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Abstract

It has been suggested that free radicals
may play a role in mediaing the

training-induced antioxidant enzyme changes.

Twenty-four adult male rats were assigned to
one of the 4 groups, vitamin E-deficient and
exercise (DE), vitamin E-deficient and
non-exercise (DNE), vitamin E-adequate and
exercise (AE), and vitamin E-adequate and
non-exercise (ANE). There were significant
vitamin E, exercise and interaction effects on
SOD activity and expression level in soleus.
This was in parallel with MDA levels in the
same muscle. In gastrocnemius, there was
only exercise effect on SOD activity and
RNA level, while there were still significant
vitamin E, exercise, and interaction effects on
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MDA levels in this muscle. GPX activities
and expression levels were similar across all
groups in both muscles investigated. This
study suggested that exercise-induced SOD
adaptation may be mediated by free radicals.

vitamin E, free radicd,
superoxide dismutase,
glutathione peroxidase, training
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Introduction

Severa studies have suggested that
short-term vitamin E supplementation at the
dosage from 800 to 1200 IU daily may have
protective effect against exercise-induced
free radical generation in both trained and
sedentary subjects. Meydani et al. [1] showed
that, after supplemented with 800 U vitamin
E daily for 48 days, both sedentary young and
older men secreted less urinary TBARS after
a downhill running, compared to control
group. A daily supplementation with 1200
mg vitamin E for 14 days significantly
reduced DNA damage in white blood cells
after a treadmill running protocol in
untrained men, compared to controls[2].

Studies on rats also showed that
vitamin E supplementation could reduce
exercise-induced free radical production after
an 1-hour run [3] and exercise to exhaustion
[4]. In addition, vitamin E supplementation at
the level of 220 IU/kg diet for 60 days
significantly reduced free radical signals
measured by ESR after exercise in heart [5].
Intraperitoneal injections of vitamin E and
spin-trappers significantly prolonged
swimming time to exhaustion [6].

Although contradictory results do exist
[7-9], it is generally believed that vitamin E

B-028-001



supplementation could inhibit
exercise-induced free radical production and
prevent oxidation damage of lipid, DNA, and
muscle tissues [10].

Moreover, animals maintained on a
vitamin E-deficient diet showed a 35.8%
decrease of vitamin E content in skeletal
muscles after 5 weeks and a 61.2% decrease
after 12 weeks. The indicators of lipid
peroxidation were significantly elevated in
these animals, compared to controls [11].
Vitamin E-deficient diet aso resulted in
higher post-exercise muscle damage, as
indicated by the rise in plasma creatine
kinase activity and morphological changesin
rats[12].

Several animal studies suggested that
vitamin E deficiency could impair exercise
performance. Vitamin E-deficient rats
decreased run time to exhaustion by 40%
[13]. Gohil et al. showed a 38.1% decrease in
endurance capacity in vitamin E-deficient
rats, and the decrease was not reversed by
vitamin C supplementation [14].

To sum up, vitamin E supplementation
could decrease, while vitamin E deficiency
could increase, exercise-induced lipid
peroxidation in humans and anima models.
Vitamin E supplementation could improve,
while vitamin E deficiency could impair,
exercise performance in rats but not humans.

Several evidence in humans suggested
that endurance training could boost body’'s
antioxidant defense system in response to the
increased free radical production resulted
from physical activity. A sprint cycle training
program resulted in significant increases of
GPX and glutathione reductase activities in
muscle [15]. Robertson et a. showed that at
rest, trained runners had higher erythrocyte
vitamin E content than sedentary people [16].
Furthermore, activities of  antioxidant
enzymes, including glutathione peroxidase
and catalase, were positively correlated with
the weekly training load among runners [16].
In addition, active subjects also had higher
activity of erythrocyte superoxide dismutase,
another antioxidant enzyme, than the age-
and gender-matched sedentary controls [17].
Jenkins et al. also showed higher muscle
SOD and catalase activities in high aerobic

capacity males than in low aerobic capacity
males[18].

Animal studies also reveded that, after
endurance training, muscle catalase [19] and
glutathione peroxidase [20] activities were
increased, and the adaptation seemed to be
specific to muscle types, at least in rats
[20-22]. Generdly, training induced
upregulation of antioxidative enzymes was
more obvious in slow oxidative muscle, such
as soleus, than in fast-twitch rectus femoris
and gastrocnemius muscles. Criswell et al.
showed increased SOD and GPX in soleus,
but not rectus femoris and gastrocnemius
after 12 weeks of interval or continuous
training in rats [23]. Hammeren et al.
suggested significant increase of GPX
activity in soleus but not in gastrocnemius
[20]. Powers et a. also reported increased
activity of SOD in soleus and GPX in red
gastrocnemius after training [21]. On the
contrary, Leeuwenburgh et a. discovered
elevated GPX and SOD activities in deep
vastus lateralis while no change in soleus
after 10 weeks of aerobic training [22]. It was
aso shown that catalase activity was
decreased in gastrocnemius and soleus in
trained rats, compared to controls [24]. Types
of exercise training seemed to affect the
changes of antioxidant enzyme activities as
well. SOD increased in the similar levels in
response to continuous and interval training
programs, while GPX showed larger increase
after high intensity interval training [23]. In
addition, aerobic training also resulted in
significant increase in Mn-SOD in diagphragm
[25].

Although endurance training may
increase antioxidant enzyme activities, it may
not be enough for the excess free radical
production during exercise, as trained
athletes  till  showed elevated  lipid
peroxidation after prolonged intense physical
activities [26, 27].

Most studies examining the response of
antioxdative enzymes to training were
limited to measurement of enzyme activities,
with few investigating gene expressions [28].
Gore reported increased Cu,Zn-SOD mRNA
content in type lla muscle after training,
while no change in Mn-SOD and GPX



MRNA levelsin al muscle types investigated
[28]. In addition, the reported responses of
activities of these enzymes to training were
insignificant, possibly because of differences
in training protocols, muscle fiber types, and
different assay methods employed [29].
Therefore, it is of importance to not only
measure their activity, but aso their
expression levels.

The objectives of this study were to
investigate (1) the effect of endurance
training on expression and activities of SOD
and GPX in rat muscles, and (2) the effect of
vitamin E-deficiency on the training effect.

M ethods

Animal care

Twenty-four adult male
Sprague-Dawley rats, 3-4 months old, were
randomly assigned to the vitamin E-deficient
and exercise (DE), vitamin E-deficient and
non-exercise (DNE), vitamin E-adequate and
exercise (AE), and vitamin E-adequate and
non-exercise (ANE) groups with 6 animalsin
each group. Rats were housed individually in
a temperature controlled (22 ) room with a
12:12 h light-dark cycle. Animals were given
free access to water and their respective diet.

Experimental diets

Vitamin E-deficient diet containing
20% (by weight) vitamin-free casein, 66%
glucose, 10% vitamin E-stripped corn ail,
and adequate minerals and vitamins (except
vitamin E) will be purchased from ICN
Biomedicals, INC., Costa Mesa, CA, USA).
Rats in vitamin E-adequate group were given
DL-tocopherol acetate dissolved in corn oil.

Animal training program

The training program lasted for 8 weeks.

Rats in the exercise groups swam for 3 hr
twice aday with 90 min rest in between.

Preparation of animal tissues

Trained animals were sacrificed two
days after their last training sessions to
prevent any acute exercise effect. Rats were
anesthetizes with pentobarbital sodium (6
mg/100 g body  mass) injected

intraperitoneally. Gastrocnemius and soleus
muscles were excised and frozen in liquid
nitrogen as soon as possible.

For enzyme and lipid peroxidation
assays, muscles will be dissected into small
pieces in 0.1 M phosphate buffer (pH 7.4,
1:10 wit/vol), and homogenized with a
motor-driven homogenizer a 4 . The
supernatant collected after centrifuge at 600 g
for 10 min a 4 was be used for further

analyses.

RNA isolation and Northern blot analysis
Total RNA were isolated from rat
tissues with the acid guanidinium
thiocyanate-phenol -chloroform method
according to Chomczynski and Sacchi [30].

20 pg RNA were separated by
electrophoresis in  a denaturing 1%
agarose/formaldehyde gel, followed by

capillary transfer to nylon membrane.
Membranes were fixed by UV cross-linking
in a Stratalinker unit (Stratagene, , La Jolla,
CA, USA) and then prehybridized in 25 mM
potassium phosphate, pH 7.4, 5X SSC, 5X
Denhardt’s reagent, 50 wig/ml sheared
salmon sperm DNA, and 0.5% SDS for 2 h at
65 . The membranes were then be
hybridized for 16 h a 65 with a
digoxigenin-labelled rat Cu,Zn-SOD,
Mn-SOD, GPX, or catalase cDNA probe
prepared with digoxigenin-11-dUTP (Roche
Diagnostics, Mannheim, Germany) [31] and
a random-priming kit (Promega). Afterwards
the membranes were washed twice at 65 °C
for 20 min each time with the solution
containing 20 ml 0.2x SSC and 0.1% SDS.
Membranes were then be rinsed twice for 5
min and incubated for 30 min with 0.2%
I-LIGHT (Tropix, Bedford, MA, USA) in
150 mM sodium phosphate, 140 mM NaCl,
0.1% (w/v) Tween-20, 0.01% (w/v) NaNs,
pH 7.4, followed by the addition of
anti-digoxigenin Fab-fragment conjugated to
alkaline phosphatase (Roche Diagnostics) in
1:10000 dilution. The chemiluminescence
will be induced by incubation for 10 min
with 0.26 mM
3-(2 -spiroadamantane)-4-methoxy-4-(3'’ pho
sphoryloxy)phenyl-1,2-dioxetane  disodium
sat (AMPPD) in 100 mM Tris, 100 mM



NaCl, 5 mM MgCl,, pH 9.5, and was
detected by exposed to Kodak X-OMAT AR
film for 3 h at room temperature. The results
were analyzed with an Gel Doc 2000 image
analysis system (Bio-Rad, Hercules, CA,
USA). The mRNA contents of these
antioxidant enzymes were calculated relative
to that of G6PDH.

Measurement of SOD and GPX activities
Activities of both enzymes were
measured using Ransod kits (Randox

Laboratories, Antrim, UK) with the
procedures recommended by the
manufacturer.

M easurement of muscle content of vitamin E
Muscle fjka-tocopherol content was
measured according to Bieri et al. [32] with
modifications for tissue samples. Tissue
homogenates were mixed with 50 pl of the
internal standard a-tocopherol acetate (50
1g/ml ethanol) and the lipids was extracted
with equal volume of hexane. After
centrifugation, the organic layer will be
collected and dried under nitrogen at 4

The lipid was re-dissolved in 25 pl diethyl
ether and 75 pl methanol. 90 pl was injected
into HPLC equipped with a Cig column
(Waters corporation). Methanol: water = 95:5
was used as the mobile phase at flow rate of
2.5 ml/min. The eluant was monitored at 280
nm. The amount of fjka -tocopherol was
determined by comparing to the peak area of
the internal standard.

Statistical analysis
The data of the 4 groups of rats after

training was analyzed with two-way ANOVA.

A p-vaue less than 0.05 is considered
statistically significant.

Results

Vitamin E contents and activities and
expression levels of SOD and GPX in soleus
and gastrocnemius of different groups of rats
were presented in table 1 and 2, respectively.

In soleus, vitamin E contents were
significantly higher in AE and ANE than in

DE and DNE, indicating the vitamin E
deficiency in this muscle. There were
significant vitamin E, exercise and
interaction effects on SOD activity and
expression level in soleus. This was in
paralel with MDA levels in the same
muscle.

In gastrocnemius (table 2), there was
only exercise effect on Sod activity and RNA
level. There was till significant vitamin E,
exercise, and interaction effects on MDA
levelsin this muscle.

There was no significant effect on
GPX activities and expression levelsin either
muscle groups investigated.

Discussion

In this study, we showed that regular
endurance training could enhance SOD
activities and expression in soleus and
gastrocnemius in rats. In addition, this effect
may be at least partially mediated by free
radicals. The endurance training had no effect
on GPX activity and expression levelsin rats.

Our results showed that vitamin
E-deficient rats were more susceptible to
exercise-induced free radical damage than
vitamin E-adequate ones. This is in
agreement with others [11, 12]. The elevated
free radicals generated during exercise under
vitamin E-deficient condition may activate
the expression of SOD in both muscle groups
investigated.

Exercise-induced free radical
production has been hypothesized to serve as
a signal for adaptation to training, including
increased antioxidative enzyme activities
[33]. It has been suggested that superoxide
leaked from electron transport chain could
play arole in exercise-induced adaptation in
skeletal muscle [33]. In our study, we showed
that expression level of SOD, an enzyme that
converts superoxide to H202, was elevated
after endurance training. In addition, the
higher expression level of SOD was in
paralel with the increase in MDA, a lipid
peroxidation marker, after training and
vitamin E-deficiency. It is possible that free
radical acted as a signal that facilitates the
expression of SOD in both muscle groups



investigated.

In skin fibroblast cells exposure to u.v.,
superoxide release was elevated and SOD
and catalase were up-regulated. The
u.v.-induced SOD expression was inhibited
by water-soluble vitamin E analogue, Trolox
[33]. This situation is similar in our study, in
which we showed that exercise-induced
up-regulation of SOD expression was
partially blocked in vitamin E adequate rats.

It has been suggested that free radicals
have effects on expression of variety of
Kinases, such as the Src kinase family [34],
protein kinase C [35], mitogen-activated
protein kinase (MAPK) [36], and receptor
tyrosine kinases [37], as well as on activity of
certain transcription  factors, including
nuclear factor-=B and AP-1 [38-41]. It is
unclear which signal transaction pathway(s)

was involved in activation of SOD
expression. The detalled mechanism of

regulation and the role of free radica on
SOD expression in rat skeletal muscles still
remain to be elucidated.

The expresson of GPX may be
regulated by other mechanisms as diet
mani pulation and endurance training showing
no effect. Hammeren et al. showed that 10
weeks of running resulted in higher GPX
activity in gastrocnemius in older rats [20].
This contradictory results could result from
different ages of animalsin our study.

In conclusion, we showed that
training-induced up-regulation of SOD in rat
skeletal muscle may involve free radical as
the signal. The detailed mechanism of the
regulation of SOD gene requires further
investigation.

References

1. Meydani M, Evans WJ, Handelman G,
et al. Protective effect of vitamin E on
exercise-induced oxidative damage in
young and older adults. Am J Physiol
264: R992-8, 1993.

2. Hartmann A, Niess AM, Grunert-Fuchs
M, Poch B, Speit G. Vitamin E prevents
exercise-induced DNA damage.
Mutation Res 346: 195-202, 1995.

3. Goldfarb AH, McIntosh MK, Boyer BT,
Fatouros J. Vitamin E effects on

indexes of lipid peroxidation in muscle
from DHEA-treated and exercised rats.
JAppl Physiol 76: 1630-5, 1994.

4. Reddy KV, Kumar TC, Prasad M,
Reddanna P. Pulmonary lipid
peroxidation and antioxidant defenses
during exhaustive physical exercise: the
role of vitamin E and selenium.
Nutrition 14: 448-51, 1998.

5. Kumar CT, Reddy VK, Prasad M,
Thyagaraju K, Reddanna P. Dietary
supplementation of vitamin E protects
heart tissue from exercise-induced
oxidant stress. Mol Cell Biochem 111:
109-15, 1992.

6. Novelli GP, Bracciotti G, Falsini S.
Spin-trappers and vitamin E prolong
endurance to muscle fatigue in mice.
Free Radic Biol Med 8: 9-13, 1990.

7. Warren JA, Jenkins RR, Packer L, Witt
EH, Armstrong RB. Elevated muscle
vitamin E does not attenuate eccentric
exercise-induced muscle injury. J Appl
Physiol 72: 2168-75, 1992.

8. Maxwell SR, Jakeman P, Thomason H,
Leguen C, Thorpe GH. Changes in
plasma antioxidant status during
eccentric exercise and the effect of
vitamin supplementation. Free Radic
Res Comm 19: 191-202, 1993.

9. Jakeman P, Maxwell S. Effect of
antioxidant vitamin supplementation on
muscle function after eccentric exercise.
Eur J Appl Physiol 67: 426-30, 1993.

10. Dekkers JC, van Doornen LJ, Kemper
HC. The role of antioxidant vitamins
and enzymes in the prevention of
exercise-induced muscle  damage.
Sports Med 21: 213-38, 1996.

11. Saminen A, Kainulainen H, Arstila
AU, Vihko V. Vitamin E deficiency and
the susceptibility to lipid peroxidation
of mouse cardiac and skeletal muscles.
Acta Physiol Scand 122: 565-70, 1984.

12. Amelink GJ, van der Wa WA, Wokke
JH, van Asbeck BS, Ba PR
Exercise-induced muscle damage in the
rat: the effect of vitamin E deficiency.
Pflugers Archiv 419: 304-9, 1991.

13. Davies KJ, Quintanilha AT, Brooks
GA, Packer L. Free radicals and tissue



damage produced by exercise. Biochem
Biophy Res Comm 107: 1198-205,
1982.

14. Gohil K, Packer L, de Lumen B,
Brooks GA, Terblanche SE. Vitamin E
deficiency and vitamin C supplements:
exercise and mitochondrial oxidation. J
Appl Physiol 60: 1986-91, 1986.

15. Hellsten Y, Apple FS, Sjodin B. Effect
of sprint cycle training on activities of
antioxidant enzymes in human skeletal
muscle. J Appl Physiol 81: 1484-7,
1996.

16. Robertson JD, Maughan RJ, Duthie
GG, Morrice PC. Increased blood
antioxidant systems of runners in
response to training load. Clin Sci 80:
611-8, 1991.

17. Baakrishnan SD, Anuradha CV.
Exercise, depletion of antioxidants and
antioxidant manipulation. Cell Biochem
Func 16: 269-75, 1998.

18. Jenkins RR, Friedland R, Howald H.
The relationship of oxygen uptake to
superoxide dismutase and catalase
activity in human skeletal muscle. Int J
Sports Med 5: 11-4, 1984.

19. Alessio HM, Goldfarb AH. Lipid
peroxidation and scavenger enzymes
during exercise: adaptive response to
training. J Appl Physiol 64: 1333-6,
1988.

20. Hammeren J, Powers S, Lawler J, et dl.

Exercise training-induced alterations in
skeletal muscle  oxidative and
antioxidant enzyme  activity in
senescent rats. Int J Sports Med 13:
412-6, 1992.

21. Powers SK, Criswell D, Lawler J, et d.

Influence of exercise and fiber type on
antioxidant enzyme activity in rat
skeletal muscle. Am J Physiol 266:
R375-80, 1994.

22. Leeuwenburgh C, Hollander J,
Leichtweis S, et a. Adaptations of
glutathione antioxidant system to
endurance training are tissue and

muscle fiber specific. Am J Physiol 272:

R363-9, 1997.
23. Criswell D, Powers S, Dodd S, et al.
High intensity training-induced changes

in skeletal muscle antioxidant enzyme
activity. Med Sci Sports Exerc 25:
1135-40, 1993.

24. Laughlin MH, Simpson T, Sexton WL,
et al. Skeletal muscle oxidative capacity,
antioxidant enzymes, and exercise
training. J Appl Physiol 68: 2337-43,
1990.

25. Vincent HK, Powers SK, Demirel HA,
Coombes JS, Naito H. Exercise training
protects against contraction-induced
lipid peroxidation in the diaphragm. Eur
JAppl Physiol 79: 268-73, 1999.

26. Vasankari TJ, Kujala UM, Vasankari
TM, Vuorimaa T, Ahotupa M. Effects
of acute prolonged exercise on-serum
and LDL oxidation and antioxidant
defences. Free Radic Biol Med 22:
509-13, 1997.

27. Sanchez-Quesada J,
Homs-Serradesanferm R, Serrat-Serrat J,
et a. Increase of LDL susceptibility to
oxidation occurring after intense, long
duration aerobic exercise.
Atherosclerosis 118: 297-305, 1995.

28. Gore M, Fiebig R, Hollander J, et al.
Endurance training alters antioxidant
enzyme gene expression in rat skeletal
muscle. Can J Physiol Pharm 76:
1139-45, 1998.

29. Hollander J, Fiebig R, Gore M, et al.
Superoxide dismutase gene expression
in skeletal muscle:  fiber-specific
adaptation to endurance training. Am J
Physiol 277: R856-62, 1999.

30. Chomczynski P, Sacchi N. Single-step
method of RNA isolation by acid
guanidinium
thiocyanate-phenol -chloroform
extraction. Anal Biochem 162: 156-9,
1987.

31. Lanzillo JJ. Chemiluminescent nucleic
acid detection with digoxigenin-labeled
probes. a model system with probes for
angiotensin converting enzyme which
detect less than one attomole of target
DNA. Ana Biochem 194: 45-53, 1991.

32. Bieri JG, Tolliver TJ, Catignani GL.
Simultaneous determination of
alpha-tocopherol and retinol in plasma
or red cells by high pressure liquid



chromatography. Am J Clin Nutr 32
2143-9, 1979.

33. Jackson MJ. Free radicals in skin and
muscle: damaging agents or signals for
adaptation? Proc Nutr Soc 58: 673-6,
1999.

34. Abe J, Okuda M, Huang Q, Y oshizumi
M, Berk BC. Reactive oxygen species
activate p90 ribosomal S6 kinase via
Fyn and Ras. J Biol Chem 275: 1739-48,
2000.

35. Klann E, Roberson ED, Knapp LT,
Sweatt JD. A role for superoxide in
protein kinase C activation and
induction of long-term potentiation. J
Biol Chem 273: 4516-22, 1998.

36. Janssen-Heininger YM, Macara |,
Mossman BT. Cooperativity between
oxidants and tumor necrosis factor in
the activation of nuclear factor
(NF)-kappaB: requirement of
Ras/mitogen-activated protein kinases
in the activation of NF-kappaB by
oxidants. Am J Respir Cell Mol Biol 20:
942-52, 1999.

37. Herrlich P, Bohmer FD. Redox
regulation of signal transduction in
mammalian cells. Biochem Pharm 59:
35-41, 2000.

38. Banes PJ, Karin M. Nuclear
factor-kappaB: a pivota transcription
factor in chronic inflammatory diseases.
N Eng JMed 336: 1066-71, 1997.

39. Schulze-Osthoff K, Los M, Baeuerle
PA. Redox signalling by transcription
factors NF-kappa B and AP-1 in
lymphocytes. Biochem Pharm 50:
735-41, 1995.

40. Sen CK, Packer L. Antioxidant and
redox regulation of gene transcription.
FASEB J 10: 709-20, 1996.

41. Adler V, Yin Z, Tew KD, Ronai Z. Role
of redox potential and reactive oxygen
species in stress signaling. Oncogene 18:
6104-11, 1999.



Table 1. Vitamin E content, and expression levels and activities of SOD and GPX in soleus

DE DNE AE ANE Vit E Exercise Interaction
effects effects

Vitamin E4.9+0.3 5.2+05 8.0+0.6 8.2+0.8 <0.01 NS NS
(mg/kg)
SOD 3542+140 3140+125 2544+130 2005£112 <0.01 <0.01 <0.05
activity
(Ulg)
GPX 65+4.6 60+6.2 58+4.3 66+7.2 NS NS NS
activity
(Lm/min/g)
SOD 0.60+0.04 0.48+0.03 0.22+0.04 0.10+0.01 <0.05 <0.05 <0.05
RNA?®
GPX 0.32+0.02 0.40+0.03 0.35+0.03 0.42+0.04NS NS NS
RNA?
MDA 190+35 162+24 130+14 4045 <0.01 <0.01 <0.01
(nmol/g)

mean=SD. %relative to GGBPDH RNA.

Table 2. Vitamin E content, and expression levels and activities of SOD and GPX in gastrocnemius

DE DNE AE ANE Vit E Exercise Interaction
effects effects

Vitamin E5.3+0.3 4.8+t04 8.7+0.7 9.1+0.8 <0.01 NS NS
(mg/kg)
SOD 2540+180 2010+95 2640+203 1784+120NS  <0.01 NS
activity
(U/g)
GPX 105+8.9 132+11.3 112+15.1 139+10.5 NS NS NS
activity
(Lm/min/g)
SOD 0.32+0.03 0.15+0.02 0.42+0.04 0.05+0.01 NS  <0.05 NS
RNA?
GPX 0.12+0.01 0.20+£0.03 0.16+0.02 0.22+0.03NS NS NS
RNA?®
MDA 254421 210+£19 132+15 80+12 <0.01 <0.01 <0.01
(nmol/g)

meantSD. %relative to GGBPDH RNA.



