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Abstract

Tannic acid (TA) has well-described antimutagenic and antioxidant activities. The antioxidant activity of TA has been previously
attributed to its capacity to form a complex with iron ions, interfering with the Fenton reaction [Biochim. Biophys. Acta 1472, 1999,
142]. In this work, we observed that TA inhibits, in the micromolar range, in vitro Cu(II) plus ascorbate-mediated hydroxyl radical
(�OH) formation (determined as 2-deoxyribose degradation) and oxygen uptake, as well as copper-mediated ascorbate oxidation and
ascorbate radical formation (quantified in EPR studies). The effect of TA against 2-deoxyribose degradation was three orders of
magnitude higher than classic �OH scavengers, but was similar to several other metal chelators. Moreover, the inhibitory effective-
ness of TA, by the four techniques used herein, was inversely proportional to the Cu(II) concentration in the media. These results
and the observation of copper-induced changes in the UV spectra of TA are indications that the antioxidant activity of TA relates to
its copper chelating ability. Thus, copper ions complexed to TA are less capable of inducing ascorbate oxidation, inhibiting the
sequence of reactions that lead to 2-deoxyribose degradation. On the other hand, the efficiency of TA against 2-deoxyribose deg-
radation declined considerably with increasing concentrations of the �OH detector molecule, 2-deoxyribose, suggesting that the cop-
per–TA complex also possesses an �OH trapping activity.
� 2005 Elsevier Inc. All rights reserved.
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Tannic acid (TA, penta-m-digalloyl-glucose) is a
hydrolyzable polyphenol formed from the secondary
metabolism of plants. It is most commonly found in
the bark and fruits of many plants and has a structure
consisting of a central carbohydrate (glucose) and 10
galloyl groups [1,2]. Several authors have demonstrated
that TA and other polyphenols have antimutagenic and
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anticarcinogenic activities [2–8]. Moreover, the con-
sumption of polyphenol-rich fruits, vegetables, and bev-
erages, such as tea and red wine, has been linked with
inhibitory and preventive effects in various human can-
cers and cardiovascular diseases [2,5,7–13], which may
be related—at least in part—with the antioxidant activ-
ity of polyphenols [8–11].

Polyphenols (including flavonoids) have the capacity
to quench lipid peroxidation, prevent DNA oxidative
damage, and scavenge hydroxyl radical (�OH) [14–20].
However, polyphenols can be toxic as well, with pro-
oxidant effects [21–25], which seem to be related with
the nature of either the polyphenol molecule or the
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oxidizing agent used, including the presence or absence
of transition metals. The ability of several polyphenols
to chelate iron or copper ions has been ascribed to their
antioxidant [7,15,17,19,26–33] or prooxidant [7,21–
25,27,31,32,34–37] activity.

A few years ago, we demonstrated that TA is able to
prevent �OH generation and 2-deoxyribose oxidative
damage induced by Fenton reagents by forming a
Fe(II) complex [30]. In the present work, we present
evidence that TA inhibits �OH damage to 2-deoxyribose
induced by the Cu(II)/ascorbate/dissolved O2 system,
as well as Cu(II)-mediated oxygen uptake, ascorbate
oxidation, and ascorbate radical formation (in EPR
studies). The antioxidant effect of TA was attributed
to its capacity to form a complex with copper that
inhibits ascorbate oxidation and subsequent �OH for-
mation, as well as �OH scavenging of the TA complex
with copper.
Materials and methods

Reagents

Ascorbic acid, catalase, deferoxamine mesylate
(DFO), 2-deoxyribose, EDTA, ellagic acid, gallic acid,
rutin, tannic acid (TA), and thiobarbituric acid (TBA)
were purchased from Sigma (St. Louis, MO). Other re-
agents were of analytical grade. Stock solutions of gallic
acid, rutin, TA (1 mM), and ellagic acid (see Table 1)
were freshly prepared in 20 mM phosphate buffer (pH
7.2). Pyridoxal isonicotinoyl hydrazone (PIH, donated
by Dr. Prem Ponka, Montreal), copper sulfate, and
TBA stock solutions were prepared as described in
[38]. All the solutions were made with Milli-Q deionized
water.

Determination of 2-deoxyribose oxidative degradation

The formation of �OH radicals was measured based
on a 2-deoxyribose oxidative degradation assay, produc-
ing malonaldehyde [30,38,39]. Typical reactions were
started by adding 0.02 mL ascorbate (0.5 mM final con-
centration) to 0.48 mL solutions containing (as final
concentrations) 20 mM phosphate buffer (pH 7.2),
5 mM of 2-deoxyribose, Cu(II) (5 or 15 lM), and 0–
50 lM TA. The solutions were preincubated for 5 min
before adding ascorbate. Reactions were carried out
for 8 min at room temperature (25 ± 1 �C) and were ter-
minated by the addition of 0.5 mL of 4% phosphoric
acid (v/v), followed by 0.5 mL of 1% TBA solution.
After boiling for 15 min, the solutions� absorbance was
recorded at 532 nm. ‘‘Zero time’’ absorbance values
(where ascorbate is added to solutions after phosphoric
acid and TBA [38,39]) were subtracted from the values
obtained for each experimental condition.
Ascorbate oxidation, O2 uptake, and absorption spectra of

copper–TA complexes

The oxidation of ascorbate was performed at room
temperature in 1 mL solution, and was started by the
addition of ascorbate; it was monitored at 265 nm for
3 min [38]. The solutions were preincubated for 5 min
before the addition of ascorbate. Absorbance was read
against blanks: phosphate buffer only (for controls) or
buffer plus TA. Oxygen uptake was measured using a
Clark-type electrode in a 3 mL glass chamber equipped
with magnetic stirring, as previously described [38].
Spectra of the complexes of 10 lM TA with Cu(II) were
obtained with a Hitachi U-2001 spectrophotometer. The
mixtures were incubated in phosphate buffer (20 mM,
pH 7.2) for 2 min and were measured against a blank
containing only buffer.

EPR spectroscopy

A Bruker ESP 300 spectrometer equipped with an ER
4102 ST resonator and operating in the X-band
(9.416 GHz) was utilized in our investigations. The spec-
tral parameters were as follows: microwave power,
20 mW; modulation frequency, 100 KHz; modulation
amplitude, 0.3 G; magnetic field scan, 14 G; sweep time,
84 s; detector time constant, 41 ms; and receiver gain,
1.6 · 105. The temperature was kept at 25 �C. The solu-
tions were preincubated for 5 min before adding ascor-
bate. The samples were transferred to the capillary
tube and the spectra were recorded exactly 3 min after
the reaction started. Since the shape of the EPR spectral
line of the ascorbate radical (ascorbyl�) [39] was kept
essentially the same in all the experiments, ascorbyl�

was quantified by measuring the intensity (as arbitrary
units) of the first resonance line.
Results and discussion

Copper-mediated 2-deoxyribose degradation

Preliminary studies determined the time course of
oxidative damage to 5 mM 2-deoxyribose induced by
5 lM Cu(II) and 0.5 mM ascorbate. The addition of
10 lM TA at time zero of incubation, i.e., before the
addition of ascorbate, caused a marked inhibition of
2-deoxyribose degradation. The rate of 2-deoxyribose
degradation was linear for approximately 10 min in
the absence or in the presence of TA (data not shown;
n = 3). Therefore, we selected an 8 min incubation peri-
od for the following experiments.

A titration curve of the TA inhibition of oxidative
damage to 2-deoxyribose induced by Cu(II) (5 or
15 lM) plus 0.5 mM ascorbate is shown in Fig. 1. The
inhibition by TA against 2-deoxyribose degradation



Fig. 1. Dependence of TA concentration on 2-deoxyribose (5 mM)
oxidative degradation in 20 mM phosphate buffer (pH 7.2) containing
5 lM Cu(II) (d) or 15 lM Cu(II) (s). The solutions were preincu-
bated for 5 min before adding 0.5 mM ascorbate to initiate the free
radical reaction. Reactions were then carried out for 8 min and
terminated as described in Materials and methods (this preincubation/
incubation protocol was also employed in experiments depicted in
Figs. 2–4). The increase of 0.05 in A532 represents the formation of
�1 lM malonaldehyde in the 0.5 mL reaction media. Values are
means ± SD (n = 5).

Table 1
Comparison of the antioxidant efficiency of TA and several metal
chelators or phenolic compounds

Control 0.110 ± 0.015a

Compounds at 10 lM
TA 0.062 ± 0.005 (43.6)a

EDTA 0.081 ± 0.007 (26.4)
DFO 0.080 ± 0.008 (27.3)
PIH 0.083 ± 0.008 (24.5)
Ellagic acidb 0.066 ± 0.004 (40.0)
Gallic acid 0.104 ± 0.012c (5.5)
Rutin 0.109 ± 0.010c (0.9)

Compounds at 100 lM
Gallic acid 0.096 ± 0.006c (12.7)
Rutin 0.100 ± 0.003c (9.1)

Damage to 2-deoxyribose induced by 0.5 mM ascorbate and 15 lM
Cu(II) was tested under standard incubation conditions.
a Values represent the A532 (± SD; n = 4) and the percent protection

against 2-deoxyribose damage (in parentheses).
b The stock solution of ellagic acid was originally prepared at

100 nmol/mL; due to partial insolubility at pH 7.2, the soluble
concentration of the stock solution was 67 ± 2 lM (calculated from an
extinction coefficient of 16.2 ± 0.4 mM�1 at 360 nm, pH 7.4 [49]).
c Values not significantly different (unpaired one-tailed t-test) from

the control value (as A532); the % protection in these cases is irrelevant.

Fig. 2. Dependence of Cu(II) concentration on 2-deoxyribose (5 mM)
degradation in media containing 20 mM phosphate buffer (pH 7.2),
0.5 mM ascorbate and in the absence (.) or presence of TA at 1 lM
(d) or 10 lM (�). Inset: replot of data from the main panel, showing
the percent inhibition of 2-deoxyribose degradation by TA (1 or
10 lM). Values are means ± SD (n = 5).
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was concentration dependent, reaching saturation at
about 30 lM TA. An I50 value for TA of 5.3 ± 0.8 lM
was obtained in the presence of 15 lM Cu(II) (the I50
value could not be calculated with 5 lM copper). Such
a low I50 value for TA is incompatible with an antioxi-
dant mechanism involving only �OH trapping, since
molecules with �OH scavenger activity are effective only
in the millimolar range in totally aqueous systems
[30,40]. Indeed, TA was about three orders of magnitude
more efficient than the classical �OH scavengers DMSO
and ethanol ( I50 = 20–40 mM) in preventing 2-deoxyri-
bose degradation induced by 10 lM Cu(II) and 3 mM
ascorbate [38], suggesting that the antioxidant mecha-
nism of TA is not related mainly to �OH trapping
activity.

The efficiency of TA in inhibiting copper-mediated
damage to 2-deoxyribose was also compared with those
of other known metal chelators and phenolic com-
pounds. As observed in Table 1, the antioxidant action
of TA was similar to those of DFO, EDTA, PIH, and
ellagic acid; in contrast, gallic acid (a TA structural com-
ponent) and rutin presented a very poor antioxidant ef-
fect. Other metal chelators (D-penicillamine, and the
PIH analogues salicylaldehyde isonicotinoyl hydrazone
(SIH) and pyridoxal benzoyl hydrazone (PBH)) also dis-
played a similar efficiency (I50 = 5–11 lM; see [38]),
when compared with TA, in protecting 2-deoxyribose
from oxidative degradation induced by 10 lM Cu(II)
and 3 mM ascorbate.

The increase in Cu(II) concentrations (0–30 lM) in
the presence of 0.5 mM ascorbate resulted in an increase
in 2-deoxyribose degradation (Fig. 2). The very minor
level of 2-deoxyribose damage observed in the absence
of Cu(II) was probably due to contaminating metals,
possibly ferric iron (at submicromolar levels [41]). The
oxidative damage to 2-deoxyribose was inhibited by
TA (1 and 10 lM) in all the Cu(II) concentrations.
The antioxidant efficiency of TA at 1 lM was dimin-
ished by about 20% with the augmentation in Cu(II)
concentration from 15 lM to 30 lM (Fig. 2 (inset)).



Fig. 4. Dependence of ascorbate concentration (0–10 mM) on 2-
deoxyribose (5 mM) degradation in media containing 15 lM Cu(II),
and in the absence (d) or presence of 10 lM TA (s). Inset: replot of
data from the Main Panel, showing the percent inhibition of the 2-
deoxyribose degradation by TA. Values are means ± SD (n = 5).
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However, at 10 lM TA, the efficiency of the polyphenol
was unaffected by 15–30 lM copper. This indicates that,
at 1 lM TA, ‘‘free’’ Cu(II) (as aqueous Cu(II)
(Cu(II)aq)) is available for oxyradical formation when
the copper concentration is high, which was not the case
in the presence of 10 lM TA. These results suggest that
the mechanism of TA antioxidant activity is due to
Cu(II) chelation, forming a copper–TA complex that is
less active in the participation of oxyradical formation.

The concentration dependence of 2-deoxyribose on
its degradation induced by 15 lM Cu(II) and 0.5 mM
ascorbate, in the absence or presence of 10 lM TA, is
illustrated in Fig. 3A. Hydroxyl radical scavengers are
expected to show a substantial reduction in antioxidant
effectiveness with increasing 2-deoxyribose concentra-
tions (from 1 to 50 mM) because the �OH detector mol-
ecule (2-deoxyribose) competes with the scavenger for
�OH trapping. We observed a significant drop in the
antioxidant efficiency of TA (from 80 to 42%) with the
increase in 2-deoxyribose concentrations (Fig. 3B). A
significant decrease in the efficiency of TA at 1 lM also
occurred when 2-deoxyribose was raised from 2 mM to
70 mM (the protection declined from 54 to 38%) in med-
ia containing 5 lM Cu(II) and 0.5 mM ascorbate (data
not shown; n = 4). These results indicate that �OH trap-
ping activity is relevant for the antioxidant mechanism
of TA. However, considering the previous results (Figs.
1 and 2), we can postulate that antioxidant activity of
TA against 2-deoxyribose oxidation behaves in a hybrid
manner: (i) �OH scavenging activity and (ii) copper-che-
lating activity, forming a copper–TA complex that
inhibits oxyradical attack to 2-deoxyribose. Lopes
et al. [30] also reported an �OH trapping activity of the
iron complex with TA.

The effect of ascorbate concentration on copper-med-
iated 2-deoxyribose degradation was analyzed in the ab-
sence or presence of 10 lM TA (Fig. 4). The protection
Fig. 3. (A) Dependence of 2-deoxyribose concentration (0–50 mM) on its o
Cu(II) and 0.5 mM ascorbate, in the absence (d) or presence of 10 lM TA
deoxyribose degradation by TA. Values are means ± SD (n = 3).
afforded by TA against 2-deoxyribose degradation
dropped from 85% at 0.5 mM ascorbate to 30% at
7 mM ascorbate (Fig. 4 (inset); the effect of TA was
not significant at 10 mM ascorbate). Such a decrease
in antioxidant efficiency with the augmentation in ascor-
bate concentration was also observed for the effect of
PIH on copper-mediated 2-deoxyribose damage [38].

Hadi�s group [31,34] observed that TA (0.25–50 lM)
plus 100 lM Cu(II)–EDTA, in the absence of ascorbate,
induces salicylate hydroxylation (a technique for �OH
quantification) in phosphate-buffered solutions (pH
8.0) after 2 h of incubation. However, we observed that
5 lM Cu(II) and TA (zero or 10 lM), in the absence of
ascorbate, caused no relevant degradation of 5 mM 2-
deoxyribose in 5 min to 2 h incubations (A532 values ran-
ged only 0.02–0.03). The addition of EDTA (50 or
100 lM) to these reactions (with 5 or 50 lM copper;
without TA or ascorbate) failed to affect 2-deoxyribose
degradation (data not shown; n = 3).
xidative degradation in phosphate buffer (pH 7.2) induced by 15 lM
(s). (B) Replot of data from (A), showing the percent inhibition of 2-



Fig. 6. Effects of copper ions and TA on EPR ascorbyl� signal. (A)
Shows the EPR spectrum of 20 mM phosphate buffer (pH 7.2)
containing 0.5 mM ascorbate, in the absence of copper and TA. EPR
signals were recorded 3 min after the addition of ascorbate; this
spectrum shows only background signals. (B) Spectrum of a solution
containing buffer and 5 lM Cu(II); 0.5 mM ascorbate was added after
5 min of preincubation and the EPR signals were recorded after 3 min.
(C) Same as in (B), but with the addition of 1 lM TA before the
preincubation period (there is a 43% inhibition in EPR signal
intensity). (A–C) Representative spectra of experiments performed
three times.
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Cu(II)-mediated ascorbate oxidation and ascorbyl�

formation

Oxidation of ascorbate to ascorbyl� mediated by
Cu(II) is the first step in a series of reactions leading
to �OH formation and 2-deoxyribose degradation (Eqs.
(1)–(6)) [32,38,42,43]. Previous reports state that tannins
and other polyphenols, including TA, are able to inhibit
Cu(II)-mediated ascorbate oxidation [15,44].

CuðIIÞ þ ascorbate ! CuðIIÞ-ascorbate
! CuðIÞ þ ascorbyl� ð1Þ

CuðIÞ þO2 ! CuðIIÞ þO��
2 ð2Þ

CuðIÞ þO��
2 þ 2Hþ ! CuðIIÞ þH2O2 ð3Þ

2O��
2 þ 2Hþ ! O2 þH2O2 ð4Þ

H2O2 þ CuðIÞ ! CuðIIÞ þOH� þ �OH ð5Þ
�OHþ 2-deoxyribose ! measurable products ð6Þ
Fig. 5 depicts a titration curve of TA on the oxidation of
100 lM ascorbate induced by 15 lM Cu(II) in phos-
phate-buffered solutions. The I50 value for TA was
about 5 lM (considering 25 lM TA as saturating in
the inhibition curve), which is essentially the same I50
value observed in the 2-deoxyribose degradation reac-
tion. A titration curve of ascorbate oxidation employing
5 lMCu(II) yielded an I50 value of �1 lM AT (data not
shown; n = 4). The oxidation of ascorbate (100 lM) was
also determined with different concentrations of Cu(II)
(from 5 to 50 lM), in the absence or presence of
10 lM TA. TA inhibited ascorbate oxidation under all
the experimental conditions; however, its efficiency
Fig. 5. (A) Kinetics of 100 lM ascorbate oxidation induced by 15 lM Cu(II),
of 5 lM (s) and 10 lM TA (.); the solutions were preincubated for 5 min
performed four times. Based on the extinction coefficient of ascorbate at 2
oxidation of 6.9 lM ascorbate [39]. (B) Effect of TA concentration on the
mean ± SD (n = 4).
declined significantly from 90% (at 5 lM copper) to
76% at 50 lM copper (data not shown; n = 4).

The formation of ascorbyl� from copper (5 or 15 lM)
and 0.5 mM ascorbate was also determined in EPR
experiments (see Eq. (1)). The EPR signal for ascorbyl�

was significantly weaker in the presence of 1 lM TA
when compared with the controls without TA (Fig. 6;
note that TA has no effect on the EPR signal parame-
ters, only on its intensity). Fig. 7 depicts titration curves
in 20 mM phosphate buffer (pH 7.2) in the absence (d) or the presence
before adding ascorbate. (A) A representative result of experiments

65 nm (at neutral pH), the loss of 0.1 absorbance corresponds to the
rate of ascorbate oxidation (calculated as loss of A265/s). Values are



Fig. 7. Dependence of TA concentration on the intensity of the EPR
ascorbyl� signal in 20 mM phosphate buffer (pH 7.2) and TA (0–
10 lM), in the presence of 5 lM (d) or 15 lM Cu(II) (s). Reaction
media were preincubated at room temperature for 5 min before adding
0.5 mM of ascorbate. Values are means ± SD (n = 3). The baseline
EPR signal in all the determinations was 0.5 arbitrary units.
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of TA on the intensity of ascorbyl� EPR signal generated
from Cu(II) (5 or 15 lM) and 0.5 mM ascorbate. The I50
values for TA were 1.4 ± 0.1 and 2.6 ± 0.2 lM in reac-
Table 2
Effect of ascorbate concentration on the intensity of EPR ascorbyl� signal

Ascorbate (mM) Intensity of EPR signal

Without TA TA (1 lM)

0.10 3.82 ± 0.65 2.17 ± 0.52
0.30 4.90 ± 0.31 3.10 ± 0.23
0.50 6.04 ± 1.15 3.99 ± 0.41
0.75 6.29 ± 0.28 5.40 ± 1.05
1.0 6.87 ± 0.17 5.50 ± 0.35

The solutions contained 20 mM phosphate buffer (pH 7.2), 5 lM Cu(II), wi
media were preincubated for 5 min before the addition of ascorbate. EPR s
ascorbate. The significance of TA inhibitory effect was checked using an un

Fig. 8. (A) Time course of O2 uptake in 20 mM phosphate buffer (pH 7.2) c
concentration was represented as: zero (d, control), 1 (s), 5 (.), and 10 lM
solutions containing 1 lM TA. (B) The same conditions as in (A), except th
tions containing 5 or 15 lM Cu(II), respectively. The
difference in the I50 values demonstrated that the inhib-
itory efficiency of TA was inversely proportional to the
copper concentration.

In addition, the effect of 1 lM TA on the ascorbyl�

EPR signal was examined with different concentrations
of ascorbate (0.1–1 mM), in the presence of a fixed
amount of copper. Similar to the findings depicted in
Fig. 4, the inhibitory efficiency of TA decreased as the
ascorbate concentration increased (Table 2).

Copper-mediated O2 uptake

Figs. 8A and B show that TA inhibits O2 uptake in-
duced by Cu(II) (5 or 15 lM) and 0.5 mM ascorbate
in a concentration dependent way. The calculated I50
values for TA on the rates of O2 uptake (see Materials
and methods; rates of O2 uptake in the absence of TA
were approximately 0.7 and 1.2 lM per second for reac-
tions containing 5 or 15 lM copper, respectively) were
2.8 and 4.6 lM in the reactions containing 5 or 15 lM
copper, respectively. The values of I50 were essentially
the same as those in the experiments of 2-deoxyribose
degradation (with 15 lM copper), ascorbate oxidation,
Percent inhibition by TA (significance in parentheses)

43% (P < 0.025)
37% (P < 0.001)
34% (P < 0.025)
14% (not significant)
20% (P < 0.005)

th or without TA, and varying concentrations of ascorbate. Reaction
ignals (as arbitrary units) were determined 3 min after the addition of
paired one-tailed t test. Values are means ± SD (n = 3).

ontaining 5 lM Cu(II), TA (0–10 lM) and 0.5 mM ascorbate. The TA
(,). Catalase (1000 U/mL) was added after 500 s to controls and to

at Cu(II) was 15 lM. Data in (A) and (B) are means ± SD (n = 4).



Fig. 9. Spectra of the complexes formed between 10 lM TA and
several concentrations of Cu(II) (zero to 50 lM) in 20 mM phosphate
buffer (pH 7.2). The spectrum shown is representative of three
independent determinations.
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and ascorbyl� formation. This strongly suggests that
inhibition of copper-mediated O2 uptake by TA may
be a consequence of the inhibition of ascorbate oxida-
tion (see reaction (1)).

Release of O2 is observed after the addition of cata-
lase (after 9 min of reaction) to media containing
0.5 mM ascorbate, Cu(II) (5 or 15 lM), and dissolved
O2 (Figs. 8A and B). As expected, H2O2 is formed as
an intermediary of these reactions (see reactions (3)
and (4), above). Based on the yield of O2 recovery, we
estimated that 100 lM H2O2 was present in reaction
media containing 5 lM copper after 9 min incubation;
in the presence of 1 lM TA, the concentration of
H2O2 was 45% higher than in its absence. Moreover,
in media containing 15 lM Cu(II), the concentration
of H2O2 in the presence of TA was about 85% higher
than in the absence of TA (51 lM versus 94 lM
H2O2). These results show that more H2O2 is present
in solutions containing TA (H2O2 is formed as in Eq.
(3)) than in the absence of polyphenol.

Furthermore, the presence or absence of TA (at
10 lM) in 20 mM phosphate-buffered solutions con-
taining 5 or 50 lM Cu(II) (no ascorbate present) pro-
duced no detectable O2 uptake within 1 h of
continuous observation. The addition of 50 lM EDTA
to the reacting media (with 50 lM copper) also induced
no O2 uptake, in the absence or presence of 10 lM TA
(data not shown; n = 3). These data imply that the
copper–TA complex cannot undergo autoxidation and
generation of O�

2 and H2O2, as proposed by Bhat and
Hadi [22,34].

Copper–TA complex characterization

The wavelength spectra of the complex formed be-
tween TA (10 lM) and copper (5–50 lM) revealed
absorbance peaks at 235 and 325 nm (Fig. 9). The in-
crease in Cu(II) concentration caused a linear increase
in the absorbances at 235 and 325 nm up to 60 lM
Cu(II), and saturation was attained at 80–90 lM Cu(II)
(data not shown; n = 4). These results suggest that 1 mol
of TA is able to chelate 6–8 mol of copper ions, which is
consistent with a 6:1 stoichiometry for the copper–TA
complex reported elsewhere [22]. We also determined
that the formation of the complex between 10 lM TA
and 5 lM Cu(II) (followed at 235 and 325 nm) was com-
pleted within 10 s in 20 mM phosphate buffer (data not
shown; n = 3).

Fig. 9 also shows the formation of three isosbestic
points at 223, 262, and 304 nm. The isosbestic point at
304 nm shifted to 292 nm in the presence of 40 and
50 lMCu(II). This could also be explained by the reduc-
tion of Cu(II)–Cu(I) by TA, with the concomitant oxi-
dation of the TA molecule Eq. (7). A proposed
oxidation such as this (also suggested in [22]) may cause
structural changes in the TA molecule.
nCuðIIÞ þ TA ! CuðIIÞn�TA ! CuðIÞn�TAðoxidizedÞ

ð7Þ
Conclusions

We have demonstrated that TA inhibits �OH forma-
tion and, thus, 2-deoxyribose degradation induced by
the ascorbate/Cu(II)/O2 system. Since TA inhibits
Cu(II)-mediated ascorbate oxidation, it is possible that
the ‘‘pathway’’ of �OH formation (Eqs. (1)–(6)) is halted
by TA in its first step (Eq. (1)). The complexation of
Cu(II) by TA (see Fig. 9 and [45]; the complex may be
converted to Cu(I)n–TA(oxidized) [22]) may inhibit the
reaction of Cu(II) with ascorbate. Thus, we can postu-
late that TA causes a decrease in the reduction potential
of the Cu(II)aq/Cu(I)aq pair. A similar process was pos-
tulated for the effect of PIH on the reaction of ascorbate
with Cu(II) [38] or Fe(III)–EDTA [39].

Moreover, the effectiveness of TA in inhibiting ascor-
byl� formation (see below) proved to be inversely depen-
dent on the Cu(II) concentration (Fig. 7); the same was
observed for copper-mediated ascorbate oxidation (see
Results and discussion). This suggests that TA and
ascorbate may compete in copper chelation and reduc-
tion of Cu(II)–Cu(I) (ascorbate forms a weak complex
with Cu(II) before the production of Cu(I) and ascorbyl�

[46]). This hypothesis of a competition between TA
and ascorbate appears to be true due to the loss of
antioxidant efficiency of TA with increasing ascorbate
concentration on 2-deoxyribose damage and in EPR
experiments (see Fig. 4 and Table 2). Moreover,
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millimolar amounts of ascorbate exert a relevant free
radical quenching activity, which also competes with
the antioxidant effect of a fixed concentration of TA.
Analogous to our observations, it has been shown that
resveratrol protects copper-mediated oxidation of gluta-
thione and inhibits �OH formation and DNA damage in-
duced by glutathione/Cu(II)/H2O2 [32].

We also observed that TA can inhibit O2 uptake and
that the effectiveness of TA is inversely dependent on the
Cu(II) concentration. Since TA also inhibits the copper-
dependent oxidation of ascorbate, TA should diminish
the concentration of Cu(I)aq (formed from reaction (1)
that is able to reduce oxygen to H2O2 (Eqs. (2) and
(3)). This would also leave less Cu(I)aq to destroy
H2O2 via the copper-Fenton reaction (Eq. (4)). The
observation that more H2O2 is present in solutions with
TA (than without TA; see the effect of catalase in Fig. 8)
is congruent with these ideas. Moreover, it is also possi-
ble that the copper–TA complex has a superoxide dis-
mutase-like activity (as observed in several copper-
complexes [47,48]), which might increase the steady state
concentration of H2O2.

The possibility that TA may act only as a ‘‘classical
antioxidant’’ (�OH scavenger) against 2-deoxyribose deg-
radation was discarded based on several factors: (i) the
TA titration experiments using two concentrations of
Cu(II) in EPR studies (Fig. 7) and O2 uptake assays
(Fig. 8); (ii) the effect of Cu(II) concentration versus
the effectiveness of TA (at 1 lM) on 2-deoxyribose deg-
radation (Fig. 2) and ascorbate oxidation (see Results
and discussion); (iii) the quantitative difference (three or-
ders of magnitude) in the antioxidant activity of TA
against 2-deoxyribose degradation and classical �OH
scavengers; and (iv) the similarity in effectiveness of TA
and metal chelators (including ellagic acid, a phenolic
metal chelator [49], and DFO) against 2-deoxyribose
degradation. However, the significant component of
�OH scavenging activity of TA observed in the experi-
ment depicted in Fig. 3 suggests a hybrid behavior, in
which �OH generated in the vicinity of the copper com-
plex with TA (�OH would be formed from the reaction
of H2O2 with Cu(I)n–TA) possibly reacts with the poly-
phenol structure. Under these conditions, hypothetically,
TA may form a radical species (reaction 8). Indeed, Bors
et al. [50] observed EPR signals of TA radical formed
from horseradish peroxidase, H2O2, and TA (1 mM).

coppern–TAþ �OH ! coppern–TAðradicalÞ þH2O ð8Þ

As proposed by Satoh and Sakagami [51], TA may also
react directly with ascorbyl�, which could be an alterna-
tive explanation for the inhibitory action of TA in the
ascorbyl. EPR signal. However, a relevant scavenging
effect of TA was only observed with far higher concen-
trations than ours, i.e., 0.1–10 mg/mL [51,52], approxi-
mately 60 lM to 6 mM. Moreover, this scavenging
effect of TA (at 10 mg/mL) was ineffective or only
slightly efficient at ascorbate levels above 0.1 mM [52];
this contrasts with the fact that 0.5 mM ascorbate was
employed in most of our experiments. Thus, if any
TA-induced ascorbyl� scavenging activity is present in
our experimental conditions, this may be of minor
relevance.

One could also suppose that the TA-dependent de-
crease in the EPR ascorbyl� signal would occur, at least
in part, because Cu(II)n–TA oxidizes ascorbyl� to dehy-
droascorbate easier (and/or faster) than Cu(II)aq. How-
ever, our suggestion that TA decreases the reduction
potential of copper seems to rule out the above possibil-
ity. Indeed, when following the kinetics of the ascorbyl�

EPR signal disappearance (linear from 3 to 8 min, with
5 lM copper), the rate of the signal disappearance was
2-fold slower in the presence of TA (1 lM) than in its
absence [53]; the reason for this is still unclear. Further
studies employing stopped-flow EPR are needed to gain
a better understanding of the effect of TA on copper-
mediated ascorbyl� formation and disappearance.

Our results on the antioxidant activity of TA do,
however, conflict with those from Hadi�s group and
coworkers [22,31,34,54], who observed that TA in the
presence of Cu(II)–EDTA and in the absence of ascor-
bate is able to generate O��

2 , H2O2, and
�OH [31,34], with

resulting DNA strand breaks and bacteriophage inacti-
vation [22,34]. The possibility that the copper complex
with TA, in the absence of ascorbate, could induce for-
mation of O��

2 and �OH radicals under our experimental
conditions was discarded due to the lack of copper–TA-
dependent O2 uptake and 2-deoxyribose degradation
(see Results and discussion). At this time, we are still un-
able to explain the reason for the discrepancies between
our observations and those of Hadi�s group. However,
TA plus copper may intercalate with the DNA structure,
causing strand breaks [22,54], as in the case of other
polyphenols in the presence of copper ions [21,24,37].
Indeed, preliminary results from our laboratory showed
that TA (10–50 lM) significantly augments strand
breaks in plasmid pUC-18 induced by 15 lMCu(II) plus
1 mM ascorbate [53]. The chemical mechanism behind
this dual activity of the copper–TA complex (antioxi-
dant and DNA damaging effects) is still to be unearthed.
On the other hand, TA has been found to protect DNA
plasmids from strand breaks caused by Fe(II)–EDTA,
ascorbate, and H2O2 [31] and Fenton reagents (Fe(II)
plus H2O2) [53].

Finally, we conclude that copper ions complexed to
TA are less redox-active for reactions with ascorbate
and, possibly, other reducing agents. The TA-mediated
inhibition of reaction (1) would be the key factor for
the overall diminution in copper-mediated �OH forma-
tion. We also hypothesize that �OH formed from any
reaction between H2O2 and Cu(I)n–TA is also trapped
by the polyphenol structure. The current in vitro obser-
vations contribute toward understanding the intricate
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antimutagenic mechanisms of TA and related polyphe-
nols, and their in vivo antioxidant effects. Moreover,
the observation that TA has an in vitro antioxidant ef-
fect comparable to those of other metal chelating agents
(Table 1), and modest toxicity (toxic at >1–2 g/kg in
mice [55]), could make it relevant for the in vivo control
of copper-mediated oxidative stress.
Acknowledgments

We thank Antonieta C.R. Alencastro (Universidade
de Brası́lia (UnB)), Francisco Alves (UnB), Núbia Shelli
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