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Abstract: A series (C; to Cy6) of alkyl gallates was tested for their antioxidant activity for food protection and human
health. One molecule of alkyl gallate, regardless of alkyl chain length, scavenges six molecules of 1,1-diphenyl-2-
picrylhydrazyl (DPPH). Alkyl gallates inhibited the linoleic acid peroxidation catalyzed by soybean lipoxygenase-1 (EC
1.13.11.12, Type 1) without being oxidized. The progress curves for enzyme reactions were recorded by both spectropho-
tometric and polarographic methods and the inhibitory activity was a parabolic function of their lipophilicity (log P) and
maximized with alkyl chain length between C;; and Cy4. Tetradecanyl (Cy4) gallate exhibited the most potent inhibition
with an ICsy of 0.06 uM. The inhibition kinetics of dodecyl gallate (C,) revealed competitive and slow-binding inhibi-
tion. Alkyl gallates chelate transition metal ions and this chelation ability should be of considerable advantage as antioxi-
dants. Additionally, gallic acid was found to inhibit superoxide anion generated by xanthine oxidase (EC 1.1.3.22) but did

not inhibit enzymatically catalyzed uric acid formation.
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1. INTRODUCTION

Antioxidants in foods normally refer to substances that
can inhibit fatty acid autoxidation. The major antioxidants
are metal chelators (preventive) and chain-breaking antioxi-
dants (sacrificial) acting as hydrogen atom donors [1, 2].
Propyl, octyl and dodecyl (lauryl) gallates are currently
permitted for use as antioxidant additives in food [3]. Hence,
the previous studies usually emphasized their scavenging
activity to use them as antioxidant additives in food. In
addition to use them as antioxidant activities, we recently
proposed that various multifunctional food additives such as
a series of alkyl gallates, can be designed by selection of
appropriate head and tail portions [4] since the balance of
these two is related to many biological activities. However,
the rationale for this observation, especially the role of the
hydrophobic portion, is still poorly understood. The head and
tail structures are synthetically easily accessible as an ester
and therefore the construction of a wide range of structurally
diverse multifunctional mimics are available for evaluation.
However, selection of head and tail building blocks need to
be concerned not only for food protection but also for their
benefits to human health after their consumption. This
prompted us to design antioxidative antimicrobial agents as
an example [5]. For food protection, antioxidant additives
acting in variety of ways including direct quenching of reac-
tive oxygen species, inhibition of enzymes involved in the
production of the reactive oxygen species, and chelation of
low valent metals are needed in addition to antimicrobial
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activity. Lipid peroxidation is one of the major factors in
deterioration during the storage and processing of foods. For
example, the oxidation of membrane lipids is implicated in
the development of off-flavors [6], loss of fresh meat color
[7], and the formation of harmful lipid peroxidation products
[8] in muscle foods. Addition of antioxidants has become
popular as a means of increasing the shelf life of food prod-
ucts and of improving the stability of lipid-containing foods
by preventing loss of sensory and nutritional quality [9]. In
living systems, the oxidation of unsaturated fatty acids in
biological membranes leads to a decrease in the membrane
fluidity and disruption of membrane structure and function
[10, 11]. Cellular damage due to lipid peroxidation causes
serious derangements, such as ischemia-reperfusion injury,
coronary arteriosclerosis, and diabetes mellitus [12, 13], and
it is also associated with aging and carcinogenesis [14].
Hence, antioxidant development/use/selection needs to be
concerned about all the processes mentioned previously.
This prompted us to further examine various antioxidative
activities of a series of alkyl gallates as an example.

2. RESULTS

Alkyl gallates (1-17) (see Fig.1 for structures) act as an-
tioxidants in a variety ways that include quenching reactive
oxygen species, inhibiting various prooxidant enzymes in-
volved in the production of the reactive oxygen species, and
chelating divalent metal ions such as Fe*" and Cu®". Hence,
alkyl gallates can be defined as multifunctional antioxidants.
Their diverse antioxidant activities are directly or indirectly
explained by their head and tail structural function, indicat-
ing that the alkenyl side chain is largely associated with the
activity. The available data have been reported as the result
of sporadic research, so it is time to review and summarize in
one paper all what is currently known.
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Fig. (1). Chemical structures of gallic acids and related compounds.

2.1. Scavenging Activity

For food protection, alkyl gallates are useful as antioxida-
tive antimicrobial agents. Gallic acid and its methyl, ethyl,
propyl and n-butyl esters were previously reported to
scavenge the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
[15, 16] but these studies were not comprehensive. Hence,
the radical scavenging activity on the DPPH radical, which
can be measured as decolorizing activity following the
trapping of the unpaired electron of DPPH, was examined
first. The reaction progress absorbance of the mixture is
monitored at 517 nm for 20 min and the results are listed in
Table 1. Gallic acid and its series (C;-C;,) of alkyl esters
showed almost equally potent radical scavenging activity on
DPPH radical. One molecule of alkyl gallates scavenges six
DPPH molecules. Thus, alkyl gallates are oxidized three
times by DPPH within 20 min as illustrated (Fig. 2). The
scavenging activity does not correlate with the hydrophobic
alkyl chain length. This is consistent with the previous report
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[17]. Hence, all the alkyl gallates can be used as scavenging
antioxidants and selection of the tail portion seems to be
flexible. On the other hand, their antimicrobial activity is
dependent on the chain length and a broad antimicrobial
spectrum should be preferred for food protection. Nonyl
gallate (Cy) (6) showed the most potent and broad spectrum
[18, 19] followed by octyl gallate (Cs) (5) [20]. Dodecyl
(lauryl) gallate (Ci2) (9) was found to be effective on
Gram-positive bacteria [21]. Since both octyl gallate and
dodecyl gallate are currently permitted for use as antioxidant
additives in food [3], the next experiment was centered on
these two gallates.

Table 1. Scavenging Activity of Gallic Acid and Its Esters
Gallates Tested DPPH Consumption *

Gallic acid (1) 6.51+£0.30
Ci Q) 6.34+0.12
C(3) 6.02+0.17

Co (4) 5744022

Cs (5) 6.09+0.14

Cs (6) 5.84+0.17
Cio(T) 6.02+0.18
Ci(9) 7.28 +0.54
Menthyl (14) 6.71+0.03
Bornyl (15) 6.61£0.20
a-Tocopherol 2.65+0.28

“ number of scavenged DPPH molecules per one test molecule.

The trolox equivalent antioxidant capacity (TEAC) assay
is based on the scavenging of the 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonic  acid) (ABTS) radical
(ABTS") converting it into a colorless product. The degree of
decolorization induced by a compound is related to that in-
duced by trolox, giving the TEAC value. The TEAC value
for gallic acid was 3.0 mM which is appropriately the same
antioxidant activity as myricitin (3.1 mM), although esterifi-
cation of the carboxylate decreases the effectiveness [22].
This activity of gallic acid is much weaker compared with its
scavenging activity on DPPH radical by several orders of
magnitude.

Lipid peroxidation is well known to be one of the major
factors in deterioration of foods during storage and process-
ing, because it can lead to the development of unpleasant
rancid or off flavors as well as potentially toxic end products
[23, 24]. Lipid peroxidation is a typical free radical oxidation
and proceeds via a cyclic chain reaction [25] and linoleic
acid is specifically the target of lipid peroxidation. Effect of
alkyl gallates on autoxidation of linoleic acid was tested by
the ferric thiocyanate method as previously described [26].
In a control reaction, the production of lipid peroxide
increased almost linearly during 5 days of incubation.
o-Tocopherol, also known as vitamin E, inhibited the lino-
leic acid peroxidation almost 50% at 30 pug/mL. Both octyl
gallate and dodecyl gallate almost completely inhibited this
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oxidation at the same concentration, indicating that both
gallates are more potent linoleic acid peroxidation inhibitors
than a-tocopherol.

2.2. Inhibition of Prooxidant Enzymes
2.2.1. Lipoxygenase

Lipoxygenases (EC 1.13.11.12) are suggested to be
involved in the lipid peroxidation [27]. Hence, lipoxygenase
inhibitors should have broad applications [28]. Soybean
lipoxygenase-1 is known to catalyze the oxygenation of
polyenoic fatty acids containing a (1Z,4Z)-pentadiene system
such as linoleic acid and linolenic acid to their 1-hydro-
peroxy-(2E,4Z)-pentadiene products. In plants, the primary
dioxygenation product is  13(S)-hydroperoxy-9Z,11E-
octadienoic acid (13-HPOD) [29]. Hence, the enzyme assay
was usually performed using a UV spectrophotometer to
detect the increase at 234 nm associated with the (2E,42)-
conjugated double bonds newly formed in the product
but not the substrate. In many previous reports, the data
were obtained at pH 9 since soybean lipoxygenase-1 had
its optimum pH at 9.0 [30], but the absorption at 234 nm
suffered from unstable baseline activity of unknown origin
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attributable to the presence of alkyl gallates at pH 9.0. This
pseudoactivity of the blank control had to be subtracted from
activity of the enzyme assay, making precise measurements
difficult. Hence, lipoxygenase activity was measured as
described previously [31] in Tris-HCI buffer (0.1 M, pH 8.0)
by the increase in absorbance at 234 nm from 30 to 90 sec
after addition of the enzyme, using linoleic acid (18 uM) as a
substrate. The results are listed in Table 2

The same series of alkyl gallates (2-9) were found to
inhibit the linoleic acid peroxidation catalyzed by soybean
lipoxygenase-1 without being oxidized. The inhibitory activ-
ity was a parabolic function of their lipophilicity and maxi-
mized with alkyl chain length between C;, and Cy¢. Tetrade-
canyl (Cy4) gallate exhibited the most potent inhibition with
an ICsq of 0.06 uM, followed by dodecyl (C;,) gallate with
an ICsy of 0.07 pM (Fig. 3). Octyl gallate (Cg) was previ-
ously described to inhibit this enzymatically catalyzed oxida-
tion with an ICsg of 1.3 pM. The inhibition kinetics analyzed
by Lineweaver-Burk plots indicates that octyl gallate is a
competitive inhibitor and the inhibition constant (Kj) was
obtained as 0.54 pM (Fig. 4) [31]. The inhibition of soybean
lipoxygenase-1 of longer alkyl gallates is reversible but in
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HO ( HO
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Fig. (2). One molecule of alkyl gallate, regardless of its alkyl chain length, can be oxidized three times by DPPH radical into the

corresponding quinone.

Table2. ICsg, K, Log P Values and Inhibition Type of Alkyl Gallate against Soybean Lipoxygenase-1
M
Gallates Tested Log P Inhibition Type
ICs’
Ci(2) >200 0.69 -
C(3) 82.6 39.9 1.27 Competitive
Cs(4) 8.7 4.40 2.76 Competitive
Cs(5) 1.3 0.54 3.60 Competitive
Co(6) 0.6 0.21 4.01 Mixed
Cio(7) 0.15 443 Mixed
Cu(8) 0.12 4385 -
C2(9) 0.07 5.27 Slow binding
Ci4(10) 0.06 6.10 Slow binding
NDGA 0.19 - -

“Assay condition of [E]: 0.141 pg/mL; [S]: 18 uM; Buffer: 0.1M Tris-HCI (pHS8.0).
"Not tested.
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combination with their ability to disrupt the active site com-
petitively and to interact with the hydrophobic portion sur-
rounding near the active site. In the case of tetradecanyl
gallate, the enzyme quickly and reversibly binds this gallate
and then its tetradecanyl group undergoes a slow interaction
with the hydrophobic domain (Fig. 5, panel A). Apparently,
the alkyl chain length is significantly related to the soybean
lipoxygenase-1 inhibitory activity.

To further investigate the inhibitory effect of tetradecyl
gallate (10) on dioxygenase enzyme, we assayed soybean
lipoxygenase-1 activity with the inhibitor. Soybean lipoxy-
genase-1 showed time-dependent inhibition in the presence
of dodecyl gallate (Fig. 5, panel A). Increasing tetradecyl
gallate concentrations led to the decrease in both the initial
velocity (v;) and the steady-state rate (vs) in the progress
curve. The progress curves obtained using various concentra-
tions of the inhibitors were fitted to eq 1 to determine v;, vy,
and k,ps. The plot for ky,s versus [I] are shown in panel B in
Fig. (5). That plot showed a hyperbolic dependence on the
concentration of the tetradecyl gallate, so the inhibition of
lipoxygenase-1 by tetradecyl gallate followed a mechanism
as the one illustrated below. The kinetic parameters, ks, kg,
and K" were derived from the plots by fitting the results
to eq 2. Thus, analysis of data according to eq 2 yielded
the following values: ks = 9.1X107 s, ks = 1.5%107 57,
K" =0.48 uM. The kinetic model can be written as:

K K
E+S—=Fs—2% Exp
2
+
|
k4“k3

5
E¢l =—=—— E*¢|
Ke

where E, S, I, and P denote enzyme, substrate, inhibitor (al-
kyl gallate) and product (13-HPOD), respectively. ES, EI
and E'T are respective complexes. Because ks is greater than
k¢ the enzyme first quickly and reversibly binds with tetrade-
cyl gallate and then undergoes a slow interaction of tetrade-
cyl group with the hydrophobic portion near the active site.
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Fig. (3). Effects of dodecyl gallate (closed circle: 9) and tetradecyl
gallate (open triangle: 10) on the activity of soybean lipoxygenase-1
for the catalysis of linoleic acid at 25 °C.
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Fig. (4). Lineweaver—Burk plots of 13-HPOD generation by
soybean lipoxygenase-1 in the presence of octyl gallate (5) at 25 °C,
pH 8.0. Concentrations of octyl gallate for curves 0-3 were 0, 0.4,
0.6, and 0.8 pM, respectively.
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Fig. (5). Time-dependent inhibition of soybean lipoxygenase-1 in
the presence of tetradecyl gallate (10). (A) Conditions were as fol-
lows: 40 uM linoleic acid, 1.3 nM lipoxygenase-1, and concentra-
tions of tetradecyl gallate for curves 0-8 were 0, 0.04, 0.08, 0.1, 0.2,
0.4, 0.6, 1.0, and 4.0 pM. The kyys values at each inhibitor concen-
trations were determined by fitting the data to eq 1. (B) Dependence
of the values for ks on the concentration of tetradecyl gallate. The
kops values, determined in panel A, were fitted to eq 2.
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Dodecyl 3,4-dihydroxybenzoate (11) inhibited linoleic
acid peroxidation catalyzed by soybean lipoxygenase-1,
whereas both dodecyl 3,5-dihydroxybenzoate (12) and dode-
cyl 4-hydroxybenzoate (13) showed little inhibitory activity,
indicating that certain head portions are needed to elicit the
inhibitory activity. Thus, catechol moiety seems to be impor-
tant to elicit potent soybean lipoxygenase-1 inhibitory activ-
ity as a hydrophilic head portion [28, 32]. In addition, men-
thyl gallate (14), bornyl gallate (15) and decahydro-2-
naphthyl gallate (16) also inhibited linoleic acid peroxidation
catalyzed by soybean lipoxygenase-1, indicating that the
hydrophobic tail portion seems to be flexible. As mentioned
above, alkyl gallates were found to possess equally potent
radical scavenging activity on DPPH radical. Apparently,
intermediate free radicals are formed during the catalytic
cycle of lipoxygenases [33], but they remain tightly bound at
the active site, thus not being accessible for free radical
scavengers. In summary, alkyl gallates appear to combine
both lipoxygenase inhibitory activity and free radical
scavenging property in one agent and thus constitute
effective antioxidants.

2.2.2. Xanthine Oxidase

The one-electron reduction products of O,, superoxide
anion (O,7), and subsequently hydrogen peroxide (H,O,)
and hydroxyl radical (HO-) derived from H,0, and O,
actively participate in the initiation of lipid peroxidation.
Several oxidative enzymes in the human body produce
free radicals. For example, xanthine oxidase produces
the O, radical as a normal product [34]. In the control,
superoxide anion reduces yellow nitroblue tetrazolium to
blue formazan, so the generation of superoxide anion by the
enzyme can be detected by measuring of the absorbance at
560 nm of formazan produced. Among the alkyl gallates
tested, gallic acid was the most effective in scavenging su-
peroxide anion generated by xanthine oxidase with an ICs, of
2.6 pM. The inhibition kinetics analyzed by Lineweaver-
Burk plots shows that gallic acid is a mixed type inhibitor
(Fig. 6) and the inhibition constants, K; and Kjs were
obtained as 1.5+0.2 and 2.910.3 uM. Xanthine oxidase is a
molybdenum-containing enzyme and converts xanthine
to uric acid. This enzyme-catalyzed reaction is known to
proceed via transfer of an oxygen atom to xanthine from the
molybdenum center. Hence, formation of uric acid was also
measured. As a result, gallic acid did not inhibit xanthine
oxidase up to 200 pM, indicating that its potent antioxidant
activity comes from scavenging superoxide radicals or
modification of xanthine oxidase. Xanthine oxidase
catalyzed formation of superoxide anion or hydrogen
peroxide and uric acid but the reduced oxidase only
catalyzed formation of hydrogen peroxide and uric acid
[35]. As the inhibition activity of superoxide anion by
gallic acid was stronger than the scavenging activity of
superoxide anion generated by PMS-NADH, the inhibition
activity by gallic acid should comes from excursively
reductive (oxidative) modification of xanthine oxidase bound
by gallic acid as following scheme [36]. The kinetic model
can be written as:
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where E, S and I denote enzyme, substrate and inhibitor
(alkyl gallate), respectively. ES, EI and EIS are respective
complexes.
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Fig. (6). Lineweaver—Burk plots of superoxide anion generation by
xanthine oxidase in the presence of gallic acid (1) at 25 °C, pH 10.0.
Concentrations of gallic acid (1) for curves 0-3 were 0, 0.5, 1.0, and
2.0 uM, respectively.

Reaction of uric acid formation by xanthine oxidase is
known to proceed via transfer of an oxygen atom to xanthine
from the molybdenum center. X-ray crystallographic analy-
sis of bovine milk xanthine oxidase indicated that one can
model the binding of bicyclic substrates, e.g. with Phe 1009
perpendicular to the six-membered ring of xanthine and Phe
914 stacking flat on top of the substrate’s five-membered
ring, which would then be able to form a covalent bond with
one of the molybdenum ligands [37]. As the present study
indicated that alkyl gallates having long chains were pre-
dominantly competitive inhibitors for xanthine, we deduced
that dodecyl gallate binds with Phe 1009 perpendicular to the
pyrogallol moiety and Phe 914 stacking flat on top of the
dodecyl group and the dodecyl chain tightly interacts with
hydrophobic protein pocket to act as an anchor, which
is necessary to inhibit uric acid formation, as illustrated in
Fig. (7). To confirm this postulation, the effect of menthyl
gallate (14) and bornyl gallate (15) on xanthine oxidase was
examined. Neither compound inhibited uric acid formation,
indicating that both can not bind to the xanthine binding
site since the bulky cyclic monoterpene moieties, which are
exposed on the other side of the molecules, cannot be well
embraced by the hydrophobic protein pocket in xanthine
binding site.
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Fig. (7). Binding of dodecyl gallate to xanthine binding site in xanthine oxidase. Dodecyl gallate binds with Phe 1009 perpendicular to the
pyrogallol moiety and Phe 914 stacking flat on top of the dodecyl group. Amino acid residues around the alkyl chain of dodecyl gallate indi-
cate the hydrophobic protein pocket, and the alkyl chain interacts with them.

The inhibition of uric acid formation by alkyl gallates
was further examined at different concentration of oxygen.
Octyl gallate, decyl gallate and dodecyl gallate were also
predominantly competitive inhibitors of oxygen. As these
gallates bound to xanthine binding site of xanthine oxidase,
it indicated that alkyl gallates could bind to another site,
which may be oxygen binding site (or superoxide anion
generation site), in xanthine oxidase.

To study the effect of gallic acid and alkyl gallates on
superoxide anion generation, we examined the scavenging
activity of superoxide anion by alkyl gallates since the
activity was well known. Superoxide anion was non-
enzymatically generated in a PMS-NADH system. The scav-
enging activity of alkyl gallates for superoxide anion de-
creased as the alkyl side chain length increased. Differences
in superoxide anion scavenging activity among alkyl gallates
may be explained by the fact that an alkyl gallate with a
shorter alkyl chain is a smaller molecule and more water
soluble which allows it to easily react with the superoxide
anion. However an alkyl gallate with a long alkyl chain
hardly reacts with superoxide anion at low concentration but
rapidly reacts at concentrations higher than 100 uM. It may
explain that at low concentration alkyl gallate with a longer
chain is less water soluble to hardly react with superoxide
anion but at high concentration the amphipathic gallate ag-
gregates to form a micelle which dissolves the components
of the PMS-NADH system and the gallate in the micelles
easily scavenges superoxide anion generated from the
system [38].

Effects of gallic acid and alkyl gallates on superoxide
anion generation were examined under limited concentration
of gallates to exclude influence of their scavenging activities.
All gallates inhibited superoxide anion generation (Table 3),
and the inhibition did not depend on alkyl chain length of
gallates. It suggested that inhibition of superoxide anion
generation with gallic acid and alkyl gallates having a short
alkyl chain did not correspond to that of xanthine oxidase
reaction itself. To confirm stoichiometry of xanthine oxidase
reaction, oxygen consumption and hydrogen peroxide forma-
tion of the reaction were examined. No inhibition of oxygen
consumption with gallic acid was observed, and the inhibi-
tion with alkyl gallates having a long chain was consistent
with that of uric acid formation. No inhibition of hydrogen
peroxide formation with gallic acid was also indicated.

These results confirmed that gallic acid and alkyl gallates
having short alkyl chain inhibited superoxide anion genera-
tion without inhibition of xanthine oxidase reaction.

Table3. Kinetic Parameters of Gallic Acid and Its Alkyl
Esters for Superoxide Anion Generation by
Xanthine Oxidase®

For Xanthine-Binding (nM)
Gallates Tested ICs(uM)”
K Kis

Gallic acid (1) 26103 1.5+£0.2 29103
Ci(2) 74+05 5704 8.0+0.6
C(3) 6.4+1.0° 45405 6.8+0.7
Co(4) 524029 3.8+04 53406
Cs(5) 454059 39402 47402
Cio(7) 3.9+1.19 25+0.6 48+1.0
C(9) 3.6+0.2° 1.8£0.2 44402
Menthyl(14) 49+139 2.6+04 49+0.8
Bornyl(15) 6.4+ 1.0° 45+03 63+0.4

 Xanthine oxidase reaction was carried out at 0-200 UM xanthine in the presence of
0.0, 0.5, 1.0 and 2.0 uM of gallic acid or alkyl gallates under air atmosphere. Values
were expressed as mean £ SD obtained from more than three separate experiments.

Y 1Cs, values were indicated at 200 UM xanthine.

© The value was estimated.

Xanthine oxidase-catalyzed reaction of oxygen to super-
oxide anion is known to proceed at the FAD-binding domain
[37]. The binding site in the FAD-binding domain is consid-
erably hydrophilic, and structure of the site is similar to that
of vanillyl alcohol oxidase [39], of which the isoalloxazine
ring binds to a wide range of phenolic substrates. Com-
pounds with a galloyl moiety bound to the isoalloxazine ring
of FADH, in squalene epoxidase [40]. As octyl, decyl and
dodecyl gallates were predominantly competitive inhibitors
of oxygen for uric acid formation and gallic acid and alkyl
gallates equally inhibited superoxide anion generation, we
deduced that galloyl moiety of gallic acid and alkyl gallates
bound superoxide generation site in FAD-binding domain of
xanthine oxidase. Binding of gallic acid and alkyl gallates to
FADH, in the enzyme can easily reduce the enzyme, xan-
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xanthine oxidase in the presence of gallic acid or alkyl gallates. Binding

of gallates to the isoalloxazine ring in FADH, reduces the enzyme, xanthine oxidase. FADH, in the enzyme reduces oxygen to the flavin
hydroperoxide and the hydroperoxide is smoothly reduced to hydrogen peroxide (A pathway).

thine oxidase, and cannot prevent the binding of the first
oxygen molecule to the site since oxygen is so small and
reactive. We propose that FADH, in the reduced oxidase
smoothly reduces first oxygen molecule to hydrogen perox-
ide (A pathway) rather than reducing the second oxygen
molecule to superoxide anion (B pathway) as shown in
Fig. (8).

2.3. Chelation of Transition Metal Ions

Alkyl gallates are known to chelate transition metal ions
which are powerful promoters of free radical damage in
foods [41]. Alkyl gallates may suppress the superoxide-
derived Fenton reaction, which is currently believed to be the
most important route to active oxygen species [42]. Thus,
metal chelation may play a large role in determining the an-
tioxidant activity [43]. The chelation ability, rendering the
metal ions inactive to participate in free radical generating
reactions, demonstrates the considerable advantage of alkyl
gallates as antioxidants.

After the alkyl gallates are consumed together with the
foods to which they are added as additives, these alkyl
gallates are hydrolyzed to the original gallic acid and the
corresponding alcohols. Hence, benefits to human health
after consumption of alkyl gallates needs to be concerned
mainly with gallic acid. Lipid peroxidation is known to be
one of the reactions set into motion as a consequence of the
formation of free radicals in cells and tissues. Membrane
lipids are abundant in unsaturated fatty acids. The free gallic
acid still acts as a potent antioxidant in a living system.
Lipoxygenases are suggested to be involved in the early

event of atherosclerosis by inducing plasma low-density
lipoprotein (LDL) oxidation [44, 45]. However, gallic acid
did not inhibit the linoleic acid peroxidation catalyzed by
soybean lipoxygenase-1, indicating that alkyl side chain is
essential to elicit the activity. On the other hand, gallic acid
was found as the most effective in scavenging superoxide
anion generated by xanthine oxidase.

3. DISCUSSION

The major antioxidants are metal chelators and chain-
breaking agents acting as hydrogen atom donors [46]. By
selecting gallic acid as a head portion, both potent scaveng-
ing activity and chelation of metals can be added in general
regardless of the hydrophobic tail portion. Alkyl gallates
such as octyl- and dodecyl-gallates are powerful antioxida-
tive and antimicrobial agents [4, 18, 20, 21, 47-49]. This
concept was further extended to geranyl gallate (17) since
geraniol is reported to increase glutathione S-transferase ac-
tivity, which is believed to be a major mechanism for chemi-
cal carcinogen detoxification [50]. As expected, geranyl
gallate exhibited activity against S. choleraesuis, with a
maximum bactericidal concentration (MBC) of 50 ug/mL. In
this connection, geraniol is found in a large number (>160)
of essential oils - such as lemon grass, coriander, lavender
and carrot - and is used as food flavoring for baked goods,
soft and hard candy, gelatin and pudding, and chewing gum.
The antioxidant gallic acid and the glutathion S-transferase
inducer geraniol may contribute to reduce cancer risk as well
as oxidative damage-related diseases. Antioxidant activity of
alkyl gallates was emphasized for food protection but they
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are equally potent antioxidants in other applications such
as cosmeceutical applications. For example, antioxidative
antimicrobial agents, octyl- and dodecyl-gallates, were
previously reported to inhibit steroid Sa-reductase [51]. This
inhibitory activity is not related to food protection but they
also have the potent lipoxygenase inhibitory activity and the
antibacterial activity against Propionibacterium acnes. These
gallates can be considered for external use as acne control
agents [52]. As an ideal multifunctional agent, both lipoxy-
genase-1 inhibitory and antimicrobial activities need to be
elicited at the same concentration. However, the antimicro-
bial activity of octyl gallate requires higher concentrations
compared to its soybean lipoxygenase-1 inhibitory activity.
For example, the maximum fungicidal concentrations
(MFCs) against three food related fungi, Saccharomyces
cerevisiae, Zygosaccharomyces bailii and Aspergillus niger
are 89, 177 and 355 uM, respectively [20].

Gallic acid is known to chelate transition metal ions
which are powerful promoters of free radical damage in
the human body [53]. More specifically, alkyl gallates may
prevent cell damage induced by hydrogen peroxide (H,0O,)
since this can be converted to the more reactive oxygen
species, hydroxyl radicals in the presence of these metal
ions. In fact, gallic acid was described to scavenge hydrogen
peroxide and to inhibit lipid peroxidation [54]. In connection
with this, catechol groups also have iron binding properties
in vitro. However, the inhibition of iron absorption in vivo
was positively correlated with the presence of galloyl group
but not catechol group [55]. The nitric oxide (NO-), a free
radical species produced by several mammalian cell types,
plays a role in regulation and function. NO- toxicity is
mainly mediated by peroxynitrite (ONOOQO"), formed in the
reaction of NO- with O,-7[56]. Gallic acid was previously
reported to act as a potent peroxynitrite scavenger [57] and
to show antiproliferative activity against melanocytes cell
lines [58]. Sulfonation is one of the major phase II conjuga-
tive reactions involved in the biotransformation of various
endogenous compounds, drugs, and xenobiotics as well as in
steroid biosynthesis, catecholamine metabolism, and thyroid
hormone homeostasis [59]. Gallic acid enhanced the activity
of phenolsulfotransferase and exhibited antioxidant activity
as determined by the oxygen radical absorbance capacity
assay and Trolox equivalent antioxidant capacity assay [60].
Gallic acid was recently described to activate microsomal
glutathione S-transferase through oxidative modification
of the enzyme [61]. Despite the advantages summarized,
biological significance of gallic acid as an antioxidant in
living systems is still largely unknown. Thus, it is not clear if
gallic acid is absorbed into the system without being metabo-
lized and delivered to the places where an antioxidant is
needed. The relevance of the in vitro experiments in simpli-
fied systems to in vivo protection from oxidative damage
should be carefully considered.

Finally, the possibility that gallic acid’s adverse effects
are a consequence of its potential to act as a prooxidant may
need to be considered. Gallic acid and its esters were
described to induce apoptosis in human leukemia HL60 RG
and to show cytotoxic effects on other cell lines [62 - 65]. In
these apoptotic processes, the generation of ROS (reactive
oxygen species) is thought to contribute in the initiation
of apoptosis [62, 66, 67]. In fact, gallic acid is known to
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produce superoxide anion [1]. On the other hand, alkyl
gallates are known to protect the cell damage induced by
hydroxy radicals and hydrogen peroxides against dermal
fibroblast cells and this protective effect is dependent on the
alkyl chain length [68]. The biological activities of gallic
acid seem to depend upon its behavior as either an antioxi-
dant or a prooxidant [69]. Thus the relevance of the in vitro
experiments in simplified systems should be carefully con-
sidered. The results so far obtained indicate that their further
evaluation is needed from not only one aspect, but from a
whole and dynamic perspective.

4. MATERIALS AND METHODS
Chemicals

Alkyl gallates were available from our previous works
[4, 70]. 1,1-Diphenyl-2-picrylhydrazyl (DPPH), L-DOPA
and methanol were purchased from Aldrich Chemical Co.
(Milwaukee, WI). Dimethyl sulfoxide (DMSO), EDTA,
Tween-20, bovine serum albumin and linoleic acid (purity
>99%) were purchased from Sigma Chemical Co. (St. Louis,
MO). Tris buffer was obtained from Fisher Scientific Co.
(Fair Lawn, NJ). Ethanol was purchased from Quantum
Chemical Co. (Tuscola, IL).

DPPH Radical Scavenging Assay

First, 1 mL of 100 mM acetate buffer (pH 5.5), 1.87 mL
of ethanol and 0.1 mL of ethanolic solution of 3mM DPPH
were put into a test tube. Then, 0.03 mL of the sample
solution (dissolved in DMSO) was added to the tube and
incubated at 25 °C for 20 min. The absorbance at 517 nm
(DPPH, € = 8.32 X 10° M"'cm™) was recorded. As a control,
0.03 mL of DMSO without sample was added to a tube.
From decrease of the absorbance, scavenging activity was
calculated and expressed as scavenged DPPH molecules per
a test molecule.

Lipoxygenase Assay

Throughout the experiment, linoleic acid was used as a
substrate. In spectophotometric experiment, the oxygenase
activity of the soybean lipoxygenase was monitored at 25 °C
by Spectra MAX plus spectrophotometer (Molecular device,
Sunnyvale, CA). 13-Hydroperoxyoctadecadienoic acid
(13-HPOD: Apay = 234 nm, € = 25 mM'lcm'l) was prepared
enzymatically by described procedure [71] and stored in
ethanol at -18 °C. Commercial lipoxygenase contains a non-
heme ferrous ion (E.4) that must be oxidized to yield the
catalytically active ferric enzyme (E,) and therefore a
catalytic amount of LOOH (13-HPOD) is usually added as a
cofactor to LH (linoleic acid, a substrate). Alkyl gallates
chelate both ferric and ferrous ions.

LO® + OHX Fe3* X Eox XLH
LOOH Fe2* Ered LOOH
The enzyme assay was performed as previously reported
[72] with slight modification. In general, 5 pL of an ethano-
lic inhibitor solution was mixed with 54 uL of 1 mM stock

solution of linoleic acid and 2.936 mL of 0.1 M Tris-HC1
buffer (pH 8.0) in a quartz cuvet. Then, 5 pL of 0.1 M Tris-
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HCI buffer solution (pH 8.0) of lipoxygenase (1.02 uM) was
added. The resultant solution was mixed well and the linear
increase of absorbance at 234 nm, which express the forma-
tion of conjugated diene hydroperoxide (13-HPOD), was
measured continuously. Lag period shown on lipoxygenase
reaction [73] was excluded for the determination of initial
rates. The stock solution of linoleic acid was prepared with
methanol and Tris-HCI buffer at pH 8.0, and, then, total
methanol content in the final assay was adjusted below
1.5%.

To determine the kinetic parameters associated with
slow-binding inhibition of soybean lipoxygenase-1, progress
curves with 25 or more data points (< 300), typically at 2
second intervals, were obtained at several inhibitor concen-
trations and fixed concentration of substrate. The data were
analyzed using the nonlinear regression program of Sigma
Plot (SPSS Inc., Chicago, IL) to give the individual parame-
ters for each progress curve; v; (initial velocity), vy (steady-
state velocity), kops (apparent first-order rate constant for the
transition from v; to vs), A (absorbance at 234 nm and/or O,
uptake), 4y (included to correct any possible deviation of the
baseline), and K;"" (apparent K;) according to eq 1 and 2
[74]:

A= vt + (Vi) [ 1-exp(-kobst)Vkobs + Ao (1)
kobs = ke + [(ks % [ID/(K;™ + [1])] @)

Assay of Superoxide Anion Generated by Xanthine
Oxidase

Xanthine oxidase (EC 1.1.3.22, Grade IV) was purchased
from Sigma Chemical Co. Superoxide anion was generated
enzymatically by xanthine oxidase system. The reaction
mixture consisted of 2.70 mL of 40 mM sodium carbonate
buffer containing 0.1 mM EDTA (pH 10.0), 0.06 mL of 10
mM xanthine, 0.03 mL of 0.5 % bovine serum albumin, 0.03
mL of 2.5 mM nitroblue tetrazolium and 0.06 mL of sample
solution (dissolved in DMSO). To the mixture at 25 °C, 0.12
mL of xanthine oxidase (0.04 units) was added, and the
absorbance at 560 nm was recorded for 90 sec (by formation
of blue formazan) [74]. Control experiment was carried out
by replacing sample solution with same amount of DMSO.

Uric Acid Generated by Xanthine Oxidase

The reaction mixture consisted of 2.76 mL of 40
mM sodium carbonate buffer containing 0.lmM EDTA
(pH 10.0), 0.06 mL of 10 mM xanthine and 0.06 mL of
sample solution (dissolved in DMSO). The reaction was
started by the addition of 0.12 mL of xanthine oxidase
(0.04 Unit), and the absorbance at 293 nm was recorded for
90 sec. In the case of dodecyl gallate, the concentration of
DMSO was increased to 8 % because of the low solubility
of dodecyl gallate in the reaction mixture. It should be noted
that the measurement of xanthine oxidase inhibitory activity
was possible only for concentrations <0.2 mM due to
overlapping absorbance of alkyl gallates and uric acid at 293
nm.
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