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Abstract The purpose of this study was to investigate
whether vitamin C supplementation prevents high-intensity
intermittent endurance training-induced mitochondrial
biogenesis in the skeletal muscle. Male Wistar-strain rats
were assigned to one of five groups: a control group,
training group, small dose vitamin C supplemented training
group, middle dose vitamin C supplemented training
group, and large dose vitamin C supplemented training
group. The rats of the trained groups were subjected to
intense intermittent swimming training. The vitamin C
supplemented groups were administrated vitamin C for the
pretraining and training periods. High-intensity intermittent
swimming training without vitamin C supplementation
significantly increased peroxisome proliferator-activated
receptor-y coactivator-lo protein content and citrate syn-
thase activity in the epitrochlearis muscle. The vitamin C
supplementation did not alter the training-induced increase
of these regardless of the dose of vitamin C supplementa-
tion. The results demonstrate that vitamin C supplemen-
tation does not prevent high-intensity intermittent training-
induced mitochondrial biogenesis in the skeletal muscle.
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Introduction

Endurance training induces several adaptations in skeletal
muscle such as mitochondrial biogenesis, glucose trans-
porter 4 (GLUT4) expression, and angiogenesis [19]. The
coactivator peroxisome proliferator-activated receptor-y
coactivator-1a. (PGC-1a) is involved in these adaptations
[2, 19, 21, 23, 24, 32]. The expression and/or activation
of PGC-la are regulated by multiple intracellular sig-
naling, including AMP-activated kinase (AMPK), p38
MAPK, and Ca’*" [1, 10, 15]. Reactive oxygen species
(ROS) also regulate the PGC-1a expression in vitro [14,
27, 29]. The effects of ROS on endurance training-
induced adaptation of skeletal muscle have been evalu-
ated in vivo by antioxidant supplementation. Gomez-
Cabrera et al. [8] reported that vitamin C supplementa-
tion prevents the increase in endurance training-induced
protein and gene expression of PGC-la, nuclear respi-
ratory factor-1 (NRF-1), and mitochondrial transcription
factor A (mTFA) and protein expression of cytochrome
c. On the other hand, it was also reported that antioxi-
dant supplementation did not prevent the endurance
training-induced adaptation in skeletal muscle. Strobel
et al. [30] demonstrated that supplementation of vitamin
E and o-lipoic acid does not prevent the endurance
training-induced mitochondrial biogenesis but decreases
the baseline levels of mitochondrial biogenesis markers.
Higashida et al. [12] also reported that vitamin C and E
supplementation did not attenuate the swimming training-
induced increase in the expression of PGC-1a, GLUT4,
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and mitochondrial proteins such as ATP synthase, citrate
synthase (CS), and cytochrome oxidase IV (COXIV).
Therefore, the effects of antioxidant supplementation on
endurance training-induced adaptation in skeletal muscle
have not been elucidated because of differences in the
study design, such as the mode, intensity, or duration of
the training program, and the amount or type of the
antioxidants used and the length of supplementation.

High intensity intermittent exercise training increases
the CS and B-hydroxyacyl-CoA dehydrogenase (B-HAD)
activity to the same level as that obtained by low
intensity prolonged exercise training in humans and
rodents [4, 32]. Furthermore, acute high intensity inter-
mittent swimming exercise increases the PGC-1a protein
content to the same level as acute low intensity pro-
longed exercise [34]. Terada et al. [34] also demon-
strated that AMPK activity increased more by acute high
intensity intermittent exercise than by low intensity
prolonged exercise. These findings suggest that the cel-
lular signaling pathways are not activated to the same
level even if high intensity intermittent training and low
intensity prolonged training increase mitochondrial
enzyme activities to the same level. However, there are
currently no studies investigating the effects of antioxi-
dant supplementation on high intensity intermittent
training-induced mitochondrial biogenesis.

The purpose of this study was therefore to investigate
whether vitamin C supplementation prevents high-intensity
intermittent endurance training-induced mitochondrial
biogenesis.

Methods
Animals

Five-week-old male Wistar-strain rats (n = 34) were
purchased from CLEA Japan (Osaka, Japan). The ani-
mals were housed in a room with an 0800-2000/
2000-0800 hours light/dark cycle and fed a chow (MF;
Oriental Yeast) that contains vitamin C (4 mg/100 g) and
water ad libitum. The rats took about 0.76 mg vitamin C
per day from the diet. Room temperature was maintained
at 26 £ 2 °C. The animal use protocol was approved by
Animal Studies Committee of The University of Toku-
shima. The rats were assigned to one of five groups: a
control group (Con; n = 6), training group (Tr; n =7),
small dose vitamin C supplemented training group
(T 4+ 250VC; n = 6), middle dose vitamin C supple-
mented training group (T 4 500VC; n = 7), and large
dose vitamin C supplemented training group (T +
750VC; n =17).
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Vitamin C supplementation

The rats in the T + 250VC, T + 500VC, and T + 750VC
groups were given 250, 500, and 750 mg ascorbic acid/kg
body weight/day, respectively. The dose of 500 mg ascorbic
acid/kg/day has been reported to prevent the training-
induced mitochondrial biogenesis [8]. The rats in the vitamin
C supplementation groups were given the ascorbic acid for a
total of 6 weeks. During a 2-week pre-training period, they
were given ascorbic acid dissolved in their drinking water. In
the 4-week training period, they were administered ascorbic
acid solution with a feeding needle 1 h before each training
session. They were given the ascorbic acid until 24 h before
the dissection. They were also allowed to have free access to
drinking water containing no ascorbic acid. The rats of the
Con and Tr groups were given water ad libitum for the
6-week period. Furthermore, in the training period, they were
administered water with a feeding needle 1 h before each
training session.

Training protocol

High intensity intermittent swimming training was
employed for this study. The study used the training
protocol described by Terada et al. [33]. The T 4+ 250VC,
T 4 500VC, and T + 750VC groups repeated a 20-s
swimming bout which progressively increased from 3 to
12 times, with a weight equivalent to 8 % of their body
weight. Ten seconds for recovery was allowed between
each swimming bout. Each of the trained rats swam alone
in a barrel filled with water to a depth of 50 cm and the
water temperature was maintained at 35 °C. The training
lasted for 4 weeks with a frequency of 5 days per week.
For the first 2 weeks, the exercise bouts were increased
by 1 time/day from 3 up to 12 times. For the last
2 weeks, the exercise bouts of 12 times/day were
maintained.

Tissue preparation

Blood samples were collected from tail vein 2 weeks after
the onset of vitamin C supplementation. In addition, blood
samples were obtained from the tail vein immediately after
the last exercise bout on the 11th training session, to
evaluate the effect of the acute high-intensity intermittent
exercises on plasma lactate. Blood samples were centri-
fuged at 980 xg for 3 min. Then, plasma samples were
stored at —34 °C for later analysis.

All rats were anesthetized with the sodium pentobarbital
(40 mg/kg) 48 h after the last training session, to avoid the
effect of the acute exercise. The epitrochlearis muscle was
excised. The muscle was frozen in liquid nitrogen and
stored at —50 °C until analysis.
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Analysis of blood samples

Vitamin C concentration of the plasma obtained after
2 weeks vitamin C supplementation was measured using
the method described by Benzie and Strain [3]. Plasma
lactate concentration was measured using Lactate Reagent
(Trinity Biotech).

Measurement of skeletal muscle enzyme activity

The frozen epitrochlearis muscles were homogenized in
ice-cold 0.17M phosphate buffer (pH 7.4) containing
0.05 % BSA. Citrate synthase (CS) and lactate dehydro-
genase (LDH) activity of the epitrochlearis muscle were
measured according to the methods of Srere [28] and Green
et al. [9], respectively.

Western blotting

The frozen muscle samples were homogenized in ice-cold
homogenizing buffer (25 mM HEPES, 250 mM sucrose,
2 mM EDTA, 0.1 % Triton X-100, and 1 tablet per 50 mL
Complete Protein Inhibitor Cocktail Tablet, pH 7.4) as
described by Suwa et al. [31]. The homogenate was cen-
trifuged at 400 x g for 10 min at 4 °C. The protein content
of supernatants was measured by using the Pierce® BCA
Protein Assay (Thermo). Aliquots were diluted with
homogenizing buffer to 5.5 mg/mL protein. Samples were
then mixed with sample buffer (137.7 mM Tris—HCI,
2.754 % SDS, 27.54 % glycerol, 16.52 % 2-mercap-
toethanol, and 0.0055 % bromophenol blue, pH 6.8) to
3.5 mg protein/mL and heated at 60 °C for 10 min. Ali-
quots of samples were separated by electrophoresis on
10 % SDS—polyacrylamide gels and then transferred to
polyvinyl difluoride (PVDF) membranes. The membranes
were blocked for 1 h at room temperature in 1x blocking
buffer (Sigma). Blots were then incubated in the blocking
buffer containing rabbit polyclonal primary antibody
against PGC-la (AB3242; Millipore). The blots were
washed with a wash buffer (PBS-0.1 % Tween 20) at room
temperature and further incubated for 30 min with a sec-
ondary alkaline phosphatase (AP)-conjugated goat anti-
rabbit antibody (Sigma-Aldrich). The blots were washed
and developed by using the alkaline phosphatase conjugate
substrate kit (Bio-Rad) and the density of the bands was
determined using Image]J software.

Statistical analysis

The data are presented as mean + SE. A one-way analysis
of variance (ANOVA) was used (Jandel Sigma Stat) to
compare the difference among the groups. Bonferroni’s
post hoc test was conducted to determine the significance

among the means if ANOVA indicated a significant dif-
ference. Statistical significance was defined as P < 0.05.

Results

Plasma ascorbic acid concentration and nonenzymatic
antioxidant capacity after 2 weeks vitamin C
supplementation

The plasma ascorbic acid concentration in the rats of all of
the vitamin C supplemented groups was higher in com-
parison to that of no vitamin C supplemented group
(P < 0.05; Fig. 1).
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Fig. 1 Plasma vitamin C concentration 2 weeks after the onset of
vitamin C supplementation. Values are presented as the mean + SE.
*P < 0.05 significantly different from the control group
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Fig. 2 Peroxisome proliferator-activated receptor-y coactivator-lo
(PGC-1a) protein content in rat epitrochlearis muscles taken 48 h
after the last training session. Values are presented as the mean + SE.
*P < 0.05 significantly different from the control group
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Fig. 4 Plasma lactate concentration immediately after the last
exercise bout on the 11th training session. Values are presented as
the mean £+ SE. *P < 0.05 significantly different from the control
group

PGC-1a protein content after training

The training significantly increased the PGC-la protein
content in the epitrochlearis muscle (P < 0.05; Fig. 2).
However, vitamin C supplementation did not alter the
training-induced increase of PGC-la protein content
regardless of the dose of vitamin C supplementation
(Fig. 2).

Skeletal muscle enzyme activity

The training significantly increased CS activity of the
epitrochlearis muscle (P < 0.05; Fig. 3a). However, vita-
min C supplementation did not alter the training-induced
increase in CS activity regardless of the dose of vitamin C
supplementation (Fig. 3a). Neither the training nor vitamin
C supplementation altered LDH activity of the skeletal
muscle (Fig. 3b).
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Blood lactate concentration after acute exercise

The plasma lactate concentration was elevated to 17.6 mM
immediately after the acute high-intensity intermittent
exercise in all the training groups. The plasma lactate
concentration of all the training groups was significantly
higher in comparison to that of the control group
(P < 0.05; Fig. 4).

Discussion

This study attempted to reveal the effects of vitamin C
supplementation on high intensity intermittent swimming
training-induced mitochondrial biogenesis in the skeletal
muscle. The main findings of this study were that vitamin
C supplementation did not prevent high intensity inter-
mittent training-induced increase of PGC-1la protein con-
tent and CS activity regardless of the dose of vitamin C
supplementation.

The characteristics of high-intensity intermittent
swimming training

The rats of the training groups in the current study worked
on high intensity swimming training. It has been reported
that this training model induces increase in PGC-1a protein
content, CS and B-HAD activity, and GLUT4 protein
content in rat skeletal muscle [4, 7, 33]. ROS generation is
suggested to increase with the exercise employed for the
present training study. The following findings obtained
support that suggestion: the acute high intensity intermit-
tent swimming exercise elevated the plasma lactate con-
centration to 17.6 mM. Exogenously added lactate
accelerates H,O, production in vitro [11]. Recently, Hi-
gashida et al. [12] evaluated the effects of antioxidant
supplementation on low intensity prolonged swimming
training-induced adaptation in rat skeletal muscle.
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However, low intensity swimming exercise differs from
high intensity swimming exercise in the ROS production or
the increase of oxidative stress during the exercise. Low
intensity prolonged swimming exercise does not alter the
blood lactate concentration (data not shown). Furthermore,
Higashida et al. [12] showed that increased plasma mal-
ondialdehyde (MDA) concentration following low inten-
sity swimming exercise is inhibited by antioxidant
supplementation. These findings suggested that ROS pro-
duction during low intensity swimming exercise is smaller
than the production during high intensity swimming
exercise.

The effects of vitamin C supplementation
on training-induced adaptation in skeletal muscle

The results of this study indicate that vitamin C supple-
mentation, irrespective of doses used, does not alter the
training-induced increases in PGC-1a protein content and
CS activity. The increase in CS activity is suggested to be
attributable to an augmented mitochondrial biogenesis,
because CS activity can be employed as a marker of
mitochondrial volume density of the skeletal muscle [13,
25].

PGC-1a is a master regulator of mitochondrial biogen-
esis [17, 36]. PGC-la binds transcription factors and
enhances their transcriptional activity for both nuclear-
encoded and mitochondria-encoded mitochondrial proteins
[35]. PGC-1a also enhances the transcriptional activity of
myocyte enhancer factor 2 (MEF2), which is transcrip-
tional factor for PGC-1a itself [10, 37]. Moreover, PGC-1a
is activated by phosphorylation with AMPK, p38MAPK, or
deacetylation with SIRT1 [1, 15, 18].

ROS may be involved in the activation and/or expres-
sion of PGC-1a via AMPK or p38 MAPK activation [14,
16]. Therefore, it is likely that the significantly increased
CS activities observed in all the training groups of the
current study arose from the augmentation of the activity
and protein content of PGC-10a via the activation of AMPK
or p38MAPK by ROS.

It is also likely that the signaling pathway involving
ROS activated PGC-1a or increased PGC-1a protein con-
tent in the skeletal muscle of the trained rats during the
high intensity intermittent training with or without vitamin
C supplementation, thus leading to an augmentation of the
mitochondrial biogenesis reflected as CS activities over the
control. It should be emphasized that the co-involvement of
ROS independent signaling cannot be ruled out, consider-
ing the importance of redundancy in the adaptation
mechanism for survival.

The reason why vitamin C supplementation of any
doses had no significant influence on the training-induced
increase in mitochondrial biogenesis is not known.

However, it is suggested that even the highest dose of
vitamin C supplementation could not provide sufficient
antioxidative protection on the epitrochlearis muscle from
incurring oxidative stress. Therefore, ROS produced seem
to stimulate intracellular signalings leading to mitochon-
drial biogenesis under vitamin C supplementation. The
insufficient antioxidant protection may arise from the
difficulty in raising intramuscular vitamin C concentration
to sufficiently high level for suppressing oxidative stress.
This contention is supported by the finding of this study
shown in Fig. 1 that the vitamin C supplementation sig-
nificantly elevated plasma vitamin C level over the con-
trol at low dose (250 mg/kg/day); however, at higher
doses (500, 750 mg/kg/day) it did not further elevate the
vitamin C level beyond that attained with low dose. No
significant further elevation of plasma vitamin C level at
higher doses is thought to be due to increased excretion of
vitamin C into urine [5]. Furthermore, vitamin C is
required to be transported from extracellular sources into
muscle cells by two types of transporters: sodium-
dependent vitamin C co-transporter SVCT2 for ascorbate
transport and facilitative hexose transporter GLUT-4 for
dehydroascorbic acid transport [26]. These transporters
are expressed higher in slow-twitch fibers than in fast-
twitch fibers [6, 20]. The reported studies suggest that the
epitrochlearis muscle, a typical fast-twitch muscle com-
posed of 85 % of fast-twitch fibers and 15 % of slow-
twitch fibers, is poorly equipped with the vitamin C
transporters [22].
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