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2Department of Nutrition, State University of Ceará, Fortaleza, CE, Brazil
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Chronic energy restriction, a-tocopherol supplementation and their interaction with exhaustive
exercise were investigated. Eleven-week-old male Wistar rats ðn 6 £ 10Þ were fed either a con-
trol (C ), a 30 % carbohydrate-energy-restricted control (R ) or an a-tocopherol-supplemented
(S ) diet for 5 months. The animals in each diet were divided into exercised (E ) and non-exer-
cised (NE ) groups. Before killing, the exercised rats were required to run to exhaustion (39 (SE

6), 69 (SE 11) and 18 (SE 2) min for the C, R and S groups, respectively). Lipid peroxidation
(thiobarbituric acid-reactive substances; TBARS), protein damage (reactive carbonyls) and a-
tocopherol were determined in gastrocnemius, liver, brain and/or plasma. There was no differ-
ence in lipid peroxidation between the R and C groups, but in liver and muscle peroxidation
appeared significantly lower in the S than the other two diets. TBARS in the brain were similar
in all groups. On the other hand, reactive carbonyls showed that both the R and S diets reduced
protein damage in the brain, while exhaustive exercise increased it. For liver and muscle, how-
ever, reactive carbonyl levels were similar in all groups. a-Tocopherol supplementation
increased the vitamin concentrations in liver, muscle and plasma, but exercise decreased
them in plasma and brain. Carbohydrate-energy restriction increased (P¼0·0025) resistance
to exhaustive exercise considerably without depleting stores of a-tocopherol or exacerbating
oxidative damage in monitored tissues. It is concluded that while exhaustive exercise promotes
a tissue-specific oxidative damage detectable only in brain proteins, both experimental diets
tended to ameliorate this condition.

Energy restriction: Vitamin E: Oxidative stress: Exercise

Energy restriction, without malnutrition, has been of inter-
est for being the only dietary manipulation capable of
increasing life expectancy in several animal species
(Masoro, 1985). Although the exact mechanism for such
an effect has not been worked out in detail, the evidence
gathered so far indicates that energy restriction limits
damage to the mitochondria by free radicals (Yu, 1994;
Weindruch, 1996). When the rate of injury exceeds the
antioxidant capacity of the system, cell damage may
ensue as a result of oxidative stress (Sies, 1994).

Research on energy restriction has produced diverging
results. While some workers have found beneficial effects
determined by the several indicators of oxidative damage
(Koizumi et al. 1987; Rao et al. 1990; Djuric et al.
1992; Youngman et al. 1992; Chen & Yu, 1994), others

report no detectable difference with a normal diet
(Masoro et al. 1991; Rojas et al. 1993; Venkatraman
et al. 1998). These findings are not necessarily comparable
with each other, particularly because of the different types
of restriction diet models and the manner in which they
have been applied (Rojas et al. 1993).

In this context, another dietary approach intended to
diminish oxidative stress is vitamin E supplementation.
a-Tocopherol, being the main lipid-phase antioxidant,
could act in the control of cell membrane oxidative damage
(Packer & Landvik, 1989), while some authors consider
that this vitamin counteracts oxidation of proteins and
DNA as well (Leibovitz et al. 1990; Garrido et al. 1993;
Beales et al. 1994; Haegele et al. 1994; Jain et al. 1996;
Ibrahim et al. 1997; Sen et al. 1997; Zhang et al. 1997).
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The relationship between intense physical exercise, oxi-
dative stress and increase of free radicals in the body is
well known (Novelli et al. 1990; Chow, 1991; Kumar
et al. 1992; Alessio, 1993; Goldfarb, 1993). Accumulated
damage has been detected in liver, muscle, blood and poss-
ibly other tissues (Witt et al. 1992); a single bout of exer-
cise of the appropriate intensity could be sufficient for
damage in untrained subjects (Reznick et al. 1992;
Viguie et al. 1993; Ji, 1995).

The present work was designed to test the following
hypothesis: the combination of a low-carbohydrate diet
and a chronic, lower-than-normal food intake can be
more advantageous for the adult rat submitted to exhaust-
ing physical exercise than vitamin E supplementation.

Materials and methods

Animals and diets

Sixty 21-d-old male Wistar rats (Centro de Bioterismo,
State University of Campinas, Brazil) were housed in col-
lective cages (22 ^ 28C; 12 h light–12 h dark cycles) and
fed a commercial laboratory chow (Labina; Ralston-
Purina do Brasil, Ltd., Campinas, Brazil) ad libitum for
an additional 8 weeks, when each was transferred to an
individual cage by a randomizing process, to begin the
experiment as part of one of three diet groups ðn 3 £ 20Þ:
The control group (C ) had free access to the maintenance
AIN-93-M diet (Reeves et al. 1993), while the restricted
group (R ) received a modified C diet with less carbo-
hydrate and group S was fed diet C ad libitum, but with
the addition of 1425 IU of vitamin E (all-rac-a-tocopheryl
acetate), as detailed in Table 1. Initially, all groups under-
went a 1-week adaptation period consuming the control
diet.

The restricted diet was formulated in such a way that
when offering 70 % of the amount consumed by group C,
the amounts delivered would be the same for all nutrients
as those of group C, except for the carbohydrates. Conse-
quently, by restricting diet consumption (or energy

intake) to 70 % of that of the controls, the R group was
ingesting 40 % less carbohydrate. Diet S, in turn, supplied
twenty times the amount of vitamin E recommended for
the rat (Reeves et al. 1993). In order to keep a closer
check over energy consumption, total energy was deter-
mined in the diets using a Parr calorimeter (model 1261/
1563; Moline, IL).

The trial was conducted for 21 weeks and the entire
study was performed according to the Guide to the Care
and Use of Experimental Animals. The amount of diet to
be fed to the R group was determined from the daily
average consumed by the C group. Weight changes were
monitored and recorded weekly.

Physical test

Immediately before the end of week twenty-one, the ani-
mals of every group were randomly subdivided ðn 2 £
10Þ into exercised (E ) and non-exercised (NE ) and fasted
overnight. On the day of the exercise test, the animals of
the E category were required to run to exhaustion on a
six-lane inclined (158) treadmill (speed 27 m/min). Exhaus-
tion was determined by the animal’s refusal to move away
from the starting point, where a prod delivered a low-inten-
sity electric stimulus. All of the NE animals were also
maintained in the exercising room at the time of the test,
in order to randomise the effect of stress. Following
exhaustion, serum lactate was determined in a blood
sample drawn from the tail vein (ACUSPORT lactimeter;
Boehring Mannheim). Immediately after, every exhausted
animal was killed by cervical dislodgement along with
one of the corresponding NE category.

Gastrocnemius, liver and brain specimens were excised,
frozen in liquid N2 and stored at 2808C until analysed.
Blood was collected by heart puncture, EDTA was added
to the final concentration of 0·034 M, then the blood was
centrifuged at 1540 g for 15 min, the plasma recovered
and stored in the same manner.

Table 1. Composition of the three diets based on the AIN-93-M diet (Reeves et al. 1993)

Diets (g/100 g)

Ingredients Control Restricted Supplemented

Casein (85 g protein/100 g) 14·00 20·00 14·00
Maize starch (87·6 g starch/100 g) 62·07 54·15 62·07
Sucrose (99·5 g sucrose/100 g) 10·00 7·22 10·00
Soyabean oil 4·00 5·71 4·00
Fibre (cellulose) 5·00 5·86 5·00
AIN-93-M mineral mixture* 3·50 5·00 3·50
AIN-93-M vitamin mixture† 1·00 1·43 1·00
L-cystine 0·18 0·26 0·18
Choline bitartrate 0·25 0·36 0·25
Tert-butylhydroquinone 0·0008 0·0011 0·0008
All-rac-a-tocopheryl acetate (0·5 a-TE§) – – 0·285‡
Total energy (J) 1454·82 1454·44 1454·82

* Contains 20·98 g sucrose/100 g.
† Contains 97·47 g sucrose/100 g.
‡ Sufficient to supply an additional 1425 IU/kg diet (or a total of 1500 IU/kg).
§a-TE: equivalents of a-tocopherol; 1a-TE ¼ 1 mg d-a-tocopherol.
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Lipid peroxidation

Lipid peroxides were determined by the thiobarbituric
acid-reactive substances (TBARS) method as described
by Ohkawa et al. (1979), with modifications. The tissue
(100 g/l, muscle and liver; 50 g/l, brain) was homogenised
(0·05 M-phosphate buffer, pH 7·4; 90mM-butylhydroxy-
toluene) in an ice bucket, using a homogenizer with a
Teflon pestle. To a sample (500ml) of the homogenate,
1 ml of 0·04 M-H2SO4 (Merck) and 1 ml of TBA solution
(0·046 M-TBA (Sigma Chemical Co.), 0·014 M-sodium
dodecylsulfate, 0·06 M-NaOH (Merck)) were added. To
the reagent blanks, 1 ml of the 0·06 M-NaOH was added
in lieu of the TBA solution. The reaction mixture was
agitated in a 908C water bath for 20 min. After cooling in
an ice bath for 10 min, n-butanol (3 ml) was added with
agitation to each reaction tube. This precipitation step
was followed by reading the absorbance (532 nm) of
the supernatant fraction obtained after centrifugation at
1978 g for 15 min. A standard curve was prepared using
1,1,3,3-tetramethoxypropane (Sigma Chemical Co.). Ave-
rage values obtained from duplicate reactions were
expressed as nmole of malondialdehyde (MDA)/mg
protein.

Protein oxidation

The oxidation of protein systems in muscle, liver and brain
were quantified as carbonyl compounds reactive to 2,4-
dinitrophenylhydrazine (Sigma Chemical Co.), as
described by Reznick & Packer (1994). Care was taken
to eliminate interference from non-protein, polymeric car-
bonyls (Levine et al. 1990; Cao & Cutler, 1995). Before
reading the absorbances in the range of 355–390 nm, the
u.v. absorbance at 280 nm was measured in the samples
treated with HCl in order to determine the amount of sol-
uble protein. Results were expressed in terms of nmole
of reactive carbonyl compounds/mg protein in the tissue.

a-Tocopherol

Determination of the vitamin was by HPLC, according to
Sharma & Kumar (1990) with modifications. To muscle,
liver or brain homogenate, obtained as described for lipid
peroxidation, or 200ml plasma (made 9·1 mM in butylhy-
droxytoluene), absolute ethanol (400ml) was added and
the mixture vortexed for 1 min. After centrifuging
(12000 g for 5 min), the tocopherol was recovered in
methanol following extraction with n-hexane. Elution
from the HPLC (Varian, model 9012, equipped with a
9075 fluorescent detector) was monitored at 290 (exci-
tation) and 330 nm (emission). A standard calibration
curve of (^ )-a-tocopherol was used for quantification,
per unit protein in the tissue.

Statistical analysis

The data (mean values with their standard errors) were pro-
cessed by two-way ANOVA and comparisons made by
Duncan’s ranking test. Differences between means were
considered significant when P#0·05. Computations were

carried out using Statistica 5.0 for Windows (StatSoft,
Inc.).

Results and discussion

Weight and point of exhaustion

At the end of the first week of the experimental period the
mean weight of the R group already was significantly lower
than those of the other two groups ðP ¼ 0·003Þ; a trend that
persisted throughout the entire period. The difference of
the final mean weights between the R and the C, or the S
animals was approximately 100 g (382 (SE 14), 489 (SE

38) and 493 (SE 40), respectively; P ¼ 0·0001).
As seen in Table 2, substantial advantage in physical

resistance was shown by the animals of the group receiving
the restricted diet, not only with respect to the sup-
plemented, but also to the control group. Exhaustion was
reached by the animals of group R in 69 (SE 11) min,
whereas those of the C and S groups reached exhaustion
at 39 (SE 6) and 18 (SE 2) min, respectively. Although
large, the difference between the means of C and S did
not appear significant (P¼0·120), while that for group R
was highly significant (P¼0·0025). Table 2 also shows
that the serum lactate levels were equally elevated in all
the diet groups at exhaustion. The possibility of the
restricted animals having had a better performance due to
the lower body mass load than the supplemented cohorts
cannot be discarded in the light of there having been no
statistical difference between the latter and the controls.
In a separate paper (Oliveira et al. 2002), we have reported
that the same restricted diet and feeding protocol resulted
in a significantly higher deposition of liver glycogen (3.8
times), which in itself could provide an explanation for
the augmented physical capacity of these animals.

Lipid peroxidation

There were significant differences in liver peroxidation as a
result of the difference in diets ðP ¼ 0·000059Þ; although
no effect of exercise alone or interactions of this with the
diets were detected (Table 2). The TBARS values obtained
for the S animals (mean of 0·26 (SE 0·01) nmole MDA/mg
protein, pooling SE and SNE ) evidently showed a protec-
tive effect of the supplementation v. energetic restriction
(0·33 (SE 0·01)) or v. no treatment at all (0·32 (SE 0·01)
nmole MDA/mg protein). It was interesting to note, fur-
thermore, that there was virtually no difference between
the control and the restricted diet, despite the substantially
greater work performed by the animals consuming the
latter. This means that although the tested type of energy
restriction did not show protection against oxidation in
absolute terms, a ‘latent’ protective effect also cannot be
ruled out.

Unlike what was observed in liver, both diet and exer-
cise had each an effect (P¼0·016 and P ¼ 0·015; respect-
ively) on the peroxide levels of muscle, however not in a
combined manner (Table 2). Supplementation with a-toco-
pherol resulted in lower pooled mean values of TBARS
(0·14 (SE 0·003) nmole MDA/mg protein), against the
pooled means for groups C and R (0·15 (SE 0·004) and
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0·16 (SE 0·004) nmole MDA/mg protein, respectively).
Similarly, exercise had a significant influence on the
level of MDA (0·15 (SE 0·003); 0·16 (SE 0·004) nmole/
mg protein for E and NE, respectively). In brain, however,
diet and exercise did not result in any differences in
TBARS concentration (Table 2).

The literature available in this area has been somewhat
controversial. Certain reports, like those of Armeni et al.
(1997) and Venkatraman et al. (1998), partly conclude
that medium- to long-term general energy restriction does
not offer protection against lipid peroxidation, although
Rao et al. (1990) reported reduction of the TBARS
values in the livers of rodents fed energy-restricted diets
for 11 and 20 months, while Koizumi et al. (1987) already
claimed that there was a reduction in the levels of hepatic
lipid peroxidation of mice after an 11-month feeding trial
with carbohydrate-specific energy restriction, but not for
the period of 23 months.

Rojas et al. (1993), in turn, reported not a reduction, but
an increase of the levels of TBARS, as well of the sensi-
tivity to lipid peroxidation attributed to carbohydrate-
energy restriction in mice. However, when the effect of
general food restriction was also studied by the same
authors, such an effect was not observed. Since the restric-
tion models were of short duration, the authors concluded
that short-term restriction had no antioxidant effect.
These workers were also led to conclude that energetic
restriction resulted in some kind of metabolic imbalance
responsible for the higher lipid peroxidation. In this
respect, it is important to emphasise that the strategy
used by such authors to cut carbohydrates could have
been in itself the source of the metabolic imbalance.
Replacing fibre for metabolisable carbohydrates raised
the fibre content to levels close to 450 g/kg diet could con-
ceivably interfere with the absorption of minerals and other
nutrients.

Supplementation with a-tocopherol clearly lowered the
values of TBARS in both liver and muscle, independent
of physical activity. Such an effect was evident in relation
to either the standard control AIN-93 or the restricted diet.
The protective effect of a-tocopherol supplementation we
report here, nevertheless, is similar to that described in
other studies. For instance, decreasing TBARS values
have been reported in rat liver and heart (Leibovitz et al.
1990), erythrocytes (Zamora et al. 1991; Garrido et al.
1993), plasma and muscle (Goldfarb et al. 1994; Sen
et al. 1997), and even liver in the animals receiving differ-
ent types of fat (Ibrahim et al. 1997; Sen et al. 1997).

On the other hand, the protecting action observed in liver
and muscle was not seen in brain, which suggests the effect
being tissue-specific. Higher concentrations of TBARS
were encountered in this tissue than in any of the others
studied. It is known that brain is particularly susceptible
to damage promoted by free radical species. Besides its
high rates of O2 consumption and elevated concentration
of polyunsaturated fatty acids involved in membrane struc-
ture, such tissue is relatively poor in antioxidant enzymes
and other oxidant-protecting substances (Carney & Carney,
1994; Mo et al. 1996; Joseph et al. 1998). It is possible,
however, that the doses of a-tocopherol used were still
insufficient for the effect to be detected.
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On analysing the effect of intense physical activity on
peroxidation, our data showed that while TBARS levels
were not altered in either liver or brain, the levels in
muscle were slightly diminished (P¼0·02, Table 2). It is
pertinent to emphasise that both the intensity of the exer-
cise and the stage of recovery are factors to be considered
when analysing oxidative stress (Witt et al. 1992; Alessio,
1993; Ji, 1995). Ji et al. (1992) were able to detect an
increase in peroxidation only for levels 3 and 5, of five
different levels of intensity on a treadmill. Our results
were consistent with those of Venkatraman et al. (1998),
who did not observe an increase of liver lipid peroxidation
in rats, even after 2 months of daily sessions of exhaustive
exercise. With respect to the influence of the post-exhaus-
tion (recovery) time on the oxidation levels, we should
mention that in an experiment in which rats were brought
to exhaustion without previous training (Li et al. 1999),
it was shown that the levels of TBARS were already
higher at the end of exhaustion, although full recovery
was seen only after 48 h of recovery. In the present
study, the substantially greater amount of work performed
by the restricted group allows us to conclude that the
carbohydrate-specific energy restriction employed was
conducive to higher physical resistance, while not showing
alteration in lipid peroxidation in the tissues assayed.

Protein oxidative damage

The data on protein carbonyl accumulation in both liver
and muscle revealed no significant differences, due to
either the diets or exercise (P.0·05), as seen in Table 2.
Such a result suggests that these two organs have little sen-
sitivity to factors that promote the increase of reactive car-
bonyls on proteins. In brain, once again, the response was
different from that seen in the other tissues. Regarding the
effect of the diet, both the carbohydrate-energy restriction
and supplementation with a-tocopherol displayed protec-
tion against protein oxidative damage in the brain
(P¼0·012), whereas acute physical activity, as expected,
was alone responsible for increased levels of protein oxi-
dative stress (P¼0·048). Consistent with the observation
that levels of lipid peroxidation appear higher in brain
than in liver or muscle, the data from reactive carbonyls
reinforce the notion that brain tissue is particularly sensi-
tive to oxidative stress.

Inasmuch as the consequences of the diet or exhaustive
exercise on oxidative damage, measurable by the level of
protein-bound reactive carbonyl products in either liver
or muscle, no differences were detected. In brain, however,
the protective effect of the two antioxidant diets and the
oxidative damage promoted by exhaustive exercise were
evident. Other workers reported that such carbonyls are
diminished in rat liver (Youngman et al. 1992) and
mouse brain (Dubey et al. 1996) as a result of energetic
restriction, while vitamin E supplementation has shown a
similar response (Reznick et al. 1992; Ibrahim et al.
1997; Sen et al. 1997). Although this biochemical indicator
has been less explored than lipid oxidation, the data are no
less subject to controversy, first because of different exper-
imental conditions and then because of the occasional
interference of analytical artefacts (Cao & Cutler, 1995).

Despite its shortcomings, earlier claims made as to the
effect of vitamin E supplementation on exhaustive exercise
(Reznick et al. 1992; Sen et al. 1997) have not been con-
firmed. An effort was made in the present study to mini-
mize the interference of nucleic acids, although the total
elimination of unreacted 2,4-dinitrophenylhydrazine from
the reaction mixture was not accomplished.

The issue of why physical exercise may lead to oxidative
stress of the protein type in the brain is not yet understood.
The work of Radák et al. (2001) reported that a basal level
of reducing (anti-oxidative) activity exists in brain and that
regular exercise can promote an increase in this metabolic
activity, improving the cognitive function and decreasing
oxidative damage, as detected by the protein carbonyls,
but not by TBARS or DNA alterations. It thus seems poss-
ible that both exercise and diet, alone or in combination,
can have an effect on the oxidative level of brain proteins.

a-Tocopherol

a-Tocopherol concentration varied according to the tissue
and the diet group. Liver and muscle tissues of the sup-
plemented animals exhibited the highest stocks of a-toco-
pherol (3·25 (SE 0·22) and 0·25 (SE 0·006) mg/mg protein,
respectively), as expected from their massive intake. The
remaining C and R groups showed corresponding liver con-
centrations of 0·25 (SE 0·006) and 0·31 (SE 0·012) mg/mg
protein, and 0·14 (SE 0·005) and 0·13 (SE 0·006) mg/mg
of muscle protein, respectively. In this case again, exercise
did not seem to modify the a-tocopherol concentrations,
nor did it show interaction with the diets (Table 3).

In plasma, however, both diet (P¼0·0001) and exercise
(P¼0·006) had each an isolated effect on the tocopherol
levels. For the supplemented animals, the mean level was
6·4 (SE 0·5) mg/mg protein, compared with 2·9 (SE 0·2)
and 3·3 (SE 0·2) mg/mg protein, for groups C and R,
respectively. Exhaustive exercise, however, had the net
result of lowering the overall mean concentrations from
4·9 (SE 0·6) to 3·6 (SE 0·3) mg/mg protein.

Finally, in brain, rather than in the other tissues, an inter-
action between diet and exercise was apparent, indicating
that extra accretions in a-tocopherol gained through sup-
plementation were used up during the exhaustive exercise,
thus making final levels similar to those of the animals fed
normal doses of a-tocopherol (P¼0·0016). Neither carbo-
hydrate-energy restriction nor exhaustive exercise in this
diet group brought about any significant differences on
the final antioxidant vitamin levels.

At first glance, the data readily showed that a 20-fold
higher a-tocopherol intake did not result in increments in
the concentration of comparable magnitude in the tissues
analysed, but rather increases that were commensurate
with the tissue’s mass and its specialised functions. In
terms of concentration, for instance, it could be seen that
increases were more prominent in liver tissue than were
for muscle, brain or plasma, which in turn was consistent
with the specific storage and regulatory functions of the
liver.

The role of vitamin E in counteracting oxidative stress
in cell membranes has been extensively studied and is
reasonably well established. With the expectation of
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maximising its beneficial effects, numerous scientists have
employed a variety of dosages under various experimental
conditions. The amounts used in the present study, repre-
senting something close to half the dosage suggested by
some orthomolecular therapists in cases of stress, produced
expectedly higher stocks of the vitamin in the analysed tis-
sues, except brain, in both the rested and exercised states.
The higher a-tocopherol levels in the tissues such as liver
and muscle, but not brain, were accompanied by lower
TBARS values.

Energy restriction alone has been shown to have an
effect on another antioxidant parameter. Using both a
food-restriction scheme that permitted the combined carbo-
hydrate-energy and general restriction, Rojas et al. (1993)
found decreased levels of ascorbic acid in several tissues. It
should be pointed out, however, that in the present study no
alteration was observed in tissue levels of the antioxidant
parameter we chose, vitamin E. This and other results pro-
duced by the restricted diet could have originated from two
different effects. It should be kept in mind that in order to
accomplish the desired energy-restriction model, alteration
of the carbohydrate content of the diet was chosen as one
that could carry an influence on nutrient balance that
could be least critical. This manipulation, however, may
have lead to an additional effect besides that resulting
from the simple total energy restriction. The present exper-
imental model, however, did not offer the possibility of
separating these two effects.

With respect to the influence of exercise on the a-toco-
pherol parameter, changes were observed only in terms of
lower concentrations of the vitamin in plasma and brain. In
this context, however, the consulted literature refers to a
diversity of results, including one describing no effect on
the concentration of this vitamin in muscle after exhaustive
exercise on the moving platform (Warren et al. 1992), just
as observed in the present study. On the other hand, some
have reported reduction in muscle (Reznick et al. 1992;
Sen et al. 1997) and in liver (Sen et al. 1997), as well as
elevation in liver and muscle and decrease in plasma in

animals that had received previous training (Benderitter
et al. 1996). It should be remembered, furthermore, that
vitamin E stores may undergo redistribution among the
different tissues and fasting and exercise are factors that
can affect mobilisation (Parker, 1989). Data from the pre-
sent and other studies support the idea that the observed
lower plasma levels could be the result of rapid mobilis-
ation from blood into muscle, and perhaps other tissues,
accompanied by a slower replenishment from hepatic
stores.

Conclusions

From the data presented, it can be concluded that the exer-
cise imposed did not result in oxidative stress observable in
liver or muscle tissues, although oxidative damage was
detected in the brain proteins of the rats. a-Tocopherol
supplementation, at a level of 20 times the recommended
dosage, but not 30 % carbohydrate-specific energy restric-
tion, offered protection in terms of lipid peroxidation in
the liver and the muscle, while not in brain. On the other
hand, as evidenced by the protein oxidation levels in
brain, both the restricted and the supplemented diets did
offer a certain antioxidant protection, thus suggesting that
there was a tissue-specific effect afforded by the different
diets. Considering that this energy-restriction model
resulted in a substantial increase of the animal’s resistance
to exhaustion, and the finding that levels of TBARS and
protein carbonyls in both liver and muscle were indistin-
guishable from those of the control animals, it can be con-
cluded that such a restriction model may offer a true
advantage over a-tocopherol supplementation.
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