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6-Pentadeca(e)nylsalicylic acids isolated from the cashew Anacardium occidentale L. (An-
acardiaceae), commonly known as anacardic acids, inhibited the linoleic acid peroxidation
catalyzed by soybean lipoxygenase-1 (EC 1.13.11.12, type 1) competitively without prooxi-
dant effects. Their parent compound, salicylic acid, did not have this inhibitory activity up to
800 μm, indicating that the pentadeca(e)nyl group is an essential element to elicit the activity.
The inhibition is attributed to its ability to chelate iron in the enzyme. Thus, anacardic acids
chelate iron in the active site of the enzyme and then the hydrophobic tail portion slowly
begins to interact with the hydrophobic domain close to the active site. Formation of the
anacardic acids-ferric ion complex was detected in the ratio of 2 :1 as the base peak in the
negative ion electrospray ionization mass spectrometry. Hence, anacardic acids inhibit both
Eox and Ered forms.
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Introduction

Lipoxygenases (EC 1.13.11.12) are a family of
non-heme iron-containing dioxygenases widely
distributed in both the animal and the plant king-
doms. They catalyze the regio- and stereospecific
oxygenation of polyunsaturated fatty acids, con-
taining (1Z,4Z)-pentadiene moieties, into the cor-
responding conjugated hydroperoxides. In plants,
the main substrates are linoleic (C18 : 2) and lino-
lenic (C18 : 3) acids, and the primary products of lip-
oxygeneses, 9S and 13S fatty acid hydroperoxides,
are proposed to have regulatory roles in plant and
animal metabolism (Gardner, 1995). Due to their
free radical nature, fatty acid hydroperoxides can
be quite active by themselves and are capable of
producing membrane damage and promoting cell
death (Gardner, 1991). Lipoxygenases are sug-
gested to be involved in the early event of athero-
sclerosis by inducing plasma low-density lipopro-
tein (LDL) oxidation (Cornicelli and Trivedi,
1999; Kris-Etherton and Keen, 2002). On the
other hand, it is well known that lipid peroxidation
is one of the major factors in deterioration during
the storage and processing of foods, because it can
lead to the development of unpleasant rancid or
off-flavors as well as potentially toxic end products
(Grechkin, 1998). Hence, lipoxygenase inhibitors
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should have broad applications (Richard-Forget
et al., 1995).

Three 6-pentadeca(e)nylsalicylic acids [penta-
deca(e)nyl is a collective term of side chains of
anacardic acids] commonly known as anacardic
acids and isolated from the cashew Anacardium
occidentale L. (Anacardiaceae); 6[8(Z),11(Z),14-
pentadecatrienyl]salicylic acid (1), 6[8(Z),11(Z)-
pentadecadienyl]salicylic acid (2), and 6[8(Z)-pen-
tadecenyl]salicylic acid (3) (reviewed by Tyman,
1979); were reported to inhibit the linoleic acid
peroxidation catalyzed by soybean lipoxygenase-1
(Nagabhushana et al., 1995). Recently, 3 was fur-
ther studied and found to have the same inhibition
without prooxidant effects (Ha and Kubo, 2005).
The aim of this paper is to describe the chelation
ability of these acids and pentadeca(e)nyl side
chain effects.

Materials and Methods

Chemicals

Anacardic acids (C15 : 0, C15 :1, C15 : 2, C15 : 3) and
the corresponding methyl esters and acetates were
available from our previous work (Kubo et al.,
1986, 1993, 1994; Yamagiwa et al., 1987). Soybean
lipoxygenase-1 (EC 1.13.11.12, type 1), dimethyl
sulfoxide (DMSO), salicylic acid, Tween-20 and
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linoleic acid were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). 13-Hydroperoxyoctade-
cadienoic acid (13-HPOD: λmax = 234 nm, ε =
25 mmÐ1 cmÐ1) was prepared enzymatically by a
described procedure (Gibian and Galaway, 1976)
and stored in ethanol at Ð18 ∞C.

ESI mass spectrometry

Electrospray ionization (ESI) mass spectra were
obtained on a Finnigan LCQ-Deca XP (Thermo
Fisher Scientific, Inc, Waltham, MA) mass spec-
trometer. The mass spectrometer was equipped
with an ESI needle and the ion spray voltage was
set at 3 kV with nitrogen as the sheath gas. Mass
spectra were acquired at the mass range m/z 50 Ð
2000 in the negative ion mode to detect deproto-
nated molecules. The complex solution was di-
rectly infused into the mass spectrometer at a flow
rate of 3 μL/min. For all the ESI measurements
of the hydrophobic complex ion, a non-aqueous
solution was prepared: 2-propanol/hexane/ethyl
acetate, 2 :1:1, with 0.05% acetic acid. A hexane
solution of anacardic acid and an ethyl acetate so-
lution of ferric acetylacetonate in a ratio of 1: 2,
respectively, were added to the solution and ad-
justed to a final concentration of 10 pmol/μL.

Inhibition experiments on lipoxygenase-1

The assay was conducted in triplicate of sepa-
rate experiments. The experiments were per-
formed by measurement of the initial rate of soy-
bean lipoxygenase-1 with a Spectra MAX plus
spectrophotometer (Molecular Device, Sunnyvale,
CA) at 25 ∞C. The enzyme assay was performed as
previously reported (Rickert and Klinman, 1999)
with slight modification. In general, the reaction
mixture consisted of 2.97 mL of 0.1 m sodium bo-
rate buffer (pH 9.0), 15 μL of 3 mm stock solution
of linoleic acid and 5 μL of an ethanolic inhibitor
solution. Then, 10 μL of 0.1 m sodium borate
buffer solution (pH 9.0) of lipoxygenase (0.52 μm)
were added. The resultant solution was mixed well
and the linear increase of absorbance at 234 nm
for 5 min, which expresses the formation of con-
jugated diene hydroperoxide (13-HPOD, ε =
25000 mÐ1 cmÐ1), was measured continuously. Lag
period shown on lipoxygenase reaction (Ruddat et
al., 2003) was excluded for the determination of
initial rates. The stock solution of linoleic acid was
prepared with Tween-20 and sodium borate buffer
at pH 9.0, and then total Tween-20 content in the

final assay was adjusted below 0.01%. The data
analysis was performed by using Sigma Plot 2000
(SPSS Inc, Chicago, IL). The IC50 values were ob-
tained by fitting experimental data to the logistic
curve by the equation (Copeland, 2000)

activity (%) = 100[1/(1 + ([I]/IC50))],

where [I] is the concentration of the inhibitor.

Results

For simplicity, the three 6-pentadeca(e)nylsali-
cylic acids are referred to anacardic acid C15 : 3 (1),
anacardic acid C15 : 2 (2), and anacardic acid C15 :1

(3), respectively (see Fig. 1 for structures). In addi-
tion, since anacardic acids are the derivatives of
salicylic acid (4) with a non-isoprenoid pentade-
ca(e)nyl side chain at the C-6 position, the activity
was compared with that of salicylic acid.

Deleterious free radical-mediated oxidations oc-
cur in aerobic organisms as a result of normal oxy-
gen metabolism. The human body produces free
radicals during the course of its normal metabo-

1

2

3

4

Fig. 1. Chemical structures of anacardic acids and related
compounds: 6[8(Z),11(Z),14-pentadecatrienyl]salicylic
acid (1, anacardic acid C15 : 3), 6[8(Z),11(Z)-pentadecadi-
enyl]salicylic acid (2, anacardic acid C15 : 2), 6[8(Z)-pen-
tadecenyl]salicylic acid (3, anacardic acid C15 :1), and sal-
icylic acid (4).
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lism. Free radicals are even required for several
normal biochemical processes. For example, the
phagocyte cells involved in the body’s natural im-
mune defenses generate free radicals in the proc-
ess of destroying microbial pathogens. If free radi-
cals are produced during the normal cellular
metabolism in sufficient amounts to overcome the
normally efficient protective mechanisms, meta-
bolic and cellular disturbances will occur in a vari-
ety of ways. Evidence is accumulating that several
cell types other than phagocytes also produce ex-
tracellular free radicals in vivo. For example, lipids
are oxidized by lipoxygenases and cyclooxygen-
ases, which generate peroxide intermediates. More
specifically, lipoxygenases catalyze the oxygena-
tion of polyenoic fatty acids containing a (1Z,4Z)-
pentadiene system, such as linoleic acid and ara-
chidonic acid, to their 1-hydroperoxy-(2E,4Z)-
pentadiene product. In this connection, lipoxygen-
ases are of importance, since they may generate
peroxides in human low-density lipoproteins in
vivo and facilitate the development of arterioscle-
rosis, a process in which lipid peroxidation appears
to be intimately involved (Ruddat et al., 2003).
Anacardic acid C15 :1 inhibited the linoleic acid
peroxidation catalyzed by soybean lipoxygenase-1
without prooxidant effects. Thus, 30 μm (10.4 μg/

Fig. 2. Negative ESI mass spec-
trum of the complex; 1:1 mixture
of anacardic acids (C15 : 3 and
C15 :1) forming the complex with
ferric acetylacetonate.

mL) of anacardic acid C15 :1 inhibited 80% of the
linoleic acid peroxidation and the IC50 value was
established as 6.8 μm (2.35 μg/mL).

Lipoxygenase is a non-heme iron-containing en-
zyme and lipoxygenase inhibitors are known to act
mainly in two different ways: by chelating the iron
of the active site of enzyme (Clapp et al., 1985;
Nelson, 1988) and/or by reducing the ferric form
of the enzyme to an inactive ferrous form (Kemal
et al., 1987; Mansuy et al., 1988). Anacardic acids
do not have reducing ability but, because of the
salicylic acid moiety with a pentadeca(e)nyl side
chain, it therefore appears that they can be ex-
pected to chelate iron in lipoxygenase. The UV
absorption bands of anacardic acids should shift
by adding excess ferrous ions and characteristic
bathochromic shifts were observed by adding ex-
cess ferrous ions, similar to the shifts previously
described by adding excess bicupric ions (Kubo
et al., 2000). However, the expected shift was not
observed in the absorption spectrum of the com-
plex of anacardic acids and soybean lipoxygenase-
1 because the absorption overlapped with that of
the enzyme itself.

On the other hand, anacardic acids were previ-
ously described to demonstrate high selectivity to-
ward transition metal ions such as iron and copper
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based on the absorption intensities (Nagabhush-
ana et al., 1995). Although the divalent ferrous ion
was capable of forming the complex, the complex-
ation activity of the trivalent ferric ion still re-
mained unsolved. Thus native soybean lipoxygen-
ase-1 contains a non-heme ferrous ion that must
be oxidized to yield the catalytically active ferric
enzyme (Kemal et al., 1987). The primary dioxy-
genation product in plants is 13(S)-hydroperoxy-
9Z,11E-octadecadienoic acid (13-HPOD) (5)
(Grechkin, 1998), and a catalytic amount of 13-
HPOD is usually added as cofactor. In order to
obtain more accurate information about the
metal-complex composition electrospray ioniza-
tion mass spectrometry was effectively employed.
In this way, formation of the anacardic acid C15 : 3-
ferric ion complex was successfully detected by
negative ion electrospray ionization mass spec-
trometry [(-)-ESI-MS] (Hayashi et al., 2007). The
spectrum showed the base peak at m/z 736.4 re-
lated to a 2 :1 complex of anacardic acid C15 : 3-fer-
ric ion, as shown in Fig. 2. Furthermore, a weak
peak (less than 10%) of the anacardic acid C15 : 3-
ferric ion complex in the ratio of 3 :1 was observed
at m/z 1079.8. Hence, the complexation preferred
ratio of 2 :1 opposite to a ratio of 3 :1. The similar
phenomena were also observed in the case of sali-
cylic acid, but salicylic acid did not inhibit the lino-
lenic acid peroxidation catalyzed by soybean lip-
oxygenase-1 up to 800 μm. The results observed
indicate that anacardic acids chelate both ferric
and ferrous ions and therefore inhibit both Eox

and Ered forms (Fig. 3). However, it still lacks di-
rect evidence that anacardic acids chelate iron in
lipoxygenase.

red

Fig. 3. Commercial lipoxygenase contains a non-heme
ferrous ion (Ered) that must be oxidized to yield the cata-
lytically active ferric enzyme (Eox) and therefore a cata-
lytic amount of LOOH (13-HPOD) is usually added as
a cofactor to LH (linoleic acid, a substrate).

The iron chelation mechanism can be indirectly
supported by the observation that neither the
methyl ester nor the acetate of anacardic acid
C15 : 3 inhibited the oxidation up to 200 μm, demon-
strating that both an alk(en)yl side chain tail as
well as the salicylic acid head moiety are an essen-
tial combination to elicit the inhibitory activity

similar to the previous report for the tyrosinase
inhibitory activity (Nomura and Fujihara, 1994)
and xanthine oxidase inhibitory activity (Masuoka
and Kubo, 2004). On the other hand, EDTA (eth-
ylene diaminetetraacetic acid), a well-known che-
lator, did not inhibit the linolenic acid peroxida-
tion catalyzed by soybean lipoxygenase-1 thereby
indicating that the chelation ability alone is not
enough to inhibit the activity of the enzyme.

In addition, transition metals are well known as
powerful promoters of free radical damage in both
the human body (Halliwell and Gutteridge, 1989;
Henle and Linn, 1997) and foods (Aruoma and
Halliwell, 1991). The ability to chelate transition
metal ions should be a considerable advantage of
anacardic acids as antioxidants. Anacardic acids
may suppress the superoxide-driven Fenton reac-
tion, which is currently believed to be the most
important route to active oxygen species. For ex-
ample, anacardic acids may prevent cell damage
induced by H2O2, since this can be converted to
the more reactive oxygen species, hydroxyl radi-
cals in the presence of these metal ions (Lodovici
et al., 2001). Thus, metal chelation may play an
important role in determining the antioxidant ac-
tivity (Arora et al., 1998). The chelation ability,
rendering the metal ions inactive to participate in
free radical generating reactions, should be of con-
siderable advantage as antioxidants.

Anacardic acids are salicylic acid derivatives
with a pentadeca(e)nyl side chain. They are am-
phipathic molecules and therefore their hydropho-
bic properties dominate the properties of the mol-
ecules. Thus, anacardic acids are expected to act
as surface active agents (surfactants). The low con-
formational stability of native proteins makes
them susceptible to denaturation by altering the
balance of the weak non-bonding forces that main-
tain the native conformation. However, since na-
tive proteins form a sort of intramolecular micelle
in which their non-polar portions are largely out
of contact with the water-based test solution, the
hydrophobic pentadeca(e)nyl side chain at C-6
may act as an anchor in the low dielectric interior
of proteins. On the other hand the hydrophilic
head portion of anacardic acids first binds to this
portion of the enzyme molecule after which the
hydrophobic tail portion slowly begins to interact
with the C-terminal domain where the iron is lo-
cated (Prigge et al., 1997). Since salicylic acid lacks
this anchor, it cannot disrupt the hydrophobic do-
main.
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Anacardic acids are also known to inhibit tyro-
sinase (EC 1.14.18.1) competitively without pro-
oxidant effects (Kubo et al., 1994). Tyrosinase is a
copper-containing enzyme, and chelators such as
kojic acid and tropolone are known to inhibit this
mixed-function oxidase by chelating copper in the
active site of the enzyme (Sánchez-Ferrer et al.,
1995). Molecular observation of the metal com-
plexes by mass spectrometry (MS) enables to esti-
mate the composition of the complex. In the nega-
tive spectrum, the anacardic acid C15 : 3-bicupric
complex in a ratio of 2 :1 was detected at m/z 744.4
as the base peak. This peak underwent to produce
several fragments including a weak peak at m/z
403.2 of an anacardic acid C15 : 3-bicupric complex
in a ratio of 1:1. Even if the metal concentration
was high, the latter peak was detected in a portion
less than 3%, indicating that the complexation
preferred the ratio of 2 :1 opposite to the ratio of
1:1. These phenomena were also observed in the
case of salicylic acid (Hayashi et al., 2007). How-
ever, EDTA, a well known chelator, did not inhibit
the tyrosinase-catalyzed oxidation of l-DOPA, in-
dicating that the chelation ability alone is not
enough to inhibit the enzyme. Similar to the afore-
mentioned points, for the case of lipoxygenase, it
proves no noticeable direct evidence that anacar-
dic acids chelate copper in tyrosinase. The binu-
clear copper active site in the enzyme has a much
more crowded environment and makes the sali-
cylic acid moiety in anacardic acids more difficult
to approach.

Discussion

Anacardic acids are known to inhibit various en-
zymes such as urease (Kubo et al., 1999), glycerol-
3-phosphate dehydrogenase (Irie et al., 1996), lip-
oxygenases (Shobha et al., 1994), �-lactamase
(Coates et al., 1994; Hird and Milner, 1994), aldose
reductase (Toyomizu et al., 1993), prostaglandin
endoperoxide synthase (Grazzini et al., 1991), and
prostaglandin synthase (Kubo et al., 1987; Bhatta-
charya et al., 1987). Since salicylic acid has little
or no effects on these enzymes, the hydrophobic
pentadeca(e)nyl side chain in anacardic acids is
undoubtedly associated with the enzyme inhibi-
tory activity. In addition, the number of double
bonds in the side chain is not directly associated
with the enzyme inhibitory activity (Shobha et al.,
1994), suggesting that interaction of the double

bond with a specific amino acid residue in the en-
zymes is unlikely. Anacardic acids are amphipathic
molecules, so that their hydrophobic properties
dominate the properties of the molecule. The pre-
cise explanation still remains unclear, but it seems
that these enzymes possess common a relatively
non-specific and hydrophobic domain. The hydro-
phobic pentadeca(e)nyl side chain in anacardic ac-
ids likely interacts with this hydrophobic domain
and disrupts the enzymes’ quaternary structure
(Tanford, 1980; Hasinoff and Davey, 1989). This
concept can be more broadly conceivable. The hy-
drophobic alkyl side chain should allow for confor-
mational flexibility and interacts with many types
of the hydrophobic domain in different enzymes.
Anacardic acids’ non-specificity of enzyme inhibi-
tion supports this assumption. The head and tail
structures of anacardic acids suggest that optimiza-
tion of the lipoxygenase inhibitory activity is possi-
ble through a synthetic approach. For example,
lipoxygenase inhibitors can be designed by select-
ing specific head portions that chelate transition
metals and by the appropriate lipophilicity of mol-
ecules which has a critical impact on the activity.
Based on this concept, octyl gallate (Ha et al.,
2004) and dodecyl gallate (Ha and Kubo, 2007)
were found to be potent lipoxygenase inhibitors.

Anacardic acids appear to act as antioxidants in
a variety of ways including inhibition of various
prooxidant enzymes involved in the production of
the reactive oxygen species (Trevisan et al., 2006;
Ha and Kubo, 2005; Masuoka and Kubo, 2004) and
chelate divalent metal ions (Nagabhushana et al.,
1995; Hayashi et al., 2007), but do not quench re-
active oxygen species (Kubo et al., 2006). Transi-
tion metals are well known as powerful promoters
of free radical damage in both the human body
(Halliwell and Gutteridge, 1989; Henle and Linn,
1997) and foods (Aruoma and Halliwell, 1991).

In summary, safety is a primary consideration
concerning antioxidants in food products. Anacar-
dic acids found in many edible plants, which have
been consumed for many years, should be a con-
siderable advantage. Metal chelation capacity of
anacardic acids is their additional advantage since
it reduces the concentration of the catalyzing tran-
sition metal in lipid peroxidation. It is known that
chelating agents, which form bonds with a metal,
are effective as secondary antioxidants because
they reduce the redox potential thereby stabilizing
the oxidized form of the metal ion. Hence, anacar-
dic acids were recently suggested to be utilized in
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functional food formulations (Trevisan et al.,
2006). Despite the advantage of the isolation from
regularly consumed edible plants, biological signif-
icance of anacardic acids as lipoxygenase inhibi-
tors in living systems is still largely unknown. Thus,
it is not clear if ingested anacardic acids are ab-
sorbed into the system through the intestinal tract
and delivered to the places where lipoxygenase in-
hibitors are needed. The relevance of the in vitro
experiments in simplified systems compared to in
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