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ABSTRACT

Antioxidants effectively quench oxidative damage to biomolecules. Therefore, antioxidant supplements have emerged as

an alternative to reduce oxidative stress-related diseases. Gallic acid shows a wide range of biological activities, including

antioxidant properties, but has inappropriate physicochemical properties for wide spread applications. Herein, the

chemical structure of gallic acid was modified, and the antioxidative activities of the derivatives were evaluated. The

introduction of a 3 4-dihydroxybenzylamino group onto gallic acid via an amide linkage provided an effective antioxidant

that showed potent antioxidative activities comparable to those of propyl gallate.
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Introduction

Free radical-induced damage in oxidative stress is strongly
related to many maladies such as neurodegenerative, cardio-
vascular and inflammatory diseases, as well as cancer [1]. Oxi-
dative stress is known to weaken various physiological func-
tions, increase disease incidence, and reduce the human life
span [2]. It has been understood that the exogenous antioxi-
dants supplied either by diet or injection are complemented by
the endogenous antioxidant homeostasis system. Neverthe-
less, it has been suggested that the exogenous antioxidants
would be effective if oxidative stress is above normal levels
and cannot be balanced [1].

Phenolic compounds have been recognized as antioxidants
that delay or inhibit the initiation step or interrupt the propaga-
tion step of oxidation by scavenging free radicals [3,4]. 3,4,5-
Trihydroxybenzoic acid, also known as gallic acid, shows
strong antioxidant activities and exhibits many cellular activi-
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ties including anti-proliferative effects on cancer cells [3,5-8].
However, it has high aqueous solubility which is a disadvan-
tage for wide spread applications. Many efforts have been
devoted toward the development of a new antioxidant based
on gallic acid. For example, the modification of the carboxyl
group to an ester provided propyl gallate, which is widely used
as an antioxidant in the food industry and has been recognized
as an important synthetic antioxidant.

Herein, we report the modification of gallic acid using an
amide linkage and the evaluation of the antioxidative activity
of the resulting derivatives as an initial step toward identify-

ing potent and highly bioavailable antioxidants.

Materials and Methods

Materials and instruments

'H- and ®C-NMR spectra were obtained on an AVANEC
400 (Bruker, Switzerland) and are reported in parts per million
(0) relative to TMS as an internal standard. TLC was performed
on E. Merck silica gel 60 F254 plates (0.25 mm). Silica gel col-
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Scheme 1. Reagents and experimental conditions. HOBt, EDC, DMF, RT.

umn chromatography was performed using Merck TA1287685.
Unless otherwise noted, all starting materials were obtained
from commercially available sources and were used as received
without further purification. All reactions were performed under
a nitrogen atmosphere. Statistical analyses were performed
using IBM SPSS Statistics ver. 23.

Chemistry

3.,4,5-Trihydroxybenzoic acid derivatives were synthesized
from 3.4,5-trihydroxybenzoic acid in one step (Scheme 1). An
amine substituent was introduced into 3 4,5-trihydroxybenzoic
acid by amide coupling using N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) and 1-hydroxybenzo-

triazole (HOBt). The typical reaction procedure is as follows.

3,4,5-Trihydroxy-N-(-4-methoxybenzyl)benzamide (1);
Method A

To 100.0 mg (0.532 mmol) of 34.5-trihydroxybenzoic acid
in 15 mL of N ,N-dimethylformamide (DMF) were added EDC
150.0 mg (0.998 mmol) and HOBt 140.0 mg (1.06 mmol), and
the reaction mixture was stirred for 20 min. After the addition
of 56.0 pL (0.425 mmol) of 4-methoxybenzylamine, the reac-
tion mixture was further stirred for 4 h at room temperature.
The residue obtained upon removal of the solvent in vacuo
was treated with ethyl acetate (EA). EA solution was washed
consecutively with 5% aqueous citric acid solution, saturated
aqueous sodium bicarbonate solution, and distilled water.
After drying over magnesium sulfate, filtration, and removal
of EA, the crude product was purified by flash column chro-
matography using a dichloromethane/methanol (DCM : MeOH,
90 : 10) mixture to give 76.4 mg of the pure product in 49.6%
yield.

3,4,5-Trihydroxy-N-(-4-hydroxybenzyl)benzamide (2);
Method B

3 mL of boron tribromide was added to 125 mg (0.443 mmol)

of compound 1 in 5 mL of DCM at 0°C; the reaction mixture

was stirred at RT for 6 h. After quenching with water and re-
moving the solvent, the crude product was dissolved in EA,
and the organic layer was washed with water. After drying
over magnesium sulfate, filtration, and removal of EA, the
crude product was purified by flash column chromatography
using a DCM/MeOH/formic acid (90 : 20 : 1) mixture to give
44.1 mg of the pure product in 34.7% yield.

Antioxidation assays

The antioxidant activities of the compounds were evaluated
using four different methods. The radical scavenging activity
was measured directly using DPPH and ABTS radicals. The
effects on lipid peroxidation were measured indirectly using
ferric thiocyanate (FTC) and thiobarbituric acid (TBA) meth-
ods.

(a) Scavenging of 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH radical)

The free radical scavenging activity of the compound was
measured using 2,2-diphenyl-1-picrylhydrazyl (DPPH). DPPH
absorbs at 517 nm, but upon reduction by an antioxidant or a
radical species, the absorption decreases. This assay was car-
ried out as described by Erkan [9] with some modifications;
800 pL of various dilutions of the samples in ethanol were
mixed with 200 pL of a 0.15 mM ethanolic DPPH - solution.
After an incubation period of 30 min at 25°C, the absorbance
at 517 nm was recorded. The antioxidant activities of the com-
pounds were expressed as ECs, defined as the concentration
of the test material required to cause a 50% decrease in the

initial DPPH » concentration.

(b) Scavenging of 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) radical (ABTS radical)

The assay was carried out according to the procedure de-
scribed by Re [10]. The ABTS radical cation was produced by
mixing 7 mM aqueous ABTS with 2.45 mM (final concentra-
tion) potassium persulfate and keeping the mixture in the dark
at RT for 16 h. Blue-green ABTS »* was formed at the end of

this period. The solution was diluted with ethanol to the con-
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Table 1. Structures, synthetic methods, and NMR spectral data of gallate derivatives

0
H _R!
. NMR Spectral Data (CDCl; + CD;0D)
HO Method (Yield) 'H NMR (400 MHz) & "*C NMR (100 MHz)
OH
R]
b 'H NMR: & (ppm) 7.24 (s, 1H), 7.21 (s, 1H), 6.85 (s, 3H), 6.83 (s, 1H), 448 (s, 2H), 3.78
1 A(49.6%) (s, 3H). 'C NMR: & (ppm) 168.2, 158.8, 145.1, 136.7, 130.9, 128.5, 124.8, 106.6, 54.7,
_CH;
o 4238
X 'H NMR: & (ppm) 7.8 (d, J=8.4 Hz, 2H), 6.88 (s, 2H), 6.78 (d, J=8.4 Hz, 2H), 445 (s,
2 B (34.7%) oH)
OH ’
& OH |
3 B (20.7%) H NMR: & (ppm) 6.86 (s, 2H), 6.80 (d, /=2 Hz 1H), 6.78 (dd, J=2 Hz, 1H), 6.75 (s,
: J=8Hz, 1H),4.4(d,J=44,2H).
OH
O.cpy 'H NMR: & (ppm) 7.12 (d, J=8.4 Hz, 2H), 6.84 (d, J=8.8 Hz, 2H), 6.80 (s, 2H), 3.78 (s,
4 \/Q/ 3 A(37.8%) 1H), 3.55 (t, J=6.8 Hz, 2H), 2.8 (t, J=7.2 Hz, 2H). '*C NMR: & (ppm) 169.1, 158.2,
2y 145.1,136.6, 131.2,129.5, 1249, 113.7, 106.5, 54.6, 41.65
OH 'H NMR: & (ppm) 7.8 (d, J=8.4 Hz, 2H), 6.82 (s, 2H), 6.75 (d, J=8.8 Hz 2H), 3.5 (q,
5 VQ/ A(20.9%) J=6Hz, 2H), 2.28 (t, J=7.6 Hz, 2H). 3C NMR: & (ppm) 160.9, 1553, 145.1, 136.5,
X 130.1,129.6, 124.9, 115.1, 108.9, 34.6,29.5
Oscny 'H NMR: & (ppm) 6.82 (d, J=7.2Hz, 3H), 6.78 (d, J= 1.6 2H), 3.85 (d, J=3.2 Hz, 2H),
6 \/@ 3 A(55.3%) 3.55(t, J=8 Hz, 2H), 2.83 (t, J=7.6 Hz, 2H). '*C NMR: & (ppm) 168.5, 148.8, 1474,
B O,CHg 145.0,136.5,1319,124.9,120.8, 112.2, 111.5, 106.5,55.5,41.5,35.0
OH
- B(58.1%) 'H NMR: & (ppm) 8.2 (s, 1H), 6.8 (d, J=8.8 Hz, 4H), 6.9 (s, 2H), 6.85 (s, 4H), 6.3 (d,
3 e J=8Hz, 1H), 3.80 (s, 6H)
- OH
GHs
s 0.0 A(18.9%) 'H NMR: & (ppm) 7.28 (s, 2H), 7.23 (t, J=7.6 Hz, 2H), 7.21 (q, J=6.8 Hz, 3H), 6.80 (s,
jv\/© o 2H),4.8(q, J=24Hz, 1H),3.7(s,3H),3.32(q, J=5.6Hz, 1H), 3.31 (q,/=8.8 Hz, 1H)
5
GHa
0.0 _NH 'H NMR: & (ppm) 7.55 (d, J=8 Hz, 1H), 7.35 (d, J=8 Hz, 1H), 7.1 (t, J=4.8 Hz, 2H),
9 [ A(41.6%) 6.88(t,J=8Hz, 1H), 6.8 (s, 2H), 4.88 (m, J=3.2 Hz, 1H), 3.7 (s, 3H), 3.4 (m, J=5.6 Hz,

1H)

centration that showed an absorbance of 0.70+0.02 at 734
nm. After adding 35 pL of the ethanol solution to 3.5 mL of
the ABTS «* solution, the absorbance was recorded for 6 min

in 1 min intervals.

(c) Ferric thiocyanate (FTC) method

The FTC assay was carried out according to the procedure
reported by Kikuzaki and Nakatani [11]. A mixture of 1 mL of
an ethanolic solution of the synthesized compound (50 pM), 1
mL of 2.52% linoleic acid in ethanol, 2 mL of 0.05 M phos-
phate buffer (pH 7.0), and 1 mL of water was placed in a vial
with a screw cap and then placed in a dark oven at 40°C. 50
pL aliquots were withdrawn from the mixture every 48 h and
diluted with 4.85 mL of 75% ethanol, followed by the addi-

tion of 50 uL of 30% ammonium thiocyanate. After adding 50
pL of 0.02 M ferrous chloride in 3.5% HCI, the absorbance of
the solution was measured at 500 nm. The measurement was
repeated until the absorbance reached its maximum. The ratio
of the absorbance to the absorbance of a blank without any
test material was taken as a measure of the ability of the test
material to inhibit lipid peroxidation, which is a measure of
antioxidant activity. Propyl gallate and gallic acid were used
as positive controls, while a mixture without the compound

was used as a negative control.

(d) Thiobarbituric acid (TBA) method
The method described by Ottolenghi was followed [12]. 250
pL aliquots were withdrawn from the mixtures, prepared for
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the FTC experiments, every 48 h and were mixed with 500 pL.
of 20% trichloroacetic acid and 500 pL of 0.8% 2-thiobarbitu-
ric acid. The resulting mixture was placed in a boiling water
bath for 20 min and then cooled to room temperature. It was
centrifuged at 3000 rpm for 10 min. The absorbance of the
supernatant at 532 nm was measured. The measurement was
repeated until the final day of the FTC experiments. Antioxi-
dant activity was based on the day when the maximum absor-
bance was observed. Propyl gallate and gallic acid were used
as positive controls, while a mixture without the compound

was used as a negative control.

Statistical analysis

The experimental data were presented as mean £ SD. Statis-
tical analysis was performed using one-way analysis of vari-
ance (ANOVA). Duncan’s multiple range test was used for
multiple comparisons. Values of p<0.05 were regarded as
statistically significant. The Pearson correlation coefficient

was computed to identify relationships.

Results and Discussion

Gallic acid (GA; 3.4,5-trihydroxybenzoic acid) is one of the
potent natural antioxidants. Because of its low lipophilicity,
gallic acid has limited applications as a therapeutic agent or
food additive. Efforts to improve the physicochemical proper-
ties of gallic acid have been carried out through the conver-
sion of the carboxyl group to ester or amide functionalities.
Propyl gallate (PG), a popular antioxidant, is an example of a
synthesized gallic acid derivatives with desirable properites.

A novel synthetic modification of gallic acid was performed
and the antioxidative activity of the resulting derivatives were
examined. Amide coupling with benzylamine and phenethyl-
amine derivatives provided compounds 1 to 9. The antioxida-
tive activities of the compounds were evaluated by studying
the radical scavenging ability and inhibitory activity for lipid
peroxidation. The radical scavenging activity was studied using
DPPH and ABTS radicals. The FTC method was used to mea-
sure the peroxide sequestering activities of the compounds,
while the TBA method was used to measure the protective
activities of compounds against lipid peroxidation.

Both synthesized and commercially available gallate deriv-
atives showed strong DPPH radical scavenging activities com-
pared to other antioxidants such as BHA, TBHQ, and ascorbic
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Fig. 1. DPPH radical scavenging activity of synthesized compounds.
GA: gallic acid, PG: propyl gallate, OG: octyl gallate, LG: lauryl gal-
late, TBHQ: tert-butylhydroquinone, Vit C: ascorbic acid, BHA: tert-
butylhydroxyanisole.
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Fig. 2. ABTS radical scavenging activity of synthesized compounds.
GA: gallic acid, PG: propyl gallate, OG: octyl gallate, LG: lauryl gal-
late, TBHQ: tert-butylhydroquinone, BHA: tert-butylhydroxyanisole.

acid. However, there were no statistically meaningful differ-
ences in the activities of the gallate derivatives (Fig. 1). Fur-
thermore, the gallate derivatives showed better ABTS radical
scavenging activities than BHA, Trolox, and TBAQ except
for lauryl gallate (Fig. 2). Slight differences in the activities of
gallate derivatives were observed, and gallic acid showed the
strongest ABTS radical scavenging activity.

The synthesized gallate derivatives showed improved per-
oxide quenching activities as compared to gallic acid, accord-
ing to the results of the FTC assay (Fig. 3). In addition, they
retarded the lipid peroxidation according to the results of the
TBA assay (Fig. 4). The anti-peroxidation activities varied
depending on the structure of the introduced amine derivative.
Compounds with a catechol moiety, namely, 3 and 7, showed
better antioxidative activities. In addition, the distance between
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the gallate and catechol moieties affected the activity. One
methylene unit, 3, was found to be the optimal condition to
afford strong activity comparable to that of PG.
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Fig. 3. Inhibition of lipid peroxidation by synthesized compounds
(FTC assay). GA: gallic acid, PG: propyl gallate. Values with differ-
ent letters are significantly (P <0.05) different by ANOVA and Dun-
can’s multiple range tests.
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Fig. 4. Inhibition of lipid peroxidation by synthesized compounds
(TBA assay). GA: gallic acid, PG: propyl gallate. Values with differ-
ent letters are significantly (P <0.05) different by ANOVA and Dun-
can’s multiple range tests.

Many methods are available for measuring the antioxidant
capacity of a molecule, and they can be classified into two
types based on the reactions involved: electron transfer (ET)
reactions and hydrogen atom transfer (HAT) reactions [13].
However, the correlations between assays and between anti-
oxidative activities and physicochemical properties are not
well defined. For the gallate derivatives, there were no signifi-
cant correlations between the DPPH assay results and the
results of the ABTS, FTC, and TBA assays. The ABTS results
showed a medium correlation with the FTC and TBA assays
(r=0.56 and 0.47, respectively). However, the FTC and TBA
results were strongly correlated (r=0.96), and the correlation
was significant at the 0.01 level (2-tailed).

Next, the correlations between the physicochemical proper-
ties of the compounds and antioxidative activities were evalu-
ated. It was reported that the hydrophilic or lipophilic charac-
ter affects the antioxidant activity of gallic acid derivatives
[14]. Moreover, the neuroprotective effects of gallic acid deri-
vatives depends more on their molecular polarities than anti-
oxidant activities [7]. Because lipid peroxidation was moni-
tored at the emulsion of water and lipid, the lipophilicity was
expected to contribute to the inhibition of lipid peroxidation.
In addition, since the introduction of a catechol moiety en-
hanced both DPPH and ABTS scavenging activities, as men-
tioned previously with compounds 3 and 7, the number of
phenolic OH moieties was expected to be important. Molecu-
lar properties such as partition coefficient (cal’d logP), topo-
logical surface area (TPSA), number of oxygen and nitrogen
atoms (No. of O and N), and number of phenolic hydroxyl
groups (No. of phenolic OH) were evaluated and used for the
study of relationships (Table 2). However, significant correla-
tions were not be found.

In general, FTC and TBA assays are carried out simultane-

Table 2. Physicochemical properties of gallate derivatives and days for maximum anti-peroxidation

MW cal’d LogP* TPSA** No. of O and N No. of phenolic OH ID,,, (FTC)*#% ID, .. (TBA)
GA 170.1 091 98.0 5 3 6 8
PG 2122 2.60 87.0 5 3 10 10
1 3033 201 99.0 6 3 4 4
2 2893 2.08 99.0 6 4 6 6
3 2893 1.36 1100 6 5 6 10
4 3333 1.83 108.3 7 3 6 8
5 370.4 1.95 1319 8 4 6 8
6 3473 129 136.3 8 3 6 8
7 305.3 0.76 130.2 7 5 8 10
8 2753 143 110.0 6 3 6 8
9 2913 0.83 130.2 7 3 10 10

*cal’d LogP: partition coefficient
**TPSA: topological surface area
F#EID,,,,: Day for maximum inhibition
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Fig. 5. Time dependent inhibition of lipid peroxidation monitored by FTC and TBA assay. GA: gallic acid, PG: propyl gallate.

ously using the same reaction mixture and identical monitor-
ing intervals. In the FTC and TBA assays, the inhibitory ac-
tivities of the compounds were measured on the day when the
inhibition of the positive control reached its maximum. How-
ever, the days corresponding to the maximum inhibitory ac-
tivities of different compounds were not identical. Further, the
days corresponding to the maximum inhibitory activities in
the FTC and TBA assays were not identical even for the same
compound (Fig. 5, Table 2). In addition, there were other ab-
normal results which cannot be explained at present. Com-
pounds 1,4,5,6,7,8, and 9 behaved as oxidants and antioxi-

dants depending on the monitoring day. Compound 7 behaved
as an antioxidant until day 10 with up to 60% inhibition in the
FTC and TBA assays, but became an oxidant on day 15 with
15 % and 30% enhancements in oxidation in the FTC and
TBA assays, respectively. Compounds 1 and 4 showed very
different patterns. First, the results of FTC and TBA assays
showed different patterns as the incubation time increased.
Second, 1 and 4 initially behaved as antioxidants, then be-
came pro-oxidants, and once again returned to antioxidants
during the late incubation period. However, compound 3 and

PG showed very strong inhibition, and their activities were
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persisted up to day 15. According to these results, the effect of
an antioxidant on lipid peroxidation should be monitored as a
function of incubation time and interpreted based on the time-

dependent activity pattern.

Conclusion

A series of gallic acid derivatives were synthesized and their
antioxidant activities were evaluated using four assays. The
modification of gallate with 2.4-dihydroxybenzyllamine, 3,
provided a potent antioxidant that was comparable to propyl
gallate. Some correlations were observed between the results
of the ABTS, FTC, and TBA assays for the gallic acid deriva-
tives. However, the DPPH assay results and physicochemical
properties of the compounds did not show any correlations
with the results of the other assays. The effect of the antioxi-
dants on lipid peroxidation was incubation time-dependent
and time course monitoring might be necessary for accurate

evaluation of the antioxidative activity of a compound.
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