidized the DCFH to a highly fluorescent compound, DCEF, after esterase
cleaves two acetate groups (39). After 1hr of incubation with RA-9 and DCFH-DA, B16-
F10 melanoma cells were assayed to measure intracellular ROS. Surprisingly, up to 100
uM, total ROS was slightly but dose-dependently increased. Cell viability of RA-9-
treated cells did not show any change in one hour of incubation (Figure 57A). However,
total and cellular ROS content was significantly increased with the addition of RA-9
(Figure 57 B and C). Thus, RA-9 showed prooxidative effects, but the effect was
presumably not involved in the mechanism of toxicity. These results indicated that the
primary mechanism of cytotoxicity by RA is surfactant effect.

Effect of Low Concentration of Decyl-3,5-dihydroxybenzoate (RA-10)

The primary goal of our research was for the development of a depigmenting
reagent that does not affect cellular viability. After screening various lengths of RA
(Table. 5), RA-10 showed the most potent antimelanogenic effect, which is expected
based on the result of tyrosinase assays. Hence, the effect of lower concentration range of
RA-10 on melanogenesis was examined. The highest tested concentration of RA-10 was
10 uM, in which almost no cytotoxicity was observed in this range of concentration
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(Figure 58A). Total melanin content was dose-dependently suppressed even though
cellular viability was not (Figure 58B). In the range between 0.625 uM and 10 puM, total
melanin was significantly reduced (P <0.01). Cellular melanin content above 0.625 uM
was also reduced dose-dependently without affecting cell growth (Figure 58C). Above
0.625 uM, the suppressive effects on melanogenesis were significant (P <0.01 and 0.05).
This result clearly represented that the antimelanogenic effect of RA is not due to the
melanocytotoxic effect on melanogenic components of melanoma cells.

Degradation of Resorcinolic Lipids in DMEM

During our continuing efforts to clarify the effects of RA and PLG on a
molecular basis, we became aware that the data obtained with the melanoma cells are not
the effects of RA or PLG themselves but their decomposed compounds in Dulbecco’s
modified Eagle’s medium (DMEM). Some molecules have high degradability such as
gallic acid in this growth medium since the pH of fresh DMEM was relatively basic, and
was about pH 9. Thus, RA or PLG might be decomposed in part as soon as it is being
mixed with the DMEM containing 10% fetal bovine serum (10% FBS-DMEM) before
their application to the cells. This prompted us to examine if RA or PLG decomposed in
the same medium. After 60 min of incubation in DMEM, any degradation of 200 uM
RA-9 was not observed (data not shown). These results were shared with a series of RA.
However, the HPLC analysis showed that the peaks identified as PLG-10 were quickly
diminished. The mixture consisted of the medium and 150 uM of PLG-10 was incubated
for 60 min and measured at each 15 min. The peak identified as PLG-10 was almost
linearly diminished within 60 min (Figure 59). The result was also applied to all other
PLG. In the case of PLG, the observed effects in cellular assays are not the effects of the
true structure of PLG but that of decomposed PLG. This suggested that there is a
possibility for PLG to act as a antimelanogenic reagent if PLG is not decomposed. Based
on the results, the specific head and tail portion is required for the antimelanogenic
activity. In the current experiment, only the non-branched aliphatic chains having various
lengths have been synthesized. It is thus conceivable that optimization of more specific
activity is still achievable through a synthetic approach from the aspect of the molecular
dimensions, together with the lipophilicity, would have a critical impact on the ability
profile of these molecules.

2.2.3 DISCUSSION

Tyrosinase contains a strongly coupled binuclear copper active site and
functions, the hydroxylation of a monophenol and the conversion of an o-diphenol to the
corresponding o-quinone as illustrated in Figure 4. The hydroxylation of monophenol
demands that this substrate react only with oxy-tyrosinase, giving rise to an ordered
sequential mechanism, while the o-diphenol is free to bind to the oxy and met forms of
the enzyme, producing a random sequential mechanism. Once oxidized to o-diols, they
were further oxidized to the corresponding o-quinone rather quickly. As a result, all of the

105



series of RA and PLG inhibited tyrosinase-catalyzed L-tyrosine oxidation, indicating that
both RA and PLG involve in an ordered sequential mechanism of tyrosinase but not in a
random one. Thus, RA and PLG, which share the same resorcinol head, can significantly
suppress the initial rate of the dopachrome formation as a monophenol substrate analogue
by binding to oxy-tyrosinase. The inactive E,y 1 complex subsequently undergoes a slow
irreversible inactivation. Because of this slow inactivation, the preincubation allows
enough time for the hydrophobic alkyl moiety of RA or PLG to interact with the
hydrophobic domain. Once this hydrophobic interaction established, RA or PLG may
irreversibly disrupt the quaternary structure of tyrosinase and, as a result, inactivate the
enzyme (Chapter 2.1). Thus, the tendency of this slow inactivation is determined by the
hydrophobicity of alkyl side chain, indicating that log P higher than 4.4 (ChemBioDraw
Ultral2; Cambridge Soft Inc.), at least, is essential for the inhibition of L-DOPA
oxidation but not for L-tyrosine oxidation. In fact, because of problem in solubility in
resorcinolic lipids with a longer alkyl chain, the optimal length of alkyl chain exhibits
more potent inhibitory effect on tyrosinase activity. It should be noted that L-DOPA
oxidation is a random sequential event (substrate binds to both oxy and met form), and
because of that, the inhibitor has to suppress both oxy and met form or to inactivate
tyrosinase itself. Furthermore, the presence of cofactors accelerates the rate of reaction,
and hence, inhibition of L-DOPA is extremely difficult. Since native proteins form a sort
of intramolecular micelle in which their nonpolar side chains are largely out of contact
with the water based-test solution. The hydrophilic head part competitively binds to
binuclear copper (14, 23, 24, 40), and then the hydrophobic portion of the molecule is
able to disrupt the quaternary structure slowly. The low conformational stabilities of
native proteins make them easily susceptible to denaturation by altering the balance of
the weak nonbonding forces that maintain the native conformation.

Based on the results, RA or PLG with alkyl side chain that is longer than C9
showed the potent tyrosinase inhibition, and RA, especially, also showed depigmenting
effect without affecting cell growth. In the case of PLG, their activity was limited only
with cell free condition due to its instability in growth medium. The -OCOR linkage is
decomposed in relative basic medium or buffer. Thus, the application of PLG might be
limited; however, the variation of usage of RA would be possible. As well as the result of
the cell free experiment, RA showed antimelanogenic effect only with a higher number of
carbon alkyl chain. Furthermore, RA showed the antimelanogenic in the non-toxic range.
These results indicate that depigmenting effect of RA is not due to melanocytotoxic effect
(cytotoxic effect on melanogenic functions) but probably inhibition of tyrosinase activity
(based on the cellular and cell free experiments results). At the higher dose, RA tends to
show cytotoxicity, which is correlated with the hydrophobicity of alkyl chain (or length
of alkyl side chain). Based on further confirmation with vitamin C, BHA and DCFH-DA
assays, the hydrophobic alkyl side chain is the active functional domain of the
compounds. More specifically, hydrophilic head interacts with negatively charged
phospholipids of cellular membrane, and the hydrophobic alkyl side chain possibly and
slowly diffuse into the membrane matrix. As a result, the plasma membrane would be
disrupted. Thus, RA molecules do not involve in the intracellular components of
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melanoma cells. However, RA could make the hole on the cellular membrane with
surfactant activity, and then, other RA invade into the cytosol and reach to tyrosinase
within melanosomes, which causes antimelanogenic effect. Thus, it is logical to conclude
that the depigmenting effect of RA (C9, C10, C12, C14) was due to the inhibition of
tyrosinase after entering the cells. As mentioned, PLG was decomposed in the growth
medium; however, PLG would suppress melanogenesis if they are not decomposed in the
medium, based on the results. Thus, the hydrophilic resorcinol head and hydrophobic
alkyl tail inhibit tyrosinase and thus, presumably inhibit melanogenesis. From the point of
view of molecular design of tyrosinase and melanogenesis inhibitor, this discovery is
critical. Moreover, the chemical features of RA such as lipophilicity, stability,
colorlessness and odorlessness, are important aspects for their possible utilization, and
also indicate that further improvement of this inhibitor is possible.

Molecular design based on the structure-activity relationship is a common and
essential process for a drug design. In the cases of RA and PLG, they are synthesized
based on the structure of cardols, and some of the molecules show more potent inhibitory
effect compared to an original cardol. Furthermore, based on the valuation of the
inhibitory effect of resorcinolic lipids containing various lengths of alkyl chain, we
confirmed a novel mechanism of tyrosinase inhibition. Changing of the hydrophilic head
to an optimal functional group produce tight binding toward the target active site.
Simultaneously, changing of the hydrophobic side chain with an optimal shape could
maximize their functions. Hence, the discovery with RA and PLG is critical for future
drug development. Further investigation of RA and PLG will offer unique and novel
chemotherapeutic medications against severe diseases.
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2.2.4 FIGURES & TABLES

R, O
R R
Rs °

R OH
1: Ry =Rz =H, R, = R4 = OH, R5 = (CH,)5CH3
2: R1 = RS = H, R2 = R4 = OH1 R5 = (CHZ)SCH3
3:Ry = RS =H, R, =R, =OH, R5 = (CH2)7CH3
4: R1 = R3 = H, Rz = R4 = OH, RS = (CHZ)SCHa
5: R1 = RS = H, R2 = R4 = OHy R5 = (CH2)90H3
6: R1 = R3 =H, R2 = R4 =OH, R5 = (CH2)10CH3
7:Ry =Rz =H, Ry = Ry = OH, Rs = (CH,);;CH3
8:Ri=R3=H,R;=R;= OH, Rs= (CH2)12CH3
9: R1 = RS =H, R2 = R4 = OH, R5 = (CH2)1SCH3

10: R; = R3 = R, = H, R, = OH, R5 = (CH,)5CHg

11: Ry =Rz =R, = H, Ry = OH, R5 = (CH,)gCHj3

12: R1 = R3 = R4 = H, R2 = OH, R5= (CH2)11CH3
13: Ry = R4 = H, Ry = Rz = OH, R5 = (CH,)sCH3

14: R, = Ry = H, Ry = R3 = OH, R5 = (CH,)gCHg

15: R, = Ry =H, Ry = R3 = OH, Rs = (CH,)1;CHj3
16: Re = (CH2)GCH3

OH 23

Figure 47. Chemical structures of alkyl-3,5-dihydroxybenzoate (1-9), alkyl-3-hydroxybenzoate (10-12),
alkyl-2,4-dihydroxybenzoate (13-15), 3,5-dihydroxyphenyl alkanoate (16-22), and cardol (Cis:3) (23).
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Table 3. Inhibitory effect of alkyl-3,5-dihydroxybenzoate (RA) on tyrosinase-catalyzed
L-DOPA oxidation.

Static Stirring logP”
C6 RA-6 — (100 uM) — (100 uM) 3.15
C7 RA-7 — (100 uM) — (100 uM) 3.57
C8 RA-8 — (100 uM) — (100 uM) 3.99
C9 RA-9 53 % (50 uM) — (50 uM) 44
C10 RA-10 37 % (25 uM) — (25 uM) 4.82
Cl1 RA-11 45 % (25 uM) — (25 uM) 5.24
C12 RA-12 16 % (10 uM) — (10 uM) 5.65
C13 RA-13 — (10 uM) — (10 pM) 6.07
Cl4 RA-14 — (5 uM) — (5 uM) 6.49

aNumbers in percentage represent that higher inhibition on L-DOPA oxidation after 30 min of reaction
b— indicates that no noticeable inhibitory effect was observed

°The numbers in parentheses indicate the highest concentration tested

*log P was calculated with ChemBioDraw Ultral2 (Cambridge Soft Inc.)
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Table 4. The effect of 3,5-dihydroxyphenyl alkanoate (PLG) on tyrosinase-catalyzed L-
DOPA oxidation.

Static Stirring log P*
C7 PLG-7 — (100) — (100) 3.58
Cs PLG-8 — (100) — (100) 4.00
C9 PLG-9 20 % (100) — (100) 4.42
C10 PLG-10 67 % (50) — (50) 4.83
Cl1 PLG-11 53 % (25) — (25) 5.25
C12 PLG-12 11 % (10) — (10) 5.67
C13 PLG-13 — (10) — (10) 6.08

aNumbers in percentage represent that higher inhibition on L-DOPA oxidation after 30 min of reaction
b— indicates that no noticeable inhibitory effect was observed

°The numbers in parentheses indicate the highest concentration tested

*log P was calculated with ChemBioDraw Ultral2 (Cambridge Soft Inc.)
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Figure 48. (A) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in absence (®) or presence
(©) of 100 uM nonyl-3-hydroxybenzoate (3-HB-9) in a static condition. Sampling time was chosen at 0
min, 10 min, 20 min, and 30 min. (B) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in
absence (®) or presence (©) of 100 uM nonyl-2,4-dihydroxybenzoate (2,4-DHB-9) in a static condition.
Sampling time was chosen at 0 min, 10 min, 20 min, and 30 min. HPLC operating conditions were as
follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 7 %
MeCN/H20 containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected
amount; 25 uL. Each dot was connected smoothly with SigmaPlot (Systat Software, Inc.).
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Figure 49. (A) UV-Vis spectra at 475 nm obtained in oxidation of 100 uM of L-DOPA by
mushroom tyrosinase in presence of 3,5-dihydroxyphenyl undecanoate (PLG-10) for 30 min.
Concentrations of PLG-10 were selected at 50 uM (2) and 25 uM (3). Line 1 represents oxidation of
L-DOPA by mushroom tyrosinase in absence of PLG-10. (B) The oxygen consumption of oxidation
of L-DOPA (100 puM) by mushroom tyrosinase in presence of PLG-10 for 30 min. The
concentrations of PLG-10 were selected at 25 uM (2) and 50 pM (3). Line 1 represents the oxygen
consumption of oxidation of 100 uM of L-tyrosine by mushroom tyrosinase in absence of PLG-10.
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Figure 50. Consecutive UV-Vis-spectra obtained in the oxidation of 100 uM of L-DOPA by mushroom
tyrosinase in absence (A) or presence (B) of 50 uM of 3,5-dihydroxyphenyl undecanoate (PLG-10) for
30min. Scan speed was at 2 min intervals for 30 s. the arrows (1) designate the evolution of the peak.
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Figure 51. HPLC analysis of N-acetyl-L-tyrosine (100 uM) oxidation catalyzed by tyrosinase in
absence (®) or presence (o, V) of 3,5-dihydroxyphenyl undecanoate (PLG-10) (50 pM). The

reaction was proceeded with (A) or without (B) stirring. Sampling time was chosen at 0 min, 15
min, 30 min, 45 min and 60 min. HPLC operating conditions were as follows; Deverosil ODS-
UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 12 % MeCN/H>0O
containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected
amount; 25 pL. Curve fitting is done with SigmaPlot (Systat Software, Inc.).
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Figure 52. (A) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in absence (®) or
presence (o, A) of 50 uM 3,5-dihydroxyphenyl undecanoate (PLG-10). Line o and A

represent the effect of PLG-10 without or with 10 min of preincubation, respectively.
Sampling time was chosen at 0 min, 10 min, 20 min, and 30 min. (B) HPLC analysis of L-
DOPA (100 pM) oxidation by tyrosinase in absence (®) or presence (o, A) of 100 uM 3,5-

dihydroxyphenyl nonanoate (PLG-8). Line © and A represent the effect of PLG-8 without or

with 10 min of preincubation, respectively. Sampling time was chosen at 0 min, 10 min, 20
min, and 30 min. HPLC operating conditions were as follows; Deverosil ODS-UG-5 (Nomura
Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 7 % MeCN/H>O containing 0.2 %
TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected amount; 25 pL.
Each dot was connected smoothly with SigmaPlot (Systat Software, Inc.).
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Figure 53. HPLC analysis of L-DOPA (1000 uM) oxidation by
tyrosinase in absence (®) or presence (©) of 50 uM 3,5-dihydroxyphenyl
undecanoate (PLG-10). Sampling time was chosen at 0 min, 5 min, 10
min, 15 min, 20 min, 25 min and 30 min. The reaction mixture was
mixed/voltexed at 15 min. HPLC operating conditions were as follows;
Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi,
Japan). Solvent; 3 % MeCN/H:O containing 0.2 % TFA, Flow rate 1.0
mL/min, detection; UV at 280 nm, 0.02 range, injected amount; 25 uL.
Each dot was connected smoothly with SigmaPlot (Systat Software, Inc.).
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Figure 54. (A) HPLC analysis of L-DOPA (100 uM) oxidation by tyrosinase in absence (®) or
presence (o, A) of 5 uM dodecyl-3,5-dihydroxybenzoate (RA-12). Line o and A represent the

effect of RA-12 without or with 10 min of preincubation, respectively. Sampling time was chosen
at 0 min, 10 min, 20 min, and 30 min. (B) HPLC analysis of L-DOPA (100 uM) oxidation by
tyrosinase in absence (®) or presence (0, A) of 5 uM tetradecyl-3,5-dihydroxybenzoate (RA-14).

Line o and A represent the effect of RA-14 without or with 10 min of preincubation, respectively.

Sampling time was chosen at 0 min, 10 min, 20 min, and 30 min. HPLC operating conditions were
as follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent;
7 % MeCN/H2O containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02
range, injected amount; 25 pl. Each dot was connected smoothly with SigmaPlot (Systat Software,

Inc.).
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Table 5. Effects of alkyl-3,5-dihydroxybenzoate (RA), 3,5-dihydroxyphenyl alkanoate
(PLG), alkyl-3-hydroxybenzoate, and alkyl-2,4-dihydroxybenzoate on B16-F10
melanoma cells

RA PLG 3-hydroxybenzoate 2,4-
dihydroxybenzoate
Cé6 252.5 N/A >200 88
Cc7 132.5 N/A N/A N/A
C8 116 > 200 N/A N/A
C9 67 () N/A 66 61.5
C10 62.5()) > 50 N/A N/A
C12 28 (]) >25 >25 23.5
Cl4 245 (]) N/A N/A N/A

*The number represents the ICso in pM.
**Down arrow (|) in parentheses indicate down-regulation of melanogenesis.
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Figure 55. (A) Viabilities of B16-F10 melanoma cells following treatment with nonyl-3,5-
dihydroxybenzoate (RA-9) for 72hr; data are expressed as percentage of the number of
viable cells observed with the control, and each column represents the mean = S.D. of at least
4 determinations. (B) Total melanin content in B16 melanoma cells following treatment with
RA-9 for 72hr; data are expressed as percentage of melanin content per well observed with
the control, and each column represents the mean + S.D. of 4 determinations. (C) Cellular
melanin content in B16 melanoma cells following treatment with RA-9 for 72hr measured as
percentage of melanin content per cell observed with the control, and each column represents
the mean + S.D. of 4 determinations. The statistical significance of differences was evaluated
using Student’s or Welch’s t-test. Significantly different from the control value: *p<0.05,
**p<0.01.
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Figure 56. (A) Viabilities of B16 melanoma cells following treatment with 70 uM of nonyl-3,5-
dihydroxybenzoate (RA-9) in presence or absence of vitamin C for 72hr. The concentrations of
vitamin C applied to RA-9 treated cells were chosen at 0 pM (70/0), 70 uM (70/70), 140 uM
(70/140) and 70 uM (70/280). Cells are also treated with 280uM of vitamin C without RA-9
(0/280). Data are expressed as the percentage of the number of viable cells observed with RA-9
control (70/0), and each column represents the mean + S.D. of at least 4 determinations. (B)
Viabilities of B16 melanoma cells following treatment with 70 uM of RA-9 in presence or absence
of butylated hydroxyanisole (BHA) for 72hr. The concentrations of BHA applied to RA-9 treated
cells were chosen at 0 uM (70/0), 25 uM (70/25), 50 uM (70/50) and 100 uM (70/100). Cells are
also treated with 100uM of BHA without RA-9 (0/100). Data are expressed as the percentage of the
number of viable cells observed with RA-9 control (70/0), and each column represents the mean +
S.D. of at least 4 determinations. The statistical significance of differences was evaluated using
Student’s or Welch’s #-test. Significantly different from the RA-9 control value: *p<0.05, **p<0.01.
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Figure 57. (A) Viabilities of B16-F10 melanoma cells following treatment with
nonyl-3,5-dihydroxybenzoate (RA-9) for 1 hr; data are expressed as percentage of
the number of viable cells observed with the control, and each column represents the
mean + S.D. of at least 4 determinations. (B) Total ROS contents in B16 melanoma
cells following treatment with RA-9 for 1 hr; data are expressed as percentage of
ROS content per well observed with the control, and each column represents the
mean + S.D. of 4 determinations. (C) Cellular ROS contents in B16 melanoma cells
following treatment with RA-9 for 1 hr measured as percentage of ROS contents per
cell observed with the control, and each column represents the mean + S.D. of 4
determinations. The statistical significance of differences was evaluated using
Student’s or Welch’s #-test. Significantly different from the control value: *p<0.05,

**p<0.01.
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Figure 58. (A) Viabilities of B16-F10 melanoma cells following treatment with
decyl-3,5-dihydroxybenzoate (RA-10) for 72hr; data are expressed as percentage of
the number of viable cells observed with the control, and each column represents
the mean + S.D. of at least 4 determinations. (B) Total melanin content in B16
melanoma cells following treatment with RA-10 for 72hr; data are expressed as
percentage of melanin content per well observed with the control, and each column
represents the mean + S.D. of 4 determinations. (C) Cellular melanin content in B16
melanoma cells following treatment with RA-10 for 72hr measured as percentage of
melanin content per cell observed with the control, and each column represents the
mean + S.D. of 4 determinations. The statistical significance of differences was
evaluated using Student’s or Welch’s ¢-test. Significantly different from the control
value: *p<0.05, **p<0.01.
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Figure 59. HPLC analysis of 3,5-dihydroxyphenyl undecanoate (PLG-10)
in Dulbecco’s Modified Eagle Medium (DMEM) containing 10 % of fetal
bovine serum. The concentration of sample was set to 150 pM (e).
Sampling time was chosen at 0 min, 15 min, 30 min, 45 min and 60 min.
HPLC operating conditions were as follows; Deverosil ODS-UG-5
(Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 80 %
MeCN/H>O containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at
230 nm, 0.01 range, injected amount; 25 pL. Curve fitting was done by
using SigmaPlot Software (Systat Software Inc.).
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2.3 Conclusions and Remarks

Resorcinol moiety is one of the fundamental chemical structure found in many
chemical compounds such as flavonoids and stilbenoids. This common functional group
has variety of biological effects, and shows inhibitory binding if tyrosinase is a target
enzyme. Cardols, RA, and PLG with alkyl chain longer than C9 tend to undergo a two-
step inactivation process. The compounds with shorter chain do not inactivate tyrosinase;
however, the competitive effect are still observed. Thus, specific hydrophilic and
hydrophobic balance is required for the specific mechanism of inhibition. As discussed,
this inhibitory effect could be improved by swapping the head and tail portion to optical
ones. In addition to the tyrosinase inhibitory effects, the cytotoxic effects is also relied on
the balance of hydrophilic and hydrophobic portions. In this studies, only the effect of
alkyl chains are identified; however, there are many other possibilities that these
inhibitors could improve in the aspects of safety, stability and effectiveness. Further
investigations with dynamic and structural perspectives are essential.
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2.4 Materials and Methods

General

General procedures were the same in the previous work (11, 41, 42). The assays
were performed in triplicate on separate occasions. Cells were viewed in 96-well plates
approximately 72 hours after the chemical treatment.

Materials

Cardol (Cis.x) are previously isolated from the cashew Anacardium occidentale
L. (Anacardiaceae) (/0). All synthetic resorcinolic lipids were previously synthesized by
Dr. K. Nihei during his postdoctoral training at UC Berkeley (37, 38, 43). Cardol (Cio:0)
was provided from our contributor, Dr. T. Isobe. Cardol (Cs.0) and resorcinol were
purchased from Aldrich Chemical Co. (Milwaukee, WI). L-Tyrosine, L-DOPA, L-
cysteine, L-ascorbic acid (vitamin C), butylated hydroxyanisole, 2°,7’-
dichlorodihydrofluorescin diacetate (DCFH-DA), and dimethyl sulfoxide (DMSO) were
purchased from Sigma Chemical Co. (St. Louis, MO). 4-tert-butylcatechol was purchased
from Fluka Chemika (Buchs, Switzerland). N-acetyl-L-tyrosine was purchased from
Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). Fatal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM), and 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) cell proliferation assay kit were purchased from
ATCC (Manassas, VA, USA).

Enzyme/Spectrophotometric Assay

General procedures were the same as the previous works (/, 43) but slightly
modified. All assays were performed in triplicate on separate occasions. The mushroom
tyrosinase (EC 1.14.18.1) used for the bioassay was purchased from Sigma Chemical Co.
and was purified by anion-exchange chromatography using DEAE-Sepharose Fast Flow
(Pharmacia, Uppsala, Sweden) as previously described (44). The current experiment was
subjected to use the purified tyrosinase. Although mushroom tyrosinase differs somewhat
from those of other sources, this fungal enzyme was used for the entire experiment
because it is readily available. Throughout the experiment, L-DOPA or L-tyrosine was
used as a substrate. In general, L-tyrosine was mainly used as a substrate since it is a
natural substrate of tyrosinase. In a spectrophotometric experiment, the enzyme activity
was monitored by dopachrome formation at 475 nm with a SpectraMAX Plus Microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA) at 30 °C. All samples were first
dissolved in DMSO and used for the experiment after dilution. The final concentration of
DMSO in the test solution was always 3.3%. The assay was performed as previously
reported with slight modifications. First, 100 uL of a 3 mM L-DOPA or L-tyrosine
aqueous solution was mixed with 2.1 mL of filtered distilled H2O and 600 pL of 250 M
phosphate buffer (pH 6.8) and incubated at 30 °C for 5 min. Then, 100 pL of the sample
solution and 100 pL of the same phosphate buffer solution of the purified mushroom
tyrosinase (1 pg/mL) were added in this order to the mixture. Results were expressed as
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in absorbance unit with appropriate wavelength (nm), and all data were processed with
SigmaPlot 10 software (Systat Software Inc.).

Oxygen Consumption Assay

In general, procedure was previously described (/, 43). Briefly, 100 uL of a 3
mM L-DOPA or L-tyrosine aqueous solution was mixed with 2.1 mL of distilled H2O,
600 pL of 67 mM phosphate buffer (pH 6.8) and 100 pL of sample-DMSO solution was
incubated at 30 °C for 5 min. Then, 100 pL of the same phosphate buffer solution of the
purified mushroom tyrosinase (1 pg/mL) was added and oxygen consumption was
measured with an OBH 100 oxygen electrode and an oxygraph equipped with a water-
jacket chamber of YSI 5300 (all from Yellow Springs Instruments Co., Yellow Springs,
OH) maintained at 30 °C for 60 min. The results were expressed as the oxygen
consumption in pM, and calibration of an oxygen electrode was performed by using 4-
tert-butylcatechol and excess tyrosinase according to the previous report (45). All assays
were performed in triplicate on separate occasions.

HPLC analysis

Time-dependent consumption of substrates and/or formation of products were
monitored with HPLC analysis. The HPLC analysis was performed on an EYELA
LPG-100 (Tokyo Rikakikai Co. Ltd., Tokyo, Japan) with an EYELA UV-7000 detector
(Tokyo Rikakikai Co. Ltd., Tokyo, Japan) and Develosil ODS-UG-5 column (4.6 x 150
mm, Nomura Chemical Co., Ltd., Japan). In general, the operating conditions were as
follows: solvent; 7% MeCN/H:0O containing 0.2 % TFA, flow rate; 1.0 mL/min,
detection; UV at 280 nm, injected amount; 20 pL from above described 3 mL assay
system. For analysis, samples were collected from the reaction mixtures described above
at certain time points. The peak heights of each chromatographic peak were used to
monitor the consumption of substrates and/or formation of products. In appropriate
occasions, the results were expressed with the ratio of the height of sample peaks to that
of control one, and then points were connected smoothly using the statistical software.

Cell culture

B16-F10 mouse melanoma cells (CRL-6475) were obtained from ATCC
(Manassas, VA, USA), and cultured in continuous log phase growth in DMEM containing
10 % FBS. Cells were seeded in 96-well plates (2000 cells/well) and incubated at 37 °C
in 5 % CO2 for about 24 h before chemical treatment. Each chemical was applied in
duplicate with a final content of 0.1% DMSO, and treated cells were cultured for 72 h
before assays.

Melanin assay

The melanin content was determined as previously described (46, 47) with
minor modifications. Cells were washed with PBS, harvested by trypsinization, and
centrifuged for 10 min at 1500 x g. The cell pellets were then dissolved in 1.0 M NaOH
containing 10 % DMSO during 2 h incubation at 80 °C. Melanin content was measured at
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475 nm using a SpectraMax Plus spectrophotometer and SoftMax Pro software
(Molecular Devices, Union City, CA, USA).

Cell viability assays

Cell viability was determined by trypan blue exclusion and MTT cell
proliferation assays. Both bioassays basically provided the same results but the
concentration leading to 50 % viable cells lost (ICso) was established by trypan blue assay
for steady comparison purpose. The appropriate concentrations of the test chemicals were
selected by microscopic observation of the preliminary cell viability assay using a Nikon
Diaphoto TMD (Nikon, Tokyo, Japan).

Trypan blue method

Cells were washed with PBS, and dispersed by trypsinization. An aliquot of the
cells was mixed with a half volume of DMEM containing 10 % FBS, and then mixed
with trypan blue solution (final content 0.1 %) at room temperature. Unstained cells
(viable cells) were counted using a hemocytometer within 10 min after mixing with
trypan blue solution.

MTT method

Cells were washed with PBS, and dispersed with trypsinization, and an aliquot
of the cells was seeded in 96-well plates and incubated with DMEM containing 10 %
FBS at 37 °C in 5 % COz for 16 to 24 h. At the end of the period, 10 pul of MTT reagent
were added to each well, which was then incubated at 37 °C in 5 % COx for 4 h. Then,
100 pl of detergent reagent were added to each well. The plate was kept at room
temperature in the dark for 2 h, and a relative amount of MTT reduction was determined
based on the absorbance at 570 nm using a SpectraMax Plus spectrophotometer and
SoftMax Pro software (Molecular Devices).

DCFH-DA method

The level of intracellular reactive oxygen species (ROS) in B16-F10 melanoma
cells was measured by DCFH-DA method. Intracellular ROS oxidized the DCFH to a
highly fluorescent compound, DCF, after esterase cleaves two acetate groups (39).
General procedures are listed as previously described (48, 49) with minor modifications.
Shortly, the cultured cells were incubated with the sample and DCFH-DA reagent for 60
min at 37 °C in the dark. After the incubation, cells were removed from the plate with
trypsinization in order to measure fluorescent. The amount of formed DCF was measured
using fluorolog-3 with DataMax (Instruments S.A., Inc. NJ, USA) with the excitation
wavelength at 485 nm and the emission wavelength at 520 nm.

Statistical analysis

The statistical significance of differences was evaluated by either Student's or
Welch's ¢-test after examining the variances using F test and **p <0.01 was considered to
be statistically significant.
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3.1 Resveratrol as a kca type Inhibitor for Tyrosinase: Potentiated Melanogenesis
Inhibitor

3.1.1 INTRODUCTION

Resveratrol, 3,5,4’-trihydroxy-trans-stilbene (1; see Figure 60 for the structure),
is a widely distributed natural stilbenoid in nature such as in grapes. Resveratrol is
currently the subject of many research investigations due to its health beneficial effects
including antioxidative, antifungal, anticarcinogenic, cardioprotective, and anti-aging
actions (/-4). Antioxidant effect of resveratrol has been extensively studied, and the
mechanism of action involves the recruitment of antioxidant defense enzymes in the cells
(5-9). In addition to antioxidant effect, resveratrol is known to have anti-cancerous and
apoptotic actions (2, 10, 11). Despite of wide beneficial biological functions, its effects on
melanogenesis and on tyrosinase have been limitedly studied. Inhibitory effect of
resveratrol on tyrosinase activity has been reported previously (72, 13). Newton ef al.,
also previously reported that antimelanogenic effect on human melanocyte through
affecting the post-transcriptional synthesis of tyrosinase (/4). However, the detailed
mechanism of tyrosinase inhibition is not fully understood. Furthermore, the effects of
resveratrol on monophenol oxidation of tyrosinase and on cellular melanogenesis as a
potentiated drug have not been studied yet.

kear type inhibitors possess reactive groups selectively activated by target enzyme
at its active site (/5). They are also often described as suicide inhibitors. The enzyme
sometimes undergoes inactivating processes by bioactivating their substrates; in the case
of tyrosinase, the reactive oxidation product(s) was converted from unreactive tyrosinase
substrate to inactivate enzyme (/6, /7). Several compounds including natural products
are known to be a suicide inhibitor; for example, 7,8,4¢-trihydroxyisoflavone and
5,7,8,4’-tetrahydroxyflavone are recently reported as one of the potent suicide inhibitors
of tyrosinase (/8). The investigation of k.. type inhibitors is important in functional
design of enzymatic inhibitors for pharmaceutical and therapeutic purposes. In the case of
tyrosinase, functional inhibitors are not used only in pharmaceutical field but also used in
food industry and for cosmetic users. These problems motivate us to find the inhibitory
mechanism of resveratrol on tyrosinase activity and on melanogenesis.

3.1.2 RESULTS

Oxidation of Resveratrol by Mushroom Tyrosinase

The investigation was begun with finding whether tyrosinase oxidized
resveratrol or not since the previous data suggested that para-4-hydroxyl unit with no
steric hindrance was often oxidized by tyrosinase. Resveratrol (100 pM) was incubated
with tyrosinase for 60 min, and its conversion at each time point was monitored with
reverse-phase HPLC system. Resveratrol (peak a; tr = 9.0 min) was oxidized by
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tyrosinase in a time-dependent manner (Figure 61). Most of the oxidation of resveratrol
occurred for the first 30 min, and, at the end of the reaction period, about 90% of
resveratrol (peak high ratio) was oxidized. Various tyrosinase-catalyzed reaction products
(peak b, ¢, d) were observed; however, these oxidation product(s), unfortunately, were not
stable enough to identify the structure as Espin and Wichers described in their previous
investigation (/9). The effect of the oxidation of resveratrol on mushroom tyrosinase is
poorly understood; hence, further investigation was conducted.

Effects of Resveratrol on L-tyrosine Oxidation

L-Tyrosine is an endogenous substrate of tyrosinase in nature, and the
examination of the effect of resveratrol on tyrosinase-catalyzed L-tyrosine oxidation is
significant in the biological point of view. Tyrosinase activities were examined with three
different approaches: UV-vis spectrum at 475 nm, oxygen consumption, and HPLC.
Dopachrome formation was measured with UV-vis spectrum at 475 nm, and resveratrol
did not exhibit inhibitory effect on tyrosinase-catalyzed formation of dopachrome for 60
min in this assay (Figure 62A). The formations of dopachrome (absorbance at 475 nm)
were significantly increased in a concentration-dependent manner (curve 2, 3, and 4 in
Figure 62A) with the addition of resveratrol. The shape of the sample curves was
significantly different from that of the control. With resveratrol, the absorbance at 475 nm
was sharply increased within 20 min and then decreased, while the curve without
resveratrol (DMSO control) was almost linearly increased during the entire reaction
period. The extension of lag phase, which is commonly observed when compounds act as
a monophenol analogue, was also observed in the case of resveratrol. Resveratrol dose-
dependently extended the lag phase of oxidation of L-tyrosine. Tyrosinase activity was
measured by monitoring the consumption of another substrate, oxygen. Oxygen
consumption was not suppressed with the addition of resveratrol but was rather enhanced
in a concentration-dependent manner (Figure 62B). After the addition of resveratrol, the
rate of oxygen consumption, interestingly, was accelerated; however, the oxygen
consumption after 20 min became a stationary phase. Both UV and oxygen consumption
results indicated resveratrol to be oxidized during the reaction. However, it appeared that,
after 20 min, tyrosinase activities were inhibited. Thus, resveratrol requires the time
(20-30 min in this condition) to inhibit tyrosinase. Subsequently, L-tyrosine consumption
was monitored with HPLC analysis (Figure 63). L-tyrosine was time-dependently
decreased without the addition of resveratrol (control) while L-tyrosine consumption was
significantly suppressed with 100 uM resveratrol. Almost all L-tyrosine oxidation was
diminished with the addition of resveratrol for 60 min. Furthermore, the effect of
resveratrol on L-tyrosine was measured with consecutive UV-vis spectra assay (Figure
64). The formation of dopachrome and dopaquinone was corresponding to the evolution
of the peak at 475 and 350 nm, respectively, during the tyrosinase-catalyzed oxidation of
L-tyrosine. The incubation of L-tyrosine and tyrosinase allowed to elevate the peak at
475 and 375 nm, and decreased the peak at 280 nm (Figure 64A). Interestingly,
tyrosinase-assayed resveratrol showed similar spectra to the case of L-tyrosine and
resveratrol (Figure 64B & C). In Figure 64B, 100 uM resveratrol (280 nm) was quickly
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oxidized and corresponding quinone compounds (320 nm) were formed in first 10 min;
however, the spectra also showed further oxidation of oxidized products of resveratrol
(460 nm region). Figure 64C indicated that even though L-tyrosine was contained in the
mixture, it seemed that dopachrome corresponding to L-tyrosine oxidation was not
formed. This phenomenon was further supported by creating Figure 64D, which
represented that simulated spectra which created from the addition of spectra A and B. In
simulated graph, the dopachrome formation was about 0.25 in absorbance unit; however,
the actual observed absorbance in Figure 64C was about 0.125. This suggested that most
of dopachrome formation was suppressed by the addition of resveratrol as well as the
result of HPLC analysis.

Effects of Resveratrol on L-DOPA Oxidation

To find the inhibitory mechanism of resveratrol on tyrosinase activity, the effect
of resveratrol on the tyrosinase-catalyzed L-DOPA oxidation was examined. L-DOPA
was used as a substrate in order to determine the effect of resveratrol on diphenolase
activities of tyrosinase. Tyrosinase activity against L-DOPA was also measured with three
different methods described above. With UV-vis spectra at 475 nm, resveratrol did not
show significant inhibition on L-DOPA oxidation but rather enhanced as well as in the
result observed with L-tyrosine with 30 min of reaction period (Figure 65A). In Figure
65A, resveratrol was oxidized and newly oxidized compound(s) was observed at 475 nm
(curve 3), and the mixture of L-DOPA and resveratrol significantly enhanced the
absorbance at 475 nm (curve 1 and 2). The similar results were obtained with the oxygen
consumption assay (Figure 65B). In the case of tyrosinase-catalyzed “resveratrol”
oxidation, the induction phase was observed in both UV-vis spectra and oxygen
consumption assays; however, this lag phase was eliminated with the addition of L-
DOPA due to the effect of a cofactor. Subsequently, the L-DOPA consumption was
measured with HPLC assay. The rate of oxidation of L-DOPA became slower when
resveratrol was added, but at the end of the reaction, most of the L-DOPA was consumed
in both cases (data not shown). It should be pointed out that resveratrol was not oxidized
before L-DOPA oxidation while resveratrol was oxidized before the oxidation of L-
tyrosine. Thus, resveratrol acted as a monophenol substrate and resveratrol itself did not
inhibit tyrosinase, but the oxidized product(s) potentially inhibited tyrosinase activities.

Effect of Preincubation on Inhibitory Activity of Resveratrol

Based on the results of the effect of resveratrol on L-tyrosine or L-DOPA
oxidation, oxidized product(s) of resveratrol may be the key of inhibitory activity against
tyrosinase. Hence, the effect of resveratrol after its oxidation was examined;
preincubational experiments were performed for this purpose. First, 100 uM resveratrol
was oxidized with tyrosinase for 30 min (preincubational process), and then either 100
uM L-tyrosine or L-DOPA was added to the mixture to measure tyrosinase activity.
Tyrosinase activity on L-tyrosinase oxidation was examined first. As expected, L-tyrosine
oxidation was not observed in both UV-vis and oxygen consumption assays (Figure 66).
In Figure 66A, dopachrome was formed with DMSO while it was not with resveratrol,
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and the activity of tyrosinase on L-tyrosinase oxidation was nearly lethal. A similar result
was obtained from the oxygen consumption assay (Figure 66B). Secondly, the
preincubational effect was tested on tyrosinase-catalyzed L-DOPA oxidation. While
without preincubation, resveratrol did not inhibit L-DOPA oxidation, with preincubation,
resveratrol strongly suppressed L-DOPA oxidation (Figure 67). Dopachrome formation in
30 min was strongly suppressed (Figure 67A) as well as the oxygen consumption (Figure
67B). Almost 90-100% of L-DOPA oxidation was inhibited with this preincubational
experiment. These experiment results were further supported with HPLC analysis (Figure
68). In Figure 68-1, L-DOPA (peak a; fr = 6.2 min) was quickly oxidized by tyrosinase
(up to 95% of L-DOPA) and dopachrome (peak b; frr = 4.8 min) was newly formed.
However, after the 30 min of preincubation, only 10% of L-DOPA was oxidized for 30
min, and a small peak of dopachrome was observed (Figure 68-2). Thus, it is logical to
conclude that resveratrol undergoes enzymatic activation prior to the inhibition of
tyrosinase (ke type inhibition).

Recovery from the Preincubational Effects

Further detail of the mechanism of inhibition of resveratrol was examined by
using L-cysteine. The inhibitory effect on tyrosinase-catalyzed L-DOPA oxidation was
enhanced with 30 min of preincubation; however, the effect was reduced with the
addition of 200 uM L-cysteine (Figure 69). About 20% of inhibition was reduced by
introducing 200 uM L-cysteine (Curve 1 and 2 in Figure 69). In the presence of
resveratrol, L-DOPA oxidation was not observed without L-cysteine (Curve 1 in Figure
69). This suggested that L-cysteine disrupted the inhibitory effect of resveratrol on
tyrosinase activity. During the oxidation of resveratrol, resveratrol is converted to o-
quinone. L-cysteine undergoes nucleophilic addition to react with the quinone, which
leads to the removal of the metabolite(s) of resveratrol. Thus, this reduction of inhibitory
effect with the addition of L-cysteine explains that inhibitory action of resveratrol is due
to the formation of reactive electrophile(s) such as o-quinone.

Resveratrol as a Melanogenesis Inhibitor on B16-F10 Melanoma Cells

From the results of cell-free investigations, resveratrol showed the potent
inhibitory effect on tyrosinase activity. Thus, the investigations were extended to cellular
experiments. The initial goal was to test whether resveratrol inhibits melanogenesis in
cultured melanocytes without affecting cell growth. Hence, their cell viability was
examined first. In this regard, cell viability was determined on the third day for
melanocytes using both trypan blue dye exclusion and 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assays. The same result was usually
observed by both assays, but the concentration leading to 50% viable cells lost (ICso) was
established by trypan blue assay for steady comparison purpose. The specificity of
melanogenesis inhibition was assessed by dividing the melanin content by the number of
cells determined by trypan blue exclusion. The appropriated concentrations of the test
chemicals were selected by microscopic observation of the preliminary cell viability
assay.

136



Cytotoxic and antimelanogenic effects of resveratrol were identified. The highest
examined concentration of resveratrol was 200 uM. Resveratrol slightly suppressed cell
viability in a dose-dependent manner (Figure 70A), and ICso was not observed up to 200
uM. About only 10% of cell viability was suppressed with 200 uM resveratrol. The cell
viability above 200 uM was significantly different (P <0.01) from the control. Total
melanin production above 25 uM was significantly suppressed (P <0.01) in a
concentration-dependent manner (Figure 70B). It came out that the total melanin
production was reduced without affecting the cell growth; hence, cellular melanin
production is dose-dependently suppressed. The significant difference from the control
(P<0.01) was observed when 200 uM resveratrol was applied (Figure 70C).
Furthermore, other stilbenoids, namely, frans-pinosylvin (2), cis-pinosylvin (3),
dihydropinosylvin (4) were tested for the comparisons (data not shown). None of these
compounds suppressed cellular viability in a concentration-dependent manner. Only
trans-pinosylvin showed the significant difference is observed at 400 M. Cellular
melanin content was not suppressed but rather increased with the addition of trans-, cis-
or dihydropinosylvin. Cellular morphological changes of resveratrol-treated melanoma
cells were also microscopically observed (data not shown). The cellular morphology of
control (DMSO treated) cells was almost exactly the same as that of resveratrol-treated
cells. Thus, resveratrol is a unique potentiated melanogenesis inhibitor with less/no
cytotoxic effects.

3.1.3 DISCUSSION

Tyrosinase inhibitor can be used in variety of ways including cosmetic products
and food antibrowning reagents. Because of this purpose, several antimelanogenic
reagents have been developed and discovered nowadays. However, only a few of the
inhibitors have been able to introduce and use because of the problems in cytotoxicity
(affecting the cell growth), selectivity, solubility, and stability. Resveratrol is a naturally
occurring polyphenol, and is commonly taken in foods or beverages. Hence, it is no
doubt that resveratrol is more applicable as a melanogenesis drug than any other synthetic
chemicals (if the biological effects of resveratrol are inappropriate). Based on the data
obtained, it appeared that resveratrol inhibits tyrosinase activities through the mechanism
of kear type inhibition. According to Robert Rando, ke inhibitors can be constructed to
possess latent reactive grouping that is selectively activated by the target enzyme at its
active site (/7). Usually, highly reactive product(s) are synthesized, and once generated,
they react with the enzyme, which leads to its irreversible inhibition. Thus, activation of
resveratrol thorough the oxidation by tyrosinase is the key process of the mode of action.
Interestingly, resveratrol-4-O-methyl ether showed less inhibitory activity against
mushroom tyrosinase and B16 melanoma cells (/3), which is confirmed by our
conclusions. This helps understanding that 4’-hydroxyl group is essential for the
inhibition. Furthermore, based on the previous studies, resorcinolic moiety has high
inhibitory potency to tyrosinase while 4-hydroxyl group is the subject of the oxidation,
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for instance, arbutin (5) or methyl p-coumarate (6) (20-24). As Espin studied using
polyphenol oxidase (PPO) (19), resveratrol is converted to ortho-diol and further
oxidized to quinone-derivatives (Scheme 5). As they commented in their previous study,
oxidation product(s) of resveratrol was unstable, and it could not reach to the steady state.
Their result was confirmed by our HPLC, UV-vis and oxygen consumption assays
(Figure 61, 64B, and 65B line3). The instability of oxidation product(s) also suggested
the mechanism of suicide inhibition by resveratrol. Comparing the data from L-tyrosine
and L-DOPA, resveratrol is relatively easy to be oxidized; the order of the rate of
oxidation is the following: L-DOPA > resveratrol > L-tyrosine. Hence, L-DOPA
oxidation was not inhibited by resveratrol without preincubation. It is not clear if the
suicide inactivation of tyrosinase is due to one of either 1) the formation of reactive
oxygen species that attack on the active site of enzyme (25), 2) “cresolase-type
mechanism of tyrosinase” to inactivate active copper of tyrosinase to be a copper(0) (26),
or 3) formation of oxidized product(s) of resveratrol such as quinone (27). However, in
the case of resveratrol, it seems the last case (case 3) is true. Figure 69 represented that
the addition of L-cysteine prevents the tyrosinase from its inactivation. L-cysteine reacts
with quinone (or maybe other metabolites) of resveratrol and diminished the inactivation.
Furthermore, Kubo et al. have suggested the mechanism of melanogenesis inhibition on
B16 mouse melanoma cells due to methyl p-coumarate (27), a potent melanin formation
inhibitor, is caused by the metabolite(s) of the compound but not by the compound itself.
Based on our results and the structural similarities, it is understandable that resveratrol
acts as a suicide inhibitor.

Antioxidants have variety of activities, including direct quenching of reactive
oxygen species (ROS), inhibition of enzymes involved in the production of ROS,
chelation of low-valent metal ions such as Fe** or Cu?*, and regeneration of membrane-
bound antioxidants such as a-tocopherol (28). Resveratrol is a known antioxidant and
extensive investigations have been done. Including radical scavenging activities (29), in
several reports, resveratrol induces cardioprotective effect, anti-aging, apoptotic effect
and anticarcinogenesis (3, 6, 1/, 30). Antimelanogenic effect could be added to one of the
biological function of resveratrol and this natural polyphenol could be developed as a
multifunctional drug.

Safety is the primary concern for any purposes including cosmetic products or
chemotherapeutic reagents. Resveratrol is oxidized by tyrosinase and the metabolite(s)
would inhibit tyrosinase activity and reduce the cellular melanin content; however, the
effects/functions of these metabolites to other biological systems are still unclear.
Resveratrol is found in many natural sources, and hence, it may be the alternate choice to
non-natural chemical reagents. Despite clarification of the mechanism of anti-tyrosinase
effect, the detail of inhibitory mechanism of cellular melanogenesis by resveratrol is still
under investigations.
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Figure 60. Chemical structures of resveratrol and the related compounds.
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Figure 61. HPLC analysis of resveratrol (100 puM) oxidation by tyrosinase.
Sampling time was chosen at 0 min (A), 15 min (B), 30 min (C), 45 min (D)
and 60 min (E). HPLC operating conditions were as follows; Deverosil ODS-
UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 25%
MeCN/H20 containing 0.2% TFA, Flow rate 1.0 mL/min, detection; UV at 280
nm, 0.04 range, injected amount; 25 uL. Peak a represents resveratrol. Peak b, c,
and d indicate oxidation products of resveratrol.
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Figure 62. (A) UV-vis spectra at 475 nm obtained in oxidation of 100 uM L-tyrosine by
mushroom tyrosinase in presence of resveratrol for 60 min. Concentrations of resveratrol were
selected at 1000 uM (1), 500 uM (2), and 100 uM (3). Line 4 represents oxidation of L-tyrosine
by mushroom tyrosinase in absence of resveratrol. (B) Oxygen consumption of oxidation of L-
tyrosine (100 pM) by mushroom tyrosinase in presence of resveratrol for 60 min. The
concentrations of resveratrol were 100 uM (2), 500 uM (3), and 1000 uM (4). Line 1 represents
the oxygen consumption of oxidation of 100 uM L-tyrosine by mushroom tyrosinase in absence
of resveratrol.
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Figure 63. HPLC analysis of L-tyrosine (100 uM) oxidation by
tyrosinase in absence (©) or presence (®) of 100 uM resveratrol.
Sampling time was chosen at 0 min, 15 min, 30 min, 45 min, and 60
min. HPLC operating conditions were as follows; Develosil ODS-
UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan).
Solvent; 7% MeCN/H20 containing 0.2% TFA, Flow rate 1.0 mL/
min, detection; UV at 280 nm, 0.02 range, injected amount; 25 pL.
SigmaPlot (Systat Software, Inc.) was used for curve fitting.
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Figure 64. Consecutive UV-Vis spectra obtained in the oxidation of 100 pM L-tyrosine by mushroom
tyrosinase in absence (A) or presence (C) of 100 uM resveratrol for 60min. B represents the oxidation
of 100 uM resveratrol by mushroom tyrosinase. D indicates that simulated spectrum that is obtained
from the sum of spectrum of L-tyrosine oxidation and of resveratrol oxidation (i.e., A + B). Scan
speed was at 2 min intervals for 30 sec. the arrows (1) designate the evolution of the peak.
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Figure 65. (A) UV-bis spectra at 475 nm obtained in oxidation of 100 uM L-DOPA by mushroom
tyrosinase in presence (1) or absence (2) of resveratrol for 30 min. Concentrations of resveratrol
were selected at 100 uM. Line 3 represents oxidation of resveratrol by mushroom tyrosinase
without L-DOPA. (B) Oxygen consumption of oxidation of L-DOPA (100 puM) by mushroom
tyrosinase in absence (2) or presence (3) of resveratrol for 30 min. The concentrations of
resveratrol were 100 puM. Line 1 represents the oxygen consumption of oxidation of 100 uM
resveratrol by mushroom tyrosinase without L-DOPA.
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Figure 66. (A) UV-bis spectra at 475 nm obtained in oxidation of 100 uM L-tyrosine by
mushroom tyrosinase in absence (1) or presence (2) of resveratrol for 60 min after 30 min of
preincubation. Concentrations of resveratrol were selected at 100 uM. (B) Oxygen consumption of
100 uM L-tyrosine oxidation by mushroom tyrosinase in presence (1) or absence (2) of resveratrol
for 60 min after 30 min of preincubation. Concentrations of resveratrol were selected at 100 pM.
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Figure 67. (A) UV-bis spectra at 475 nm obtained in oxidation of 100 uM L-DOPA by mushroom
tyrosinase in absence (1) or presence (2) of resveratrol for 60 min after 30 min of preincubation.
Concentrations of resveratrol were selected at 100 uM. (B) Oxygen consumption of 100 uM L-
DOPA oxidation by mushroom tyrosinase in presence (1) or absence (2) of resveratrol for 60 min
after 30 min of preincubation. Concentrations of resveratrol were selected at 100 uM.
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Figure 68. HPLC analysis of L-DOPA (100 pM) oxidation by mushroom tyrosinase in absence (1) or
presence (2) of 100 uM resveratrol after 30 min of preincubation. Sampling time was chosen at 0 min (A),
15 min (B), 30 min (C). HPLC operating conditions were as follows; Develosil ODS-UG-5 (Nomura
Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 7% MeCN/H20 containing 0.2% TFA, Flow rate
1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected amount; 25 mL. Peak a and b represent L-
DOPA and dopachrome, respectively.
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Figure 69. HPLC analysis of L-DOPA (100 pM) oxidation by
mushroom tyrosinase in presence of 100 uM resveratrol with or
without L-cysteine after 30 min of preincubation. Line 1 and 2
represent that the tyrosinase-catalyzed oxidation of L-DOPA in
presence of both 100 uM resveratrol and 0 uM (1) or 200 uM (2) L-
cysteine. Line 3 indicates L-DOPA oxidation by tyrosinase in absence
of both resveratrol and L-cysteine. Sampling time was chosen at 0 min,
10 min, 20 min, and 30 min. HPLC operating conditions were as
follows; Develosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-
Shi, Aichi, Japan). Solvent; 10% MeCN/H20 containing 0.2% TFA,
Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected
amount; 25 mL. SigmaPlot (Systat Software, Inc.) was used for curve
fitting.
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Figure 70. (A) Viabilities of B16-F10 melanoma cells following treatment with
resveratrol for 72hr; data are expressed as percentage of the number of viable cells
observed with the control, and each column represents the mean + S.D. of at least 4
determinations. (B) Total melanin content in B16 melanoma cells following
treatment with resveratrol for 72hr; data are expressed as percentage of melanin
content per well observed with the control, and each column represents the mean +
S.D. of 4 determinations. (C) Cellular melanin content in B16 melanoma cells
following treatment with resveratrol for 72hr measured as percentage of melanin
content per cell observed with the control, and each column represents the mean +
S.D. of 4 determinations. The statistical significance of differences was evaluated
using Student’s or Welch’s t-test. Significantly different from the control value:

%p<0.05, **p<0.01
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3.2 Luteolin as a Redox Cycler Enhancing Melanin Formation

3.2.1 INTRODUCTION

Flavones are one of the chemical classes which are abundant in nature. Wide
variety of beneficial effects of flavones has been reported including antioxidative, anti-
cancerous, anti-aging, anti-inflammatory effects (3/-33). In our continuing search for
tyrosinase inhibitors from plants, quercetin (1) was isolated as the principal inhibitor
from the dried flower of Heterotheca inuloides (Compositae), locally known as “arnica”
in Mexico (34). Quercetin was found to be a competitive inhibitor for tyrosinase-
catalyzed L-DOPA oxidation with the short-term kinetic assay (33, 36). The mechanism
of inhibitory action was reported as a chelation of binuclear copper of tyrosinase since -
pyrone moiety seemed to preferentially chelate copper, described by Kubo and Kinst-
Hori (37). This chelation mechanism was described to be specific to flavones as long as
the 3-hydroxyl group is free (38). However, further investigation showed that quercetin
was actually oxidized to the corresponding o-quinone and subsequent isomerization to p-
quinone methide type intermediate, followed by the addition of water on C-2 yielding a
relatively stable intermediate, 2-(3,4-dihydroxybenzoyl)-2.,4,6-trihydroxy-3(2H)-
benzofuranone (Scheme 6) (22). This is because catechol moiety in the B-ring tends to be
recognized by tyrosinase and subject to be oxidized. On the other hand, luteolin (5,7,3’,
4’-tetrahydroxyflavone) (2), a quercetin analogue, was previously reported to inhibit
tyrosinase-catalyzed oxidation of L-DOPA noncompetitively using the commercial
mushroom tyrosinase (36). This flavone possesses the resorcinol moiety in the A-ring,
and catechol moiety in the B-ring, and hence, could be oxidized similarly as reported for
quercetin. Aim of current study is the identification of the effect of tyrosinase on luteolin,
and the mechanism of the effect. Hence, the effect of luteolin and related analogues on
the tyrosinase activity was reexamined using the purified tyrosinase (39).

3.2.2 RESULTS

Oxidation of Luteolin by Purified Mushroom Tyrosinase

Inhibitory effects of luteolin (2; see Figure 71 for structure) on the oxidation of
L-3,4-dihydroxyphenylalanine (L-DOPA) catalyzed by mushroom tyrosinase (EC
1.14.18.1) were previously reported by several researchers (38, 40, 41). The enzyme
activity was monitored by measuring dopachrome formation at 475 nm and luteolin was
reported to inhibit this enzymatic oxidation noncompetitively. Dopachrome is a relatively
stable intermediate but is gradually oxidized further, and hence, the spectrophotometric
assay measures only the very initial rate of dopachrome formation to avoid involvement
of the secondary reaction (42). Thus, the inhibition kinetic data are usually obtained
within 1 min. Because of this restriction, notably, the long-term (> Smin) effects of
luteolin on tyrosinase activities rather than short-period kinetics have not been
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investigated. Hence, the enzyme activity was reexamined using the purified enzyme for
30 min. Tyrosinase is known to catalyze a reaction between two substrates, a phenolic
compound and oxygen, but the discussion previously described was based on the
experiment using L-DOPA as a substrate. As the need arises, L-tyrosine and N-acetyl-L-
tyrosine were also assayed to see when the inhibitors characterized were effective on
monophenolase activity. In all cases, the enzyme activity was monitored by dopachrome
formation at 475 nm. The assay was carried out in air-saturated aqueous solution and, as a
result, oxygen, the other substrate, was disregarded. The enzyme activity was also
monitored by measuring oxygen consumption and this polarographic method was linked
to consecutive spectrum and HPLC analyses as the need arose.

The effects of the purified mushroom tyrosinase on luteolin without L-DOPA
were examined first. The mixture consisting of tyrosinase (1 pg/mL) and luteolin (100
uM) was incubated for 30 min. The results obtained are illustrated as line 1 in Figure 72.
Luteolin consumed oxygen as soon as it was mixed with the enzyme. More specifically,
oxygen was rapidly consumed within the first 5-10 minutes and then slowed down
thereafter, but almost all of the available oxygen in the cuvette was consumed when 200
puM of luteolin was added (data not shown). The consecutive UV-Vis spectrum was
subsequently examined for 30 min (Figure 73). The notable changes in the spectrum
started in decreasing in the absorbance around at 360 nm. The peak corresponding to
luteolin (100 uM) at 360 nm was decreased in a time-dependent manner. After the first 20
min of reaction, the rate of degradation of luteolin was slowed down. Apparently, luteolin
was oxidized as a substrate even without a cofactor to the corresponding o-quinone after
the abstraction of 2¢- and 2H™ from the hydroxyl groups at C-3’ and C-4’ (22). This result
is consistent with the observation that one molecule of luteolin consumed 1/2 molecule of
oxygen. In other words, 50 M of oxygen molecules are required to oxidize 100 pM
luteolin. Based on the result and the stoichiometric observation, the corresponding
quinone of luteolin is not further oxidized up to 30 min. This postulate was further
confirmed with HPLC analysis. Chromatographic analyses in the tyrosinase reaction on
100 puM luteolin with each 15 min intervals, showed the peak a (fr = 7 min) identified as
luteolin, was decreased time-dependently as soon as it was mixed with the enzyme as
illustrated in Figure 74 (Top). The peak was diminished within the first 15 min and then
slowed down thereafter, similar to that observed for oxygen consumption. The peak b (r
= 6 min) that newly appeared after 15 min is likely the oxidized product, presumably the
corresponding o-quinone. It is evident that luteolin was rather quickly oxidized as a
substrate even without a cofactor in the preincubation experiment.

Effect of Luteolin on Tyrosinase-catalyzed L-DOPA Oxidation

Subsequently, the effect of luteolin on the tyrosinase-catalyzed oxidation of L-
DOPA was examined. When both luteolin and L-DOPA coexist in the reaction mixture,
the available oxygen in the cuvette was used for the oxidation of both luteolin and L-
DOPA. In Figure 72, the oxygen consumption of the mixture of L-DOPA (100 uM) and
luteolin (100 uM) was purely an additive result of the two oxygen consumptions: L-
DOPA and that of luteolin (line 3 in Figure72). This implied that luteolin was oxidized by
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tyrosinase when L-DOPA was coexisted. The reaction mixture consisting of tyrosinase (1
pg/mL), luteolin (100 uM) and L-DOPA (100 uM) was incubated and HPLC analysis
was performed after each 15 min interval as shown in Figure 74 (Bottom). In the current
experiment, the consumption of luteolin identified as the peak a (fr = 7 min) was time-
dependently decreased for 60 min. Compared to Figure 74 (Top; No L-DOPA), the
luteolin oxidation was significantly suppressed. Concurrently, the corresponding
oxidation product(s) identified as the peak b (fr = 6 min) was quickly diminished after 15
min, indicating that there is a possible interaction between the oxidation product(s) and
L-DOPA (or maybe metabolites of L-DOPA). This result was further confirmed with
consecutive UV-Vis spectra assay. The oxidation of L-DOPA (50, 100 & 200 uM) and
luteolin (100 uM) were monitored for 30 min in the presence of tyrosinase (Figure 75).
The peak at 360 nm, corresponding to luteolin was not diminished for 30 min of the
reaction period, which was different from the results in Figure 72 and 73. In the case of
the presence of both L-DOPA and luteolin, the peaks at 320 nm and at 475 nm were
noticeably elevated, corresponding to quinone and dopachrome formation, respectively. It
should be noted that the elevation of the peaks at 320 nm and 475 nm was not observed in
the case of luteolin only (Figure 73). This suggested that the peak evolutions at 320 nm
and 475 nm were due to the oxidation of L-DOPA but not to luteolin oxidation. By
comparing the Figure 75B (100 uM L-DOPA + 100 uM luteolin) and simulational
consecutive UV-Vis spectra obtained from the addition of spectra of the oxidation of 100
uM luteolin (Figure 73) and that of 100 uM DOPA in the presence of mushroom
tyrosinase for 30min (Figure 76), the difference was found at 360 nm. The peak at 360
nm, corresponding to luteolin was decreased in the case of simulation. This explained that
the peak at 360 nm corresponding to luteolin would be diminished if luteolin was
tyrosinase-assayed individually. In other words, luteolin oxidation was not observed
when L-DOPA was coexisted. Furthermore, about 0.4-0.45 absorbance unit of
dopachrome (475 nm) was quickly formed in “the first 8 min” (fourth spectra from the
bottom) in the simulational spectra (Figure 76) while only 0.2-0.25 absorbance unit of
dopachrome was formed in the case of the actual experiment (Figure 75B), indicating that
the available oxygen in the cuvette was preferentially used for the oxidation of luteolin.
Similar phenomenon was observed at 320 nm. In fact, there is a contradiction between
the result of the consecutive UV-Vis assay and that of the oxygen consumption. More
specifically, L-DOPA seemed to prevent the oxidation of luteolin (Figure 75); however,
luteolin is more likely to consume oxygen in the presence of L-DOPA (Figure 72). Based
on the result, tyrosinase oxidizes luteolin; however, “the consumption of luteolin” due to
this oxidation is not observed, indicating that luteolin quinone should be reduced back to
luteolin immediately when it formed. Luteolin quinone presumably reacts with L-DOPA
or leukodopachrome for a redox reaction. Thus, consumption of luteolin was not
observed in the presence of L-DOPA. Furthermore, in a short-term kinetic assay,
tyrosinase activity was suppressed (because luteolin is oxidized prior to L-DOPA);
however, the overall dopachrome formation was not inhibited. Thus, during the entire
reaction period, luteolin did not inhibit the tyrosinase-catalyzed oxidation of L-DOPA. In
addition, fisetin (3) behaves the same as luteolin (data not shown). None of them inhibit
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the tyrosinase-catalyzed oxidation of L-DOPA and all were oxidized as substrates
wherever the catechol moiety is located. It should be noted, however, that rutin, or
quercetin 3-O-rutinoside (4), does not act as either an inhibitor or a substrate; this is
because the bulky sugar moiety blocks the enzyme approach (43).

Effect of Luteolin on N-acetyl-L-tyrosine Oxidation

The effect of luteolin on tyrosinase activity was also further examined by using
N-acetyl-L-tyrosine. N-acetyl-L-tyrosine was oxidized by tyrosinase to form
corresponding ortho-diol and ortho-quinone; however, the intramolecular cyclization was
prevented because of the presence of acetyl group linking to the amino group of the
compound. The consumption of luteolin (peak a; fr = 7 min) in the presence of N-acetyl-
L-tyrosine was not noticeably different from the consumption of luteolin in the absence
of N-acetyl-L-tyrosine (Figure 77). In both cases, corresponding o-quinone (peak b; frr =6
min) was formed. Thus, the redox effect which was observed in the case of L-DOPA was
not observed. The consumption of N-acetyl-L-tyrosine was subsequently examined and
the consumption of N-acetyl-L-tyrosine was not noticeably enhanced (data not shown). It
should be noted that the lag phase during N-acetyl-L-tyrosine oxidation was diminished
with the addition of luteolin; however, this is due to a cofactor effect since the catechol
moiety of luteolin reduce the state of tyrosinase from met to oxy. Even though the activity
of enzyme was enhanced by the cofactor effect, the overall consumption of N-acetyl-L-
tyrosine was still the same in both cases.

L-DOPA was oxidized to dopaquinone catalyzed by tyrosinase and this
enzymatically oxidized quinone undergoes an intramolecular 1,4-addition to the benzene
ring, which causes its intramolecular cyclization into leukodopachrome (Figure 1 in
Introduction). This intermediate is quickly oxidized to dopachrome by another molecule
of dopaquinone, which is reduced back to L-DOPA (44). Based on the results described
above and the previous findings, in the case when L-DOPA and luteolin coexist, both are
oxidized. When both compounds are oxidized, the corresponding o-quinone seems to be
reduced back to luteolin as a redox cycler, and thus, leukodopachrome itself is oxidized
to dopachrome by the redox reaction (Scheme 6). Reduced back luteolin should be
enzymatically oxidized again (redox cycle). As a result, the rate of oxidation of luteolin
was seemingly decreased when it coexists with L-DOPA. Moreover, in the case of N-
acetyl-L-tyrosine, because of the lack of formation of leukodopachrome, the luteolin o-
quinone would be failed to reduce back to luteolin (Scheme 7). Thus, o-quinone of
luteolin specifically reacts with leukodopachrome but not L-DOPA or other
intermediates. All of the results explain that o-quinone of luteolin was reduced back to
luteolin if the leukodopachrome was present in the reaction mixture.

Luteolin as a Redox Cycle Reagent

This redox capability of luteolin was further examined using rutin (4), which is not
oxidized by tyrosinase (43). As described above, the hydrophilic sugar moiety may
prevent the substrate binding and hence, rutin is not a substrate of tyrosinase even if it has
a catechol moiety on B-ring. However, if luteolin and rutin are coexisted in the reaction
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mixture, the oxidation product of luteolin by tyrosinase successfully oxidized rutin. 100
uM luteolin and 100 pM rutin were incubated with tyrosinase (1.0 pg/mL), and the
consumption of rutin was monitored with HPLC method. After the addition of tyrosinase
to the mixture of luteolin and rutin, the peak corresponding to rutin (peak a; fr = 8 min)
was time-dependently decreased (Figure 78). In contrast to the decrease of peak a, the
peak(s) around fr = 3 min was newly formed during the reaction. They are presumably
oxidation product(s) of rutin. In addition to the case of rutin, the luteolin quinone was
also able to oxidize esculetin or gallic acid (data not shown). As a result, the capability of
luteolin as a redox cycler is relatively strong enough to oxidize several compounds, and
hence, further utilization would be possible.

Effect of Luteolin on B16-F10 Melanoma Cells

Tyrosinase is a key enzyme in melanin synthetic pathway and therefore tyrosinase
inhibitors are expected to inhibit melanin production. However, the inhibition of
mushroom tyrosinase activity was reported not to correlate with that of cellular tyrosinase
or melanin production in cultured melanocytes (45). In fact, some compounds show
potent inhibitory effect on cellular melanogenesis after the bioactivating metabolism. For
instance, o-phenylphenol, which is known as a depigmenting agent, has little
depigmenting action while its metabolite, phenylhydroquinone is a potent depigmenting
agent affecting melanocytes (46). This prompted us to see whether luteolin is oxidized to
the corresponding o-quinone (Scheme 6 and 7) in melanocytes and whether this
metabolite blocks melanin biosynthesis. Hence, the effect of luteolin on melanin
formation in murine B16-F10 melanoma cells was examined. In this regard, cell viability
was determined on the third day for melanocytes using both trypan blue dye exclusion
and 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric
assays. The same results were usually observed by both assays, but the concentration
leading to 50% viable cells lost (ICso) was established by the trypan blue assay for steady
and reliable comparison purposes. The appropriate concentrations to be used in the
experiment were selected by microscopic observation of the preliminary cell viability
assay, and the highest concentration of luteolin tested was 20 uM (Figure 79). The
specificity of melanogenesis inhibition was assessed by dividing the melanin content by
the number of cells determined by the trypan blue exclusion. Preliminary results of
luteolin showed that melanin production was not suppressed but increased slightly as
murine B16-F10 melanoma cells were cultured with luteolin. However, luteolin was
noted to exhibit potent cytotoxicity in a concentration-dependent manner (Figure 79). The
ICso was established as up to 6 uM (1.7 pg/mL) and almost complete lethality was
observed at 20 uM by trypan blue assay.

Toxic Mechanism of Luteolin on B16 Melanoma Cells

Luteolin is known to show diverse biological activities (47). To express the
biological activities, luteolin has to enter into cells by passive diffusion across the
membrane. Once inside cells, luteolin may be oxidized to the corresponding o-quinone.
This chemically highly reactive o-quinone presumably binds with various cellular
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materials similar to those described for quercetin (48, 49). To test this hypothesis,
biochemical approach with vitamin C and butylated hydroxyanisole (BHA) was
examined. Observed cytotoxicity of luteolin at 10 pM (approximately equivalent to 1Cso)
was suppressed in cell viability in a dose-dependent manner. The greatest reduction of
cytotoxicity by luteolin (40 % in cell viability) was observed when 40 uM vitamin C was
added (Figure 80A). Vitamin C could act as either a two-oxidation reductant or a single-
radical scavenger; hence, the additional experiment was required by using a well-known
radical scavenger, BHA. In the case of BHA, noticeable change in observed cytotoxicity
with 10 uM luteolin was not observed (Figure 80B). The highest applied BHA
concentration applied was 40 uM, and there was no change in cell viability in any tested-
concentration of BHA. As a result of the recovery with vitamin C but not with BHA,
cytotoxicity of luteolin is preferably due to the formation of o-quinone by intracellular
two-electron oxidation (probably by tyrosinase) rather than the formation of radicals and
oxidative stress.

This result was further confirmed by using a 2’,7’-dichlorodihydrofluorescin
diacetate (DCFH-DA) assay. Intracellular reactive oxygen species (ROS) oxidized the
DCFH to a highly fluorescent compound, DCEF, after esterase cleaves two acetate groups
(50). After 1hr of incubation with luteolin and DCFH-DA, B16-F10 melanoma cells were
assayed to measure intracellular ROS. After 1 hr of exposure of cells to luteolin, it did not
affect the cell viability (Figure 81A). Total ROS were slightly but significantly increased
in the range of 0.625-10 uM luteolin (Figure 81B). Thus, cellular ROS was increased in
this range since the cellular viability did not change but total ROS formation was
enhanced (Figure 81C). The highest cellular ROS (30% relative to the control) was
observed when 2.5 uM luteolin was applied. Even though the cellular ROS was slightly
increased with the addition of luteolin (Figure 81C), the no effect on cell viability (Figure
81A) implied that primary mechanism of cytotoxicity of luteolin is not due to the
formation of intracellular oxidative stress.

3.2.3 DISCUSSION

Tyrosinase contains a strongly coupled binuclear copper active site and
functions, the hydroxylation of a monophenol and the conversion of an o-diphenol to the
corresponding o-quinone as illustrated in Figure 4. The hydroxylation of monophenol
demands that this substrate react only with oxy-tyrosinase, giving rise to an ordered
sequential mechanism, while the diphenol is free to bind to the oxy, deoxy, and met forms
of the enzyme, producing a random sequential mechanism. It appears that luteolin is
oxidized as soon as it is mixed with tyrosinase. Luteolin contains resorcinolic moiety (m-
diphenol) in A-ring and catechol moiety (o-diphenol) in B-ring. Based on the structural
similarity to quercetin, tyrosinase is more likely to recognize and bind to catechol moiety
of B-ring rather than A-ring (22, 43, 44). Hence, the oxidation of luteolin is preferred to
occur at the hydroxyl group at C-3” and C-4’, indicating that luteolin is enzymatically
converted to corresponding o-quinone (Scheme 6 and 7). The oxidation product of
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luteolin seems relatively stable compared to the case of its structural analogue, quercetin.
In the case of quercetin, the o-quinone product of quercetin is formed as a intermediate
by tyrosinase-catalyzed oxidation at C-3” and C-4’ catechol moiety. This structure of o-
quinone is further modified through p-quinone methide type intermediate; followed by
the addition of water on C-2 position yielding a relatively stable intermediate, 2-(3,4-
dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzofuranone. However, in the case of
luteolin which lacks the C-3 hydroxyl group, the formation of p-quinone methide is
prevented; hence, further oxidation of luteolin is not observed after the formation of o-
quinone.

When both luteolin and L-DOPA coexist, tyrosinase oxidizes both luteolin and
L-DOPA. Once o-quinone of luteolin was formed, this o-quinone undergoes a redox
reaction with leukodopachrome (not with L-DOPA). The luteolin quinone reduced back
to the original structure of luteolin and leukodopachrome was further oxidized to form
dopachrome (Scheme 6). Because of this redox effect, the formation of dopachrome, at a
glance, was enhanced. Thus, luteolin is not either an enzyme activator or enzyme
inhibitor, but a redox cycler. Moreover, when luteolin and rutin are coexisted, luteolin
oxidized initially, and then the formed o-quinone oxidizes rutin with a redox reaction. A
redox cycler may be useful in many fields in order to oxidize the enzymatically non-
oxidizable chemicals such as rutin. This redox cycling process with luteolin is a
biological and presumably a non-hazardous process. Moreover, because the conversion of
luteolin to quinone is an enzymatic step, this redox cycle is theoretically interminable.
Hence, the redox cycle with luteolin could be developed as a prospective method in
industrial fields.

The cytotoxic effects of flavones towards tumor cells have been explained in
terms of many reasons. (32, 51-54). Quercetin (1), for example, the mechanism of
toxicity has been extensively studied; necrotic toxicity including genotoxicity,
prooxidative toxicity, and apoptosis-induced toxicity (535, 56). Despite of the wide variety
of toxic mechanism of quercetin, the predicative mechanism(s) of cytotoxicity has not
been identified yet. In fact, luteolin have been reported to exhibit similar mechanism of
toxicity (54, 57, 58). However, at least, in the case of tyrosinase induced cell line such as
B16-F10 murine melanoma cells, the intracellular oxidation of luteolin by tyrosinase (or
maybe other oxidases such as peroxidase) is presumably involved based on the results
obtained from cellular experiments. Metabolic activation to reactive intermediates
contributes to the cytotoxic mechanism as luteolin can act as substrates for peroxidases
and tyrosinase, yielding quinones. Once inside cells, luteolin is oxidized to the
corresponding quinone and this chemically highly reactive quinone binds with various
cellular materials. Flavones are commonly existed in many food sources. Thus, the
bioavailability of these flavones is important; however, it is not clear if the orally ingested
flavones are absorbed into the biological system through the intestinal tract and delivered
to the places where they are needed. The colonic microfloras convert most of these
ingested flavonoids into metabolites that then reach the circulation. Further biological
evaluation of the flavones is needed from not only one aspect, but from a whole and
dynamic perspective.
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3.2.4 FIGURES & TABLES

1ZR1=R2=R4=R6=R7=OH,R3=R5=H
2:Ry,=R,;=Rg=R;=0OH,R;=R3=Rs = H
3:R1=R4=R6=R7=OH,R2=R3=R5=H
4:R;=Ry,=R, =Rg=R; = OH, Rg = H, Ry = OGIuc®-Rha

Figure 71. Chemical structures of luteolin and other flavones.
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Figure 72. Oxygen consumption of tyrosinase-catalyzed L-DOPA
oxidation in absence or presence of luteolin for 30 min. Line 1
represents 100 pM of luteolin in absence of L-DOPA. Line 2 indicates
100 uM of DOPA in absence of luteolin. In line 3, L-DOPA and
luteolin were coexisted.
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Figure 73. Consecutive UV-Vis spectra obtained in the oxidation
of 100 uM of luteolin in presence of mushroom tyrosinase for
30min. Scan speed was at 2 min intervals for 30 s. the arrows (1)
designate the evolution of the peak.
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Figure 74. HPLC analysis of luteolin (100 uM) oxidation by tyrosinase in absence (Top)
or presence (Bottom) of L-DOPA (100 uM). Sampling time was chosen at 0 min, 15 min,
30 min, 45 min and 60 min. HPLC operating conditions were as follows; Deverosil ODS-
UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 40 % MeCN/H20
containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range,
injected amount; 25 uL. Peak a and b indicate luteolin and the oxidation product of
luteolin, respectively.
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Figure 75. Consecutive UV-Vis spectra obtained in the oxidation of L-DOPA by mushroom tyrosinase in
the presence of luteolin (100 pM) for 30min. Concentrations of L-DOPA were selected at 50 uM (A), 100
puM (B) and 200 pM (C). Scan speed was at 2 min intervals for 30 s. the arrows (1) designate the evolution
of the peak.
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Figure 76. Simulational consecutive UV spectra obtained by the addition of
spectra of the oxidation of 100 uM of luteolin and that of 100 uM of DOPA in
presence of mushroom tyrosinase for 30min. Scan speed was at 2 min intervals
for 30 s. the arrows indicate the change of the peak.
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Figure 77. HPLC analysis of luteolin (100 uM) oxidation by tyrosinase in absence (Top) or
presence (Bottom) of N-acetyl-L-tyrosine (100 uM). Sampling time was chosen at 0 min, 15
min, 30 min, 45 min and 60 min. HPLC operating conditions were as follows; Deverosil ODS-
UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan). Solvent; 40 % MeCN/H>O
containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at 280 nm, 0.02 range, injected
amount; 25 uL. Peak a and b indicate luteolin and oxidation product of luteolin, respectively.
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Scheme 6. Redox reaction of luteolin involved in melanin synthetic pathway.
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Figure 78. HPLC analysis of rutin (100 uM) oxidation by redox reaction with oxidized
product(s) of luteolin (100 uM) by mushroom tyrosinase. Sampling time was chosen at 0 min
(A), 15 min (B), 30 min (C), 45 min (D) and 60 min (E). HPLC operating conditions were as
follows; Deverosil ODS-UG-5 (Nomura Chemical, CO., LTD., Seto-Shi, Aichi, Japan).
Solvent; 20 % MeCN/H>O containing 0.2 % TFA, Flow rate 1.0 mL/min, detection; UV at
280 nm, 0.08 range, injected amount; 25 uL. Peak a indicates rutin.

167



A 120

E 100 =

S 80 { T

S I

£ 80 K ”

a T **

= I

2 40 | »

E 1

8 20 H

O 1 1 1 Il J
0 125 25 5 10 20
Luteolin (zM)

Figure 79. Viabilities of B16-F10 melanoma cells following treatment
with luteolin for 72hr; data are expressed as percentage of the number
of viable cells observed with the control, and each column represents
the mean + S.D. of at least 4 determinations. The statistical
significance of differences was evaluated using Student’s or Welch’s ¢
test. Significantly different from the control value: *p<0.05, **p<0.01.
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Figure 80. (A) Viabilities of B16 melanoma cells following treatment with 10 uM of luteolin in presence
or absence of vitamin C after 72hr of incubation. The concentrations of vitamin C applied to luteolin
treated cells were chosen at 0 pM (10/0), 10 uM (10/10), 20 uM (10/20) and 40 uM (10/40). Cells are
also treated with 40uM of vitamin C without luteolin (0/40). Data are expressed as the percentage of the
number of viable cells observed with luteolin control (0/10), and each column represents the mean = S.D.
of at least 4 determinations. (B) Viabilities of B16 melanoma cells following treatment with 10 pM of
luteolin in presence or absence of butylated hydroxyanisole (BHA) after 72 hr of incubation. The
concentrations of BHA applied to luteolin treated cells were chosen at 0 uM (10/0), 10 uM (10/10), 20
pM (10/20) and 40 uM (10/40). Cells are also treated with 40 uM of BHA without luteolin (0/10) for the
comparison. Data are expressed as the percentage of the number of viable cells observed with luteolin
control (10/0), and each column represents the mean = S.D. of at least 4 determinations. The statistical
significance of differences was evaluated using Student’s or Welch’s #-test. Significantly different from
the control value: *p<0.05, **p<0.01.
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Figure 81. (A) Viabilities of B16-F10 melanoma cells following treatment
with luteolin for 1 hr; data are expressed as percentage of the number of
viable cells observed with the control, and each column represents the
meanS.D. of at least 4 determinations. (B) Total ROS contents in B16
melanoma cells following treatment with luteolin for 1 hr; data are expressed
as percentage of ROS content per well observed with the control, and each
column represents the meanS.D. of 4 determinations. (C) Cellular ROS
contents in B16 melanoma cells following treatment with luteolin for 1 hr
measured as percentage of ROS contents per cell observed with the control,
and each column represents the meanS.D. of 4 determinations. The statistical
significance of differences was evaluated using Student’s or Welch’s #-test.
Significantly different from the control value: *p<0.05, **p<0.01.
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3.3 Conclusions and Remarks

Polyphenols containing resorcinol moiety is found in many plant sources. In
addition to the abundance in nature, polyphonlic compounds also show the several
biological activities. In the cases of resveratrol and luteolin, these polyphenols are
subjects to be oxidized by mushroom tyrosinase, and their metabolites exhibit the specific
activities on melanin sysnthesis. Both compounds are oxidized to corresponding o-
quinone; however, in each case, the outcome and its mechanism is different. Resveratrol
are actively oxidized and the reactive electrophile(s) is generated, which negatively
interacts with tyrosinase to inactivate the enzyme. Thus, k.. type inactivation is applied
for the mechanism of the regulation. On the other hand, luteolin o-quinone acts as a redox
cycler instead of an inhibitor. This effect is specific to luteolin but not applied to the
luteolin analogue, quercetin. Therefore, small structural change offers wide variety of
biological outcomes. However, the mechanism-based activities of naturally occurring
small compounds including polyphenol are still poorly understood. The identification of
biological behavior of small molecule is challenging. Various scientific approaches
including synthetic valuations, molecular biology, computational methods, and any other
reliable methods would be possible choices. As an overall conclusion, the evaluation is
needed from not only one aspect, but from a whole and dynamic perspective.
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3.4 Materials and Methods

General

General procedures were the same in the previous work (37, 59, 60). The assays
were performed in triplicate on separate occasions. Cells were viewed in 96-well plates
approximately 72 hours after the chemical treatment.

Materials

Resveratrol and arbutin were purchased from Aldrich Chemical Co.
(Milwaukee, WI). Quercetin, rutin, L-Tyrosine, L-cysteine, L-DOPA, butylated
hydroxyanisole (BHA) and dimethyl sulfoxide (DMSO) were purchased from Sigma
Chemical Co. (St. Louis, MO). Luteolin and fisetin were purchased from Indofine
Chemical Company Inc (Hillsborough, NJ) N-acetyl-L-tyrosine was purchased from
Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). trans-pinosylvin, cis-pinosylvin,
dihydropinosylvin, methyl p-coumarate were synthesized and obtained from the previous
studies. Fatal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM),
and 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell
proliferation assay kit were purchased from ATCC (Manassas, VA, USA).

Enzyme/Spectrophotometric Assay

General procedures were the same as the previous work (27, 37) but slightly
modified. The mushroom tyrosinase (EC 1.14.18.1) used for the bioassay was purchased
from Sigma Chemical Co. and was purified by anion-exchange chromatography using
DEAE-Sepharose Fast Flow (Pharmacia, Uppsala, Sweden) as previously described (39).
The current experiment was subjected to use the purified tyrosinase. Although mushroom
tyrosinase differs somewhat from those of other sources, this fungal enzyme was used for
the entire experiment because it is readily available. Throughout the experiment, L-
DOPA or L-tyrosine was used as a substrate. In a spectrophotometric experiment, the
enzyme activity was monitored by dopachrome formation at 475 nm with a SpectraMAX
Plus Microplate spectrophotometer (Molecular Devices, Sunnyvale, CA) at 30 °C. All
samples were first dissolved in DMSO and used for the experiment after dilution. The
final concentration of DMSO in the test solution was always 3.3%. The assay was
performed as previously reported with slight modifications. First, 100 pL of a 3 mM L-
DOPA or L-tyrosine aqueous solution was mixed with 2.1 mL of filtered distilled H2O
and 600 pL of 67 mM phosphate buffer (pH 6.8) and incubated at 30 °C for 5 min. Then,
100 pL of the sample solution and 100 pL of the same phosphate buffer solution of the
purified mushroom tyrosinase (1 pg/mL) were added in this order to the mixture. The
assays were performed in triplicate on separate occasions. Arbutin was also tested as a
comparison. Results were expressed as in absorbance unit with appropriate wavelength
(nm), and all data were processed with SigmaPlot 10 software (Systat Software Inc.).

172



Oxygen Consumption Assay

In general, procedure was previously described (217, 37). Briefly, 100 uL of a 3
mM L-DOPA or L-tyrosine aqueous solution was mixed with 2.1 mL of distilled H2O,
600 pL of 67 mM phosphate buffer (pH 6.8) and 100 pL of sample-DMSO solution was
incubated at 30 °C for 5 min. Then, 100 pL of the same phosphate buffer solution of the
purified mushroom tyrosinase (1 pg/mL) was added and oxygen consumption was
measured with an OBH 100 oxygen electrode and an oxygraph equipped with a water-
jacket chamber of YSI 5300 (all from Yellow Springs Instruments Co., Yellow Springs,
OH) maintained at 30 °C for 60 min. The results were expressed as the oxygen
consumption in uM, and calibration of an oxygen electrode was performed by using 4-
tert-butylcatechol and excess tyrosinase according to the previous report (67). All assays
were performed in triplicate on separate occasions.

HPLC analysis

Time-dependent consumption of substrates and/or formation of products were
monitored with HPLC analysis. The HPLC analysis was performed on an EYELA
LPG-100 (Tokyo Rikakikai Co. Ltd., Tokyo, Japan) with an EYELA UV-7000 detector
(Tokyo Rikakikai Co. Ltd., Tokyo, Japan) and Develosil ODS-UG-5 column (4.6 x 150
mm, Nomura Chemical Co., Ltd., Japan). In general, the operating conditions were as
follows: solvent; 7% MeCN/H20 containing 0.2% TFA, flow rate; 1.0 mL/min, detection;
UV at 280 nm, injected amount; 20 uL from above described 3 mL assay system. For
analysis, samples were collected from the reaction mixtures described above at certain
time points. The peak heights of each chromatographic peak were used to monitor the
consumption of substrates and/or formation of products. In appropriate occasions, the
results were expressed with the ratio of the height of sample peaks to that of control one,
and then points were connected smoothly using the statistical software.

Cell culture

B16-F10 mouse melanoma cells (CRL-6475) were obtained from ATCC
(Manassas, VA, USA), and cultured in continuous log phase growth in DMEM containing
10% FBS. Cells were seeded in 96-well plates (2000 cells/well) and incubated at 37 °C in
5% CO2 for about 24 h before chemical treatment. Each chemical was applied in
duplicate with a final content of 0.1% DMSO, and treated cells were cultured for 72 h
before assays.

Melanin assay

The melanin content was determined as previously described (62, 63) with minor
modifications. Cells were washed with PBS, harvested by trypsinization, and centrifuged
for 10 min at 1500 x g. The cell pellets were then dissolved in 1.0 M NaOH containing
10% DMSO during 2 h incubation at 80 °C. Melanin content was measured at 475 nm
using a SpectraMax Plus spectrophotometer and SoftMax Pro software (Molecular
Devices, Union City, CA, USA).
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Cell viability assays

Cell viability was determined by trypan blue exclusion and MTT cell
proliferation assays. Both bioassays basically provided the same results but the
concentration leading to 50% viable cells lost (ICs0) was established by trypan blue assay
for steady comparison purpose. The appropriate concentrations of the test chemicals were
selected by microscopic observation of the preliminary cell viability assay using a Nikon
Diaphoto TMD (Nikon, Tokyo, Japan).

Trypan blue method

Cells were washed with PBS, and dispersed by trypsinization. An aliquot of the
cells was mixed with a half volume of DMEM containing 10% FBS, and then mixed with
trypan blue solution (final content 0.1%) at room temperature. Unstained cells (viable
cells) were counted using a hemocytometer within 10 min after mixing with trypan blue
solution.

MTT method

Cells were washed with PBS, and dispersed with trypsinization, and an aliquot
of the cells was seeded in 96-well plates and incubated with DMEM containing 10% FBS
at 37 °C in 5% COz for 16 to 24 h. At the end of the period, 10 pul of MTT reagent were
added to each well, which was then incubated at 37 °C in 5% COz for 4 h. Then, 100 ul
of detergent reagent were added to each well. The plate was kept at room temperature in
the dark for 2 h, and a relative amount of MTT reduction was determined based on the
absorbance at 570 nm using a SpectraMax Plus spectrophotometer and SoftMax Pro
software (Molecular Devices).

DCFH-DA method

The level of intracellular reactive oxygen species (ROS) in B16-F10 melanoma
cells was measured by DCFH-DA method. Intracellular ROS oxidized the DCFH to a
highly fluorescent compound, DCEF, after esterase cleaves two acetate groups (50).
General procedures are listed as previously described (64, 65) with minor modifications.
Shortly, the cultured cells were incubated with the sample and DCFH-DA reagent for 60
min at 37 °C in the dark. After the incubation, cells were removed from the plate with
trypsinization in order to measure fluorescent. The amount of formed DCF was measured
using fluorolog-3 with DataMax (Instruments S.A., Inc. NJ, USA) with the excitation
wavelength at 485 nm and the emission wavelength at 520 nm.

Statistical analysis

The statistical significance of differences was evaluated by either Student's or
Welch's #-test after examining the variances using F-test and **p <0.01 was considered to
be statistically significant.
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