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Twenty-four healthy students undertook one hour of box-stepping exercise. Prior to exercise eight had
received no medication (Group A), eight received 400 mg of vitamin C daily for three weeks before and
one week after exercise (Group C) and eight received 400 mg of vitamin E for the same period (Group
E). Groups C and E had significantly higher levels of vitamin C (p < 0.01) and vitamin E (p < 0.01)
respectively than group A at the commencement of exercise. Plasma total antioxidant capacity rose
significantly during exercise in all groups (A — p < 0.05; C — p < 0.001; E — p < 0.001). This rise was
accounted for by increases in plasma uric acid in all groups. In addition there were significant increases
in vitamin C in group C (p < 0.001) and vitamin E in group E (p < 0.05). There were no significant
changes in plasma malondialdehyde following exercise in any group. It is concluded that plasma anti-
oxidant capacity rises in response to one hour of eccentric exercise and that the contribution of individual
antioxidants to this change can be influenced by vitamin supplementation. The possible mechanisms of
the antioxidant changes during exercise and their implications are discussed.
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ABBREVIATIONS: ANOVA - analysis of variance, AOC - antioxidant capacity, CK - creatine
kinase, EDTA - ethylenediaminetetraacetic acid, HPLC - high performance liquid chromatography,
NAD - nicotinamide adenine dinucleotide, SD - standard deviation, SE - standard error of the mean,
TBARS - thiobarbituric acid-reactive substances, VO,max-maximum oxygen uptake.

INTRODUCTION

Strenuous or unaccustomed physical exertion often results in damage to the exercis-
ing muscle groups with loss of muscle function"?, release of muscular enzymes
such as creatine kinase (EC 2.7.3.2)**7, histological evidence of damage® and sub-
jective acheing of muscles”®. A number of possible causes for these changes have
been suggested including excessive shear stresses within the exercising muscle, build
up of toxic metabolites and the exhaustion of intramuscular energy supplies.
However, a growing body of literature suggests that exercise-induced production of
free radicals and other oxidant species may be implicated in this process®>'°.
Exercise may increase oxidative stress within skeletal muscle for several reasons.
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During exercise there is increased oxygen uptake and utilization and therefore
potential for leakage of radicals from the mitochondrial electron transport
system'"'2, Secondly, vigorously exercising muscles may produce areas of relative
ischaemia during contraction which are intermittently reperfused on relaxation
allowing production of the superoxide radical'*'. Thirdly, the generation of lac-
tate from glycolysis may reduce the levels of NADH and NADPH in the cell and
compromise antioxidant enzyme function’. Accordingly, a number of studies
have suggested that free radical species are released in increased amounts after stre-
nuous exercise and cause oxidative damage to lipids (lipid peroxidation)'®'¢!"!8
and proteins **.

Regular exercise in healthy individuals is not generally held to be dangerous or
harmful to the body and is infact encouraged. This raises the question of how, if
exercise does generate an excess of oxygen reactive species, the body might defend
itself against this threat and whether these defences might be overcome during pro-
longed strenuous exercise. A variety of antioxidant defence mechanisms exist to pro-
tect exercising muscles including intracellular enzymes and a number of low
molecular weight radical scavengers. Of the latter the most important are the water-
soluble molecules vitamin C (ascorbic acid) and uric acid and lipid-soluble vitamin
E (alpha-tocopherol) found in mitochodrial and cell membranes®-2'.

Vitamin E deficiency in animals is associated with increased lipid peroxidation
during exercise?®. Furthermore, vitamin E supplementation has been shown to
reduce lipid peroxidation'®'®*?* and may reduce efflux of muscle enzymes follow-
ing strenuous exercise in man'®. When combined this evidence suggests that
vitamin E is both an inhibitor of lipid peroxidation and muscle enzyme release
inviting speculation that the processes are linked. The role of vitamin C as an anti-
oxidant in exercise has been less extensively studied. However, vitamin C is known
to be a powerful inhibitor of lipid peroxidation in plasma® and to function
cooperatively with vitamin E*. In addition, increased lymphocyte vitamin C con-
tent is found in trained individuals?*® and in the days following a bout of
exercise®. Plasma uric acid is known to increase with most forms of exercise®*',
Whether the associated increase in antioxidant activity of plasma this causes has
any significance in relation to exercise is not known.

Further evidence of the importance of plasma antioxidant status in relation to
exercise is its change as one of the biochemical adaptions to training. Regular
athletes have a higher erythrocyte vitamin E and lymphocyte vitamin C content®.
This may represent one of the beneficial effects for those taking regular physical
activity who are afforded protection against lipid peroxidation®?"* and also
exercise-induced enzyme efflux****. When combined the foregoing evidence sug-
gests that antioxidant status has an important influence on the response to exercise.

The purpose of this study was to document the acute effects of exercise on plasma
antioxidant status - vitamin C, vitamin E, uric acid and total antioxidant (free
radical scavenging) capacity - and, secondly, to observe the effect of vitamin sup-
plements on these changes. We chose to use box-stepping as a model for eccentric
exercise ie forced lengthening of a muscle as it develops tension. This mode of exer-
cise has previously been shown to produce a reduction in contractile function,
increases in enzyme release and other evidence of muscle damage®-*,
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METHODS

Subjects. Twenty-four healthy students, 16 male and 8 female aged 17.9-21.8 years
(mean age 19.6 x 0.3), were recruited into the study and randomly divided into
three groups A, C and E. All subjects were non-smokers and maintained their nor-
mal physical activity and dietary patterns throughout the study period. Subjects
were of normal height (range 173-189 cm : mean 180 = 1.0cm) and weight (range
59-83 kg: mean 68.3 = 1.3kg). None of the subjects routinely took vitamin
supplements.

Experimental design. All subjects were habituated to the eccentric exercise test
in the week prior to the start of the study. Each undertook an exercise test on the
first day of the study (day 0) and were subsequently monitored during 7 days of
recovery (days 1 to 7). In contrast to Group A who received no medication prior
to the exercise test, Groups C and E had been given 21 days supplementation with
vitamin C 400mg/day and vitamin E (racemic dl-alpha-tocopheryl acetate;
Ephenyl, Roche) 400 mg/day respectively. All vitamin supplements were taken with
breakfast and continued for the 7 days of the recovery period.

Exercise Tests. On the day of exercise testing subjects reported to the laboratory
at 7.30am after an overnight fast and prior to ingestion of any vitamin supplements.
An intravenous cannula was inserted into an antecubital vein and a resting blood
sample taken (time 0 minutes). Sixty minutes of box-stepping exercise then started
with further blood samples taken during, exercise (30 and 60 minutes) and recovery
(75 and 120 minutes). All subjects returned to the laboratory prior to breakfast on
the 7 days following exercise for daily venepuncture.

Biochemical Measurements. All blood samples were obtained from an anticubital
vein and collected into a potassium EDTA tube before centrifugation and separation
of the plasma supernatant. Whole blood was used to determine haematocrit. Total
antioxidant capacity was assessed using the newly described enhanced chemilumi-
nescent method of Whitehead et al/*’. Briefly, a chemiluminescent reaction is
created by mixing the chemiluminescent substrate luminol with an oxidant
(perborate) in the presence of an enhancer (paraiodophenol) and the reaction
catalysed by the enzyme horseradish peroxidase. This mixture provides a stable light
emission for several minutes that is susceptible to quenching by antioxidant solu-
tions for a time period that is proportional to their concentration. The total
antioxidant capacity of plasma can then be derived by relating the period of
quenching it produces in comparison to that of a standard solution of the water-
soluble vitamin E analogue Trolox (Aldrich Chemicals, Poole, UK) of known
concentration.

Uric acid was assayed by an automated method based upon the uricase-peroxidase
system®. Vitamin E was measured in plasma by reversed phase isocratic HPLC
after organic extraction®. Plasma vitamin C was measured using a reversed phase
HPLC technique deproteinization with metaphosphoric acid (modified from Nagy
& Degrell®). Plasma malondialdehyde levels, an index of lipid peroxidation, were
measured using an HPLC method as previously described*'. Creatine kinase acti-
vity was measured using the spectrophotometric method of Szasz et al/**. Plasma
ammonia was measured using Sigma Kit No. 170-UV based on the reductive amina-
tion of 2-oxoglutarate. Plasma lactate was measured using a fluorimetric method
previously described®.

Plasma Volume. Changes in plasma volume during the period of exercise were
calculated from the haemoglobin and haematocrit levels in the formula described
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TABLE I
Levels of serum antioxidants before 3 weeks of vitamin supplementation compared with the basal levels
prior to exercise on day 0 (Mean  SE; significant differences from Group A = *p < 0.05, **p < 0.01).
(AOC = antioxidant capacity)

Group A Group C Group E

Vitamin C (micromol/1)

pre-vitamins 00000 eessceeemmemeee- 76.3 = 7.1 79.1 + 6.5

basal pre-exercise 53.3 + 4.4 112.5 = 7.4*" 99.9 + 16.4**
Vitamin E (micromol/l)

pre-vitamins ~ cmeeemeeeemeee 29.8 + 1.6 272 £ 2.2

basal pre-exercise 227 £ 1.2 237+ 1.3 32.7 + 3.0**
Uric Acid (micromol/l)

pre-vitamins 0000 |eseeeeceemeeeees 281.9 + 24.6 285.5 = 17.3

basal pre-exercise 305.1 + 24.9 308.6 + 28.0 287.3 £ 9.7
Total AOC (micromol/1)

pre-vitamins 00000 cemeeememeaeeees 356.1 + 26.0 366.5 + 20.0

basal pre-exercise 397.5 = 27.8 400.3 @ 33.5 369.0 + 17.5
Creatine Kinase (1U/1)

basal pre-exercise 121.5 + 20.4 104.3 + 27.8 91.3 + 154

by Van Beaumont ef al*. All biochemical parameters were subsequently corrected
for changes in plasma volume during the exercise period.

Statistical Analysis. Statistical significance of changes in parameters during exer-
cise was tested using analysis of variance (ANOVA) with repeated measure design.
Statistical significance has been accepted if p < 0.05. All values are given as mean
and standard error of the mean (SE) unless otherwise stated.

RESULTS

Response to Vitamin Supplementation

Vitamin C. Vitamin C levels measured in the resting sample prior to exercise testing
were as expected significantly higher in Group C than Group A (p < 0.01)(Table I).
An unexpected finding was the significantly higher plasma vitamin C levels in Group
E subjects supplemented only with vitamin E when compared to group A (p < 0.01).

Vitamin E. Plasma vitamin E levels were significantly higher prior to exercise in
Group E when compared to Groups A and C (p < 0.01)(TableI).

Uric Acid. There were no significant changes in uric acid levels as a result of
vitamin supplementation nor were there significant differences between groups A,C
and E at commencement of exercise.

Plasma Antioxidant Capacity. There was no significant increase in total antioxi-
dant capacity in either Group C or E compared to group A despite supplementation
with antioxidant vitamins. This may reflect the fact that these vitamins in molar terms
account for less than half of the total antioxidant capacity® .

Creatine Kinase. There were no significant differences in creatine kinase activity
between groups prior to exercise (Table I).

Acute Response to Exercise

Antioxidant Status. Total antioxidant capacity increased significantly during 60
minutes of eccentric exercise in groups A (p < 0.05), C (p <0.001) and E
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(p < 0.001). Uric acid increased significantly in groups A (p < 0.01)and E (p < 0.01)
but not in Group C (p = 0.054). Vitamin C levels showed a significant increase in
Group C (p < 0.001) and to a lesser extent in group E (p < 0.05). Vitamin E levels
rose significantly in group E only (p < 0.01) during the 60 minutes of exercise (Table
I1; Figure 1). To investigate the possibility that the change in vitamin E may have been
simply related to changes in lipoprotein content of plasma we determined plasma
cholesterol levels before and after 60 minutes of box-stepping exercise in 26 subjects.

TABLE 1l
The acute effect of 60 minutes of eccentric exercise on antioxidant status and plasma biochemistry
(Mean + SE; significance differences from basal pre-exercise levels within groups *p < 0.05, **p < 0.01,
***n < 0.001). All biochemical analyses have been corrected for changes in plasma volume.
(AOC = antioxidant capacity)

Group A Group-C Group E

Vitamin C (micromol/1)

basal pre-exercise 53.3 + 44 112.5 + 7.4 99.9 + 16.4

post-exercise 59.6 = 7.5 140.4 + 7.3*** 110.4 + 20.0*
Vitamin E (micromol/I)

basal pre-exercise 22.7 £ 1.2 237 + 1.3 32.7 3.0

post-exercise 2.7 +1.3 254 £ 1.2 35.7 + 4.2**
Uric Acid (micromol/1)

basal pre-exercise 305.1 + 24.9 308.6 + 28.0 287.3 £ 9.7

post-exercise 325.3 + 26.8** 329.1 + 27.2 324.9 & 12.1**
Total AOC (micromol/1)

basal pre-exercise 397.5 + 27.8 400.3 & 33.5 369.0 = 17.5

post-exercise 435.4 + 23.7* 464 + 33.0*** 418.5 £ 21.1***
Ammonia (micromol/1)

basal pre-exercise 00 ceeemeememceememeees 347 = 5.8 32.6 £ 3.6

post-exercise ~ eemeeeemeececeeeeee 65.5 4 12.0** 81.2 & 11.8**
Lactate (mmol/l)

basal pre-exercise 1.10 = 0.05 0.86 + 0.12 0.81 + 0.08

post-exercise 2.48 + 0.50* 2.48 + 0.43** 1.71 = 0.26**
Malondialdehyde
(micromot/1)

basal pre-exercise 0.89 + 0.12 0.98 + 0.15 1.26 = 0.13

post-exercise 1.23 + 0.20 1.47 + 0.21 2.33 + 1.37

Total cholesterol changed from 3.71 £ 0.14 to 3.82 £ 0.16 millimoles per litre which
was statistically non-significant.

Plasma Ammonia and Lactate. Plasma ammonia levels rose significantly
(p < 0.01) with exercise in groups C and E with no significant differences between
groups. Plasma lactate rose significantly in all groups during exercise.

Malondialdehyde. Small non-significant rises in plasma malondialdehyde levels
were seen in all groups during exercise.

Recovery from Exercise

Antioxidant Status. All antioxidant levels that had risen significantly with exercise
remained elevated during the first 60 minutes of recovery (Figure 1).

Creatine Kinase. Creatine kinase levels responded to exercise with a peak on day
1 of recovery in all groups followed by a second smaller peak at day 5 (Group A)
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or 6 (Groups C and E) (Figure 2). Although the response to exercise was significant in
all groups there were no differences between groups.

DISCUSSION

The results of this study indicate that one hour of box-stepping eccentric exercise is
associated with an acute increase in plasma antioxidant status. Since all biochemical
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FIGURE 1 Changes in antioxidant levels during exercise and one hour of recovery: (a) vitamic C,
(b) vitamin E, (¢) uric acid and (d) total antioxidant capacity. All time points illustrated as mean +SE.
Significant changes from resting values within each group are denoted by **.
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FIGURE 2 Changes in plasma creatine kinase (CK) activity in response to exercise and seven days of
recovery. Results for each individual are expressed as % of maximum CK levels. Significant changes from
resting values in each group are denoted.

parameters have been corrected for changes in plasma volume we have been able to
eliminate the possible influence of exercise-induced fluid losses. Basal vitamin C and
vitamin E levels in the control group A were in line with those previously
reported >’ while vitamin supplements lead to significantly elevated vitamin C and
vitamin E levels in groups C and E respectively (Table I). Despite receiving high doses
of antioxidant vitamin supplements there were no significant increases in basal total
antioxidant capacity in groups C and E compared to group A. This somewhat surpris-
ing result can be explained by the relatively small contribution of vitamin C and
vitamin E in molar terms to the total radical scavenging capacity of plasma or
serum %,

In response to one hour of box-stepping exercise plasma total antioxidant capacity
rose significantly in all groups although the rise was more significant in groups C and
E (p < 0.001) (Table II). When the changes in individual plasma antioxidants are
studied differences are noted between the groups. In group A, given no supplements,
the only antioxidant to increase was uric acid (p < 0.01) with no increase in vitamin
C or vitamin E. In group C there were rises in uric acid (n.s.) and vitamin C
(p < 0.001) while in group E rises in uric acid (p < 0.01), vitamin C (p < 0.05) and
vitamin E (p < 0.01) were seen. These data suggest that supplementation of the diet
with 400 mg/day of vitamin C or vitamin E provided a ready source of these anti-
oxidants for release during exercise. The interpretation of these data is confused by
the finding that vitamin C levels were also significantly higher in group E (given only
400 mg vitamin E/day) than in group A prior to exercise (Table I). The reason for
this is not clear but one might speculate that supplementation of one antioxidant
(vitamin E) was capable of protecting the other (vitamin C) from oxidation. This
effect may have contributed to the significant increases in vitamin C and total antioxi-
dant capacity seen in group E during exercise.
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Exercise-induced rises in plasma vitamin C have been described previously®%.

In the present study a highly significant rise was seen following vitamin C supplemen-
tation when basal plasma vitamin C levels were significantly higher than control
(112.5 + 7.4 v 53.3 £ 4.4 micromol/I; p < 0.001). Presumably in this group vitamin
supplementation had also provided readily available tissue sources released into the
circulation in response to exercise. It has previously been suggested that the adrenal
gland may act as the source of stress-related secretion of vitamin C*. However
other possible sources may include skeletal muscle itself.

Plasma concentrations of vitamin E increased significantly following exercise in
group E only (p < 0.01). These results are in keeping with previously reported studies
where small rises in vitamin E have occurred during exercise>**. Since the
majority of plasma vitamin E resides in cholesterol-carrying lipoproteins we have
considered the possibility that exercise-induced changes in lipoprotein concentrations
may have influenced this result. Plasma total cholesterol levels were measured before
and after 60 minutes of box-stepping exercise. No significant exercise-related changes
in cholesterol were detected (3.71 = 0.14 to 3.82 &+ 0.16 millimoles per litre).
Therefore, we believe that this result is due to a mobilization of vitamin E in response
to exercise. A possible source of vitamin E during exercise could be adipose tissue
stores. These are likely to be replete following dietary supplementation and may be
released during exercise-induced lipolysis.

A rise in uric acid was seen in all groups following exercise, a phenomenon
that has been well documented previously with various forms of exercise?,
Uric acid is a well-recognized antioxidant of the extracellular fluid being present
in much greater concentration than the other low molecular weight antioxidants
(vitamin C, vitamin E, beta-carotene). For this reason it accounts for approximately
half of the radical trapping potential of extracellular fluids®*. How important the
role of uric acid might be as a protective antioxidant during exercise is not known.
However, its plasma concentration increases with most forms of muscular activity
and steady state levels do seem to be lower in those who exercise regularly ¥ possibly
as a result of altered purine metabolism?. Indeed, some authors have found a
negative venous-arterial difference for uric acid across exercising skeletal muscle at
low intensity ® indicating uptake or consumption during exercise.

There remains some dispute as to the site of uric acid release. Although uric acid
may be produced by xanthine dehydrogenase/oxidase in the skeletal muscle capil-
lary endothelial cells* others have argued that the action of this enzyme in sites
distant from exercising muscles is more important®® - the concentration of xanthine
dehydrogenase/oxidase seems to be much greater in the liver than skeletal muscle®',
It is an interesting paradox that this enzyme, which is ultimately responsible for the
production of an antioxidant (uric acid) from purine nucleotides may itself, in some
circumstances, be a site of free radical formation during exercise'’. The authors
speculate that an important function of uric acid could be to form an antioxidant pro-
tection against the oxidative stress imposed in exercising skeletal muscle. This
hypothesis necessitates a better understanding of how and where uric acid is
generated during exercise and detection of oxidative products of uric acid such as
allantoin generated during exercise.

Plasma malondialdehyde has been used extensively as a marker of lipid peroxida-
tion. The HPLC method we have used is more accurate than previous non-specific
assays such as thiobarbituric acid reactivity and is likely to be more reliable indicator
of lipid peroxidation. While marked changes in antioxidant status of plasma were
observed during this study there were no significant increases in plasma malon-
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dialdehyde. This might indicate that the mode of exercise used in this study did not
cause significant free radical production or oxidative stress, or that any oxidation
products remained in the exercising muscle. Alternatively it could be argued that the
increases in antioxidant status we observed were sufficient to quench any oxidants
that were produced.

The results of previous studies with regard to plasma markers of oxidative
stress have been variable. Malondialdehyde levels did not increase with 1 hour of
repetitive static exercise*”. In contrast, two other studies observed exercise-induced
increases in thiobarbituric acid-reactive substances (TBARS)'S and breath pentane
exhalation'® that were prevented by vitamin E supplementation. TBARS and con-
jugated dienes did not rise in plasma following a half marathon?® while runners com-
pleting an 80.5 kilometre ultramarathon had increased plasma lipid peroxidation ™.
Other investigators found that the appearance of malondialdehyde in plasma was
related to exercise intensity, decreasing with exercise up to 70% of maximal oxygen
uptake (VO,max) but rising significantly at 100%*. Viinkka et a/.* found no
increase in plasma peroxides following exhaustive exercise in top athletes undergoing
bicycle ergonometry. Resting TBARS are also known to be lower in well-trained
individuals?. In a subgroup of 14 subjects we assessed the mean intensity of exer-
cise in our box-stepping model as 60 + 7% of VO,max. One might conclude that
the intensity of exercise and the extent of prior training are important variables that
explain some of the contradictory findings® 2%, Vigorous exercise can certainly
result in oxidative damage in some circumstances. The fact that this is often difficult
to demonstrate may reflect the efficiency with which the body makes available
antioxidants in response to exercise. Indeed, the trained athlete as one adaption to
regular exercise develops improved antioxidant status?.

As expected, eccentric exercise caused a significant increase in plasma creatine
kinase activity in the recovery period. Antioxidant vitamin supplementation in the
3 weeks prior to and week after exercise seemed to have little impact on these changes
(Figure 2). This result is in keeping with the results of other studies that suggest this
parameter is not easily amenable to influence by vitamin supplementation 3%,
This may suggest that either the mechanism of creatine kinase release is not related
to oxidant damage or that acute supplementation does not improve antioxidant
status in the appropriate muscular compartment. Seemingly the best way to avoid an
acute énzyme rise is to be well trained®.

In summary, one hour of box-stepping eccentric exercise was associated with an
increase in plasma total antioxidant capacity that was not explained by changes in
plasma volume. The increase in total antioxidant capacity was explained primarily
by a rise in plasma uric acid although there were significant rises in vitamin C and
vitamin E in those who had previously received vitamin supplements. Small non-
signicant rises in plasma malondialdehyde were observed. Neither antioxidant
vitamin attenuated the post-exercise increase in creatine kinase. This study highlights
the possible importance of changes in antioxidant status during eccentric exercise.
Further studies are required to resolve the antioxidant role of uric acid during
exercise.
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