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Abstract An increase in antioxidant enzvmL' activity after acutl'
exercise and exercise training h,we heen reported hy many investig,ltors
including our laboratory. This study was undl'rtakp.n in order to

determine whether an increase in activity of superoxide dismutase
(MnSOD and CuZnSOOJ. catalase fCAT) and glutathIOne peroxidase
(GSH-Px) during exercise training was associated with the increased
levels of' respective mRNAs. l'vlale F'isher-344 rat;; (age 77 weeks) were
given exercise training for 9 week;; on the treadmill. Enzyme activity
and mRi\'A's were measured in the heart tissue 20 hr after stopping
exercise trainll1g. The heart tissues of exercised and s~dentary control
rats were USt,ci to isolate mRNAs encoding MnSOO. CuZnSOD, CAT
and GSH-Px by northern blotting experiments. The intensities of
mRNA bands were measured by densitometric scanning of the
autoradiograms. Northern blot for tubulin was used to normalize the
respective intensities. Compared to sedentary controls, the level of
mRNAs of enzymes MnSOD, CAT and GSH-Px were found to increase
by 126 ± f'>, 100 ± 6. and 138 ± 5 percent of sedentary control (mean
± SEM) respectively, due to exercise training. Corresponding values
for these enzyme activity were 15:3 ± 19%, 255 ± 7°k, 133 ± 271 of
sedentary control. These results suggest that post-translational
modification or these enzyme activity increased in respons8 to exercise
training more than increased transcription in aged rats.
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INTRODUCTION

Under normal phy iological conditions. the
antioxidant enzyme, superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidas
(GSH-Px) and glutathione reductase (GR>.
provide cytoprotective defense against oxyradical
tOXlcity. The effect of exercise on the free radical
scavenging antioxidant enzyme in different
tissues (1) has been determined such as in liver
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antioxidant enzyme
rat heart

(2,3), skeletal muscle (3 4), cardiac muscle (Fl,
6), lung (7), red blood cells (8), blood (2. 6) and
brain (9l. W have recently shown a significant
incpas in manganese superoxide dismuta~r·

(MnSODJ, CAT, GSH-Px and GR enzym specific
activity in the heart tIssues and mitochondria
due to exhaustive acute exerci __ v and exercise
training in young and old rats (6). Such an
increase in antioxidant enzyme activity is
possible either by transcriptional activation of
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Animals

TABLE I : Exercise training protocol for Fisher 344 rats.

The age of the rat was 77 weeks the first week
and 86 weeks old at the time of sacrifice.

enzymes such as superoxide dismutase, catalase,
glutathione peroxidase, glutathione reductase.
Coomassie protein assay reagent was purchased
from Pierce, Rockford, IL, U.S.A.

Male Fisher-344 rats 77 weeks of age
weighing 436 ± 49 gm were obtained from Harlan
Industries, Indianapolis, IN. All animals used
in this study were maintained at 72°F and with
a 12 hr light-dark cycle. The animals were
acclimatized to the facility 5 days prior to
starting the study. Rats were fed ad libitum
with Rodent Laboratory Chow (Ralston Purina
Company, Indianapolis, IN). Feed consisted of
protein (23.4%), fat (4.5%) and balance
carbohydrate, fibers, vitamins and minerals.
Each rat was randomly assigned to one of two
treatment groups.

1. Sedentary Control (SCj: Eight rats were
put on the treadmill belt in the Omnipacer
treadmill (Omnitech Electronics, Inc., Columbus,
OH) for five days a week over nine weeks and
given 2 m/min exercise for 5 min for equivalent
handling. These rats were maintained similar
to the exercise-trained group.

2. Exercise training: Eight rats were given
exercise training on the Omriipacer treadmill
for five days a week over nine weeks utilizing
an incremental exercise program (Table n.
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respective gene or the post-translational
modification of the enzyme molecules or
allosteric activation. The antioxidant enzyme
contain metal (Cu, Zn, Mn Fe or Se) at the
catalytic site. These co-factors are essential for
enzyme activity and has the potential to limit
the expression of the enzyme activity. Harris
(10) indicated that "the cofactor regulation shows
an important departure from regulation in
bacteria in that the switch is a part of post
translational events."

Factors such as age, diet and the induced
oxidative stress contribute to the transcriptional
activation and differential regulation of
antioxidant enzyme genes. Rao et al (11)

reported that the age related changes in the
activity of antioxidant enzyme in various organs
of male Fisher 344 rats were associated with
the change in the relative levels of the mRNAs
coding for these enzymes. The antioxidant
enzyme activity in various tissues varies with
the levels of their transcripts. Semsei et al (12)
showed an age dependent decrease in mRNA
level corresponding to copper zinc superoxide
dismutase (CuZnSOD) and CAT activity in rat
liver with aging. Impaired cytoprotective defense
against oxidative challenge are related with the
decreased antioxidant enzyme activity in various
tissues (13). However, Rao et al (14) found that
the decrease in CuZnSOD and CAT in rat liver
with age could be overcome by dietary
restrictions. Mote et al (15) contested these
findings indicating that the illduction of
antioxidant enzyme due to dietary control is
debatable. However, there is scant information
on whether exercise alters mRNA levels of
antioxidant exzyme. This report shows an
increase in mRNA levels corresponding to
MnSOD, CAT and GSH.Px in the heart of aged
rat due to exercise training.

METHODS

The following chemicals were obtained from
Sigma Chemical Company, St. Louis, MO,
U.S.A.: epinephrine, Triton-x-l00 (reduced),
hydrogen peroxide, t-butylhydro peroxide,
Trisma base, reduced and oxidized glutathione,
NADPH, NADH, sodium dodecyl sulfate, and

The rats were weighed and then placed in
the treadmill chamber to determine the
respiratory exchange ratio. The oxygen
consumption (V0

2
, mL/kg/min), carbon dioxide

,production (VC0
2

, mL/kg/min), respiratory
exchange rate (RER), (VC0

2
N0

2
) and heat

production (L~H) (kcal/kg/h) were continuously
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monitored and recorded, via the Oxyscan System
(Omnitech Electronics, Inc., Columbus, OH) at
intervals of 2.5 min for each of the eight animals
throughout this protocol (16). The rats were
acclimatized to the treadmill by walking at 2 m/
min. The rats were rested unW steady-state
values of the metabolic variables were recorded.
The rats were run using the incremental exercise
protocol as given in Table I. During this exercise
program, the speed (in m/min), angle of
inclination (% grade) and the duration (in min)
were varied to obtain progressive levels of
exercise (16). In the first four weeks., treadmill
belt speeds were 8.2, 15.2 and 19.3 mlmin and
the angle of inclination was 6°. Exercise duration
was five min the first week at each belt speed
and 10 min during the second through the
ninth week at each belt speed at an angle of
inclination as shown in Table I. These rats were
old and the precaution was taken to stop the
exercise if any kind of discomfort v"as observed
in a rat.

Sacrifice: Exercise training protocol was
stopped 23 hr prior to sacrifice. The SC rats
(weight 456 ± 67 gm ahd 86 weeks) and ET
rats (weight 419 ± 33 gm and 86 weeks), were
sacrificed by decapitation between 10:00 to
11:00 AM. The hearts from SC and ET Were
removed, freed from. blood and frozen at -80ot
unttl! futher analysis.

Enzyme assays: Each heart sample was
divided in two parts. One small piece was used
for determining the enzyme activities and the
other piece Was saved for Northern blotting
experiment. Approximately 100 to 150 mg tissue
was homogenized in Tris~Cl 0.05M, ImM EDTA
pH 7.0 buffer by Polytron (Setting 7, 20 sec). It
was centrifuged at 3,000 x g for 20 min at 4°C
and the supernatant was used for assaying
antioxidant enzyme activities as follows:

Superoxide dismutase (SOD): SOD activity
was determined according to the method of
Misra and Fridovich (17). Briefly, 100 III of
tissue extract (20-30 Ilg protein) were added to
900 III of 50 mM carbOnate buffer (pH 10.2)
containing 0.7 mM of epinephrine and the
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absorbance measured at 480 nm for 4 min. One
unit of SOD activity was defined as the amount
of enzyme that inhibited the oxidation of
epinephrine by 50%.

Catalase (CAT): CAT activity was
determined by a slight modification of the
method of Aebi (18). In these assays, 10 1111
of absolute ethanol was added to 100 III of
(20-30 Ilg protein) tissue extract and placed in
an ice bath for 30 min. Triton X-100, (10 ~l) was
then added to the mixture. The sample (l00 Ill)
was then mixed ~ith 500 III of 66 mM of H20 2
and 400 III of 50 mM phosphate
buffer (pH 7.0) containing 1 mM EDTA and
the absorbance was monitored at 240 nm for 30
sec. The molar extinction coefficient of
43.6 M cm-I was used to determine CAT activity.
One unit of CAT activity was defined as the
rnillimoles of HP2 degraded/min/mg protein.

Glutathione peroxidase (GSH-Px): GSH-Px
was determined by a modification of the method
of Flohe and Gunzler (19). In these assays,
100 III of the tissue extract (20-30 ~g protein)
was add~d to 300 III of reaction mixture (100 ~l

of phosphate buffer, 100 III of 100 mM reduced
glutathione, 100 III of 1.5 mM NADPH, 0.34
units of glutathione reductase and 500 ~l of
50 mM phosphate buffer, pH 7.0, containing
1 mM EDTA) and incubated at 37°C for
10 min. This was followed by the addition of
100 III of 12 mM t-butyl hydroperoxide and
determining the absorbance of the reaction
mixture at 340 nm for 3 min. The millimolar
extinction coefficient of 6.22 mM cm- 1 was used
to determine the activity of GSH-Px. One unit
of aGtivity was equal to the tnHlimole of NADPH
oxidized/min/mg protein.

Glutathione reductase (GR): Glutathione
reductase was determined by a modified method
of Carlberg and Mannervik (20). OR activity
was calculated using a millimolar extinction
coefficient of 6.22 mM-I em-I. One unit of GR
activity was equal to the miHimoles of NADPH
oxidized/min/mg protein.

Estimation of protein concentrations and
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statistical analysis: Protein concentrations were
estimated according to the method of Bradford
(21).

Messenger RNAs encoding antioxidant enzymes:

RNA preparation: Heart tissue (about 1 g)
obtained from different rats was rinsed free of
blood and then homogenized in guanidium
isothiocyanate buffer (4M guanidine
isothiocyanate, 25 mM sodium acetate, 0.8% ~

mercaptoethanol) by polytron (setting 7,20 sec).
The homogenate was layered over a cesium
chloride gradient (5.7 M CsCl) and centrifuged
at approximately 175,000 x g for 2 hrs. RNA
was obtained by carefully aspirating the
supernatant and collecting the pellet (RNA).
This was further purified by ethanol
precipitation and resuspended in autoclaved
milliQ water. Quantitation and purity of the
RNA samples was determined by DV
spectrophotometry at 260 and 280 nm.

Electrophoresis and Northern blotting: The
total RNA obtained from SC and TE rats were
loaded (12 'mg per lane) on 1% agarose gel
containing 20 mM MOPS (5 x MOPS buffer
contains 200 mM MOPS, 50 mM sodium acetate
and 50 mM EDTA), 3% formaldehyde, and
electrophoresed. The 28s and 18s RNA was
identified by staining the gel with ethidium
bromide. RNAs were transferred to nylon
membrane by capillary action in 10 x SSC buffer
(3M NaCl and 0.3 M sodium citrate, pH 7.0), as
described by Sambrook et al (22). The RNAs
transferred to nyl<m membrane was crosslinked
to the membrane by ultraviolet irradiation in
stratagene UV-auto crosslinker.

Labeling of cDNA probes: Complimentary
DNA probes for MnSOD, CuZnSOD, and GSH
Px were obtained from Dr. Yo-Shih Ho, Wayne
State Dniv. Detroit and CAT was obtained from
Dr. Guy Mullenbach, Chi ron Corporation,
Emeryville CA). mRNAs were labeled by random
priming using [a32p] deoxycytidine triphosphate,
using a DNA labeling kit from United States
Biochemical. This method ensures labeling of
the probes to high 'pecific activities (1.5 to 2.0
x 10'; cpm/mg). For each labeling reaction,
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25-30 ng of each cDNA probes and 50 ~Ci of
[a32p] deoxycytidine triphosphate was used.
Following labeling, the labeled probe was
separated from unincorporated [a32p]
deoxycytidine triphosphate by addition of a
mixture of 4 ~l of glycogen (Boehringer
Mannheim, Indianapolis, IN), 100 ~l of 6M
ammonium acetate and 2-3 volumes of ice-cold
100% ethanol, to the labeling reaction. This
was incubated at -80°C for 30 min followed by
centrifugation at 4°C for 15 min. The labeled
probe (pellet) was resuspended in autoclaved
miliQ water and used immediately for
hybridization reaction.

Chick a-tubulin cDNA probe was labeled
with the above method and used for the
hybridization reaction. This hybridization was
used to normalize the Northern blot of each
individual hybridization of antioxidant enzyme
mRNA.

Hybridization: To detect mRNA encoding
CnZnSOD, MnSOD, CAT, GSH-Px and a
tubulin, nylon membranes were prehybridized
for 4 hr at 42°C in 50% formamide, 2x Denhardt's
(50 x Denhardt's contains 1% BSA, 1%
polyvinylpyrrolidone and 1~ Ficoll in RNAse
free water), 5 x SSC, 1% SDS, 200 ~g/ml salmon
sperm DNA. After prehybridization, new
hybridization buffer of 10 ml (50% formamide,
3X Denhardt's 5X SSC, 1% SDS and 200 ~g/ml

Salmon sperm DNA) containing a[32p] labelled
cDNA probe having activity of 0.5- 1.0 x 106

cpmlml was used. Hybridization of probes was
carried out overnight at 42°C. After incubation,
blot was washed three times (20 min each) at
room temperature in 2X SSC containing 0.1%
SDS, onc.e (for 30 min) at room temperature in
0.5X SSC (with SDS) and then twice (for 30 min
each) at 55°C in 0.5X SSC (with 0.1% SDS).
Transcripts were detected after autoradiography
using Kodak XAR-5 x-ray films with intensifying
screens for 12-24 hrs. Messenger RNA levels
from sedentary control and exercised groups
was normalized according to cx-tubulin message.
Comparisons of RNA levels among groups was
determined by computerized image after
densitometric analys' s of the autoradiogram
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RESULTS

using seams from a-tubulin blot for
normalization.

TABLE II : Effect of progressive exercise training of
Fischer-344· rats for nine weeks on RER, va,
and 6H.

• Age of the rat at the start of the exercise was 77 \ eeks.
·The values are mean ± 3D. (n=8)*. significantly higher in

9th week (P<0.05)

Antioxidant enzyme activities in rat heart:
Nine weeks of exercise training caused sustained
increases in antioxidant enzyme activity in rat
heart. Activity was elevat d even after 23 hr of
last exercise given (Table III). The enzyme
activity of CAT and GR was found to increase
by two to three fold whereas the increases in
SOD and GSH-Px activity were moderate. The

intracellular balance of these enzymes is
important for the overall sensitivity to counteract
the oxidative damages to the cells (24, 25). The
increase in SOD activity may generate lethal
overproduction of HzO z, should be
counterbalanced by increased scavenging of HzOz
by CAT and/or GSH-Px activity. This suggests
that exercise training resulted in enhanced
resistance to oxidative damages as measured by
CAT/SOD ratio (15). The CAT/SOD ratio
increased two fold (from 4.92 to 8.20) after the
exercise training, however, the GSH-PxlSOD
ratio remained unaltered. Also, the increased
GR/GSH-Px ratio (from 46.60 to 91.63) is
indicative of the ability acquired by heart tissue
to generate excess reduced glutathione (GSH)
moeities after exercise training. This is
important because the long term beneficial
effects of exercise are evident in heart of old
animals.

Fig.l depicts a Northern blot of rat heart
mRNAs probed with full-length cDNA probes
specific for the mRNAs encoding MnSOD,
CuZnSOD, CAT, and GSH-Px. The random
priming labeled cDNA probes were found to
hybridize with the corresponding mRNAs of
size 1.4 Kb (MnSOD), 0.6 Kb (CuZnSOD),
2.2 Kb (CAT) and 0.86 Kb (GSH-Px) base pairs
respectively. The blot was also used for
hybridization with a-tubulin cDNA probe which
was found to band at 1.6 Kb. Level of mRNAs
of enzymes MnSOD, CuZnSOD, CAT and
GSH-Px were found to increase by 126 ± 5, 107
± 11, 133 ± 6, 138 ± 5, percent of control (mean
± SEM), respectively. Exercise training indeed
resulted in increased mRNA levels corresponding
to antioxidant enzyme activities in rat heart.

DISCUSSION

Northern blotting experiment:

During the ten week exercise training
protocol, the maximum oxygen consumption,
respiratory exchange ratio and heat generation
for individual rats were monitored in order to
ensure the efficacy of the experiment. As shown
in Table III, the exercise training caused

Ninth week

0.836 ± 0.079

62.2 ± 8.4

7932 ± 2743

First week

0.659 ± 0.046

30.5 ± 4.0

4137 ± 959

·RER(VCOzVO,)

"'va, ml/kg/min

*6H kcal/kg/h

The average values for respiratory exchange
ratio, (RER), VO z and ~H increased
progressively due to careful incremental exercise
and timing from the first week to the ninth
week in these old rats (Table II). They were
significantly higher (P <0.05) in the ninth week
and are shown in Table II. The increases in
these values are measures of increased capacity
of exercise. The progressive increase in oxygen
consumption during the exercise program leads
to the formation of reactive oxygen species
(ROS) (23). Exercise enhances the superoxide
production due to high intake of oxygen. In
order to investigate the molecular mechanism
of activation of antioxidant enzymes during
exercise training, two approaches were taken.
First to estimate the antioxidant enz me
activities in the rat heart and second to analyse
the corresponding transcript levels in this tissue
by northern blotting experiments. Each heart
tissue was divided in two parts. One small piece
(approximately 100-150 mg) w s used for
determining antioxidant enzyme activities and
the rest of the tissues was used for northern
blotting.



210 Somani and Rybak Indian J Physiol Pharmacal 1996: 40(3)

2 6 8 9 10

- 28 S

-18 S

_ 28 S

uZnSOD __

-18 s

- 28 S
c.llJ - 18 s

23 s

GSH.?x __

Tubcline __

-28 s

_18 S

Fig. 1: Representative Northern blot depicts the corrpsponding heart mRNAs for MnSOD. CuZnSOD. CAT, GSH-Px
and o.-tubuline of sedentary control and exercise trained rats Lanes contained the following: Lane 1-5.
sedentary control rat RNA, Larw 6-10. eX-erCISi' trained rat I{NA Total R 'A was isolated from heart tissues
of respective rats and electrophoresed 112 mg per lanel In, l'i, :'tgaros I'el containing 20 mM MOPS and 3%
formaldehyde. translerred to I.h" nvlon mt'ffi )J'an" ,'!fld crosslioked. Membrane was prehybridized and then
hybridized with random prime-Iabeied COl A prohl;~ specific for respectivp enzyme mRNAs, as described in
"methods". After the washing. the blots Wel'(, subJected to autoradiography for 12-24 hrs.
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TABLE III : Antioxidant enzymes activities in the heart of sedentary control rats (N=8) and exercise trained rats (N=6).
The values are mean ± SEM.

Sedendary Control Rat Heart

Exercise Trained Rat Heart

% control activity ofTE

U I mg activities (mean ± SEM)

SOD CAT OSH-Px OR

"'63.05 ± 12.93 **3.10 ± 0.27 *0.097 ± 0.012 **4.52 ± 0.16

96.62 ± 12.39 7.92 ± 0.29 0.129 ± 0.05 11.82 :t 0.33

153.24 ± 19.65 255.32 ± 7.29 132.99 ± 2.05 261.50 ± ]2.61

Significant level *P<O.OI; **P<O,OO1.

increase in antioxident enzyme activity in rat
heart, seen as elevated even after 23 hI' of the
last exercise given, estimating the long term
beneficial effect of exercise training.
Furthermore, the two fold increases in CAT/
SOD and GR/GS.H-Px ratios illustrate the
acquired resistance to oxidative damages
obtained by the heart tissue of old rats while
keeping an appropriate intracellular balance of
these enzymes.

The lowering of the general metabolism and
of the free energy production in old subjects are
probably the main factors responsible for the
increased susceptibility of old cells to stress
such as oxidative stress (13). A general view of
the efficiency of the antioxidant enzyme and the
stabili.ty of the cellular system is evaluated (26),
emphasizing the importance of these enzymes.
A decrease in antioxidant enzyme activities with
decrease in respective mRNA level has been
shown as a function of aging (12), physical
exercise stands out as a single potential way of
improving antioxidant status in old subjects.
Theref0re, we investigated the effect of exercise
training on the old animals in terms of
antioxidant enzyme induction. Since the
increased enzyme activity can be seen even
after 23 hI' of the last exercise given, the
increases in corresponding mRNA levels were
anticipated.

The results of the Northern blotting
experiments (Fig. 1) show an increase in mRNA
levels of antioxidant enzymes. It is apparent
that the increased enzyme activity of CAT is not
due to the transcriptional activation of respective
genes, since such an activation should produce
higher copies of transcripts specific to the
antioxidant enzymes. The increases in transcript

level is relatively low and is not as large as the
increase in the enzyme activity. This suggests
other potential mechanisms by which exercise
training can increase antioxidant enzyme
activity. Our hypothesis is that antioxidant
enzyme activation might be regulated by post
translation modification. Somville et al (27),
reported that the cytoplasmic SOD was altered
reversibly in aging cells. It was found that the
degree of dissociation of catalytically active SOD
monomers was increased gradually with age
leading to the accumulation of inactive SOD
enzyme molecules in cells. Such a modification
was a reversible process and was influenced by
cytoplasmic factors. Similarly, an increased
dissociation constant of the tetrameric
glutathione peroxidase leadi.ng to an
accumulation of inactive enzymes in old cells
was influenced by cytoplasmic factors and was
reversible (28). Rao et al (11, 14), showed that
the AOE activity decreased with an increase in
age and corresponding mRNA levels also
decreased with age. Our results show that
exercise training increased the enzyme activity
and corresponding mRNAs also increased, which
is definitely the benefit of exercise training. Our
results also indicate that the post translational
modification of this enzyme activity increased
in response to exercise training more than in
enhanced transcription in old rats.

ACKNOWLEDGEMENTS

The authors gratefully thank the helpful
comments of Gregory Brewer, Ph.D., and
Vickram Ramkumar, Ph.D. and the skillful
assistance of Ms. Charlene rVleents for
manuscript preparation. This work was
supported in part by the American Heart
Association-Illinois Affiliate, Grant #N-23.



212 Somani and Rybak

REFERENCES

Indian J Physiol Pharmacol 1996; 40(3)

1. Somani SM. Exercise, drugs and tissue specific
antioxidant system. In : Pharmacology in Exercise
and Sports, Satu M. Somani, (Ed.), CRC Press, Inc.,
(57-95, 1996).

2. Kanter M1'l, Hamlin RL, Unverferth DV, Davis HW,
Merola AJ. Effect of exercise training on antioxidant
enzymes and cardiotoxicity of doxorubin. J Appl
Physiol 1985; 59 : 1298-1303.

3. Ji, LL. Antioxidant enzyme response to exercise and
aging. Med Sci Sports Exerc 1993; 24 : 225-231.

4. Jenkins RR, Friendland R, Howard J. The relationship
of oxygen uptake to superoxide dismutase and catalase
activity in human muscle. Int J Sports Med 1984;
95 : 11-14.

5. Powers SK, Criswell D, Lawler J, Martin D, Lieu J,
Ji LL, Herb RA. Rigorous exercise training increases
superoxide dismutase activity in ventricular
myocardium. Am J Physiol 1992; 265 : H2093.

6. Somani SM. Frank S, Rybak LP. Responses of
antioxidant system to acute and trained in rat heart
subcellular fraction. Pharmacal Biochem Behau 1995;
51(4) : 627-634.

7. Salminen A, Kainulainen H, Vihko V. Endurance
training and antioxidants of lung. Experientia 1984;
40 : 822-823.

8. Olino H, Yahata T, Sato Y, Tamamura K, Taniguchi
M. Physical training and fasting erythrocyte
activities of free radical scavenging enzyme systems
in sedentary men. Eur J Appl Physiol 1988; 57 :
173-178.

9. Somani S, Ravi R, Rybak LP. Effect of trained exercise
on antioxidant system in brain regions of rat.
Pharmacol Biochem Behau 1995; 50: 635-639.

10. Harris ED. Regulation of antioxidant enzymes. FASEB
J 1992; 6 : 2675-2682.

11. Rao G, Xia E, Richardson A. Effect of age on the
expression of antioxidant enzymes in male Fisher
F344 rats. Mech Ageing Deu 1990a; 53 : 49-60.

12. 8emsei I, Rao G, Richardson A. Changes in the
expression of superoxide dismutase and catalase as a
function of age and dietary restriction. Biochem
Biophys Res Comm 1989; 164 : 620-625.

13. Remacle J, l\1ichiels C, Raes M. The importance of
antioxidant enzymes in cellular aging and
degeneration. Exs 1992a; 62 : 99-108.

14. Rao G, Xia E, Nadakavukaren MJ, Richardson A.
Effect of dietary restriction on the age-dependent
changes in the expression of antioxidant enzymes in
rat liver. J Nutrition 1990b; 120 : 602-609.

15. Mote G, Thomas P, Lopaschuk G, Poznansky M.
Superoxide dismutase (SOD). Catalase conjugates.

Role of hydrogen peroxide and the fenton reaction in
SOD toxicity. J Bioi Chem 1993; 268 : 416-420.

16. Somani 8M, Dube SN. Endurance training changes
central and peripheral responses to physostigmine.
Pharmacol Biochem Behau 1992; 41 : 773-781.

17. Misra HP, Fridovich I. The role of superoxide anion
in the autoxidation of epinephrine and a simple assay
for superoxide dismutase. J Bioi Chem 1972; 247 :
3170-3175.

18. Aebi H. Catalase. In uitro. In "Methods of
Snzymology". Ed. 1. Packer Vol. 105, pp. 121-126,
Academic Press, Orlando, FL, 1984.

19. Flohe L, Gunzler WA. Assays of glutathione peroxidase
in "Methods of Enzymology", Ed. Packer, L. Vol. 105,
pp 114-121, Academic Press, Orlando, FL, 1984.

20. Carlberg I, Mannervik B. Glutathione reductase. In
"Methods of Enzymology", Ed. A. Meister, Vol. 113,
pp. 484·499, Academic Press, Orlando, FL, 1985.

21. Bradford M. A rapid and sensitive method for the
quantitation of microgram quantities of protein
utilizing the principle of dye binding. Anal Biochem
1976; 72 : 248-254.

22. Sambrook J, Fritsch EF, Maniatis T. Molecular
cloning: A laboratory manual. Second Edition. Cold
Spring Harbor Laboratory Press, 1989.

23. Davies JJA, Qintailha AT, Brooks GA, Packer L. Free
radicals and tissue damage produced by exercise.
Biochern Biophys Res Commun 1982; 107 : 1198
1205.

24. Amstad P, Moret R, Cerutti P. Glutathione peroxidase
compensates for the hypersensitivity of CuZn
superoxide Dismutase overproducers to oxidant stress.
J Bioi Chern 1994; 263 : 1606-1609.

25. Michiels C, Raes M, Houbion A, Remacle J. Association
or antioxidant systems in the protection of human
fibroblasts against oxygen derived free radicals. Free
Radical Res Commlln 1991; 14 : 323-334.

26. Remacle J, Lambert D, Raes M, Pigeolet E, Michiels
C, Toussaint O. Importance of various antioxidant
enzymes for cell stability. Confrontation between
theoretical and experimental data. Biochem J 1992b;
286 : 41-46.

27. Somville M, Houben A, Raes M, Houbion A, Henin V,
Remacle J. Alteration of enzymes in ageing human
fibroblasts in culture III. Modification of superoxide
dismutase as an environmental and reversible process.
Mech Ageing Deu 1985; 29 : 35-51.

28. Pigeolet E, Remacle J. Alteration of enzymes in ageing
human fibroblasts in culture V. Mechanisms of
glutathione peroxidase modification. Mech Ageing Deu
1991; 58 : 93-109.


