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The influence of different durations of aerobic exercise on fuel utilization, lactate level
and antioxidant defense system in trained rats
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Abstract

This study investigated the influence of different durations of aerobic exercise on fuel utilization, lactate levels and antioxidative status in trained
rats. Forty rats underwent physical training (T, n=20) or non- training (NT, n=20) for 6 weeks. For physical training, animals exercised on a
treadmill for 30 min 5 days per week. At the end of week 6, the animals in each group were subdivided into BE, DE-0.5, DE-1 and DE-2, which
were sacrificed at the end of week 6 without having performed exercise or after exercise on a treadmill for 0.5h, 1h and 2h, respectively, immediately
before being sacrificed. The plasma glucose level in DE-2 of the NT group was significantly lower than in the other groups. Muscle and liver
glycogen levels were significantly lower in DE-1 and DE-2, but there were no significant differences between DE-1 and DE-2 in the T group.
Liver protein in DE-2 of the NT group was significantly lower. Muscle TG levels were decreased in DE-0.5 of the T group, while those of the
NT group were decreased in DE-1. FFA levels were increased in DE-0.5 of the T group and in DE-1 of the NT group. Lactate levels were increased
in DE-0.5 of the NT group, while they were increased in DE-1 of the T group. Catalase activity of the T group was lower in BE but higher
in DE-0.5, DE-1 and DE-2. SOD activities were higher in trained rats, while the GSH/GSSG ratios were higher in BE, DE-0.5 and DE-1 in the
T group, and there was no difference in that of DE-2. There were no differences in MDA levels in BE and DE-0.5, but they were significantly
lower in DE-1 and DE-2 of the T group. Overall, the results of this study, suggest that training may improve exercise performance by facilitating
the mobilization and oxidation of fat and conserving limited carbohydrate storage, and that it may delay the onset of fatigue and enhance the antioxidative
defense system, but cannot support two hours of vigorous exercise.
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conducted to examine the influence of different durations of
exercise on fuel utilization, lactate levels and antioxidant defense
system in trained rats.

Introduction

The positive effects of physical training on animals have been
generally accepted. A number of mechanisms have been
investigated to explain the physiological effects of aerobic
exercise on fuel utilization, antioxidant defense system and
lactate levels [1-3]. However, the effects of training in the state
of different durations of aerobic exercise have not been fully

Materials and Methods

elucidated. When the body is involved in physical training,
certain metabolic processes occur to assure that adequate energy
is provided to the exercising muscles [4,5] via increased oxidation
of fat and conservation carbohydrate storage [1]. As an adaptive
response, antioxidant defense systems are up regulated [3] and
physical training shifts the maximum lactate steady state to a
higher intensity [2]. At the skeletal muscle level, such training
in humans is able to reduce the release of lactate from contracting
muscle, mainly by improving mitochondrial respiratory capacity
[6]. There is also accumulating evidence that strenuous exercise
induces negative effects between free radical production and the
body’s antioxidant defense systems [3]. Therefore, this study was

Experimental diets

Forty 4-wk old male Sprague-Dawley rats (Dachanbiolink Co.,
South Korea) weighing 95-105 g were fed, a diet that met the
AIN-93 recommendations (American Institute of Nutrition). The
study protocol was approved by the Committee on Animal
Welfare Regulations of Duksung Women’s University (2011-
108), Seoul 132-714, South Korea.

Exercise regime and sample collection

Forty animals underwent either physical training (T, n=20)
or were sedentary (NT, n=20) for 6 weeks. For physical training,
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the rats exercised on a treadmill (Jungdo Bio & Plant, JD-A-09,
Korea, 30 min/d, 15° incline, 0.5-0.8 km/h) 5 days per week.
Rats received light electric shocks if they did not comply with
running on the treadmill [7,8]. At the end of week 6, the animals
were subdivided into four groups (five rats per group) based on
exercise: before exercise (BE, n=15) and during exercise (DE-0.5,
n=35; DE-1, n=5; DE-2, n=15). The BE groups were sacrificed
without having performed exercise at the end of week 4. The
three DE groups were sacrificed immediately after exercising on
a treadmill (15° incline, 0.5-0.8 km/h) for 30 min (DE-0.5), 1
h (DE-1), or 2h (DE-2), respectively. At each of the respective
time points, the animals were sacrificed by decapitation while
under light ether anesthesia. Immediately following decapitation,
blood samples were collected in heparinized tubes (BD
Vacutainer®). All blood samples were immediately centrifuged
(1300 RCF for 20 min at 4C) to separate the plasma and
erythrocytes. Additionally, the heart, kidney, liver, visceral fat
and skeletal muscle from the medial red gastrocnemius were
rapidly removed and stored at -70°C until analysis.

Biochemical analysis

Glycogen was measured using a colorimetric procedure as
previously described [9]. After tissue samples were homogenized
(Omni THQ Digital Tissue Homogenizer) in cold sodium phosphate
buffer (2 mL, 0.02 M, pH 7.0), aliquots of the homogenates were
analyzed for protein and triglycerides. Specifically, the total
protein concentration was determined using a commercial kit
(Asan Pharmaceutical Co., South Korea) [10], while triglyceride
were measured using a commercial kit (Asan Pharmaceutical Co.)
that employed the glycerol phosphate oxidase-quinoneimine
colorimetric method [11]. Plasma glucose level was determined
using a commercial kit (Youndong Pharmaceutical Co., South
Korea) based on an enzymatic method [12]. Free fatty acid (FFA)
level was measured with a commercial kit (NEFAZYME-S,
Eiken Chemical Co., Japan) utilizing acyl CoA synthetase-Acyl
CoA oxidase [13]. Plasma triglyceride (TG) was analyzed with
a commercial kit (Youngdong Pharmaceutical Co., Seoul, Korea).
Plasma lactate levels were analyzed with a Lactate Colorimetric
Assay Kit II (Bio Vision K627-100). The activity of plasma
catalase was determined with a commercial kit based on the
method described by Zamocky (Bioxytech Catalase-520). The
activity of superoxide dismutase (SOD), ratio of reduced gluta-
thione to oxidized glutathione (GSH/GSSG), and levels of
malondialdehyde (MDA) were determined in liver cytosol.
Briefly liver was homogenized in cold Tris-KClI buffer (0.1M),
after which the homogenized solution was centrifuged (8,000xg,
4°C, 30 min) and the supernatant was removed and further
centrifuged (10,000 x g, 4°C, 30 min). The supernatant was then
ultra-centrifuged (105,000 x g, 4°C, 90 min) to separate the cytosol.
The SOD activity subsequently determined with a commercial
kit based on the method described by Nebot (Bioxytech SOD-
525). GSH/GSSG was determined using a commercial kit based

on the method described by Anderson (Bioxytech GSH/GSSG-
412). The levels of MDA were measured with a commercial kit
based on the method described by Gerard-Monnier (Bioxytech
MDA-586).

Statistical analysis

Data were subjected to analysis of variance (ANOVA) followed
by Duncan’s multiple range test (SAS Institute, Cary, NC).
Additionally, differences between the control group and trained
group were identified using a t-test. A P<0.05 was considered
to indicate significance.

Results

Body and organ weights

As shown in table 1, the non-training group showed signifi-
cantly higher body weights than the trained group, but there were
no differences in the organ weights and food feed efficiency
(FFA) ratio between the non-training group and the training

group.

Carbohydrate utilization and lactate concentration

Table 2 shows the effects of physical training on the levels
of plasma glucose, liver glycogen and muscle glycogen. Plasma
glucose levels were not significantly different at the time of BE,
DE-0.5 and DE-1 by training groups, but in the non-training
group those level was significantly decreased at the time of DE-2
compared to other time points. However, muscle glycogen levels
of the training group were significantly higher than those of the
non-training group in BE, DE-0.5, DE-1 and DE-2. DE-1 and
DE-2 were significantly lower than BE and DE-0.5 in the
non-training group, but in the training group, DE-2 was
significantly lower than BE, DE-0.5 and DE-1. The liver
glycogen levels of the training group were also significantly
higher than those of the non-training group in DE-0.5 and DE-1,
but were not significantly different from those of the non-training

Table 1. Effects of physical training on body weight and organ weight

Body weight
Group” Non-training (NT) Training (T) P-values
(n=20) (n=20)
Final BW (g) 436.29+45.13 417.87 +30.36 “2)
FER 0.349+0.09 0.353+0.13 NS
Liver (g) 3.94+0.82 3.97+0.56 NS
Heart (g) 0.35+0.03 0.34+0.02 NS
Kidney (g) 0.35+0.02 0.36+0.02 NS
Spleen (g) 0.18+0.02 0.19+0.03 NS

UNT: non-training group, T: 30min training group (5 d per week, 15° incline, 0,5-0.8
km/h)

2 Significant difference between non-training group and training group at ~£<0.05
by t-test,
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Table 2. Effects of physical training on the levels of plasma glucose, liver glycogen and muscle glycogen levels

BE" DE-0.5 DE-1 DE-2
Plasma glucose (mg/dl) Non-training (n =20) 153.48 +9.73% 164 +28.2° 165 + 12.36™ 140.45 + 11.36°
Training (n =20) 159.75+8.08 162.75 + 18.49 162+ 17.74 157.27 + 18.64
P-values NS NS NS )
Liver glycogen (mg/g) Non-training (n = 20) 47.54 £ 11.42° 45.07 +8.58° 44.62 +8.40° 38.54 +9.68°
Training (n =20) 48.06 + 12.31° 4744 +7.72° 46.57 +6.68% 4153+ 11.67°
P-values NS * * NS
Muscle glycogen (mg/g) Non-training (n = 20) 0.11+0.06" 0.10+0.03% 0.07 £0.04° 0.06 +0.12°
Training (n =20) 0.33+0.23% 0.29+0.08° 0.27 +0.12% 0.23+0.15°

P-values

Y BE: before-exercise, DE-0.5: exercise for 30 min, DE-1: exercise for 1h, DE-2: exercise for 2h

4 Group means and standard deviations were presented, ANOVA was used to compare mean between groups and Duncan's multiple range test (SAS Institute, Cary, NC)
was used to determine group was different from each other with in row, 7 value <0.05 was considered to be significant,

9 Significant difference between non-training group and training group at 2<0,05 by t-test,

Table 3. Effects of physical training on the lactate levels of plasma

BE" DE-0.5 DE-1 DE-2
Plasma lactate (mmol/l) Non-training (n = 20) 2.31+0.77% 497 +0.84° 3.87 £0.67* 3.65+0.83°
Training (n = 20) 2.42+0.96° 3.32+0.73% 3.75+1.94° 3.64 +0.53
P-values NS =) NS NS

' BE: before-exercise, DE-0.5: exercise for 30 min, DE-1: exercise for 1h, DE-2: exercise for 2h

3 Group means and standard deviations were presented, ANOVA was used to compare mean between groups and Duncan's multiple range test (SAS Institute, Cary, NC)
was used to determine group was different from each other with in row, P value <0,05 was considered to be significant,

9 Significant difference between non-training group and training group at A<0.05 by t-test,

Table 4. Effects of physical training on the free fatty acid and liver and muscle triglyceride levels

BE" DE-0.5 DE-1 DE-2

Plasma FFA (uEq/dl) Non-training (n = 20) 453.49 + 34.39° 433.62 +53.26" 538.25 + 44.35° 532.69 + 24.25°
Training (n = 20) 512.74 + 35.80° 549.16 + 76.55 586.13 + 64.65° 587.13 £ 44.75°
P-values *3) * * *

Liver triglyceride (mg/g) Non-training (n =20) 314.71£74.13 428.25 +55.11 358 £38.70 428.25+55.11
Training (n = 20) 285.86 + 82.22 317.33+76.07 251.75+75.49 317.33£76.07
P-values * * * *

Muscle triglyceride (mg/g) Non-training (n =20) 54.5+10.79° 47.86+9.18° 44.86 +6.64° 43.56 +7.55
Training (n = 20) 55.11 +12.11° 4943 +11.91° 42.81+8.15° 41.83+8.18°
P-values NS NS * *

' BE: before-exercise, DE-0.5: exercise for 30 min, DE-1: exercise for 1h, DE-2: exercise for 2h

3 Group means and standard deviations were presented, ANOVA was used to compare mean between groups and Duncan's multiple range test (SAS Institute, Cary, NC)
was used to determine group was different from each other with in row, P value <0,05 was considered to be significant,

9 Significant difference between non-training group and training group at A<0.05 by t-test,

group in BE and DE-2. The liver glycogen levels in DE-2 were
significantly lower than BE, DE-0.5 and DE-1 in the non-training
group, and the training group. The lactate levels were higher
in DE-0.5 in the non-training group, while the levels increased
in DE-2 in the training group.

Lipid utilization

Table 4 shows the effects of physical training on the levels
of plasma FFA and triglyceride levels of liver and muscle. Plasma
FFA levels were significantly higher in the training group than
the non-training group. FFA levels were increased in DE-0.5 in
the training group and in DE-1 in the non-training group. Liver
triglyceride levels of the training group were lower than those

of the non-training group in BE, D-30, DE-1 and DE-2. However,
muscle triglyceride levels of the training group were significantly
lower than those of the non-training group in DE-1 and DE-2.

Protein utilization

Table 5 shows the effects of physical training on the protein
levels of plasma, liver and muscle. Plasma and muscle protein
levels of the training group were not significantly different from
those of the non-training group in BE, DE-0.5 DE-1 and DE-2.
Liver protein levels of the training group were not significantly
different from those of the non-training group in BE, DE-0.5
and DE-1, but were significantly higher than those of the
non-training group in DE-2.
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Table 5. Effects of physical training on plasma, liver and muscle protein levels.

BE" DE-0.5 DE-1 DE-2
Plasma Protein (mg/dl) Non-training (n =20) 8.14 +0.367 7.98+0.83 7.16+1.94 6.84 +1.92
Training (n =20) 75+0.77 8.13+0.84 7.98 +£0.65 7.49+0.94
P-values NS® NS NS NS
Liver Protein (mg/g) Non-training (n = 20) 3.87+1.11°% 4.07 £1.65° 3.78 £0.97° 3.32+0.92°
Training (n =20) 3.76 +1.45% 4.04+2.14° 4.01 £1.50° 3.54+0.85°
P-values NS NS NS *
Muscle Protein (mg/g) Non-training (n =20) 1.45+0.19 14+0.11 1.32+0.21 1.33+0.11
Training (n =20) 1.37+£0.13 1.525+0.23 1.48+0.30 1.43+0.18
P-values NS NS NS NS

Y BE: before-exercise, DE-0.5: exercise for 30 min, DE-1: exercise for 1h, DE-2: exercise for 2h

4 Group means and standard deviations were presented, ANOVA was used to compare mean between groups and Duncan's multiple range test (SAS Institute, Cary, NC)
was used to determine group was different from each other with in row, 7 value <0.05 was considered to be significant,

9No significant difference between non-training group and training group at ~<0.05 by t-test,

Table 6. Effects of moderate physical training on superoxide dismutase (SOD) and catalase activities, the ratio of reduced glutathione to oxidized glutathione

(GSH/GSSG) and malondialdehyde (MDA) concentrations

BE" DE-0.5 DE-1 DE-2
SOD (U/mg protein) Non-training (n = 20) 84.57 + 1.36™ 84.16£3.16° 86.33 +3.98° 72.65+4.32°
Training (n = 20) 93.54 +3.80° 89.25+3.23° 94.46 + 4.56° 81.25+3.45°
P-values *3) * * *
Catalase (U/mg protein) Non-training (n = 20) 15.45 + 4.03° 8.26 +5.01° 7.63+3.68° 7.25+532°
Training (n = 20) 11.54+£2.25 12.64+2.32 10.75+2.95 9.25+4.07
P-values * * * *
GSH/GSSG Non-training (n = 20) 14.5+2.54° 14.56 + 3.21° 13.25+3.34% 10.32+2.35°
Training (n = 20) 17.69+4.21° 17.77 £+ 5.62° 15.81+3.15® 9.81+4.25°
P-values * * * NS
MDA (n mol/mg protein) Non-training (n = 20) 0.57 +0.06" 0.60+0.33" 0.87 +0.04* 0.88 +0.05%
Training (n = 20) 0.63+0.12° 0.62 +0.08° 0.73+0.05° 0.85+0.08
P-values NS NS * *

) BE: before-exercise, DE-0.5: exercise for 30 min, DE-1: exercise for 1h, DE-2: exercise for 2h

4 Group means and standard deviations were presented, ANOVA was used to compare mean between groups and Duncan's multiple range test (SAS Institute, Cary, NC)
was used to determine group was different from each other with in row, 7 value <0.05 was considered to be significant,

9 Significant difference between non-training group and training group at <005 by t-test,

Anti-oxidative defense system

Table 6 shows the effects of physical training on catalase
activities. Catalase activities of the training group were signi-
ficantly lower in BE, but higher in DE-0.5, DE-1 and DE-2 than
those of the non-training group. This was because catalase
activities of the non-training group were significantly decreased
in DE-0.5, while those of training group were not changed in
DE-0.5 and DE-1. As shown in Table 3, the SOD activities of
the training group were significantly higher than those of
non-training group in BE as well as in DE-0.5, DE-1 and DE-2.
SOD activities were not changed in BE, DE-0.5 and DE-1 in
either the training group or the non-training group, but they were
significantly lower in DE-2 in both groups. Table 4 shows the
effects of moderate physical training on the GSH/GSSG ratio.
The GSH/GSSG ratio of the training group was significantly
higher in BE, DE-0.5 and DE-1 but was not significantly different
in DE-2. Table 5 shows the effects of moderate physical training
on liver MDA levels. There were no differences between the

non-training group and training group in BE or DE-0.5. MDA
levels were increased in DE-1 and DE-2.

Discussion

This study showed that physical training had a positive effect
on utilization of fuel, lactate levels and antioxidative status under
different durations of exercise (BE, DE-0.5 and DE-1). However,
moderate physical training could not support two hours of
vigorous exercise (DE-2).

Higher levels of muscle glycogen were observed regardless
of exercise, and higher levels of liver glycogen were observed
in BE, DE-0.5 and DE-1 in the training group relative to the
non-training group, however, no differences were observed in
the DE-2 groups. These findings indicate that moderate physical
training resulted in the animal adapting to store more glycogen
and reduce glycogen depletion for one hour [1]. The plasma
glucose levels of the training group were not significantly different
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among the BE, DE-0.5, DE-1 and DE-2 groups. However, in
the non-training group, the glucose level of DE-2 was signi-
ficantly lower than that of other groups. These findings indicate
that decreased liver glycogens were associated with low glucose
levels in the non-training group. There were no differences in
plasma and muscle protein levels between the non-training group
and the training group, regardless of exercise, but liver protein
in DE-2 of the non-training group was significantly lower than
those of the other group. Liver protein appears to be a source
of energy during exercise for less than two hours in the non-
training group. It has been reported that, as endurance exercise
depletes endogenous carbohydrate stores, the body starts to
catabolize protein for energy; therefore, it is eventually converted
to glucose [14,15]. When exercise is started, energy turnover
increases with rapid mobilization and oxidation of both
carbohydrates and lipids stored within contracting muscle, and
increased fat oxidation is most important in low intensity exercise
[16,17]. The plasma FFA levels of the training group were
significantly higher than those of non-training group, indicating
that the training group might efficiently consume FFA as a fuel
source [1]. Intramuscular fat utilization could also be a good fuel
sources during prolonged exercise, and increased content and use
of muscle triglyceride may be the primary adaptive mechanism
underlying the greater capacity of trained muscle to oxidize FFA
to energy during exercise [18]. A relative increase in the
availability of free fatty acids during exercise has been shown
to delay the onset of exhaustion [19], and maintaining adequate
fuel stores helps prevent fatigue during exercise [20]. Moreover,
it has been shown that physical training does not alter the
maximum lactate steady state, but shifts it to a higher exercise
intensity [2]. This likely leads to lower lactate production for
the same relative and absolute workload [21] and/or increased
blood lactate removal [22,23] in trained animals. Therefore blood
lactate concentrations are not the only a result of lactate release,
since there are several pathways for blood lactate removal [2].
The liver appears to play an important role, using lactate as a
substrate for glucose production by means of gluconeogenesis
[24,25]. The heart is another organ that contributes to blood
lactate removal since it uses lactate as an energy source [26],
but skeletal muscle itself seems to play the major role in lactate
removal during and after exercise [22,23,25]. In this study lactate
levels increase in DE-0.5 in non-training groups, while they
increased in DE-1 in trained groups, indicating that physical
training delayed the increase of lactate levels. These results
suggested that moderate physical training may delay the onset
of fatigue and improve usage of energy by facilitating the
mobilization and oxidation fat and conserving limited carbohy-
drate stores. However, moderate physical training cannot lead
to sufficient storage of energy sources to support two hours of
exercise.

The catalase activities of the training group were significantly
lower in BE, but higher in DE-0.5, DE-1 and DE-2 than those
of the non-training group. These findings are consistent with

those of a previous study. It has been suggested that, in training
group, exercise-induced oxidative stress did not affect the
catalase activities [3]. In the present study, the SOD activities
of the training group were significantly higher than those of the
non-training group, but in DE-2, SOD activities decreased to the
same levels as in the non-training group. The GSH/GSSG ratios
of the training group were significantly higher in DE-0.5, DE-1
and DE-2, but not in BE. MDA levels increased in DE-1 and
DE-2 in the training group, suggesting that moderate physical
training, and repetition of short-term generation of increased
vascular oxidative stress; induced an increase in antioxidative
enzyme activity and antioxidant status, but did not lead to a
significant change in liver MDA levels. These results indicate
that moderate physical training can activate antioxidant defenses,
but that moderate physical training cannot effectively provide
defense against free radicals during two hours of exercise.
Accordingly, moderate physical training may improve exercise
performance by facilitating the mobilization and oxidation of fat
and conserving limited carbohydrate store. Additionally, moderate
physical training may delay the onset of fatigue associated with
low lactate levels and enhance antioxidative defense systems, but
these effects will not last for two hours of vigorous exercise.
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