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Abstract

The inhibitory effects of hinokitiol, a constituent of the woody oils isolated from Cupressaceae heartwood, on
mushroom tyrosinase and melanin formation in B16 melanoma cells as well as its antimicrobial activity were
investigated. Our results showed that hinokitiol could strongly inhibit both monophenolase activity and diphe-
nolase activity of the enzyme and the inhibition was reversible. The IC, values were estimated as 9.67 uM for
monophenolase activity and 0.21 uM for diphenolase activity. The lag time of the monophenolase activity was not
obviously lengthened by the compound. Kinetic analyses showed that the inhibition mechanism of hinokitiol was
a mixed-type inhibition of the diphenolase activity. Hinokitiol effectively inhibited both cellular tyrosinase activ-
ity and melanin biosynthesis in B16 melanoma cells with significant cytotoxicity. Furthermore, it was found that
hinokitiol could inhibit the proliferation of Salmonella enteritidis, Escherichia coli, Bacillus subtilis, Staphyloccocus
aureus, Klebsiella pneumoniae, and Ralstonia solanacearum to different extents. This research may widen the use
of hinokitiol in the fields of food preservation, depigmentation, and insecticide use.
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Abbreviations: DMSO, dimethylsulfoxide; L-DOPA, -3,4-dihydroxyphenylalanine; .-Tyr, L-tyrosine; MTT, 3-(4,5-
dimethyl-2-yl)-2,5-diphenyltetrazolium bromide; IC, , inhibitor concentrations leading to 50% activity lost;
MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; K rapy @PPAIENE Michaelis—
Menten constant; V. apparent maximum velocity; K, equilibrium constant of inhibitor combining with free

enzyme; K, equilibrium constant of inhibitor combining with enzyme-substrate complex.

Introduction . . . .
In the food industry, tyrosinase is a very important
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Tyrosinase (EC 1.14.18.1), which is also referred to
as polyphenol oxidase (PPO), is a copper-containing
monooxygenase that is considered to be a key enzyme in
melanin synthesis"?. The enzyme catalyzes two distinct
reactions involving molecular oxygen: the hydroxylation
of monophenols to o-diphenols (monophenolase activity)
and the oxidation of the o-diphenols to o-quinones (diphe-
nolase activity). Quinones are highly reactive compounds
and can polymerize spontaneously to form high molecular-
weight compounds or brown pigments (melanins), or react
with amino acids and proteins that enhance the brown
color produced?.

enzyme in controlling the quality and economics of fruit
and vegetable storage and processing, including fruit pulp
manufacturing*®. Tyrosinase catalyzes the oxidation of
phenolic compounds to the corresponding quinone, and
is responsible for the enzymatic browning of fruits and
vegetables®. Tyrosinase is responsible for not only brown-
ing in plants, but also melanization in animals. Melanin
is essential for protecting human skin against radiation,
but the accumulation of abnormal melanin induces
pigmentation disorders, such as melasma, freckles, and
senile lentigines®. Melanogenesis is conducted in the
melanocytes, located in the basal layer of the epidermis,
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and controlled by tyrosinase. Thus, in cosmetic, medicinal,
and food products, tyrosinase inhibitors have become
increasingly important to prevent hyperpigmentation and
enzymatic browning’. Hence, tyrosinase inhibitors should
have broad applications.

Hinokitiol (4-isopropyl tropolone, f-thujaplicin) is a
constituent of the woody oils isolated from Cupressaceae
heartwood, and is known to have antifungal and antibacte-
rial activities®. In melanocytes, hinokitiol was found to reduce
melanin content, and has been reported to be a potent
tyrosinase inhibitor®®. However, its inhibitory mechanisms
have not been clearly studied. The aim of this present experi-
ment was, therefore, to carry out a kinetic study of the inhibition
of the monophenolase and o-diphenolase activity of tyrosinase
by hinokitiol, with an evaluation of the kinetic parameters and
constants characterizing the system. In addition, its inhibitory
effect on melanin formation in B16 melanoma cells and its
antimicrobial activity were also studied in order to present a
potential use of hinokitiol as an antibrowning and antimicrobial
cosmetic and food additive.

Materials and methods

Reagents

Tyrosinase (EC 1.14.18.1) from mushrooms was the prod-
uct of Sigma Chemical Co. (St. Louis, MO, USA). The
specific activity of the enzyme is 6680U/mg. L-Tyrosine
(L-Tyr) and L-3,4-dihydroxyphenylalanine (L-DOPA) were
obtained from Aldrich (St. Louis, MO), 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA), 10,000U/mL
penicillin G, 10,000 pg/mL streptomycin, and RPMI 1640
medium from Gibco (Grand Island, NY), and Triton X-10,
3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), and dimethylsulfoxide (DMSO) from Amresco (Dallas,
TX). Hinokitiol was acquired from Shanghai Kaikule Medicine
Science Ltd. Salmonella enteritidis, Escherichia coli, Bacillus
subtilis, Staphyloccocus aureus, Klebsiella pneumoniae, and
Ralstonia solanacearum were collected from the colony
preserved at -80°C in the Fujian Academy of Agricultural
Sciences. All other reagents were local and of analytical grade.
The water used was redistilled and ion-free.

Enzyme assay

The enzymatic activity assay was performed as reported by
Chen et al.''. We used L-Tyr as the substrate for the monophe-
nolase activity assay, and L-DOPA as the substrate for the
diphenolase activity assay. The reaction medium (3mL) for
the activity assay contained 2.0 mM L-Tyr or 0.5 mM L-DOPA in
50mM Na,HPO,-NaH,PO, buffer (pH 6.8). The final concen-
tration of mushroom tyrosinase was 33.3 pg/mL for monophe-
nolase activity and 6.67 pg/mL for diphenolase activity. The
reaction was carried out at a constant temperature of 30°C.
Hinokitiol was first dissolved in DMSO and then added to
the reaction medium. The final concentration of DMSO in
the test solution was 3.3%. Thus, 3.3% DMSO without inhibi-
tor was used as control. All the above measurements were
performed on a Beckman UV-650 spectrophotometer. The

extent of inhibition by addition of the sample was expressed
as the percentage necessary for 50% inhibition (IC_). The
inhibition type was assayed by Lineweaver-Burk plot, and
the inhibition constant was determined by the second plot of
apparent K _/V_or1/V_vs. concentration of the inhibitor.

Cell culture

B16 melanoma cells were acquired from the Institute of
Biochemistry and Cell Biology, Shanghai Institute for
Biological Sciences, Chinese Academy of Sciences (Shanghai,
China). B16 cells were maintained in RPMI 1640 medium
(Gibco) containing 10% heat-inactivated fetal bovine serum
(FBS), 100U/mg penicillin G, and 100 ug/mL streptomycin,
and cultured at 37°C in a humidified atmosphere with
5% CO,. Afterward, the cytotoxicity levels of the compound
on melanoma B16 cells were assessed via the MTT method,
and its effects on the tyrosinase activity and melanin content
assays were determined.

Cell viability

Cell viability was quantified by a colorimetric MTT assay
that measures mitochondrial activity in living cells
Cells were cultured to 90-95% confluent monolayers and
collected by trypsinization with 0.25% trypsin-EDTA.
The cells were cultured in flat-bottomed 96-well plates
(1x10* cells/well) overnight, and then treated with vari-
ous concentrations of hinokitiol for another 72h. Cells were
rewashed with phosphate buffered saline (PBS) (137mM NaCl,
2.7mM KCI, 10mM Na,HPO,, 2mM KH,PO,, pH 7.4) twice,
and then 10uL of MTT solution (0.5mg/mL) and 90 uL fresh
RPMI 1640 medium were added and the mixture incubated
for 4h. Finally, the culture supernatant was discarded and
200 uL. DMSO was added to solubilize the formed formazan
salt. The amount of formazan salt was quantified by measuring
the absorbance at 570nm using a microplate reader (Orange
Scientific, Belgium). Relative cell viability was determined by
the quantity of MTT converted into formazan salt. The viability
of the cells was quantified as a percentage compared to the
control: [(absorbance of treated cells - absorbance of blank)/
(absorbance of control - absorbance of blank) x 100%].

Assay of cellular tyrosinase activity

Tyrosinase activity in B16 cells was examined by measuring
the rate of oxidation of L-DOPA'. After incubation in the
presence of hinokitiol for 72h, B16 cells were washed with
PBS twice to remove non-adherent dead cells. Ninety micro-
liters of PBS containing 1% Triton X-100 and 10 yL L-DOPA
(1.0mg/mL) were added to each well of the 96-well plate and
sonicated for 30 s. The samples were inoculated at 30°C for
30min, and then measured at 475nm. Relative remaining
tyrosinase activity was calculated by the equation as follows:
tyrosinase activity (OD,.)/cell viability (OD, ) x 100%.
Determination of melanin biosynthesis in B16 melanoma
cells

Melanin content was used as an index of melanin biosyn-
thesis in the present study. To measure the cellular melanin
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contents, the experiment was conducted in accordance with
the procedure described by Huang et al.'*. The B16 cells were
seeded at a density of 2x10* cells per well in 9cm culture
plates and then incubated for 24 h. The cells were treated with
various concentrations of hinokitiol (1.25-10 uM) for 72 h. The
cells were washed twice in PBS and dissolved in 1N NaOH
(in 10% DMSO) by 2h of boiling (80°C). The lysates were
centrifuged for 10min at 1000g, and then the absorbance
value of the supernatant was measured at 405nm. The rela-
tive melanin content of the cells was estimated as: melanin
content (OD, )/cell viability (OD_ ) x 100%.

405 570

Antimicrobial assay

The antimicrobial assay was carried out in tryptone beef
extract agar, at pH 7.2, with an inoculum of 1-2 x 10° cells/mL.
The antimicrobial activity of hinokitiol was determined using
the agar well diffusion method following the published pro-
cedure with slight modification''*. Briefly, culture medium
was inoculated with the given microorganism by spreading
the bacterial inoculum in the medium. Wells (7 mm diam-
eter) were punched in the agar and filled with hinokitiol
at different concentrations. Control wells, containing neat
DMSO (negative control) and standard antibiotic strepto-
mycin sulfate (1000 U/mL) for the tested bacteria, were also
run parallel in the same plate. Bacterials were incubated
at 37°C for 24 h. The antimicrobial activity was assessed by
measuring the diameter of the zone of inhibition for the
respective drug. The minimum inhibitory concentration
(MIC) and the minimum bactericidal concentration (MBC)
were tested by broth macrodilution methods according to
Kubo et al.*.

Statistical analysis
All data are expressed as the mean (standard deviation (SD))
value of three independent experiments.

Results

Inhibitory effects of hinokitiol on monophenolase activity
of mushroom tyrosinase

Tyrosinase can catalyze the hydroxylation of monophenols
(monophenolase activity) and the oxidation of o-diphenols
to o-quinones (diphenolase activity), both depending on
molecular oxygen'. The o-quinones evolve non-enzymat-
ically to yield several unstable intermediates, which then
polymerize to give melanins'®. Thus, 2.0mM L-Tyr was
used as a substrate to assay the effect of hinokitiol on the
monophenolase activity of mushroom tyrosinase. The
kinetic courses of oxidation of the substrate in the presence of
hinokitiol at different concentrations are shown in Figure 1. A
marked lag period, characteristic of monophenolase activity,
was observed simultaneously with the appearance of the first
stable product, dopachrome (Figure 1a)'". The system reached
a constant rate after the lag period, which was estimated by
extrapolation of the linear portion of the product accumula-
tion curve to the abscissa. After the reaction system reached
steady state, the curve of the product increased linearly with
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Figure 1. Inhibition effects of hinokitiol on monophenolase activity of
mushroom tyrosinase. (a) Progress curves for oxidation of L-Tyr by the
enzyme. Concentrations of hinokitiol for curves 1-6 were 0, 1.6, 3.2, 4.0,
4.8, 6.4, and 8.0 uM, respectively. (b) Effects of hinokitiol on steady-state
rate of monophenolase activity (curve 1) and lag period of mushroom tyro-
sinase (curve 2) for oxidation of tyrosine. Concentrations of enzyme and
substrate (L-Tyr) were 6.67 ug/mL and 0.5mM, respectively.

increasing reaction time; the slope of the line denoted the
steady-state rate. In the presence of different concentrations of
hinokitiol, the lag time and the steady-state rate were deter-
mined and the results are shown in Figure 1b. The results
indicated that the lag time did not change obviously with
increasing concentration of the compound. However, the
steady-state rate decreased distinctly. The remaining enzyme
activity was found to be 54.1% with the concentration of com-
pound at 8.0 uM, which indicated that the inhibitory effect of
hinokitiol on monophenolase was concentration-dependent.
The IC,  value for the monophenolase activity inhibited by
hinokitiol was 9.67 uM.

Inhibitory effects of hinokitiol on diphenolase activity of
mushroom tyrosinase

Hinokitiol was used as an effector on the activity of mush-
room tyrosinase for the oxidation of L-DOPA. The progress
curve of the enzyme reaction was a line passing through
the origin without a lag period. The formation of product
was in proportion to the reaction time. The value of the
slope of the line indicated the diphenolase activity. On
increasing the concentration of hinokitiol, the diphenolase
activity of mushroom tyrosinase was markedly decreased
in a concentration-dependent manner (Figure 2). The IC,
value of the compound was estimated to be 0.21 uM.

Inhibitory mechanism of hinokitiol on diphenolase activ-
ity of mushroom tyrosinase

The inhibition mechanism on the enzyme by hinokitiol for the
oxidation of L-DOPA was investigated. The result is shown in
Figure 3. Plots of remaining enzyme activity versus concen-
tration of enzyme in the presence of different concentrations
of hinokitiol gave a family of straight lines, which all passed
through the origin, indicating that the inhibition of hinokitiol on
diphenolase showed a reversible reaction course. The presence
of hinokitiol did not reduce the amount of efficient enzyme,
but just resulted in descending activity of the enzyme.
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Figure 2. Effect of hinokitiol on diphenolase activity of mushroom
tyrosinase.
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Figure 3. Effects of tyrosinase concentration on its activity for oxidation of
L-DOPA at different concentrations of hinokitiol. Concentrations of hinoki-
tiol for curves 1-5 were 0, 0.13, 0.26, 0.40, and 0.53 uM, respectively.

Inhibition type and inhibition constants of hinokitiol on
diphenolase activity of mushroom tyrosinase

The inhibition kinetics of hinokitiol on the enzyme was
studied using Lineweaver-Burk plots. The results are shown
in Figure 4. The double-reciprocal plots yielded a family
of lines with different slopes and different intercepts, and
they intersected one another in the second quadrant. This
behavior indicated that hinokitiol could bind not only with
free enzyme, but also with the enzyme-substrate complex,
and their equilibrium constants were different; hinokitiol
was a mixed-I type inhibitor of the enzyme. The equilibrium
constants for its binding with free enzyme, K, and with the

enzyme-substrate complex, K, were obtained from the
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Figure 4. Lineweaver-Burk plot for determination of inhibitory mecha-
nism of hinokitiol on mushroom tyrosinase (I). Concentrations of hinoki-
tiol for curves 1-4 were 0, 0.13, 0.26, and 0.40 uM, respectively. (II) and (III)
represent plots of slope and intercept vs. concentration of hinokitiol for

determining inhibition constants K, and K, respectively.

second plots of Kmapp/ Vap and 1/ V app V8- CONCentration of
hinokitiol, respectively. The values of K, and K, were deter-
mined to be 0.16 pM and 0.38 pM, respectively.

Inhibitory effect of hinokitiol on cell viability, cellular
tyrosinase activity, and melanin biosynthesis

In this study, we also attempted to confirm whether hinoki-
tiol could inhibit melanin biosynthesis in melanoma cells.
We evaluated the effects of hinokitiol on melanin synthesis
in B16 cells. The cell viability of the compounds was deter-
mined via a 3-day MTT assay. As shown in Figure 5, the
compound exerted a cytotoxic effect on melanoma cells and
inhibition of tyrosinase activity and melanin content in the
concentration range of 1.25-10 uM. When the concentration
of inhibitor reached 10uM, cell viability, enzyme activity,
and melanin content were inhibited to 25.1%, 72.4%, and
43.2%, respectively. The cell viability and melanin content of
hinokitiol-treated cells were reduced significantly in a
dose-dependent manner. As a result, hinokitiol was shown to
have cytotoxicity to the cells and function as a potent inhibi-
tor on melanin production in B16 melanoma cells.

Antimicrobial activity of hinokitiol
The antibacterial activity of hinokitiol on S. enteritidis, E.
coli, B. subtilis, S. aureus, K. pneumoniae, and R. solanacearum
was investigated and the results are shown in Figure 6 and
Table 1. In the test, the bacteriostatic activities were assayed
by taking 2000 U/mL streptomycin sulfate as control. DMSO
had no obvious inhibition on the proliferation of these six
different kinds of bacteria. It was found that hinokitiol could
inhibit the proliferation of these six different kinds of microbi-
als to different extents.

A broth dilution method was also used to test the anti-
microbial activities of hinokitiol against the six bacteria

RIGHTS LI N Kdx



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by University of South Carolinaon 12/26/11
For personal use only.

802 Yu-Jing Zhu et al.

120 O Relative cell proliferation ratio

Relative tyrosinase activity

100
Relative melanin content
80
60

40

Relative content (%)

20

(1] (uM)

Figure 5. Effects of hinokitiol on cell vability, tyrosinase activity, and
melanin content of B16 melanoma cells.
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Figure 6. Antimicrobial activity of hinokitiol at different concentra-
tions. Concentrations of hinokitiol for wells 1-5 were 10, 5, 2.5, 1.25, and
0.625 mg/mL, respectively. a, positive control with 2000 U/mL of strepto-
mycin sulfate for bacterium; b, negative control with DMSO.

mentioned above. The results obtained are listed in Table 2.
Hinokitiol was effective against S. enteritidis, E. coli, B. sub-
tilis, and R. solanacearum, among which the antimicrobial
activity against S. enteritidis, E. coli, and B. subtilis was more
effective, with the same MIC of 50 ug/mL and the same MBC
of 50 ug/mL, while the MIC and MBC against R. solanacearum
were 50 ug/mL and 200 pg/mL, respectively.

Discussion

Tyrosinase is a key enzyme of melanin biosynthesis, which
is responsible for browning in plants and is considered to
be deleterious to the color quality of plant-derived foods
and beverages. This unfavorable darkening from enzymatic
oxidation generally results in a loss of nutritional and market
values and has been of great concern'®. Besides, abnormal

Table 1. Antimicrobial activity of hinokitiol.
Concentration (mg/mL)

Bacteria a b 0.625 1.25 2.5 5 10

Salmonella ++ — + ++ ++ 4+ A+
enteritidis

Escherichia coli  ++ — + ++ ++ bt At
Bacillus subtilis — +++ — + + ++ 4+ 4+
Staphyloccocus — — — + ++ ++ . "
aureus

Klebsiella ++ — + ++ ++ . T+
pneumoniae

Ralstonia ++ — + + ++ +H+
solanacearum

Note. a, positive control with 2000 U/mL of streptomycin sulfate for bacte-
rium; b, negative control with DMSO; ++++, antimicrobial zone is above
28 mm in diameter; +++, antimicrobial zone is between 20 mm and 27 mm;
++, antimicrobial zone is between 15mm and 19mm; +, antimicrobial
zone is less than 15mm; —, no inhibition.

Table 2. MIC and MBC (pg/mL) of hinokitiol.

Bacteria MIC (pg/mL) MBC (pg/mL)
Salmonella enteritidis 50 50
Escherichia coli 50 50
Bacillus subtilis 50 50
Staphyloccocus aureus 100 400
Klebsiella pneumoniae 400 500
Ralstonia solanacearum 50 200

melanin pigmentation such as melasma, freckles, and senile
lentigines is a serious esthetic problem®. Melanin pigments
are also found in many disease states. In the human brain,
tyrosinase plays an important role in neuromelanin forma-
tion, which could be central to dopamine neurotoxicity as
well as contribute to the neurodegeneration associated with
Parkinson’s disease'. Tyrosinase also plays an important
role in the developmental and defensive functions of insects,
which involve melanogenesis, wound healing, parasite
encapsulation, and sclerotization®.

Melanin biosynthesis can be inhibited by avoiding
ultraviolet (UV) exposure, by the inhibition of tyrosinase,
and by the inhibition of melanocyte metabolism and pro-
liferation®. Hinokitiol has been reported to strongly inhibit
human and mushroom tyrosinase activity, and reductions in
tyrosinase activity are known to be associated with marked
reductions in melanin synthesis®. Sakuma et al.* reported that
hinokitiol acted as a representative type of competitive inhibi-
tor and exhibited the most potent inhibition (IC, = 8.22 uM)
followed by hydroquinone, resorcinol, hydroxyhydroquinone,
kojic acid, L-ascorbic acid, phloroglucinol, p-nitrophenol,
methyl p-hydroxybenzoate, and arbutin, while L-Tyr was
used as substrate. Our results showed an approximate IC_,
value of 9.67uM for monophenolase activity inhibited by
hinokitiol, when the enzymatic oxidation reaction used L-Tyr
as the substrate. High inhibition of the diphenolase activity
of mushroom tyrosinase was also found for hinokitiol with
an IC, value of 0.21 pM, lower than that of tropolone, one of
the strongest tyrosinase inhibitors reported (IC,, = 0.4 uM)?".
However, the inhibition mechanism and type on the enzyme

RIGHTS LI N Kdx



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by University of South Carolinaon 12/26/11

For personal use only.

Inhibitory effects and antimicrobial activities of hinokitiol

by hinokitiol for oxidation of L-DOPA revealed that the
inhibition belonged to mixed-I type, namely, the competitive
effect being stronger than the uncompetitive effect, which
indicated that this compound inhibited the enzyme-substrate
complex more weakly than the free enzyme?.

Choi et al.* commented that hinokitiol observably inhib-
ited melanin synthesis and also reduced the protein levels of
tyrosinase, tyrosinase-related protein 1 (TYRP-1), tyrosinase-
related protein 2 (TYRP-2), and microphthalmia-associated
transcription factor (MITF). In the present study, we also
investigated the inhibitory effect of hinokitiol on cellular
tyrosinase activity, which was markedly reduced by hinokitiol
in B16 cells. Furthermore, we estimated the cell viability and
melanin biosynthesis of B16 cells in the presence of hinoki-
tiol, demonstrating that the cells and melanin content were
significantly reduced by hinokitiol in a dose-related manner.
The depigmenting effect of hinokitiol was thought to be attrib-
utable to a combinative function of repression of tyrosinase
activity, cell proliferation, and tyrosinase gene expression.

In addition, hinokitiol has been noted to have a wide spec-
trum of antimicrobial activities against Gram-positive and
-negative bacteria, yeasts, and molds, and is effective as a plant
growth stimulator. Of particular note is the fact that hinokitiol
does not develop microorganism resistance, in contrast to
many antibiotics. The results here confirmed the effective
antibacterial activities?®?*. The inhibition on R. solanacearum,
a Gram-negative soil-borne 3-proteobacterium that causes
bacterial wilt disease in diverse and important food crops such
as tomato, potato, banana, and ginger®, is first reported.

In conclusion, the present study showed that hinokitiol
is a promising candidate for the development of a food
preservative or insecticidal agent which has potent inhibitory
effects on tyrosinase activity and melanin biosynthesis as well
as significant antimicrobial activity.
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