
Abstract. Phenolic antioxidants, such as quercetin (QUE),
curcumin (CUR) and the CUR-related compounds eugenol
(EUG) and isoeugenol (IsoEUG), do not act in isolation in
vivo but form an intricate antioxidant network together with
ascorbate or glutathione (GSH). To clarify the
antioxidant/prooxidant activity of these compounds in their
interplay with ascorbate or GSH, the induction period (IP) and
propagation rate (Rp) for mixtures of 2-mercapto-1-
methylimidazole (MMI, a thiol) or L-ascorbyl-2,6-dibutyrate
(ASDB, an ascorbate derivative) with QUE, CUR, EUG or
IsoEUG were determined from differential scanning
calorimetry (DSC) monitoring of the polymerization of methyl
methacrylate (MMA), initiated by thermal decomposition of
1.0 mol% benzoyl peroxide (BPO, a PhCOO. radical) under
nearly anaerobic conditions. The IP (min) for 0.01 mol% test
compounds declined in the order CUR (28.31) > IsoEUG
(19.47) > EUG (16.83) > QUE (10.17) > MMI (2.06) >
ASDB (0.16). The inhibition rate constant (kinh, M-1s-1)
declined in the order ASDB (7.85x105) > MMI (5.99x104) >
QUE (1.21x104) > EUG (7.93x103) > IsoEUG (7.04x103) >
CUR (4.50x103). The observed IP for MMI/QUE mixtures,
particularly at molar ratios of 2:1 and 5:1, was significantly less
than that for QUE alone as well as that calculated for
MMI/QUE. The decrease in IP was similar to the observed IP
in the control, suggesting the occurrence of oxygen uptake,
possibly due to the formation of thiol RS radicals which,
together with oxygen, produce oxo- and peroxo-sulphur

radicals. The observed IPs for MMI/CUR or the MMI/IsoEUG
mixtures, particularly the former, were less than the
corresponding calculated IPs, suggesting co-oxidation of the
MMI without oxygen uptake. In contrast, the observed IP of
MMI/EUG mixtures was much greater than the corresponding
calculated IP, suggesting the formation of an new antioxidative
adduct between EUG-quinonemethide and MMI. The
observed IP for the ASDB/QUE mixtures was greater than the
corresponding calculated IP, suggesting the effectiveness of
QUE as a co-antioxidant for ascorbate. In contrast, the
observed IP for the ASDB/CUR mixtures was significantly less
than the corresponding calculated IP, suggesting the catalytic
effectiveness of CUR for ascorbate co-oxidation. Cancer cells
are anaerobic in their metabolism and they selectively absorb
more ascorbate than normal cells do. Thus, the present
findings for the ASDB/CUR mixtures could help explain the
effectiveness of CUR in chemoprevention by inducing cancer
cell apoptosis. In addition, the findings for the MMI/QUE
mixtures suggest the production of toxic oxo- and peroxo-
sulphur radicals from thiols.

We have previously proposed a quantitative model
rationalizing the radical-scavenging activity of
monofunctional phenols (1, 2) and polyphenols (3-5) in the
polymerization of methyl methacrylate (MMA) initiated by
the thermal decomposition of benzoyl peroxide (BPO) under
nearly anaerobic conditions. The model was able to explain
the mechanism of radical-scavenging activity and to predict
the chain-breaking activity of phenolic compounds (1-5),
because measurement by differential scanning calorimetry
(DSC) is highly sensitive and this system, under nearly
anaerobic conditions, is relatively biomimetic, since oxygen is
sparse in living cells (6, 7). Also, since cancer cells are
anaerobic in their metabolism (the cells do not utilize oxygen
(8, 9)), our biomimetic system may be a good model for
evaluating the antioxidant activity of anticancer drugs.
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Antioxidants do not act in isolation, but rather form an
intricate network and, recently, the regeneration of
polyphenols by synergistic reactions with ascorbate,
glutathione (GSH), or other phenolic compounds such as
vitamin E has been investigated in enzymatic and non-
enzymatic systems (10-13). It is well established that
ascorbate can regenerate oxidized vitamin E and that GSH
can regenerate oxidized ascorbate (14, 15). Also, the
prooxidant activity of polyphenolics, such as curcumin (CUR)
and quercetin (QUE), after metabolic activation by
peroxidase co-oxidizes ascorbate and GSH (11). Oxidized
QUE reacts with thiols rather than with ascorbate (10). The
aim of the present study was to determine how oxidized
QUE, CUR and CUR-related compounds interact with GSH
or ascorbate in an intricate antioxidant network. The
antioxidant/prooxidant effects of 2-mercapto-1-
methylimidazole (MMI), a thiol and L-ascorbyl-2,6-dibutyrate
(ASDB), an ascorbate derivative, on the polymerization of
MMA in the presence of QUE, CUR and the CUR-related
compounds eugenol (EUG) and isoeugenol (IsoEUG) were
studied. MMI and ASDB were used as representatives of
thiols and ascorbates, respectively, because GSH and
ascorbate cannot be studied directly in this system due to
their limited solubility in MMA. 

Materials and Methods

Materials. EUG (2-methoxy-4-allylphenol), IsoEUG (4-propenyl-2-
methoxyphenol), CUR (1,7-bis-(4-hydroxy-3-methoxyphenol)-1,6-
heptadiene-3,5-dione), QUE (3,3’,4’,5,7-pentahydroxyflavone),
ASDB, MMI and MMA were obtained from Tokyo Kasei
Chemical Co., Tokyo, Japan. BPO was recrystallized from
chloroform/methanol (1:1 v/v).

Induction period and initial rate of polymerization. The induction
period and initial rate of polymerization were determined by the
method previously reported (1-5). The induction period (IP) was
calculated from the difference between the IP of specimens and that
of controls. The initial rates of polymerization in the absence (Rpcon)
and presence (Rpinh) of inhibitors were calculated from the slope of
the plots of the first linear line of the conversion rate of MMA
polymerization (tangent drawn at the early polymerization stage).

Measurement of stoichiometric factor (n). The relative n value in Eq.
(1) can be calculated from the induction periods in the presence of
inhibitors (1-5):

n = Ri[IP]/[IH]  (1)

where [IP] is the induction period in the presence of an inhibitor
[IH]. The number of moles of peroxy radicals trapped by the
relevant phenol is calculated with respect to 1 mole of inhibitor
moiety unit. The Ri value of BPO at 70ÆC was 2.28x10-6 Ms-1 (2).
When polymerization of MMA is suppressed and retarded by an
antioxidant, the rate can be expressed by Eq. (2).

Rpinh /Rpcon = (2ktRi)1/2/{n kinh [IH]}   (2)

where the initial rates of polymerization in the absence and presence
of antioxidants are Rpcon and Rpinh, respectively, and kt and kinh are
the rate constants of termination (3.7x107 M-1s-1 (5)) and inhibition,
respectively. The rate constant kinh is given by Eq. (3).

kinh = {Rpcon (2ktRi)1/2}/{n [IH] Rpinh}  (3)

Results

IP and kinh. The IP and Rpinh values are shown in Table I.
The n value was calculated from the IP value for each
compound by using Eq. (1). The n values for inhibition
declined in the order CUR (3.78) > IsoEUG (2.66) > EUG
(2.30) > QUE (1.39) > MMI (0.28) > ASDB (0.02).

The kinh values for these compounds were calculated by
using Eq. (3). The values declined in the order ASDB
(7.85x105 M-1s-1) > MMI (5.99x104 M-1s-1) > QUE
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Table I. A free radical interaction between 2-mercapto-1-methylimidazole
(MMI, a thiol) and the antioxidants quercetin (QUE), curcumin (CUR)
and CUR-related compounds (eugenol (EUG), isoeugenol (IsoEUG)). 

Additives Observed Calculated Rpinh
phenolics, IP (min) IP (min)* %/min
0.01 mol% A B B-A

CUR 28.307 0.869
CUR + 0.01 mol% MMI 28.902 30.363 1.461 0.866
CUR+ 0.02 mol% MMI 30.455 29.078 -1.377 0.854
CUR + 0.05 mol% MMI 32.455 35.193 2.738 0.831
EUG 16.828 0.903
EUG+ 0.01 mol% MMI 19.882 18.884 -0.998 0.858
EUG+ 0.02 mol% MMI 20.385 19.599 -0.786 0.856
EUG + 0.05 mol% MMI 27.442 23.714 -3.728 0.816
Iso-EUG 19.474 0.876
IsoEUG+ 0.01 mol% MMI 20.378 21.530 1.152 0.858
IsoEUG+ 0.02 mol% MMI 21.981 22.245 0.264 0.841
IsoEUG+ 0.05 mol% MMI 24.926 26.360 1.434 0.807
QUE 10.165 0.816
QUE+ 0.01 mol% MMI 11.563 13.619 2.056 0.839
QUE+ 0.02 mol% MMI 8.557 12.936 7.222 0.859
QUE+ 0.05 mol% MMI 5.714 17.051 11.337 0.816
0.01 mol% MMI 2.056 0.884
0.02 mol% MMI 2.771 0.857
0.05 mol% MMI 6.886 0.808

BPO, 1.0 mol%; MMA, 9.4 mol/l; at 70ÆC; conversion , 92.62-95.33%;
the mean of three different experiments; standard error ≤5%; IP
(induction period)=(IPexp–IPcon (7.069 min)); initial rate of
polymerization for control (Rpcon), 0.869%/ min; Rpinh, Rp with an
inhibitor; *sum of IP (phenolics + MMI). The IP and Rp were
determined by the induction period method in polymerization of methyl
methacrylate (MMA) initiated by the thermal decomposition of benzoyl
peroxide (BPO) in the presence of the MMI/CUR, MMI/EUG,
MMI/IsoEUG or MMI/QUE mixtures at the molar ratios of 0:1, 1:1,
2:1 or 5:1 respectively. The procedure is described in the text.



(1.21x104 M-1s-1) > EUG (7.93x103 M-1s-1) > IsoEUG
(7.04x103 M-1s-1) > CUR (4.50x103 M-1s-1). The kinh value
of EUG was in agreement with that (8.3x103 M-1s-1)
previously reported for the reaction with superoxide (16).
The rate of superoxide radical reaction with QUE is
4.7x104 M-1s-1, as determined by pulse radiolysis of
aqueous solutions (17). The rate constant for the
interaction of ascorbic acid with superoxide radical is
3.3x105 M-1s-1, as determined by measuring chemi-
luminescence intensity at 25ÆC (18). Despite the
differences in experimental conditions, these rate
constants are of a similar order of magnitude.

Effects of MMI, a thiol, on IP. The antioxidant behaviors of
the mixtures of MMI with QUE, CUR and the CUR-related
compounds EUG and IsoEUG were investigated. The
results are shown in Table I, and typical exothermic and
time-conversion curves for mixtures of MMI with the
polyphenolics QUE and CUR at a molar ratio of 5:1 are
shown in Figure 1.

The IP observed for the MMI/QUE mixture at molar
ratios of 2:1 and 5:1 was significantly less than that for

QUE alone and was also markedly less than the calculated
value (Table I). The decrease in IP value for MMI/QUE
and the IP value of the control were similar and, therefore,
the decrease may be attributed to the antioxidant activity
of the oxygen in the DSC pan, because oxygen scavenges
radicals. It appears that QUE was oxidized by PhCOOñ,
the radical product of BPO, to form prooxidant QUE
radicals which were able to co-oxidize MMI, accompanied
by extensive oxygen uptake.

The IP observed for the MMI/CUR mixture at a molar
ratio of 5:1 was greater than that for CUR alone (Figure 1),
suggesting the co-antioxidant activity of MMI. However, the
observed IP was less than the calculated IP (Table I), except
at a molar ratio of 2:1. This indicates that MMI can show
either prooxidant or antioxidant activity, depending on the
conditions. MMI was an effective co-antioxidant in the
MMI/IsoEUG mixture, but was less effective in the
MMI/CUR mixture (Table I). MMI was co-oxidized by
CUR radicals oxidized by PhCOOñ, a process that occurred
without oxygen uptake.

The observed IP of the MMI/EUG mixture was
significantly longer than the calculated value (Table I),
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Figure 1. Time-exothermic (left panel) and time-conversion (right panel) curves of 0.01 mol% quercetin (top) or curcumin (bottom) in polymerization
of 9.4 mol MMA initiated by BPO (1 mol%), with or without 0.05 mol% MMI, a thiol, at 70ÆC.



suggesting synergistic antioxidant activity of the
combination of EUG and MMI. This is likely to arise from
the Michael addition of MMI to allyl groups in the
quinonemethide of EUG (19). This newly-produced
adduct, containing a phenolic OH group, could scavenge
large quantities of PhCOOñ. The difference in antioxidant
behavior between EUG and IsoEUG may be a result of the
type of radical species formed: a phenoxyl radical from
EUG and a benzyl radical from IsoEUG. 

Effect of ASDB, an ascorbate derivative, on IP. Typical
exothermic and time-conversion curves for mixtures of
ASDB with QUE or CUR at a molar ratio of 5:1 are shown
in Figure 2. These results, together with those for molar
ratios of 1:1 and 2:1, are summarized in Table II. The
observed IP of ASDB/QUE mixtures was greater than the
corresponding calculated IP, whereas the observed IP of
ASDB/CUR mixtures was less than the corresponding
calculated IP. The catalytic effect of QUE was to make
ASDB a co-antioxidant, whereas CUR made ASDB a co-
oxidant without oxygen uptake.

Discussion

Polyphenolics not only exert antioxidant, but also prooxidant,
activities under certain circumstances, such as anaerobic
conditions. Oxidized phenolics can be recycled by interactions
with antioxidants such as ascorbate and GSH, a process
called antioxidant networking (20). For example, in the
interaction of reduced GSH with xenobiotic radicals, thiol RS
(thiyl) radicals are produced, but the subsequent formation
of GSSG (glutathione disulphide (oxidized form)) requires a
secondary GSH-dependent process with enhanced oxygen
uptake (21). QUE exerts antioxidant activity, but is converted
into the potentially harmful oxidation products ortho-quinone
and quinonemethide (QQ) (10). Ascorbate recycles QQ to
the parent compound QUE, and GSH forms adducts with
QQ, resulting in the finding that QQ is toxic in the absence of
GSH (10). In the present study, catalytic amounts of QUE
acted as a co-oxidant for MMI, leading to oxygen uptake.
This suggests that, during the induction period, MMI forms
thiol RS radicals which, together with oxygen, produce toxic
oxo- or peroxo-sulphur radicals, RSO.. or RSOO.. (22). Thus,
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Figure 2. Time-exothermic (left panel) and time-conversion (right panel) curves of 0.01 mol% quercetin (top) or curcumin (bottom) in polymerization
of 9.4 mol MMA initiated by BPO (1 mol%), with or without 0.05 mol% ASDB, an ascorbate derivative, at 70ÆC.



an adequate GSH level should be maintained when
supplementation with QUE is performed (10). A study of
oxygen activation by polyphenolic phenoxyl radicals with
GSH has previously been reported, showing that the
polyphenolics were metabolized by peroxidase in the
presence of GSH, but that catalytic effectiveness for oxygen
activation preferentially appeared in CUR, but not in QUE
(11). However, the existence of a phenoxyl-type CUR radical
induced by oxidation suggests that CUR does not react with
oxygen and is unlikely to cause oxygen activation (29), and
our findings indicate that CUR does not cause oxygen
activation. This discrepancy may result from the experimental
differences between aerobic and anaerobic conditions. A
similar oxygen-dependent difference in antioxidant activity
has been reported for the potent antioxidants vitamin C and
vitamin E, indicating that these compounds are not efficient
antioxidants under anaerobic conditions (23). Under
anaerobic conditions, QUE, with a catechol ring, may be
more prooxidant than CUR, with a phenol ring.

QUE has been investigated as a potential chemopreventive
agent against certain cancers. For example, QUE reduced the
incidence of 7,12-dimethylbenz(a)anthracene- and N-
nitrosomethylurea-induced rat mammary tumors (24) and of
azoxymethanol-induced mouse colonic neoplasia (25). On the
other hand, QUE has been reported to be carcinogenic.

Dietary administration of excess QUE induced intestinal and
bladder cancer in rats (26). Oxidative DNA damage induced
by QUE has previously been reported (27). When an
antioxidant such as QUE neutralizes a reactive species, it is
converted into potentially harmful oxidative products (10,
28). Taking these reports together, QUE may have both
anticarcinogenic and carcinogenic potential. The present
study suggests that oxidation of QUE in the presence of
excess thiols may be toxic, possibly as a result of oxygen
activation and the formation of harmful thiol RS radicals.

On the other hand, the oxidized MMI/CUR mixture
enhanced the prooxidation of MMI without oxygen uptake.
Hepatocyte GSH depletion by polyphenol phenoxy radicals
and o-quinone metabolites has been reported, indicating
that the major GSH product for CUR is GSSG, whereas
that for QUE is GSH conjugates (11). These findings may
be explained by a higher co-catalytic activity of GSH in the
interaction with QUE radicals compared with that with
CUR radicals, which in turn may result from the difference
in the reduction potentials of the phenoxyl radicals of QUE
(0.6 V) (17) and CUR (0.8 V) (29). Also, regarding the
reactivity of CUR or QUE with MMI, it was shown by the
present findings that the IP for CUR was greater than that
for QUE. QUE depletes thiol RSH through the formation
of RSH conjugates.

In the present study, ASDB, an ascorbate derivative,
acted as a prooxidant in the CUR antioxidant network
(29). Cancer cells are anaerobic in their metabolism (8, 9)
and have very poor mechanisms for absorbing adequate
amounts of antioxidants. The exception is ascorbate, which
is remarkably similar in chemical structure to glucose.
Since cancer cells preferentially take up and metabolize
glucose, they selectively absorb more ascorbate than do
normal cells (30). Our findings may indicate a possible
chemopreventive mechanism of CUR against cancer cells,
in which CUR enhances the prooxidant activity of
ascorbate which may, in turn, trigger apoptotic cell death.
It is well established that CUR acts as a chemopreventive
agent against cancer (31).

In vivo experiments are too complex to be amenable to
simple interpretation and, therefore, we employed physico-
chemical studies using the IP method in the radical
polymerization of MMA in the presence of antioxidants as a
biomimetic model for scavenging radicals produced in vivo.
Such studies could help to explain the mechanisms by which
polyphenolics induce cancer cell apoptosis and act as
chemopreventive agents.
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Table II. A free radical interaction between L-ascorbyl-2,6-dibutyrate
(ASDB, an ascorbate) and the antioxidants, quercetin (QUE) or curcumin
(CUR). 

Additives Observed Calculated Rpinh
phenolics, IP (min) IP (min)* %/min
0.01 mol% A B B-A

QUE 11.016 0.839
QUE+ 0.01 mol% ASDB 13.310 11.171 -2.139 0.863
QUE+ 0.02 mol% ASDB 16.030 12.513 -3.517 0.811
QUE+ 0.05 mol% ASDB 15.632 12.819 -2.813 0.819
CUR 27.480 0.800
CUR + 0.01 mol% ASDB 25.172 27.635 2.608 0.812
CUR + 0.02 mol% ASDB 26.283 27.780 1.497 0.812
CUR + 0.05 mol% ASDB 25.132 29.283 4.151 0.799
0.01 mol% ASDB 0.155 0.869
0.02 mol% ASDB 1.497 0.872
0.05 mol% ASDB 1.803 0.882

BPO, 1.0 mol%; MMA, 9.4 mol/l; at 70ÆC; conversion , 92.62-95.33%;
the mean of three different experiments; standard error ≤5%; IP
(induction period) =(IPexp–IPcon (7.069 min)); Rpcon (initial rate of
polymerization) for control, 0.869%/ min; Rpinh, Rp with an inhibitor;
*sum of IP (polyphenolic + ASDB). The IP and Rp were determined
by the induction period method in polymerization of methyl
methacrylate (MMA) initiated by the thermal decomposition of
benzoyl peroxide (BPO) in the presence of the ASDB/QUE or
ASDB/CUR mixtures at the molar ratios of 0:1, 1:1, 2:1 or 5:1,
respectively.



References

1 Fujisawa S, Atsumi T, Kadoma Y, Ishihara M, Ito S and Yokoe
I: Kinetic radical scavenging activity and cytotoxicity of 2-
methoxy- and 2-t-butyl-substituted phenols and their dimers.
Anticancer Res 24: 3019-3026, 2004.

2 Fujisawa S, Kadoma Y and Yokoe I: Radical-scavenging activity
of butylated hydroxytoluene (BHT) and its metabolites. Chem
Phys Lipids 130: 189-195, 2004.

3 Hirata A, Murakami Y, Shoji M, Kadoma Y and Fujisawa S:
Kinetics of radical-scavenging activity of hesperetin and
hesperidin and their inhibitory activity on COX-2 expression.
Anticancer Res 25: 3367-3374, 2005.

4 Fujisawa S, Atsumi T, Ishihara M and Kadoma Y:
Cytotoxicity, ROS-generation activity and radical-scavenging
activity of curcumin and related compounds. Anticancer Res
24: 563-569, 2004.

5 Fujisawa S, Ishihara M and Kadoma Y: Kinetic evaluation of
the reactivity of flavonoids as radical scavengers. SAR QSAR
Environ Res 13: 617-627, 2002.

6 Burton GW and Ingold KU: ‚-Carotene: an unusual type of
lipid antioxidant. Science 224: 569-573, 1984

7 Kessler M, Hoper J, Skolasinoka DK, Klovekorn WP, Sebening
F, Volkholz HJ, Beier I, Kernbach C, Retting C and Richter H:
Tissue O2 supply under normal and pathological conditions.
Adv Exp Med Biol 169: 69-80, 1984.

8 Szent-Gyorgy A: The living state and cancer. Physico Chem
Phys 12: 99-110, 1980.

9 Vaupel P, Kallinowski F and Okunieff P: Blood flow, oxygen
and nutrient supply, and metabolic microenvironment of human
tumors: a review. Cancer Res 49: 6449-6465, 1989.

10 Boots AW, Kubben N, Haenen GR and Bast A: Oxidized
quercetin reacts with thiols rather than with ascorbate:
implication of quercetin supplementation. Biochem Biophys
Res Commun 308: 560-565, 2003.

11 Galati G, Sabzevari O, Wilson JX and O’Brien PJ: Prooxidant
activity and cellular effects of the phenoxyl radicals of dietary
flavonoids and other polyphenolics. Toxicology 177: 91-104,
2002.

12 Amorati R, Ferroni F, Pedulli GF and Valgimigli L: Modeling
the co-antioxidant behavior of monofunctional phenols.
Applications to some relevant compounds. J Org Chem 68:
9654-9658, 2003.

13 Amorati R, Ferroni F, Lucarini M, Pedulli GF and Valgimigli
L: A quantitative approach to the recycling of ·-tocopherol by
coantioxidants. J Org Chem 67: 9295-9303, 2002.

14 Hopkins FG and Morgan JM: Some relations between ascorbic
acid and glutathione. Biochem J 30: 1446-1462, 1936.

15 Packer JE, Slater TF and Willson RL: Direct observation of a
free radical interaction between vitamin E and vitamin C.
Nature 278: 737-738, 1979.

16 Tsujimoto Y, Hashizume H and Yamazaki M: Superoxide
radical scavenging activity of phenolic compounds. Int J
Biochem 25: 491-494, 1993.

17 Javanovic SV, Steenken S, Tosic M, Marjanovic B and Simic
MG: Flavonoids as antioxidants. J Am Chem Soc 116: 4846-
4851, 1994.

18 Gotoh N and Niki E: Rates of interactions of superoxide with
vitamin E, vitamin C and related compounds as measured by
chemiluminescence. Biochim Biophys Acta 1115: 201-207, 1992.

19 Bolton JL, Acay NM and Vukomanovic V: Evidence that 4-
allyl-o-quinones spontaneously rearrange to their more
electrophilic quinone methides: potential bioactivation
mechanism for the hepatocarcinogen safrole. Chem Res Toxicol
8: 537-544, 1994.

20 Meister A: Glutathione-ascorbic acid antioxidant system in
animals. J Biol Chem 269: 9397-9700, 1994.

21 Ross D, Norbeck K and Moldeus P: The generation and
subsequent fate of glutathionyl radicals in biological systems. J
Biol Chem 260: 15028-15032, 1985.

22 Bergendi R, Benes L, Durackova Z and Ferenick M: Chemistry,
physiology and pathology of free radicals. Life Sci 65: 1865-
1874, 1999.

23 Soriani, M, Pietraforte D and Minetti M: Antioxidant potential
of anaerobic human plasma: role of serum albumin and thiols
as scavengers of carbon radicals. Arch Biochem Biophys 312:
180-188, 1994.

24 Verma AK, Johnson JA, Gould MN and Tanner MA:
Inhibition of 7,12-dimethylbenz(a)anthracene- and N-
nitrosomethylurea-induced rat mammary cancer by dietary
flavonol quercetin. Cancer Res 48: 5754-5758, 1988.

25 Deschner EE, Ruperto J, Wong G and Newmark HL:
Quercetin and rutin as inhibitors of azoxymethanol-induced
colonic neoplasia. Carcinogenesis 12: 1193-1196, 1991.

26 Pamukcu AM, Yalciner S, Hatcher JF and Bryan GT:
Quercetin, a rat intestinal and bladder carcinogen present in
bracken fern (Pteridium aquilinum). Cancer Res 40: 3468-
3472, 1980.

27 Yamasita N, Tanemura H and Kawanishi S: Mechanism of
oxidative DNA damage induced by quercetin in the presence of
Cu(II). Mutation Res 425: 107-115, 1999.

28 Ito S, Kato K and Fujita K: Covalent binding of catechols to
protein through the sulphydryl group. Biochem Pharmacol 37:
1707-1710, 1988.

29 Javanovic SV, Boone CW, Steenken S, Trinoga M and Kaskey
RB: How curcumin works preferentially with water soluble
antioxidants. J Am Chem Soc 123: 3064-3068, 2001.

30 Agus DB, Vera JC and Golde DW: Stroma cell oxidation: a
mechanism by which tumors obtain vitamin C. Cancer Res 59:
4555-4558, 1999.

31 Aggarwal B, Kumar A and Bharti A: Anticancer potential of
curcumin: preclinical and clinical studies. Anticancer Res 29:
363-398, 2003.

Received October 17, 2005
Accepted November 15, 2005

in vivo 20: 39-44 (2006)

44



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 793.701]
>> setpagedevice


