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Abstract: The health-promoting effects of antioxidant vitamins C and E supplementation are unclear. This study investigated the effects of
vitamins C and E on the activities of reactive oxygen species (ROS)-scavenging enzymes and protein and lipid peroxidation statuses
under resting and exercise-induced conditions. Thirteen healthy, previously untrained males (age 20-21 years) participated in this
study. Seven subjects performed physical exercise using a cycle ergometer, and six performed a 6-min walk test (6MWT) prior to
vitamin administration and after 1-week oral administration of vitamin C (1000 mg/day) and vitamin E (300 IU/day). Venous blood
samples were collected before and after exercise. Plasma vitamin C concentration, superoxide dismutase (SOD) activity, glutathione
peroxidase (GPx) activity, and protein carbonyl and thiobarbituric acid-reactive substance (TBARS) contents were measured.
Antioxidant supplementation increased vitamin C concentration by 34% (p<0.05), decreased SOD activity by 17% (p<0.05),
increased GPx activity by 13% (p<0.05), and increased the GPx/SQOD activity ratio by 37% (p<0.05). Protein carbonyl and TBARS
contents were unaffected. Antioxidant vitamins effectively increase the plasma GPx/SOD activity ratio, but fail to reduce protein

carbonyl levels induced by exercise.
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1. Introduction

Reactive oxygen species (ROS) are chemically reactive
molecules containing oxygen in forms such as super-
oxide anions (O,-), hydroxyl radicals, and hydrogen
peroxide (H,0,), and are produced as a result of normal
aerobic metabolism. Highly reactive radical species can
oxidize lipids, proteins and DNA, potentially leading to
various diseases including cancer, arteriosclerosis, and
cardiovascular and inflammatory diseases [1].

* E-mail: yasuhiko-tomita@umin.ac.jp

Exhaustive exercise has been reported to increase
ROS in skeletal muscles and other organs [2,3]. It has
therefore been suggested that increasing the concen-
tration of antioxidants in muscles could protect against
ROS-induced damage [4]. Indeed, oral administration of
vitamins C (L-ascorbic acid) and E attenuated exercise-
induced oxygen stress [5].

Vitamins C and E are antioxidants that protect
against oxidative stress [6]. Vitamin C is an aqueous
antioxidant present in the cytosol and extracellular fluid,
which interacts directly with free radicals. Vitamin E is
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lipid-soluble and penetrates into cellular membranes to
interrupt lipid peroxidation by transferring its own hydro-
gen. Vitamin E is thus converted to a vitamin E radical,
which is reduced by vitamin C to regenerate vitamin E.
This reaction in turn produces vitamin C radicals, which
are regenerated by glutathione.

Various enzymes are involved in ROS-scavenging
pathways, including superoxide dismutase (SOD),
glutathione peroxidase (GPx) and catalase (CAT) [7].
SOD-deficient mice showed muscle atrophy [8,9].

However, recent studies have indicated a negative
effect of vitamin C on training efficiency [10], and admin-
istration of vitamin C prevented the exercise-induced
mRNA expression of cytochrome C, as well as SOD and
GPx [10]. In addition, ROS have demonstrated a role
as essential signaling molecules required for muscle
adaptation [11]. Vitamins C and/or E, despite protec-
tion against oxidative stress interfere with the adaptive
responses to endurance exercise training [10]. Most
of the studies have reported that vitamins C and/or E
supplementation does not affect redox status [12-14],
less have reported attenuation of oxidant stress [10,15],
and there are reports indicating a pro-oxidant effect [14].
These differences between responses and adaptation
to exercise possible indicate the complexity of redox
biochemistry [16].

Based on these findings, we examined the effect of
vitamins C and E on ROS-scavenging enzyme activity
under resting and occasional-exercise-induced condi-
tions. Intensive exercise using a cycle ergometer and
moderate exercise, with a 6-min walk test (6MWT),
was employed. In parallel, plasma contents of protein
carbonyl and thiobarbituric acid-reactive substance
(TBARS) were measured as markers of protein and lipid
peroxidations.

2. Materials and Methods
2.1. Subjects

Thirteen healthy, previously untrained males (age 20—-21
years) participated in this study. Subjects were divided
into two groups: one group exercised using a cycle
ergometer (n=7), while the others performed a 6MWT
(n=6). Height, weight and body mass index (kg/m?) were
measured before the experiment, and did not differ
significantly between the two groups. All subjects were
informed about the procedure and possible risks and the
rights to terminate the experiment at any time, and all

signed written consent forms. This study was approved
by the ethical board of Kobe International University.

2.2. Experimental design

Subjects in both groups arrived at 9:30 a.m. and rested
for more than 30 min. Venous blood samples were
then collected under resting conditions, after which all
subjects performed cycle ergometer or 6GMWT exercise.
Subjects rested for a further 30 min following exercise,
after which venous blood samples were collected again.
All subjects were then instructed to take vitamin C
(1000 mg/day) and vitamin E (300 IU/day) orally for 1
week, and all the procedures (blood-sample collecting
pre- and post-exercise) were repeated on the eighth
day. Individuals performed the same types of exercise
before and after vitamin administration. Participants
were instructed to avoid alcohol and caffeine for 24
h preceding each exercise, and to eat no food for 3 h
before each blood collection. All subjects were required
to avoid strenuous exercise for 1 week preceding and
during the course of the experiment.

2.3. Exercise conditions
2.3.1.  Cycle ergometer exercise

This study used an electromagnetically controlled cycle
ergometer (Konami Sports and Life Co. Ltd., Tokyo,
Japan). A preselected workload (30 W) was imposed
by a motor-driven flywheel and the subjects maintained
pedaling at 90 rpm for 3 min. Thereafter, incremental
loading of 10 W/30 sec was started until the subjects
were exhausted.

2.3.2. 6MWT exercise

A straight walking course of 10 m with two cones set at
both ends as turnaround markers was used. Before ex-
ercise, the participants sat in a chair for 3 min and their
pulse was measured under resting conditions. During
the exercise, all subjects were instructed to walk as fast
as possible for 6 min, with no further encouragement
during the exercise. Heart rate was measured after
completion of the exercise.

2.4. Laboratory analysis
2.4.1. Plasma collection

Peripheral venous blood samples were collected from
each subject and centrifuged in .., tubes (Becton
Dickinson Vacutainer Systems, Franklin Lakes, NJ,
USA) at 1000 g for 10 min at 4°C. The supernatant
plasma fraction was used in the following assays.
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2.4.2.  Vitamin C concentration

Five hundred-microliter aliquots of plasma were mixed
with the same volume of 10% metaphosphoric acid
(Wako Pure Chemical Industries Ltd., Osaka, Osaka,
Japan) and centrifuged at 10,000 g for 15 min at 4°C.
Vitamin C concentration was measured using a vitamin
C assay kit (Shima Laboratories Co. Ltd., Itabashi,
Tokyo, Japan) according to the manufacturer’s protocol.
Absorbance of each sample at 530 nm was measured
by microplate reader, then plotted on a standard curve
generated by serially diluted standard provided by the
manufacturer to obtain vitamin C concentration (ug/ml).
2.4.3. GPx activity

GPx activity was measured colorimetrically using a
glutathione peroxidase assay kit (Cayman Chemical,
Ann Arbor, MI, USA) according to the manufacturer’s
protocol. This kit measures GPx activity indirectly by a
coupled reaction with glutathione reductase. Oxidized
glutathione, produced upon reduction of an organic
hydroperoxide by GPx, is recycled to its reduced state
by glutathione reductase and NADPH. The oxidation
of NADPH to NADP+ is accompanied by a decrease
in absorbance at 355 nm. Thus the rate of decrease in
absorbance at 355 nm measured by microplate reader
is directly proportional to the GPx activity (nmol/min/ml)
in the sample.

2.4.4.  SOD activity

SOD activity was measured colorimetrically using a
superoxide dismutase assay kit (Cayman Chemical) ac-
cording to the manufacturer’s protocol. This assay used
tetrazolium to detect superoxide radicals generated by
hypoxanthine and xanthine oxidase. One unit of SOD
is defined as the amount of enzyme needed to produce
50% dismutation of superoxide radicals. Absorbance of
each sample at 440 nm was measured by microplate
reader, then plotted on a standard curve generated by
serially diluted standard provided by the manufacturer to
obtain SOD activity (U/ml). The GPx/SOD activity ratio
was calculated.

2.4.5.  Protein carbonyl content

Protein carbonyl content was measured colorimetrically
using a protein carbonyl assay kit (Cayman Chemical)
according to the manufacturer’s protocol. In this assay,
2, 4-dinitrophenylhydrazine reacted with protein carbon-
yls, forming a Schiff base to produce the corresponding
hydrazone, which was then analyzed by colorimetrically.
Concentration of protein carbonyl (nmol/ml) in each
sample was measured by subtracted absorbance of
non-reacted sample from reacted sample at 355 nm by
microplate reader.

2.4.6. TBARS assay

TBARS were measured colorimetrically using a
TBARS assay kit (Cayman Chemical) according to the

manufacturer’s protocol. Briefly, thiobarbituric acid was
reacted with malondialdehyde (MDA) in the samples
at 100°C, and the product, MDA-TBA2, was then
measured colorimetrically. MDA is a naturally occurring
product of lipid peroxidation derived from polyunsatu-
rated fatty acids, and the results therefore reflected the
lipid peroxidation in the samples. Absorbance of each
sample at 530 nm was measured by microplate reader,
and then plotted on a standard curve generated by seri-
ally diluted standard provided by the manufacturer to
obtain the amount of TBARS (nmol/ml).

2.5. Statistical analysis

Group data are expressed as mean value = S.E. Com-
parisons between values were made using paired T-
test. Percent change compared to baseline values were
analyzed using Wilcoxon signed-rank tests. The level of
statistical significance was set at p<0.05. All statistical
analyses were performed using JMP software (SAS
Institute Inc., Cary, NC, USA).

3. Results
3.1. Subject characteristics

There were no differences in age, height, weight or body
mass index (BMI) between the groups.

3.2. Effects of vitamin administration

The effects of vitamin administration were examined by
comparing pre- and post-administrationconcentrations
of plasma vitamin C, activities of antioxidant enzymes,
and indices of oxidative-stress-related parameters (Fig.
1). Compared to pre-administration conditions, post-
administration vitamin C concentration was increased
by 34% (p<0.05), SOD activity was decreased by
17% (p<0.05), and GPx activity was increased by 13%
(p<0.05). The GPx/SOD activity ratio was increased by
37% (p<0.05; Fig. 2) post-administration.

The indices of protein carbonyl formation and TBARS
contents showed slight decreases after the antioxidant
administration, but the differences were not significant
(p=0.18 and 0.38, respectively).

3.3. Effects of exercise

Heart rate was increased significantly after cycle er-
gometer exercise compared to 6MWT exercise (p<0.05;
Fig. 3), indicating that the ergometer exercise was more
strenuous than 6MWT exercise.
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Figure 1. Plasma vitamin C concentration increased by 34% (a: p<0.05), superoxide dismutase (SOD) activity decreased by 17% (b: p<0.05),
and glutathione peroxidase (GPx) activity increased by 13% (c: p<0.05) after vitamin administration. Protein carbonyl (d) and thiobarbi-
turic acid-reactive substance (TBARS; e) contents were similar pre- and post-vitamin administration. Dotted lines indicate values of each
subjects and solid line indicates means + SE.
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Figure 2. The relative activity ratio of plasma glutathione peroxi-
dase (GPx) to superoxide dismutase (SOD) increased by
37% (p<0.05) after vitamin administration. Dotted lines
indicate values of each subjects and solid line indicates
means * SE.
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3.3.1.

SOD activity was decreased by 17% after exercise in
the absence of vitamin administration (p<0.05; Fig. 4),
but the difference was not significant post-vitamin ad-
ministration. Protein carbonyl content was significantly
increased after exercise both pre- (30%; p<0.05) and
post-vitamin (61%; p<0.01) administration. Other fac-
tors were unaffected by exercise load.

3.3.2.  Cycle ergometer exercise

Protein carbonyl content was significantly increased
after exercise both pre- (17%; p<0.05) and post-vitamin
(41%; p<0.01) administration. Other factors were unaf-
fected by exercise load.

4. Discussion

The excessive accumulation of ROS is biologically
harmful. However, ROS also play important roles in
various biological processes such as cell signaling and
cellular defense pathways, including extracellular signal-
regulated kinase 1/2 and nuclear factor-kB pathways
[11,17]. ROS signaling thus contributes to muscle-fiber
adaptation in response to both increased contraction
activities and prolonged periods of muscle disuse [11].
ROS signals induced by muscle training increased anti-
oxidant enzyme expression in healthy young adults, and
the benefits of training were eliminated by antioxidant vi-
tamin administration [10,15]. The benefits of antioxidant
administration for reducing oxidative stress and DNA
damage remain controversial [18].

Figure 3. Heart rate increased significantly after exercise in the
cycle ergometer group compared to the 6-min walk test
(6MWT) group (p<0.05). Values are means = SE. bpm;
beats per minutes.
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In contrast, antioxidant vitamins have also been
reported to demonstrate health-promoting effects.
Supplementation with antioxidant vitamins increased
arterial elasticity and reduced blood pressure in patients
with multiple cardiovascular risk factors [19], slowed
down the atherosclerotic progression [20], and showed
a beneficial effect on endothelial flow [21]. In a cohort
analysis, antioxidant supplementation decreased total
cancer incidence and total mortality in men [22]. How-
ever, the precise role of antioxidants in these health-
promoting effects also remains unclear.

The present study was designed to elucidate the
effects of antioxidant vitamins on ROS-scavenging
enzyme activity and on protein and lipid peroxidation
in healthy, untrained young adults. The duration of vi-
tamins C and E administration was one week, shorter
compared to previous reports with supplementation
period with over three weeks [10,12-15,18], however,
proved that one week antioxidant vitamin administration
could increase the plasma concentration of vitamin C.
Plasma SOD was significantly decreased while GPx
activity increased, resulting in an increase in the GPx/
SOD activity ratio. Although the indices of protein car-
bonyl and TBARS contents showed slight decreases,
the differences were not significant.

A fine balance of antioxidant enzymes is neces-
sary for reducing oxidative stresses. Over-scavenging
of hydroxyl radicals by excess SOD reduces radical
chain termination and results in increased lipid per-
oxidation [23], and enhanced SOD activity by mutated
SOD causes familial amyotrophic lateral sclerosis [24].
Transfection of the Cu, Zn-SOD gene in cultured cells
resulted in hypersensitivity to oxidants produced by xan-
thine/xanthine oxidase [25], while GPx gene transfec-
tion protected against hypersensitivity [26]. A low GPx/
SOD ratio was associated with susceptibility to radiation
pneumonitis in lung cancer patients [27].

Increased SOD activity together with low GPx ac-
tivity might lead to increased levels of H,0, and H,O,-
derived reactive species such as hydroxyl radicals. In
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Figure 4. Plasma superoxide dismutase (SOD) activity, glutathione peroxidase (GPx) activity, protein carbonyl and thiobarbituric acid-reactive
substance (TBARS) in the 6-min walk test (EMWT) and cycle ergometer groups. In the BMWT group, SOD decreased significantly after
exercise pre-vitamin administration (a: p<0.05). Protein carbonyl content increased significantly after exercise both pre- and post-vitamin
administration in both the BMWT (e: 30%; p<0.05 and 61%; p<0.01, respectively) and ergometer groups (f: 17%; p<0.05 and 41%;
p<0.01, respectively). Dotted lines indicate values of each subjects and solid line indicates means + SE.
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the present study, oral administration of vitamins C and
E increased the plasma GPx/SOD activity ratio, which
might help to protect against oxidative stress. However,
further studies are needed to clarify the correlation be-
tween GPx/SOD activity ratio and disease occurrence,
and the preventive value of increasing the GPx/SOD
activity ratio.

Protein carbonyl content increased significantly after
exercise, but there were no differences between pre-
and post-vitamin administration in either exercise group.
There are other trials indicating the protective role of
other antioxidants. Methylsulfonylmethane supplemen-
tation has been reported to decrease protein carbonyl
induced by physical exercise [28], but the results of the
present analysis indicated no such effect of antioxidant
vitamin supplementation.

Similar studies have provided conflicting data on the
effect of antioxidant vitamin supplementation in relation
to physical training, probably reflecting methodological
differences in assessing oxidative stress or training
adaptations. Factors that could also explain such di-
versities include nutrition, subject characteristics (e.g.
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