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Abstract This study aimed to investigate the alterations in plasma antioxidant activity after the consumption of a single oral
dose of curcumin, vitamin C, and E administered individually or in combination to (i) assess possible synergies or antagonism
between the antioxidants and (ii) determine the optimal composition of the antioxidant mixture such that the duration of action
is prolonged to beyond that of individual antioxidants. Each antioxidant was administered to male Sprague-Dawley rats, and
blood samples were drawn at different time points up to 180 min to measure the plasma total antioxidant capacity (TAC). Five
antioxidant compositions (M1-MS) were evaluated to assess the possible synergies or antagonisms among them and to
determine the optimal composition of the antioxidant mixture. Blood samples were collected up to 360 min post-consumption.
A single oral dose of individual antioxidants significantly increased the TAC values; however, the time to reach the peak TAC
value varied. Among the 5 antioxidant compositions, M2 exhibited the highest and most prolonged antioxidant effect in
plasma; this was greater than the proportional sum of the effects of the individual antioxidants in the composition. This result
indicates a synergistic interaction among antioxidants in the optimal composition M2.
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Introduction

For decades, fruits and vegetables rich in antioxidants and
dietary antioxidants have been known to prevent aging or
diminish the risk of various diseases; these preventive
effects have been attributed to their antioxidant action.
Externally supplied antioxidants countervail the deleterious
consequences of oxidative stress by counteracting free
radicals that react with biological targets such as proteins,
lipids, enzymes, and DNA (1,2). Although some chemically
pure antioxidants are available as supplements, most of
antioxidants are probably ingested as crude mixtures
together with other dietary antioxidants (3-5). Antioxidants
may compete with or assist other antioxidants commonly
found in foods; thus, the degree of increase in antioxidant
capacity, time to peak increase, and dosage effect vary with
antioxidant composition (5-7). Nevertheless, few in vivo
studies have investigated the combined or synergistic
effects of antioxidants ().

Moreover, individual antioxidants possess different
pharmacokinetic properties; thus, they vary with regard to
time of the onset and duration of action (9-17). Serafini et
al. (18) reported that of 300 mL of green tea ingestion
increased plasma total antioxidant capacity (TAC) with the
highest increment of 40% at 30 min and decreased thereafter;
reaching pre-ingestion values at 80 min. Ko et al. (19)
evaluated the effect of consumption of 9 types of fruit juice
on the antioxidant activity in human plasma. They reported
that single servings of fruit juices increased the plasma
TAC within 30 min after consumption; however, the
activities could not be sustained for longer than 2 hr, except
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by grape juice that exhibited a persistent effect for up to 2
hr. Further, variations were observed in the degree of
increment in the antioxidant capacity and time to peak.
These differences enable us to make antioxidant combinations
with prolonged effect. Since oxidative stress is continuously
produced in the body during metabolic processes, it is
required to maintain the antioxidant defense system in a
steady state in order to prevent oxidative damage (20-22).
With respect to the fact that antioxidant supplements are
usually consumed 2 or 3 times a day, maintaining the effect
until the next ingestion is advantageous. In drug
development, combinations of short-acting drugs are used
to prolong the duration of action (23,24). Further, it has
been proved that when administered in combination,
chemically dissimilar drugs interact synergistically to extend
the duration of action to beyond that of the individual drugs
(25).

In this study, we investigated the changes in plasma
antioxidant activity after the administration of a single dose
of curcumin, vitamin C, and vitamin E individually or in
combination to (i) assess possible synergies or antagonism
between the antioxidants and (ii) determine the optimal
composition of the antioxidant mixture (curcumin, vitamin
C, and E) that prolongs the duration of action to beyond
that of the individual antioxidants. Curcumin is a powerful
antioxidant derived from the rhizome Curcuma longa and
has been used in Asian medicine since the second
millennium BC (26,27). Interest in curcumin has increased
due to its promising biological activities (28,29). The time
to attain the maximum concentration after curcumin
administration is estimated as 45 min, and its elimination
half-life (t,,) ranges between 28 and 45 min (15). Vitamin
C and E are the most common dietary antioxidants found
in foods and vegetables and are often referred to as
antioxidant vitamins (4). Vitamin C is a predominant
water-soluble antioxidant associated with a broad range of
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biological activities. Its t;, has been estimated as 10 hr (3).
Vitamin E is a prototype of a radical chain breaker in the
lipid phase, comprising 4 tocopherol and 4 tocotrienol
homologues (o, B, v, and 8). In nature, a-tocopherol is the
most abundantly found tocopherol (11). Plasma concentrations
of vitamin E after a-tocopherol administration peak at 12-
14 hr, while its t,, is approximately 81 hr (12-14).

Few studies have investigated the changes in the
postdose levels of plasma TAC in vivo, and to our
knowledge, this is the first study attempting to determine
the optimal antioxidant composition for prolonging the
duration of antioxidant action (19).

Materials and Methods

Chemicals Vitamin C (>98%) and vitamin E (DL-o.-
tocopheryl acetate, >50%) were obtained from DSM
Nutrional Products Ltd. (Basel, Switzerland). Curcumin
(>95%) was obtained from Phytotech Extract Pvt., Ltd.
(Bangalore, India). All other chemicals used were of
analytical ~grade or high performance liquid
chromatography (HPLC) grade.

Animals Male Sprague-Dawley (SD) rats (10 weeks old)
weighing 210-240 g were obtained from Orient Bio Inc.
(Gyeonggi, Korea). The animals were acclimatized for 1
week in an animal facility prior to the experiments and
housed under controlled conditions of temperature
(23+2°C), humidity (55+10%), and light (12-hr light/dark,
without any ultraviolet exposure). The animals had free
access to food and water until 18 hr prior to being used in
the experiments, at which time only food was restricted.
Food and water intake was restrained throughout the
experiments.

Experimental design In the first experiment (postdose
experiment), 16 male SD rats were randomly divided into
4 groups: control, curcumin-, vitamin C-, and vitamin E-
treated groups (each group, n=4). Each group was housed
in a separate cage. The test groups received curcumin,
vitamin C, or vitamin E at doses of 300 mg/kg of body
weight (BW), dissolved in saline, by gastric gavage. The
control group received an equivalent volume of the vehicle.
To measure the plasma TAC, blood samples were collected
from the orbital sinus in heparinized tubes at 10, 40, 90,
and 180 min after the administration of antioxidants.

In the second experiment (optimization experiment), a
4-run, 3-factor, and 1-level Dochlert experimental design
was employed for determining the experimental conditions.
The following equation was used.

Y=Aot A X T AXo+A X5 A X Xo+ Ay Xo X5+
AXiXstApX HH Ap Xy  + A Xy

Where, A; are the coefficients of the respective variables
and their interaction terms and X;, X, , and X; are the
experimental factors corresponding to curcumin, vitamin
C, and vitamin E, respectively (30-32). Table 1 summarizes
the variables. Based on preliminary studies, the range for
each factor was selected. The experimental design was
generated using MINITAB 14 (University Park, PA, USA).
Antioxidant mixtures were prepared according to the
predefined composition provided by the statistical design;
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Table 1. Variables of the Doehlert experimental design

Variables Low level High level
X =Curcumin (mg/kg BW) 50 250
X,=Vitamin C (mg/kg BW) 50 250
X;=Vitamin E (mg/kg BW) 10 150

Table 2. Composition of individual antioxidants in the
mixtures

. Experimental combinations (mg/kg BW)
Mixture

Curcumin Vitamin C Vitamin E
Ml 100 50 150
M2 50 240 10
M3 240 50 10
M4 50 100 150
M5 100 100 100

an antioxidant mixture with equal concentrations of each
component was also prepared (Table 2).

Twenty-four male SD rats were randomly divided into 6
groups, ie., 1 control group and 5 groups treated with
antioxidant mixtures (M1-MS5) (each group, n=4).
Antioxidant samples were administered in a manner
similar to that described above for the first experiment. To
measure the plasma TAC, blood samples were obtained at
10, 40, 90, 180, and 360 min after administration.

The blood samples were centrifuged at 3,000xg for
10 min and the plasma separated to measure TAC. The
samples were stored at —70°C until used.

Biochemical assays The plasma TAC was measured as
Trolox equivalent antioxidant capacities (TEAC) according
to Miller ef al. (33,34). The assay is based on the principle
that antioxidants inhibit the absorbance of the radical cation
of 2,2-azino-di-2-ethylbenzthiazoline sulfonate (ABTS).
ABTS is incubated with a peroxidase (metmyoglobin) and
H;0, to yield the radical cation ABTS™. This cation is
relatively stable, blue-green, and can be measured at 405
nm. The antioxidants in a sample suppress the production
of this color to a degree proportional to their concentration.
The assay was calibrated against the a-tocopherol analogue
Trolox, and the results were expressed as pmol TEAC/L of
plasma.

Statistics The results are expressed as meanzstandard
deviation (SD, n=4). Statistical analysis was performed
using the SPSS program (SPSS 12.0). One-way analysis of
variance (ANOVA) with Duncan’s multiple-range tests
was used to examine the difference in TAC between the
control group and antioxidant-treated groups. A p value of
<0.01 was considered statistically significant.

Results and Discussion

Changes in the plasma TAC of the rats after the
administration of a single dose of antioxidants
Curcumin, vitamin C, and E were orally administered to
investigate the changes in the plasma TAC after the
administration of a single oral dose of antioxidants. No
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significant change was observed in the plasma TAC of the
control group at all time points (data not shown). The data
shown in Table 3 represent differences in the plasma
TEAC between the control and antioxidant-treated groups.
The plasma TAC leve! significantly increased 10 min after
the administration of vitamin C and peaked at 40 min; it
then returned to the control level at 90 min. Administration
of vitamin E resulted in a pattern similar to that observed
with vitamin C until 90 min post-comsumption, but increased
the plasma TAC again at 180 min. On the other hand,
curcumin first caused a significant increase in the plasma
TAC at 90 min post-consumption and the activity was
sustained until 180 min. Curcumin exhibited delayed onset
of antioxidant activity as compared to vitamins C or E.

With regard to the time to reach the maximum plasma
concentration (Tp,.) of curcumin, vitamin C, and E, which
is 34 (35), 12-14 (13), and 1-2hr (36), respectively, in
humans, our result is not consistent with the pharmaco-
kinetic properties of each compound. The time of onset and
duration of action are determined not only by pharmaco-
kinetic properties but also by pharmacodynamic processes
(37). The plasma TAC is affected by the parent compound
or its metabolites. In the case of curcumin, the fact that the
efficacy of tetrahydrocurcumin, a major metabolite of
curcumin, is comparable to that of curcumin is believed to
be one of the major reasons for curcumin’s chemopreventive
potential in certain tissues despite its low bioavailability
(27,38-40). Therefore, differences between compound
pharmacokinetics and antioxidant response is a result of
variability in either pharmacokinetic or pharmacodynamic
processes or a combination of both.

Although the antioxidant responses did not correspond to
the compound pharmaco-kinetics, individual antioxidants
showed different patterns of changes in the plasma TAC.
These results indicate that the antioxidant responses by
antioxidant mixtures may differ from those caused by a
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single antioxidant in plasma. Therefore, we subsequently
proceeded to perform an optimization experiment to
develop an antioxidant mixture of a composition that
prolongs the duration of action to beyond that of individual
antioxidants while maintaining a similar strength of
antioxidant activity.

Optimization of antioxidant composition A Doehlert
experimental design was applied to determine the optimal
composition of the antioxidant mixture. This tool enables
evaluation of the effect of each component (vitamin C,
vitamin E) and that of the interactions between them on the
plasma TAC by performing a minimal number of
experiments. No significant change in the plasma TAC of
the control group was observed at all time points (data not
shown).

Five compositions (M1-M5, 300 mg/kg) were evaluated
to determine the optimal composition of the antioxidant
mixture. The data obtained from all groups are shown in
Table 4. Interestingly, the plasma TAC changes of each
composition appear similar to the patterns of the major
component in the mixture. Both M1 and M4, whose major
component is vitamin E, showed a maximal effect at 40
min, and M1 maintained a significant increase until 360
min. However, after M4 consumption, there was a
momentary lull at 90 min post-consumption, after which it
then slightly increased again. The fact that the second
major component of M1 and M4 is curcumin and vitamin
C, respectively, may account for the differences. Until 180
min post-consumption, M3, 80% of which is curcumin,
exhibited no significant effect, but demonstrated antioxidant
effect at 360 min. Since curcumin shows its first effect at
90 min post-consumption, the action of M3 was delayed.
This may be due to competition for absorption or metabolism
with other components. Indeed, dietary antioxidants have
been reported to compete with each other for absorption,

Table 3. Changes in the plasma total antioxidant capacity (TAC) in male Sprague-Dawley rats after the administration of

curcumin, vitamin C, and E

Plasma TAC (umol TEAC/L)

Time (min)

10 40 90 180
Control 0.0+£44.32Y 0.0+£26.6* 0.0+30.3% 0.0+11.6"
Curcumin 12.5+69.3 -14.5423.3% 173.7£55.9° 150.9+20.0°
Vitamin C 109.3+22.3° 213.0+31.2" 15.9+12.12 -38.0+29.6*
Vitamin E 119.4+47.5° 153.4+£10.8¢ 26.5+11.17 86.4+23.3¢

DAt a given point in time, within the same column, values not sharing the same letter are significantly different, p<0.01.

Table 4. Changes in the total antioxidant capacity (TAC) in male Sprague-Dawley rats after the administration of an antioxidant

mixture (M1-M5)

Plasma TAC (umol TEAC/L)

Time (min)
10 40 90 180 360

Control 0.0+44.3*D 0.0£26.6° 0.0£30.3* 0.0£11.6° 0.0£36.3°
M1 22.8+22.0° 104.7+45.1° 91.8+61.7°¢ 77.7443.6" 61.0£19.0°
M2 103.5£35.0° 197.8+57.9¢ 161.0+33.8° 126.6+22.4¢ 147.3430.8¢
M3 36.5+21.7 50.6+21.9% 33.0456.3%° 24242754 108.9+29.0>¢
M4 48.8+45.2%0 114.0£19.7° 60.2+57.1>0 88.5+11.1%¢ 76.1£21.4°
M5 51.6+27.6%" 84.1+53.8° 86.1+38.20¢ 61.8+42.7°¢ 83.9+39.7°

"'At a given point in time, within the same colum, values not sharing the same letter are significantly different, p<0.01.
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thus affecting the bioavailability of the compound
(7,41,42). M5, in which each component is present in equal
concentrations, exhibited stable antioxidant activity with
medium efficacy until 360 min. M2 showed the highest
plasma TAC increase at all time points and reached the
maximum at 40 min. M2 is composed of 80% vitamin C,
3% vitamin E, and 17% curcumin. The change in the
plasma TAC in the first 40 min was similar to the effect of
vitamin C; however, M2 exhibited a considerably higher
and prolonged effect as compared to vitamin C. The effect
was greater than the proportional sum of the individual
antioxidants in the composition. A synergistic effect
appears to have occurred among the 3 components of M2,

Some part of observed synergism can be explained by
the synergy between vitamin C and E. Ascorbate (vitamin
C) regenerates vitamin E from the tocopherol radical
formed during the antioxidant activity of vitamin E (43,44).
However, limited information is available regarding the
synergy between curcumin and vitamin C or E. It might be
related to different physicochemical properties and/or
mechanism of antioxidant action which simultaneously
enhance the antioxidant mechanism and promotes antioxidant
effectiveness. It also can be postulated that there is
reciprocal protective interaction between curcumin and
vitamin C or E, since cooperative interactions are very
common mechanisms in the action of biological antioxidants.
Further investigation of the roles of each component is
required. Although the mechanism of the manner in which
each component mediates its synergistic effect is unclear,
our results show that the optimized antioxidant mixture
provides prolonged high antioxidant effects when
administered as an oral supplement. Further, the synergistic
effect appears to depend on not only the combination of
antioxidants but also the concentrations of each
antioxidant.

In conclusion, the current study suggests that consuming
different antioxidants causes diverse patterns of changes in
the plasma TAC, and an appropriate combination of
antioxidants may prolong the duration of action to beyond
that of an individual antioxidant. The optimized composition
M2 developed by using a Dochlert experimental design
exhibited a prolonged duration of action with superior
efficacy as compared to other antioxidant mixtures. These
results indicate that the positive effect of M2 persists for
longer than that of any individual antioxidant and that the
components in the mixture synergistically contribute to the
inhibition of oxidation in vivo. Based on the present results,
we suggest that the optimized antioxidant composition M2
could be used as an effective antioxidant supplement, the
effect of which persists for up to 6 hr, thus maintaining a
steady state of antioxidant defense until the next ingestion.
However, the antioxidant properties of each antioxidant in
the mixture should be confirmed in cellular systems, and
long-term studies using a larger number of subjects are
required to provide additional supportive evidence.
Nevertheless, this study serves as an important starting
point for further in vivo analyses of the changes in the post-
dose plasma TAC.
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