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Cardol triene was first purified from cashew (Anacardium occidentale L.) nut shell liquid and

identified by gas chromatography coupled to mass spectroscopy and nuclear magnetic resonance.

The effects of this compound on the activity of mushroom tyrosinase were studied. The results of

the kinetic study showed that cardol triene was a potent irreversible competitive inhibitor and the

inactivation was of the complexing type. Two molecules of cardol triene could bind to one molecule

of tyrosinase and lead to the complete loss of its catalytic activity. The microscopic rate constants

were determined for the reaction of cardol triene with the enzyme. The anti-tyrosinase kinetic

research of this study provides a comprehensive understanding of inhibitory mechanisms of

resorcinolic lipids and is beneficial for the future design of novel tyrosinase inhibitors.
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INTRODUCTION

Tyrosinase (EC 1.14.18.1), also known as polyphenol oxidase
(PPO), is a copper-containing multifunction oxidase widely
distributed in microorganisms, animals, and plants. This oxidase
catalyzes two distinct reactions of melanin synthesis, the hydrox-
ylation of a monophenol (monophenolase activity) and the
conversion of an o-diphenol to the corresponding o-quinone
(diphenolase activity), and is the key factor involved in the
formation of melanin pigments (1). Certain fruits and vegetables
usually suffer from browning during handling, processing, and
storage after harvest. Enzymatic browning is a major factor that
contributes to the loss of quality in foods and beverages (2).
Browning usually impairs the sensory properties of products
because of the associated changes in color, flavor, and softening,
which results in a shorter shelf life and decreases the market
value (3). Therefore, tyrosinase inhibitors have been established
as important constituents of depigmentation agents (4) and have
potential uses as food preservatives (5).

Tyrosinase inhibitors should have broad applications, somuch
effort has been spent searching for feasible and effective tyrosi-
nase inhibitors. Although a large number of naturally occurring
tyrosinase inhibitors have already been reported (6), their individ-
ual activity is not potent enough to be put into practical use. In
addition, the safety regulations for food additives limit their
applications in vivo, so we must rely on laboratory synthesis or
extraction fromplants (7) to resolve the problems. Inour previous
paper, flavonoids (8), hexylresorcinol (9), dodecylresorcinol (9),
3,5-dihydroxyphenyl decanoate (DPD) (10), and alkylbenzalde-

hydes (11) were shown to inhibit the enzymatic oxidation of
DOPA and the inhibitory kinetic study was performed in detail.

Recently, we purified a cardol triene from cashew (Anacardium
occidentale L.) nut shell and found it is a potent irreversible
competitive inhibitor of tyrosinase. The aim of this paper is,
therefore, to conduct a kinetic study of the inhibition of the enzyme.

Cardol triene {C15:3, 5-[8(Z),11(Z),14-pentadectrienyl]resorcinol}
is known to be abundantly distributed in Gingkoaceae and
Anacardiaceae. Someof themhadbeen reported topossess various
biological effects, such as antioxidation effects (12), antimicrobial
effects (13), antitumor effects (14), and anti-AchE activity (15).
The anti-tyrosinase kinetic research will provide a comprehensive
understanding of the inhibition mechanism of resorcinolic lipids
and is beneficial for the future design of novel tyrosinase inhib-
itors.

MATERIALS AND METHODS

Chemicals. Dimethyl sulfoxide (DMSO), mushroom tyrosinase, and
L-DOPA were purchased from Sigma Chemical Co. (St. Louis, MO).

Separation and Purification of Cardol Triene from Cashew Nut

Shell Liquid. The separation method used was similar to that previously
described (16). In brief, CNSL (cashew nut shell liquid, 100 g) was
dissolved in methanol (200 mL), and ammonium hydroxide (25%, 200 mL)
was added and the mixture stirred for 15 min. This solution was then
extracted with hexane (4 � 200 mL). The organic layer was washed with
5% HCl (100 mL) followed by distilled water (100 mL). Activated
charcoal (10 g) was added to the organic layer and the mixture stirred
for 10 min and filtered. The filtrate was dried over anhydrous sodium
sulfate and concentrated, yielding pure cardanol (65 g). The methanolic
ammonia solution was extracted with an ethyl acetate/hexane mixture
(4:1) (2 � 200 mL). The resulting organic layer was washed with 5%HCl
(100 mL) followed by distilled water (100 mL), dried over anhydrous
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sodium sulfate, and concentrated to yield crude cardols (18 g). Cardol
triene was further purified by preparative high-performance liquid chro-
matography (P-HPLC).

P-HPLC. HPLC analysis was conducted on a modular HPLC
instrument comprising two 510 reciprocating pumps, an Agilent 1100
Series variable-wavelength detector, and a Rheodyne injector (20 μL
loop), all from Waters Corp. A Hypersil ODS 25 μm (4.6 mm �
150 mm) column was used. The mobile phase consisted of acetonitrile,
water, and acetic acid (80:20:1) at a flow rate of 1.80mL/min. Absorbance
wasmonitored at 280 nm.We conducted each analysis by dissolving 25mg
of sample in 5 mL of the mobile phase.

Gas Chromatography and Mass Spectroscopy (GC-MS). GC-
MS analysis was conducted using a Varian GC 3800 instrument with a
Varian 1200 Quadrupole MS/MS mass spectroscopy instrument, on an
Ultra 2 column. The sample (1 mg) was dissolved in 10 mL of dichlor-
omethane, and 1 μL of this solution was injected into the GC-MS setup.
The temperature was increased from 50 to 250 �C at a rate of 10 �C/min
and maintained at 250 �C for 40 min.

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H and
13C NMR spectral data were recorded on a Fourier transform Bruker
AV 600 spectrometer; the compoundwas dissolved in 0.5mLofDMSO-d6
with 0.03% TMS as the internal reference standard.

Enzyme Assay. The following conditions were used for this experi-
ment. First, mushroom tyrosinase differs from other sources to some
degree (17), but this fungal source was used because of its ready avail-
ability. Second, themode of inhibition is known to depend on the structure
of both the substrate and inhibitor, so L-DOPAwas used as the substrate,
unless otherwise specified. Therefore, the activity studied is with respect to
the o-diphenolase inhibitory activity of mushroom tyrosinase. Third,
tyrosinase is known to catalyze a reaction between two substrates, a
phenolic compound (L-DOPA) and oxygen, but the assay was conducted
in air-saturated aqueous solutions. Therefore, theMichaelis constant (Km)
and maximum velocity (Vm) determined under these conditions were only
apparent, and the effect of oxygen concentration on these parameters is
unknown.

Enzyme activity was determined at 30 �C by following the increase in
absorbance at 475 nm (ε=3700M-1 cm-1) accompanying the oxidation
of the substrate (L-DOPA). One unit of enzymatic activity was defined as
the amount of enzyme increasing absorbance by 0.001 at 475 nmunder this
condition. The progress-of-substrate-reaction theory previously described
(18) was used to study the inhibitory kinetics. In this method, the mush-
room tyrosinase [1.0 mg/mL in 0.1M phosphate buffer (pH 6.8)] was first
diluted 50-fold with water, and then 50 μL of the solution was added to
200 μL of an assay substrate solution with 25 μL of DMSO containing
different concentrations of cardol triene. The substrate reaction progress
curve was analyzed to obtain the reaction rate constants. The reaction was
conducted at a constant temperature of 30 �C. The kinetic and inhibition
constants were obtained by the method previously described (19-22).

RESULTS AND DISCUSSION

Purification and Structure Identification of Cardol Triene.

CNSL contained an abundance of alkyl phenols such as anacar-
dic acids, cardols, and cardanols and therefore was chosen for
the separation of cardol triene. In this study, cardol triene was
separated and purified from CNSL as described above. The
purity was confirmed by element analysis. Anal. Calcd for cardol
triene: C, 80.21;H, 9.62. Found: C, 81.09;H, 10.43. TheGC-MS
and NMR results were consistent with those previously de-
scribed (23). The GC-MS and NMR analyses were conducted
to confirm its structure (Table 1). The structure of cardol triene is
shown in Figure 1.

Effect of Cardol Triene Concentration on Inactivation of Mush-

room Tyrosinase. The effects of cardol triene on the oxidation of
L-DOPA catalyzed by mushroom tyrosinase were first studied.
The activity of mushroom tyrosinase was inhibited in a cardol
triene concentration-dependent manner as shown in Figure 2a.
As the concentrations of cardol triene increased, the remaining
enzyme activitywas rapidly decreased, andwhen the cardol triene
concentration reached 55μM, the enzyme activitywas completely

suppressed. The inhibitor concentration leading to 50% activity
lost (IC50) was estimated to be 22.5 μM. If the enzyme was
preincubated with cardol triene at different concentrations for
1 h, the inactivation of the enzyme was more obvious and the
remaining activity decreased sharply. The IC50 was estimated
to be 8.0 μM, and at ∼26 μM cardol triene, the enzyme was
completely inactivated. This observation indicates that the in-
activation is an irreversible reaction.

Mechanism of Inhibition of Cardol Triene on Mushroom Tyro-

sinase. The mechanism of inhibition of the enzyme by cardol
triene during the oxidation of L-DOPA was first studied. The
relationship between enzyme activity and its concentration in the

Table 1. 1H NMR Spectral Data of Isolated Cardol Trienea

atom δ signal J (Hz)

H2 6.05 1H, s

H4,6 6.03 2H, s

H10 2.36 2H, t 7.8

H20 1.49 2H, m 6.3

H30,40,50,60 1.30 8H, m 6.3

H70 2.01 2H, m 4.8, 5.4

H80,90 5.34 2H, m 5.4, 10.8

H100 2.75 2H, t 6

H110,120 5.34 2H, m 5.4, 10.8

H130 2.79 2H, t 6

H140 5.78 1H, dd 11.2, 16.8

H150a 4.95 1H, dd 1.2, 11.2

H150b 5.02 1H, dd 1.2, 16.8

a In DMSO-d6, at 600 MHz, with δ relative to TMS.

Figure 1. Structure of cardol triene.

Figure 2. Inactivation of mushroom tyrosinase by cardol triene from
CNSL. (a) Tyrosinase (20 μg) in a 3 mL reaction system containing
0.05 M sodium phosphate buffer (pH 6.8), 0.5 mM L-DOPA, and different
concentrations of cardol triene. The data were recorded after reaction for
1 min. (b) Mixture of the enzyme (20 μg) and different concentrations of
cardol triene for preincubation for 1 h and then an assay of the remaining
activity.
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presence of different concentrations of cardol trienewas determined.
The plots of the remaining enzyme activity versus the concentra-
tions of enzyme at different concentrations of cardol triene gave a
family of straight lines with different slopes and different abscissa
intercepts (Figure 3). Increasing the inhibitor concentration
resulted in the decrease in the slopes of the lines, but the rate of
decrease became slower. When the cardol triene concentration
was more than 30 μM, the lines turned parallel to each other. The
results indicate that the inactivation of cardol triene on the
enzyme was irreversible. The enzyme molecules are first com-
binedwith inactivator (cardol triene) fast and reversibly, and then
irreversible inactivation occurs. The increasing abscissa intercept
indicated that the amount of efficient enzyme decreased by the
inactivation.

Kinetics of the Oxidation of L-DOPA Catalyzed by Mushroom

Tyrosinase. The kinetic behavior of mushroom tyrosinase in the
oxidation of L-DOPA has been studied. Under the conditions
employed here, the oxidation reaction of L-DOPA with mush-
room tyrosinase follows Michaelis-Menten kinetics. The kinetic
parameters formushroom tyrosinase obtained fromaLineweaver-
Burk plot are as follows:Km=0.665mM, andVmax= 1481 μM/
min. At different concentrations of cardol triene, the double-
reciprocal plots yield a family of straight lines with a common
intercept on the 1/v axis but with different slopes. The results
show that the inactivation of the enzyme by cardol triene was a
competitive reaction.

Kinetics of Inactivation of Mushroom Tyrosinase by Cardol

Triene. The inactivation of mushroom tyrosinase by cardol triene
was first studied by the conventionalmethod. The enzyme (20 μg)
was first incubated with different concentrations of cardol triene
in 2.7 mL of 55 mM phosphate buffer (pH 6.8) at 30 �C. At
different time intervals as indicated, 0.3 mL of 5.0 mM L-DOPA
was added for the assay of activity at 30 �C. It showed the course
of inactivation of the enzyme at a cardol triene concentration of
15 μM. A semilogarithmic plot of the relative activity versus
reaction time (t) gives a straight line (see the inset of Figure 4),
indicating that the inactivation course is a first-order reaction.
From the slope of the straight line, the inactivation rate constant
and its mushroom tyrosinase activity at other cardol triene
concentrations were obtained. The concentrations of cardol

triene were 5, 10, 15, 20, and 25 μM with inactivation rate
constants of 0.238, 0.738, 2.265, 4.490, and 5.277 � 10-3 s-1,
respectively. With the increasing cardol triene concentration, the
inactivation rate increased.

The inactivation of the enzyme by cardol triene can be
expressed as Schemes 1 and 2:

where E and I denote the native enzyme and inactivator (cardol
triene), respectively, n denotes the molecule numbers of inacti-
vator (cardol triene) that bound with every molecule of enzyme
and leave the enzyme inactivated, and k1 and k2 are the first- and
second-order rate constants of inactivation of the enzyme,
respectively. The relationship between k1 and k2 and the inhibitor
concentration [I] can be written as follows.

k1 ¼ k2½I�n or log k1 ¼ log k2 þ n log½I�

A plot of log(k1) versus log[I] gives a straight line, as shown in
Figure 5, where the slope of the straight line gives the value of n
(2.0408). The obtained result shows that every molecule of
enzyme must be combined with two molecules of cardol triene
and lost its activity.

Kinetics of the Substrate Reaction in the Presence of Different

Concentrations of Cardol Triene. The time courses of the oxida-
tion of the substrate, L-DOPA, by mushroom tyrosinase in the
presence of different cardol triene concentrations are shown in
Figure 6a. The results in Figure 6a show that, at each concentra-
tion of cardol triene, the rate decreased with time until a straight
line is approached, the slope ofwhichdecreaseswith an increasing
cardol triene concentration. As discussed byTsou (17), the results
described above suggest the slow formation of a reversible inactive

Figure 3. Effect of concentrations of cardol triene on the activity of
mushroom tyrosinase for the catalysis of DOPA at 30 �C. Assay conditions:
3mL reaction system containing 0.05M sodium phosphate buffer (pH 6.8),
0.5 mM L-DOPA, and different concentrations of cardol triene. Concentra-
tions of cardol triene for curves 0-4 were 0, 10, 20, 30, and 40 μM,
respectively.

Figure 4. Course of inhibition of mushroom tyrosinase by cardol triene
from CNSL. Mixture of the enzyme (20 μg) and cardol triene (15 μM) in
2.7 mL of 0.05 M phosphate buffer (pH 6.8) at 30 �C. At different time
intervals as indicated, 0.3 mL of 5.0 mM L-DOPA was added for the
determination of the activity at 30 �C with a Spectra MAX plus microplate
spectrophotometer. The inset shows a semilogarithmic plot of the results.

Scheme 1

Scheme 2
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enzyme-cardol triene complex. The reaction scheme can be
written as Scheme 3:

where S, P, I, and E denote the substrate, product, inactivator
(cardol triene), and native enzyme, respectively, ES, EI, and EI0

denote the respective complexes, Ein
0 is the dead enzyme, and kþ0

and k-0 are rate constants for forward and reverse inactivation of
the enzyme, respectively. The derivation of the kinetic equations
has been described previously (22). The product formation can be
expressed as

½P�t ¼ v

A½I� þB
Btþ A½I�

A½I� þB
1- e- ðA½I�þBÞt
h i� �

ð1Þ

and

A ¼
kþ 0

KI
Km

Km 1þ ½I�
KI

� �
þ ½S�

ð2Þ

B ¼ k- 0 ð3Þ

where [P]t is the concentration of the product formed at time t,
which is the reaction time,A andB are the apparent rate constants
for the forward and reverse reactions between cardol triene and
the enzyme, respectively, [S] and [I] are the concentrations of the
substrate and inactivator cardol triene, respectively, v is the initial
rate of reaction in the presence of inhibitor (cardol triene), Km is
the Michaelis constant, and KI is the dissociation constant of the
enzyme-cardol triene complex.

When t is sufficiently large, the curves become straight lines
and the product concentration is written as [P]calc:

½P�calc ¼ vB

A½I� þB
tþ vA½I�

ðA½I�þBÞ2 ð4Þ

Plots of [P]calc versus reaction time (t) give a series of straight lines
at different concentrations of inhibitor ([I]). The slope is

slope ¼ vB

A½I� þB
ð5Þ

Combining eqs 1 and 4 yields

lnð½P�calc - ½P�tÞ ¼ ln
vA½I�

A½I� þB
- ðA½I� þBÞt ð6Þ

Plots of ln([P]calc - [P]t) versus reaction time (t) give a series of
straight lines at different concentrations of inhibitor ([I]) with
slopes of -(A[I] þ B) (Figure 6b). Because the value of v can be
determined at special concentrations of substrate and inhibitor,
from eq 5, the apparent rate constantB can be obtained, and then
the apparent rate constantA can be obtained from the slope. The
results obtained show that the value of B is almost the same at
different concentrations of cardol triene and directly gives the
microscopic rate constant (k-0) for the reverse reaction, and the
valuewasmeasured to be (2.617( 0.032)� 10-3 s-1. The value of
kþ0 can be obtained by suitable plots of 1/A versus [I] as detailed
below. It is well-known that plots of 1/A versus [I] can differentiate

Figure 5. Plot of log(k1) vs log[cardol triene]. Experimental conditions
were as described in the legend of Figure 4 except for the concentrations of
cardol triene. The concentrations of cardol triene were 5, 10, 15, 20, and
25 μM.

Figure 6. Course of the substrate reaction in the presence of different
concentrations of cardol triene. Experimental concentrations were as
described in the legend of Figure 2. (a) Substrate reaction course. The
cardol triene concentrations for curves 0-4 were 0, 10, 15, 20, and 25 μM,
respectively. (b) Semilogarithmic plot of ln([P]calc - [P]t) vs time. Data
were taken from curves 1-4 in panel a. (c) Plot of 1/A vs cardol triene
concentration. The values of the apparent rate constant,A, were calculated
from data in Figure 4 through semilogarithmic plots of ln([P]calc- [P]t) vs
time.

Scheme 3
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complexing types of inactivation according to Tsou’s method.
Figure 6 shows the plot of 1/A versus [I], indicating that the
reaction of cardol triene with mushroom tyrosinase is of the
complexing type. The complexing step is fast relative to the sub-
sequent inactivation reaction.

From eq 2, the following equation can be given:

1

A
¼ KI

kþ 0
1þ ½S�

Km

� �
þ 1

kþ 0
½I� ð7Þ

A plot of 1/A versus [I] gives a straight line (Figure 6c). AsKm is a
known quantity, the microscopic rate constant (kþ0) and the
dissociation constant (KI) can be obtained from the slope and
intercept of the straight line, respectively. The obtained constants
show that KI was 11.25 μM, kþ0 was 20.12 � 10-3 s-1, and k-0

was 2.617 � 10-3 s-1.
Commercially available cashew (A. occidentale L.) nut shell

liquid mainly contains phenolic constituents such as anacardic
acid, cardanol, and cardol triene, which are resorcinolic lipids
with 15-carbon side chains (24). Resorcinolic lipids, especially
5-alkylresorcinols, had been reported to have various biological
activities because of their natural amphiphilic structures. The
antioxidation assays showed that the length of the alkyl chain is
crucial to their antioxidation potency (12, 25, 26). These com-
pounds can also perturb the phospholipid bilayer (27) and protect
against oxidative damage in Saccharomyces cerevisiae (28).

In this work, cardol triene was isolated from cashew
(A. occidentale L.) nut shell liquid and was first found to be a
potent irreversible inhibitor to mushroom tyrosinase for the
oxidation of L-DOPA. Compared to cardanol and anacardic
acid, cardol triene exhibited the highest inhibitory potency (29).
The structure-activity relationship of tyrosinase inhibitors in-
dicates the presence of a resorcinolmoiety could enhance the anti-
tyrosinase activity drastically; our research also showed strong
agreement with this indication (30, 31). The inhibitory kinetic
studies showed that the inhibitory mechanism of cardol triene on
tyrosinase diphenolase was of the complexing type. The inactivity
kinetics point out that every molecule of mushroom tyrosinase
must combine two molecules of cardol triene to lose its activity,
and that the irreversible inhibition is of the complexing type. The
anti-tyrosinase kinetic research is important because it provides a
comprehensive understanding of inhibitory mechanisms of such
resorcinolic lipids and is beneficial to the future design of novel
tyrosinase inhibitors.

ABBREVIATIONS USED

DMSO, dimethyl sulfoxide; L-DOPA, L-3,4-dihydroxyphenyl-
alanine; CNSL, cashew nut shell liquid; IC50, inhibitor concen-
tration leading to a 50% loss of activity.
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