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Antioxidant activity of 24 ferulic acid related compounds together with 6 gallic acid related compounds
was evaluated using several different physical systems as well as their radical scavenging activity.
The radical scavenging activity on 1,1-diphenyl-2-picrylhydrazyl (DPPH) decreased in the order caffeic
acid > sinapic acid > ferulic acid > ferulic acid esters > p-coumaric acid. In bulk methyl linoleate,
test hydroxycinnamic acids and ferulic acid esters showed antioxidant activity in parallel with their
radical scavenging activity. In an ethanol—buffer solution of linoleic acid, the activity of test compounds
was not always associated with their radical scavenging activity. Ferulic acid was most effective among
the tested phenolic acids. Esterification of ferulic acid resulted in increasing activity. The activity of
alkyl ferulates was somewhat influenced by the chain length of alcohol moiety. When the inhibitory
effects of alkyl ferulates against oxidation of liposome induced by AAPH were tested, hexyl, octyl,
and 2-ethyl-1-hexyl ferulates were more active than the other alkyl ferulates. Furthermore, lauryl gallate
is most effective among the tested alkyl gallates. These results indicated that not only the radical
scavenging activity of antioxidants, but also their affinity with lipid substrates, might be important
factors in their activity.

KEYWORDS: Antioxidant; ferulic acid and esters; hydroxycinnamic acids; gallic acid and esters; radical
scavenging activity; autoxidation; oil stability index; liposome

INTRODUCTION evaluation of the antioxidant properties of ferulic acid and its

Ferulic acid is one of the ubiquitous compounds in nature, derivatives in different conditions. o .
especially rich as an ester form in rice bran pitch, which is  In this paper we describe the antioxidant activities of ferulic
yielded when rice oil is produced. Utilization of such industrial @cid obtained from rice bran pitch and its synthetic esters, as
waste is important from the environmental point of view. It has Well as some ferulic acid related compounds sugp-esumaric
been well-known that ferulic acid andoryzanol, a mixture of ~ acid, caffeic acid, and sinapic acid in both bulk and multiphase
monoesters consisting of ferulic acid and several kinds of Systems. Gallic acid and its alkyl esters were also tested for
triterpene alcohols as cycloartenol and 24-methylenecycloar- their antioxidant activities in order to elucidate the influence of
tanol, have an antioxidant activitg{3). Such antioxidants are ~ €sterification on the antioxidant activity. Their antioxidant prop-
currently expected not only to prevent lipid oxidation in food erties were evaluated on the basis of their inhibitory effects on
but also to prevent free-radical-induced diseases such as cancelf’€ autoxidation of methyl linoleate in bulk system, on the oxi-
and atherosclerosis or aging caused by oxidative tissue degendation of methyl linoleate under aeration and heating using the
eration (4). Therefore, there is a possibility of developing an ©il stability index (OSI) method, on the autoxidation of lino-
application of rice bran pitch for human health. leic acid in an ethanol-buffer system, and on the oxidation of

In general, the inhibitory effect of antioxidants on lipid oxi- liPosome induced by a water-soluble initiator, as well as their
dation is influenced by the physicochemical state of the lipid radical scavenging activity against 1,1-diphenyl-2-picrylhydrazyl
substrate, and several evaluation systems using different physica(DPPH).
conditions are required for better understanding of antioxidant
properties (5). Although ferulic acid and its esters have been MATERIALS AND METHODS

recognized as antioxidants, there are few reports on systematic . . . . . . .
9 P Y Materials. Ferulic acid, gallic acid, and their esters were supplied

by Industrial Technology Center of Wakayama Prefecture, Japan.
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Figure 1. Structural formulas of ferulic acid related compounds and gallic
acid related compounds.
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acetone solution of the test compound was mixed in a 20-mL gial (
= 27,h = 55 mm) with a screw cap, and the mixture was shaken on
a vortex mixer for 10 s. A 2% aliquot of acetone without sample
was added for control. After purging the acetone with nitrogen, the
mixture was placed in an oven at 40 in the dark. Final concentration
of each sample was 0.QZmol/g oil. An aliquot of oil sample was
dissolved in ethanol, and the conjugated diene absorbance was measured
at 234 nm with a UV-2500PC U¥WVis spectrometer every 24 h at 20
°C. Results were calculated as hydroperoxides in millimoles per
kilogram (mM/kg) of oil based on an absorptivity of 26,000 for methyl
linoleate hydroperoxides (9,0). All tests were run in triplicate.
Evaluation of the Antioxidant Activity by the OSI Method. The
induction period for lipid oxidation under aeration and heating was
measured with the Omnion oxidative stability instrument (Rockland,
MA), which is equipped with an on-line computer that monitored the
conductivity vs time and automatically plotted the inflection point or
induction period in hours (OSINQ). To the 5 g of thesubstrate oil, a
mixture of 10% methyl linoleate, 90% silicone oil, and 100 of
methanol solution of the test compound were mixed in a glass cylinder.
Final concentration for gallic acid and its esters is 0.1 orghil/g
oil and for the others is 0.4mol/g oil. The mixture was shaken on a
vortex mixer for 30 s under nitrogen, and the reaction tube was
connected to the conductivity measurement tube after preheating for
30 min without linking the conductivity measurement tulE)(
Oxidation was carried out at STC. All tests were run in triplicate.
Evaluation of the Antioxidant Activity in Ethanol-Buffer System.
A mixture of 1 mL of a weighed test sample in 99.5% ethanol, 1 mL
of 83.5 mM linoleic acid in 99.5% ethanol, 2 mL of 0.05 M phosphate
buffer (pH 7.0), and 1 mL of water was placed in a vial=€ 38,h =
75 mm) with a screw cap and then placed in an oven &G the
dark. For hydroxycinnamic acids and some ferulic acid esters, a ferric
thiocyanate method was used. To &0 of the sample solution was
added 4.85 mL of 75% ethanol and &Q of 30% ammonium thio-
cyanate. Precisely 3 min after the addition ofiB0of 0.02 M ferrous
chloride in 3.5% hydrochloric acid to the reaction mixture, the absorb-
ance of red color was measured at 500 nm every 243). (For the
evaluation of the antioxidant activity of a series of alkyl ferulates, the
amounts of linoleic acid and produced hydroperoxides were measured
by HPLC. The amounts of linoleic acid and its hydroperoxide were
measured by the reversed-phase HPLC (Jasco PU-980, Tokyo, Japan),
which was equipped with a multiwavelength detector (MD-910). Equal
amounts (5QuL) of the sample solution and acetonitrile were mixed,
and 2uL of the mixture was injected into a Develosil ODS-HG-5
column (4.6 x 250 mm, Nomura Chemical Co., Ltd., Japan) with

partition coefficients were bought from Wako Pure Chemical Industries, acetonitrile/water containing 0.1% phosphoric acid (90:10, v/v) at the
Ltd. (Osaka, Japan). Linoleic acid and methyl linoleate were purchased flow rate of 1 mL/min. Linoleic acid (retention time 12.0 min) was
from Tokyo Kasei Co. (Japan), and silicone oil TSF 451-100 was monitored at 205 nm and its hydroperoxides (retention times 4.5 and
obtained from Toshiba Co. (Tokyo, Japan). Phosphatidylcholine (PC; 4.8 min) were monitored at 234 nm. All tests were run in triplicate.
99% grade) from egg yolk and cholesterol were purchased from Sigma  Peroxidation of PC Liposomes Induced by Radical Generators.
Chemical Co. (St. Louis, MO). A 1.28 mM of PC hydroperoxides (PC- A purified PC in hexane and cholesterol in chloroform/methanol (95:
OOH) in chloroform/methanol (95:5, v/v) was kindly offered by 5, v/v) were placed into a test tube, and after stirring with a vortex
Professor J. Terao (Tokushima University, Japan) and was stored inmixer, the mixture was evaporated under a stream of nitrogen and then
nitrogen at—20 °C. Linoleic acid was purified by distillation under  in vacuo for 20 min to remove organic solvents. After 10 mM Fris
reduced pressure. PC was purified by reversed-phase column chromaHCI buffer (pH 7.4) containing 0.5 mM diethylenetiraminepentaacetic
tography according to the method of Terao et €), {ust before the acid (DTPA) was added to the lipid film in a test tube, the suspension
preparation of liposomes, to remove contaminant peroxides. All other was mixed with a vortex mixer for 1 min followed by ultrasonication
chemicals used were of reagent grade. The structural formulas of testfor 1 min to prepare multilamellar vesicles (MLV). The suspension of
antioxidants are shown iRigure 1. MLV was extruded 21 times through a polycarbonate filter (100-nm
Evaluation of Scavenging Effect on DPPH RadicalsThe com- pore diameter) mounted in an extrusion apparatus (Lipsofast, Avestn
pound to be tested was addedoirst 1 mMethanol solution of DPPH Inc., Ottawa, ON) to make large unilamellar vesicles (LUV). To a test
(final concentration of 10@M) to make final concentrations of 5, 10,  tube with screw cap were added 500 of the LUV suspension and
20, 40, and 8Q«M. The mixture was shaken vigorously on a vortex 350uL of Tris—HCI buffer and 5QuL of the 1-mM ethanolic sample
mixer then incubated for 30 min in a water bath at°®5 after which solution. After mixing, the mixture was preincubated at°&for 10
the absorbance of the remaining DPPH was determined colorimetrically min. The peroxidation was started by the addition of 14000f 200
at 517 nm using a UV-2500PC UV—Vis spectrometer (Shimadzu, mM AAPH solution, and the reaction mixture was incubated atG7
Kyoto, Japan). The scavenging activity of the tested compound was in the dark with continuous shaking. The final concentrations in the
measured as the decrease in absorbance of the DPPH expressed asirmcubation mixture were as follows: PC 5 mM, cholesterol 2.5 mM,
percentage of the absorbance of a control DPPH solution without test test samples 5@M, and AAPH 20 mM (4). At regular intervals, 25
compounds (78). All analyses were carried out in triplicate. uL of each reaction mixture was withdrawn and put into /5 of
Evaluation of the Inhibitory Effect on Autoxidation of Methyl methanol. Instantly, an aliquot of the mixture was injected into a HPLC
Linoleate in Bulk Phase.To 1 g of methyl linoleate, 25L of the column (TSK-gel Octyl 80Ts, 4.6 150 mm, TOSOH, Tokyo, Japan),
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Table 1. Radical Scavenging and Antioxidant Activities, and Partition Coefficients in n-Octanol/PBS System of Ferulic Acid Related Compounds

DPPH radical oslb antioxidant partition
compound scavenging activity (%)2 (0.4 umolig oil) index¢ coefficientd
control 0 1 1 -
p-coumaric acid 70+08¢g 2.37+£0.06 cd - 0.22+0.02b
ferulic acid 27.3+0.8d 297+0.11cd 42+11ab 0.13+0.01a
caffeic acid 496+06a 17.64 +350a - 0.08+0.01la
sinapic acid 332+04c 1179+ 1.74b - 0.09+0.0la
methyl ferulate 18.1+1.0f 323+0.14cd 47x11a 0.95+0.03¢
ethyl ferulate 21.0+05f 356+0.12cd 49+05a 0.96 +0.03¢c
propyl ferulate 223+06f 3.52+0.33cd 45+08ab -
butyl ferulate 203+ 14f 3.34+0.02 cd 47+13a 0.95+0.02¢c
pentyl ferulate 202+06f 3.26£0.18 cd 55+11la -
hexyl ferulate 201+04f 3.04£0.06 cd 58+04a 0.97+001c
heptyl ferulate 214+£09f 2.94+0.02 cd 56+16a -
octyl ferulate 23.0+£08f 2.92+0.07cd 48+10a 0.97+001c
nonyl ferulate 21.1+03f 3.05+0.06 cd 55+09a -
decyl ferulate 203+02f 2.96+0.18 cd 47+08a 0.98+0.01c
undecyl ferulate 19.1+1.3f 3.01+0.14cd 41+02ab -
dodecyl ferulate 204 +£03f 285+0.17cd 52+0.7a 0.97+£0.01c
isopropyl ferulate 20.7+£04f 3.55+0.03cd - -
t-butyl ferulate 211+£0.1f 3.35+£0.04 cd - -
2-methyl-1-butyl ferulate 19.8 £1.3f 2.88+0.03 cd - -
2-ethyl-1-hexyl ferulate 19.3+0.1f 3.17 +£0.06 cd - 0.98+0.01c
3,5,5-trimethyl-1-hexyl ferulate 262+12e 2.90 £ 0.06 cd - -
cycloartenyl ferulate 218+ 0.4 ef 2.92+0.13cd - 0.99+001c
24-methylenecycloartanyl ferulate 204+12f 2.25+0.07d - 0.99+0.02¢
y-oryzanol® 212+15f 2.98 +0.26 cd - -
o-tocopherol 418+1.0b 9.21 +0.46 bc 12+02b -
BHT 292+11cd 6.68+0.24c 52+16a -

2 The concentration of DPPH ethanolic solution was 100 «M and the concentration of compounds was 20 uM. ° OSl is defined as the induction time of lipid oxidation
at 90 °C with antioxidant over the induction time of control with no additive (control). ¢ Antioxidant index is expressed as the time at which linoleic acid is 50% oxidized with
antioxidant divided by that with no additive (control). ¢ Partition coefficient is expressed as the amount of test compound dissolved in n-octanol divided by the amount (200
M) added to the n-octanol/PBS solution. ¢ The molecular weight of y-oryzanol was estimated at 602, a molecular weight of cycloartenyl ferulate which is a major component
of y-oryzanol. Each value is the mean of triplicate measurements, and SD means standard deviation of measurement. Values within a column with different letters are
significantly different at P < 0.05.

eluted with methanol/water (95:5, v/v) at the flow rate of 1 mL/min Table 2. Radical Scavenging and Antioxidant Activities, and Partition
with the wavelength of 235 nm for detection. The standard PC-OOH Coefficients in n-Octanol/PBS System of Gallic Acid Related
solutions were prepared at concentrations in the range of 0.0128 toCompounds

0.128 mM in the dark at 4C and were immediately analyzed by HPLC.
The amount of PC-OOH in each tested sample was estimated with the
calibration curve (the? value was 0.997) prepared with standard PC-
OOH solutions (15). All tests were run in triplicate and averaged.

DPPH radical
scavenging osIP osl partition
compound activity (%)% (0.1 umol/g oil) (0.2 umol/g oil)  coefficient®

Measurement of Partition Coefficient in Octanol/PBS.A solution con}rol . 0 1 1 -
(200uM) of the test compound in-octanol was kept at 40C for 1 h gallic acid 75.7+1.1d 718+187ab 9.44+093b 0.02+0.02a
and the absorbance value at 254 nm was measugd An equal methyl gallate 86.3+05a  9.65+275a 27.16+1.09a 0.79+0.01b

e propyl gallate 87.1+23ab 6.80+0.24ab 11.92+0.02b 0.95+0.01c

volume of phosphate-buffered saline (PBS, pH 7.4) was added to the | v/ 2" 8164 29a0c 878+068ab 1145£092b 0.95 %001 ¢

organic solution, and the mixture was stirred using a vortex mixer for stearylgallate 79.0+17cd 811+084ab 9.08+113b 095+ 0.01c

1 min, followed by keeping at 40C for 1 h. After the mixture was a-tocopherol _ 499+11lab 583+088c  —

centrifuged at 1000 rpm for 10 min, the absorbance at 254 nm of the gyt - 4.41 + 050 b 4.45 + 0.24 ¢ -

organic layer was measuref}). The partition coefficient was expressed

as AdAo. A solution of n-octanol saturated with water was used as & 2 —c 5eq Taple 1. Each value is the mean of triplicate measurements, and SD

blank. .AI.I tests Werg run in triplicate. . . means standard deviation of measurement. Values within a column with different
Statistical Analysis.One-way analysis of variance (ANOVA) based  |gtters are significantly different at P < 0.05.

on data collected from duplicate or triplicate determinations was carried

out. Significance was establishedmt< 0.05.

few significant differences among them. The activity decreased
in the order caffeic acid a-tocopherol> sinapic acid= BHT
= ferulic acid > ferulates> p-coumaric acid. In the case of
Scavenging Effect on DPPH Radicals.t is generally gallic acid and alkyl gallates, they scavenged about 80% DPPH
accepted that the electron-donating ability of chemical sub- radical and there were slight significant differences among them
stances results in their antioxidant activity toward lipid oxidation. (Table 2).
DPPH radical-scavenging test is one of the short methods for Inhibitory Effect on Autoxidation of Bulk Methyl Li-
investigation of the hydrogen donating potency (7). noleate.Formation of hydroperoxides in bulk methyl linoleate
Scavenging ability of all test compounds increased with at 40 °C was estimated based on the absorbance due to a
concentration in the range of 1 to 1M (data not shown). conjugated methyl linoleate yielded during the initial oxidation
Table 1 shows the scavenging effects of ferulic acid related stage. Tested hydroxycinnamic acids exceppfooumaric acid
compounds on DPPH radical at a concentration of:RD All showed inhibitory effects on hydroperoxide formation. Espe-
ferulates scavenged about 20% DPPH radical and there werecially caffeic acid suppressed hydroxyperoxide accumulation

RESULTS
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Figure 2. Inhibition of the formation of hydroperoxides in bulk methyl
linoleate by hydroxycinnamic acids. The concentration of compounds was
0.05 umol/g methyl linoleate. The oxidation was carried out at 40 °C.
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Figure 3. Inhibition of the formation of hydroperoxides in ethanol-buffer
solution of linoleic acid (pH 7.0) by ferulic acid related compounds. The
concentration of compounds was 200 #M. The oxidation was carried out
at 40 °C. Formation of hydroperoxides was monitored by the ferric

with a clear induction period. The activity decreased in the order thiocyanate method.

caffeic acid> BHT > a-tocopherol> sinapic acid> ferulic
acid > p-coumaric acid (Figure 2). All alkyl ferulates were

toxidation of linoleic acid in ethanelbuffer system is one of

less active than ferulic acid and the inhibition was not the simple conditions of oxidation in heterogeneous system for

significantly different among alkyl ferulates (data not shown).

In the case of gallic acid and alkyl gallates, gallic acid had a

evaluation of effects of antioxidants (16).
As shown inFigure 3, p-coumaric acid slightly suppressed

tendency to be more active than its alkyl esters though there formation of hydroperoxide, whereas caffeic acid and sinapic

was no significant difference between them. Within alkyl

acid showed prooxidative behavior at the first stage of autoxi-

gallates, methyl gallate showed slightly higher inhibition than dation at the concentration of 2@®/. At the same concentra-

the other gallates (data not shown).
Evaluation of the Antioxidant Activity Using OSI Method.

tion, ferulic acid was the most effective within test hydroxy-
cinnamic acids and the activity was almost the same as that of

The OSI method is commonly accepted as one of the evaluationa-tocopherol. Ferulic acid esters such as hexyl ferulate, cy-

methods for the stability of fats and oil&X). In this method,

cloartenyl ferulate, 24-methylenecycloartanyl ferulate, and

oil stability is evaluated by measuring the conductivity due to y-oryzanol inhibited hydroperoxide formation more strongly
volatile organic acids evolved during the oxidation of fats and than ferulic acid. Especially hexyl ferulate andoryzanol
oils. Recently, we established the procedure of measurementshowed the strong activity comparable to BHT. To compare

of antioxidant activity by the OSI method using the model oil
system with methyl linoleate—silicone oil as substrate ba)(

As shown inTable 1, all test compounds extended the
induction time of the model substrate oil at 90. Comparing
the activity of hydroxycinnamic acids at the concentration of
0.4 umol/g oil, the activity decreased in the order caffeic acid
> sinapic acid= o-tocopherol= BHT = ferulic acid =

the activity among alkyl ferulates, both formation of hydrop-
eroxide and decrease of linoleic acid were measured by HPLC.
At the point when hydroperoxide formation accelerated, a rapid
decrease of linoleic acid was observed. The activity of each
alkyl ferulate was expressed as the antioxidant index, the ratio
of the length of time (days) at which linoleic acid is 50%
oxidized to that without any additive (control). When the activity

p-coumaric acid. As to ferulic acid esters, they showed almost of hexyl ferulate was measured at the concentrations 12.5, 25,

the same activity as ferulic acid, prolonging the induction time

50, and 10Q:M, the activity increased with an increase in the

2 to 3 times. In the case of gallic acid and its alkyl esters, the concentration in the range tested (data not shown). The activity

activity decreased methyl gallate propyl gallate= lauryl
gallate= gallic acid= stearyl gallate> a-tocopherol= BHT
at the concentration of 0.2mol/g oil (Table 2).

Evaluation of the Antioxidant Activity in Ethanol —Buffer

of alkyl ferulates was expressed as the antioxidant index at the
concentration of 5@M (Table 1). At this concentration, alkyl
ferulates showed the antioxidant index of-45L8. Pentyl, hexyl,
and heptyl ferulates seemed to be more active than the other

System.Because real food generally consists of multiple phases ferulates.

in which lipid and water coexist with some emulsifier, instead

Evaluation of the Antioxidant Activity in Liposomes.

of in the bulk phase, an antioxidant assay using heterogeneousNhen liposome oxidation was induced by a water-soluble

system such as oil-in-water emulsion was also required. Au-

radical generator of AAPH, most test samples suppressed the
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Figure 4. Effect of ferulic acid related compounds and gallic acid related L-Ascorbic acid
compounds on the AAPH-induced peroxidation of egg yolk PC liposomes. Control

The reaction mixture consisted of egg yolk PC (5 mM), AAPH (20 mM),
and antioxidant (50 «M) in 10 mM Tris-HCI (pH 7.4) containing 0.5 mM
DTPA.

0 0.02 004 006 008
PC-O0H (mM)

Figure 6. Inhibition of the AAPH-induced peroxidation of egg yolk PC
liposomes by ferulic acid and its esters. Each column expresses the mean
of the amounts of PC-OOH after 4 h incubation based on triplicate
measurements. Values with different letters are significantly different at p
< 0.05.
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Figure 5. Inhibition of the AAPH-induced peroxidation of egg yolk PC
liposomes by hydroxycinnamic acids. Each column expresses the mean

Stearyl gallate
Methyl 4-O-galloylferulate [
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of the amounts of PC-OOH after 4 h incubation based on triplicate L-Ascorbic acid f
measurements. Values with different letters are significantly different at p Control §
< 0.05. . . .

0 002 004 006 008
accumulation of PC-OOH with a clear induction period, except PC-OOH (mM)
cycloaltenyl ferulate as shown igure 4. All test hydroxy- Figure 7. Inhibition of the AAPH-induced peroxidation of egg yolk PC

cinnamic acids significantly |nh|b|ted_ formatlon of PC'OOHI liposomes by gallic acid related compounds. Each column expresses the
and there was a tenden_cy that_ca_ffelc acid was most eff_ectlvemean of the amounts of PC—OOH after 4 h incubation based on triplicate
among them after a 4-h incubatidfigure 5). Test ferulic acid measurements. Values with different letters are significantly different at p
esters except cycloartenyl and 24-methylcycloartanyl ferulates _ 0.05.

showed a significant activityHigure 6). Comparing the effects

]?f felrl:hc acid and '.;_S es;lers, heXyl’t.OCti’rl]' anfd Z]chylfj-re;%/ | the partition coefficients of gallic acid related compounds. Gallic
reruiates were significantly more active tan terulic acid. In i€, 4 showed a very low value of 0.02. Methyl gallate showed
|nhh|t_)|tohry efflects of trr:e ferhulat? sertljes, hl?k;er (?r lower carl:l)on 0.79 of coefficient, significantly lower than those of the other
S ooy, 2N oC oraies Wee €5 alkyl gallates (0.95). In addition, methyl@-galloylferulate had
: 9 ; gafiates, ey significantly highest coefficient of 0.97 (data not shown).

suppressed PC-OOH formation, and alkyl gallates were more
active than gallic acid. Especially, lauryl gallate was most active
among the alkyl gallate series. In addition, we also measured
the activity of methyl 49©-galloylferulate, which showed the It is proposed nowadays that the use of more than one
highest activity among gallic acid related compounds, indicating condition of oxidation is required to evaluate antioxidaris (
high radical scavenging activity (92.7% at2M) and OSI (15.8 Although much attention has been paid to the potential activity
at the concentration of 0.4mol/g oil, 90°C) (Figure 7). of hydroxycinnamic acids and their related compounds against

Partition Coefficient in Octanol/PBS. Partition coefficient lipid oxidation for practical use as natural antioxidants on
based on the amount of each test compound dissolved inaccount of their widespread occurrence in plaritg—<19),
n-octanol divided by the amount added to ti@ctanol/PBS further systematic information on their antioxidant properties
solution was determined to estimate its lipophilicity. The par- in different conditions needs to be investigated. The present
tition coefficients of hydroxycinnamic acids were in the range study demonstrates the antioxidant properties of hydroxycin-
of 0.09 to 0.22, indicating their low lipophilicity. The partition  namic acids and ferulic acid esters, as well as gallic acid and
coefficients of alkyl ferulates were in the range of 0.95 to 0.98, alkyl gallates, in both bulk and multiphase systems together with
whereas that of ferulic acid was 0.1Baple 1). Table 2 shows their radical scavenging activities.

DISCUSSION



2166 J. Agric. Food Chem., Vol. 50, No. 7, 2002 Kikuzaki et al.

The scavenging ability of hydroxycinnamic acids against Furthermore, methyl gallate had a tendency to possess a higher
DPPH radical was dependent on the number of hydroxyl groups activity within the group of alkyl gallates, and based on the
on the benzene ring anartho substitution with the electron ~ OSI method at 9C°C, methyl gallate showed a significant
donor methoxy group which increases the stability of the activity compared to that of the other gallat@sle 2). These
phenoxy radical as expected from the results of Chen and Horesults suggested that, concerning gallic acid and alkyl gallates,
(20) and Pekkarinen et al21). The scavenging activity order the affinities of antioxidants toward the &ioil interfaces in
was consistent with the antioxidant activity order against bulk oil might participate in their activity as well as their radical
autoxidation of bulk methyl linoleate at €, suggesting that  scavenging ability. The partition coefficients of antioxidants in
their antioxidant efficiencies result in their electron-donating the n-octanol/PBS system could be explained by their affinity
ability. The results were in accordance with those reported by with lipid in some cases. It seemed that the higher polarity of
Pekkarinen et al. who measured the inhibition effects of some methyl gallate within the group of tested alkyl gallates might
phenolic acids, including hydroxycinnamic acids, on the forma- result in higher effectiveness on oxidation of bulk methyl
tion of hydroperoxides in bulk methyl linoleate at 40 (21). linoleate in good agreement with the “polar paradox”, according
Furthermore, when measured by the OSI method at® to which polar antioxidants are more efficient in an apolar
this study, the activity order of hydroxycinnamic acids was in medium, and conversely, apolar antioxidants are more efficient
good agreement with that in the case of autoxidation of the bulk in a polar medium Z4). In addition, the fact that gallic acid,
methyl linoleate at 40°C. These results suggested that the having 0.03 of the partition coefficient, showed the strongest
change in temperature did not affect their antioxidant activity activity at 40 °C supports this “polar paradox”. The higher
order. Marinova and Yanishliev2®) evaluated the antioxidant  effectiveness of ferulic acid than its esters at’@also might
efficiency of ferulic acid andi-tocopherol on lard oxidation at ~ be influenced by the difference in their partition coefficients,
25, 50, 75, and 100C and reported that-tocopherol showed  as well as their radical scavenging abilities. In the case of
behavior different from that of ferulic acidi-Tocopherol was hydroxycinnamic acid, the difference of their radical scavenging
more effective at extending the induction period and reducing activities might govern their antioxidant activity in bulk oil more
the rate of autoxidation as the temperature was increased. Theythan the difference of their affinities with lipid.
suggested that the participationaftocopherol in the initiation The results obtained from the antioxidant assay using the
or propagation in lipid oxidation changed with rising temper- ethanol—buffer system differed from those of the radical
ature. We obtained the same results teabcopherol was more  scavenging and the antioxidant activities in the bulk phase.
effective at a higher temperature than at a lower temperature.Ferulic acid showed the strongest action among test hydroxy-
On the contrary, their results indicated that increasing the cinnamic acids, whereas caffeic acid and sinapic acid rather
temperature did not influence the effect of ferulic acid on the slightly promoted hydroperoxide formation at the initial stage
induction period or the rate of autoxidation, leading to the of autoxidation of linoleic acid. This phenomenon was also
conclusion that the mechanism of antioxidant action of ferulic observed in gallic acid (data not shown). In this case, the radical
acid was the inhibition of initiation of radical reaction in scavenging ability did not reflect the antioxidant activity.
oxidation process regardless of temperature. Cuvelier et al. Pekkarinen et al. reported that caffeic acid slightly promoted
evaluated the antioxidant activity of some phenolic acids based hydroperoxide formation in emulsified methyl linoleate, but
on measuring the disappearance of methyl linoleate in do- methoxylated phenolic acids, such as ferulic acid and sinapic
decane under heating (12Q). They reported that the activity — acid, acted as antioxidant®1). Prooxidant behavior of hydro-
order was caffeic acid> sinapic acid > ferulic acid > philic compounds, such as phenolic acids in heterophasic
p-coumaric acid, and the activity depended on their stability of systems, was observed in tea catechins (25). The antioxidant
the aryloxy radicals (17). Marinova and Yanishlieva also activity in multiphase systems might be affected by several
obtained the same activity order by determination of hydrop- parameters, including concentration of antioxidants, partitioning,
eroxides, the primary oxidative products at 2@(18). Huang and interactions with other compounds such as contaminating
et al. proposed that both the formation of hydroxyperoxides and transition metals. Further investigation should be conducted to
the decomposition of hydroperoxides needed to be measurecelucidate the antioxidant mechanism in heterophasic system.
to clarify the mechanism of antioxidant actid23). In the OSI Esters of ferulic acid were more active than ferulic acid in the
method, formation of volatile organic acids derived from hy- ethanol—buffer system. Furthermore, the activity was ap-
droperoxides during the oxidation process was evaluated. Ourpreciably dependent on their alkyl chain length and the optimum
results indicated that the activity order of hydroxycinnamic acids chain lengths of alcohol moieties were from five to eight carbons
obtained from the OSI test was compatible with those reported within ferulates. This result suggested that affinity of ferulates
by Cuvelier et al. and Marinova and Yanishlieva. It is suggested to substrate oil might have some influence on their activity in
that within the group of hydroxycinnamic acids, they might act this system.

with the same efficacy toward the different stages of oxida- A |iposoma| system has been used as a model of phospho||p|d
tion, and their antioxidant ability in bulk oil at any different  pijlayers constituting cellular and subcellular membranes to
temperatures could be extrapolated to their radical scavengingpredict antioxidant abilities toward biological cell membranes.
activity. In addition, localization of antioxidants based on their hydro-
In this study, test alkyl ferulates showed almost the same philic or hydrophobic properties in the phospholipid bilayers
scavenging activity against DPPH radical and their activity was resulting from the regular and tight steric structure of bilayers
lower than that of ferulic acid. This finding reflected the results is available for elucidation of antioxidant mechanism. The order
of their antioxidant activity in bulk methyl linoleate at 4C. of activity toward liposome oxidation induced by AAPH was
Ferulic acid suppressed formation of hydroperoxide more than slightly reflected by the radical scavenging ability within
alkyl ferulates. However, in high-temperature oxidation, the hydroxycinnamic acids. In the case of alkyl ferulates, the
activity of ferulic acid and its esters were almost the sahable inhibitory effects were influenced by their alkyl chain lengths
1). In the case of gallic acid and the corresponding alkyl esters, of the alcohol moiety, although their radical scavenging potency
gallic acid showed stronger activity than its esters at’@0 was almost the same. Hexyl, octyl, and 2-ethyl-1-hexyl ferulates
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