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ABSTRACT

FURRER, R., A. DE HAAN, N. BRAVENBOER, D. KOS, P. LIPS, and R. T. JASPERS. Effects of Concurrent Training on Oxidative

Capacity in Rat Gastrocnemius Muscle. Med. Sci. Sports Exerc., Vol. 45, No. 9, pp. 1674–1683, 2013. Purpose: Training for im-

provement of oxidative capacity of muscle fibers may be attenuated when concurrently training for peak power. However, because of fiber

type-specific recruitment, such attenuation may only account for high-oxidative muscle fibers. Here, we investigate the effects of concurrent

training on oxidative capacity (as measured by succinate dehydrogenase (SDH) activity) by using task-specific recruitment of the high-

and low-oxidative compartment of rat medial gastrocnemius muscle (GM). Methods: Forty rats were subjected to 6 wk of peak power

training (PT, n = 10), endurance training (ET, n = 10), concurrent peak power and endurance training (PET, n = 10), or no training

(control, n = 10). SDH activity, mRNA expression of SDH, peroxisome proliferator-activated receptor-F coactivator 1> (PGC-1>),

receptor-interacting protein 140, and BCL2/adenovirus E1B 19 kDa-interacting protein 3 as well as PGC-1> protein levels were analyzed

in the low- and high-oxidative region of the GM. Results: In the low-oxidative compartment, PT and PET induced a 30% decrease in

SDH activity of Type IIB fibers compared with controls and ET (P G 0.001) without changes in mRNA or protein levels. In the high-

oxidative compartment, after ET, SDH mRNA levels were 42% higher and RIP140 mRNA levels 33% lower compared with controls,

which did not result in changes in SDH activity. Conclusion: These results indicate that in compartmentalized rat GM, peak power on top

of endurance training attenuated transcription of mRNA for mitochondrial proteins in high-oxidative muscle fibers. In low-oxidative

Type IIB fibers, peak power training substantially decreased SDH activity, which was not related to lower SDH mRNA levels. It is concluded

that PT and PET enhanced mitochondrial degradation in the low-oxidative compartment of rat GM. Key Words: STRENGTH TRAINING,

RESISTANCE EXERCISE, ENDURANCE EXERCISE, FIBER TYPE, SDH ACTIVITY, MITOCHONDRIAL BIOSYNTHESIS

S
keletal muscle has the ability to undergo large adap-
tations in muscle size or oxidative capacity, which is
evident from the difference in muscle phenotype of

power and endurance athletes. However, many sports ath-
letes require both high peak power and endurance and,
hence, concurrent training for peak power and endurance
is indicated. Comparison of size and oxidative capacity of
different types of muscle fibers over a wide range of species
has shown that muscle fiber size and the average mito-
chondrial enzyme activity per unit of volume are inversely
related (28). This inverse relationship suggests that limitation

of oxygen diffusion within a muscle fiber causes a size
constraint and that an increase in mitochondrial density and
muscle fiber hypertrophy are mutually exclusive (30).

This relationship implies that performing peak power and
endurance training concurrently (further called concurrent
training) may result in both an attenuated increase in maxi-
mal force and oxidative capacity. Indeed, in healthy young
men and women, concurrent training attenuates the increase
in maximal muscle force compared with strength training
only (9,12,15). Such interaction effects are conceivable from
recent insights that signaling pathways for protein synthe-
sis and mitochondrial biosynthesis are distinct and interfere
with one another (1,2,5,30). However, when humans were
subjected to concurrent training, the increase in whole-body
oxidative capacity (measured as V̇O2max) does not seem
limited compared with endurance training only (9,12,15,22,
23,25). Recently, additional resistance exercise on top of
endurance exercise even enhanced the transcription of sev-
eral genes involved in mitochondrial biosynthesis (i.e., peroxi-
some proliferator-activated receptor-F coactivator 1> (PGC-1>),
PGC-1-related coactivator and pyruvate dehydrogenase ki-
nase 4) compared with endurance exercise only (31). However,
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this was only shown after a single bout of exercise, and it is
unknown whether in the long term, this results in an in-
creased oxidative capacity of muscle fibers. These concurrent
training effects are not in line with predictions according to
the inverse relationship between fiber size and oxidative
capacity (30). This discrepancy raises the question whether
the reported increase in V̇O2max after concurrent training
(9,12,15,22,23,25) is explained by an increase in the oxi-
dative capacity of muscle fibers although maintaining their
size or whether other mechanisms are involved.

A possible explanation for how concurrent peak power
and endurance training may increase muscle oxidative ca-
pacity without whole muscle atrophy is by using training-
specific recruitment of different muscle fibers. Generally,
during low-intensity endurance exercise, high-oxidative
muscle fibers (Types I and IIA) are mainly recruited, whereas
during peak power training, larger low-oxidative fibers (Types
IIX and IIB, the latter only in rodents) are mostly responsi-
ble for the generated power (7). Human studies are usually
performed on whole muscle function or homogenized pro-
tein extracts and, as such, may not take into account muscle
fiber type-specific effects of training. As basal expression
levels of oxidative genes differ between high- and low-
oxidative muscles (17,26,30), effects of concurrent training
for peak power and endurance may apply to different sub-
sets of muscle fibers. How concurrent training affects the
oxidative capacity of different muscle fiber types within
one muscle is not well known. Therefore, the overall aim of
this study was to investigate the effects of concurrent train-
ing on muscle fiber oxidative capacity using task-specific
recruitment of high- and low-oxidative muscle fibers within
one muscle.

The rat medial gastrocnemius muscle (GM), which is
a major calf muscle, is a compartmentalized muscle and
composed of a high- and low-oxidative compartment, which
are recruited according to specific tasks (6,7). During low-
intensity activities, the high-oxidative compartment is active,
whereas only during high-intensity activities, the low-
oxidative compartment consisting of Types IIX and IIB fi-
bers is recruited (7). Besides its important function in
plantarflexion and the easily distinguishable compartments,
such task-specific recruitment in rat GM allows investiga-
tion of fiber type-specific effects of concurrent training
within one muscle. Here, we investigated 1) how in com-
partmentalized GM basal levels of succinate dehydrogenase
(SDH) activity are related to key regulators of mitochondrial
biosynthesis and 2) how, by using task-specific recruitment
of the high- and low-oxidative compartment, concurrent
training changes the oxidative capacity and the key regula-
tory factors. Quantification of SDH activity, using calibrated
histochemistry, was used as a measure for muscle fiber ox-
idative capacity (3,8,29). This SDH activity measure has
been shown to be proportional to V̇O2max of isolated muscle
fibers under hyperoxic conditions (8,29). For the second aim
of this study, we hypothesized that in the low-oxidative
compartment of GM, concurrent training and peak power

training induce similar changes in SDH activity, and in the
high-oxidative compartment of GM, concurrent peak power
and endurance training attenuates the increase in SDH ac-
tivity compared with endurance training only.

MATERIALS AND METHODS

Animal care and experimental design. The experi-
ment was approved by the Animal Experiments Committee
of the VU University Amsterdam, and animals were kept
according to the guidelines of animal care. The study was
conducted with 40 female Wistar rats at the age of 10 wk
with food and water provided ad libitum. The rats were
subjected to either peak power training (PT, n = 10), en-
durance training (ET, n = 10), concurrent peak power and
endurance training (PET, n = 10), or no training (control,
n = 10). To train the rats during their active period of the
day, the 12-h light/12-h dark cycle was reversed. During a
3-wk acclimatization period, rats of the training groups
were familiarized with running on a motor-driven tread-
mill. After this, the 6-wk training period started, during
which the rats of the PT and ET group performed five
training sessions per week (one session per day) and the
PET group performed 10 training sessions per week (two
sessions per day). For studying effects on bone minerali-
zation (not reported here) 9 and 2 d before sacrificing, a
very small dose of tetracycline (25 mgIkgj1) was injected
intraperitoneally. To standardize for the gene expression
and exclude acute training effects, the last training was
performed approximately 22 h before sacrificing (peak
power training for the PT group and endurance training for
the ET and PET group).

Training protocols and maximal running perfor-
mance tests. Peak power training consisted of 10 sprints
of 15 s at maximal attainable velocity with 3 min of rest
between the sprints and was performed on a treadmill with
progressively increasing slope up to 40%. Once in gallop,
resembling explosive jumps of the hind limbs, the speed of
the treadmill was increased up to a velocity at which the rat
could just keep up. Jump-like exercises, consisting of short
and powerful contractions at a high velocity, were shown to
increase maximal leg extensor muscle force in humans (21).
For inclusion in this study, during at least four training
sessions per week, maximal velocities had to be achieved.
The endurance training consisted of treadmill running in
which the duration was increased progressively up to 45 min
after 6 wk, and the slope and velocity were increased pro-
gressively up to 10% and 26 mIminj1 (trotting), respec-
tively. The PET group performed both training sessions on
the same day with 8-h rest in between. Rats unable to sustain
the training duration at the given inclination and speed
during three or more training sessions were excluded from
this study.

Maximal running performance was defined as either
maximal running velocity performed at a 40% inclination
for PT and PET or maximal running duration at 26 mIminj1

and 10% inclination performed for ET and PET (with a
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maximum of 1 h). Because treadmill running required prac-
tice, the control group did not perform the maximal running
velocity or duration tests to prevent measuring only learning
effects. For the same reason, the first maximal running per-
formance test was performed after 2 wk of training.

Histochemistry. After cutting cross-sections (10 Km
thick) from the middle of the GM, containing muscle fi-
bers from both the high- and low-oxidative compartments,
they were mounted on Vectabond (Vector Laboratories,
Burlingame, CA)-coated slides. Sections to be stained for
SDH were air-dried for 15 min and immediately assayed
(see succeeding part of this article). The other sections were
stored in j80-C for further analysis.

For SDH staining, the sections were first incubated for
15 min at 37-C in 37 mM sodium phosphate buffer (pH 7.6),
74 mM sodium succinate, and 0.4 mM tetranitroblue tetra-
zolium and then 3 s in 0.01 M HCl to stop the reaction (29).
To determine the different fiber types (Types I, IIA, IIX, and
IIB) in both compartments, sections were air-dried and
stained for myofibrillar adenosine triphosphatase (ATPase)
using acid (pH 4.625 for 10 min at room temperature) or
alkaline (pH 10.4 for 20 min at 37-C) preincubation
(4,10,18). In both high- and low-oxidative compartments,
muscle fibers (a minimum of 250 fibers) were classified by
eye into the four types according to their staining charac-
teristics for myofibrillar ATPase. Fiber type distribution was
determined on the basis of these counts.

For each fiber type, SDH activity was determined by
measuring the absorbance values at 660 nm (A660) using the
20� objective of a DMRB microscope (Leica, Wetzlar,
Germany). Calibrated images were recorded with a Sony
XC-77CE camera (Towada, Japan) connected to an LG-3
frame grabber (Scion, Frederick, MD) in an Apple Power
Macintosh computer. Recorded images were analyzed with
ImageJ 1.44p (National Institutes of Health, Bethesda, MD).
SDH activity was expressed as A660 per micrometer sec-
tion thickness and seconds of incubation (A660 Km

j1Isj1).
Morphometry was calibrated using a slide micrometer and
the set scale option in ImageJ, taking the pixel-to-aspect
ratio into account.

For each rat, SDH activity and fiber cross-sectional area
(FCSA) per fiber type per compartment were determined by
averaging the absorbance and FCSA of 20 fibers. Average
SDH activity for the high- and low-oxidative compartments
was determined by taking into account the fiber type distri-
bution as well as the FCSA and SDH activity per fiber type.

Quantitative polymerase chain reaction. RNA was
extracted from the proximal (high oxidative) and distal (low
oxidative) ends of GM. RiboPure kit (Applied Biosystems,
Foster City, CA) was used to isolate RNA from the muscle
tissue according to the manufacturer’s protocol. RNA con-
centration and purity (260/280-nm mean ratio, 2.03; range,
1.79–2.16) were measured using spectroscopy (NanoDrop
Technologies, Wilmington, DE). Using the high-capacity
RNA-to-cDNA kit (Applied Biosystems) containing random
primers in a 20-KL total reaction volume, 500 ng of total

RNA per muscle compartment was reverse transcribed. Tubes
were heated at 25-C for 5 min, followed by 42-C for 20 min.
Finally, to stop the reaction, the tubes were heated at 85-C for
5 min and stored at j80-C until used in the quantitative
polymerase chain reaction (PCR) (method described previ-
ously) (27). Expression levels of mRNA were assessed for
SDH, PGC-1>, receptor-interacting protein 140 (RIP140),
and BCL2/adenovirus E1B 19 kDa-interacting protein 3
(BNIP3) (see Table 1 for primer sequences). Melting curve
analysis showed specific amplification, and amplification
efficiencies of the primers used in this study ranged from
91.3% to 102%. Expression levels were expressed relative
to 18S using the 2j$Ct method. 18S was analyzed in tripli-
cate and the other samples in duplicate.

Protein isolation and Western blotting. For protein
extraction of the high- and low-oxidative compartments of
GM, 50 sections (20 Km thick) were cut from the proximal
and distal ends, respectively. The muscle tissue from both
regions was homogenized in ice-cold radioimmunoprecip-
itation assay buffer (Sigma-Aldrich, St. Louis, MO) con-
taining protease and phosphatase inhibitor cocktail tablets
(Roche, Mannheim, Germany). After centrifuging for 10 min
at 12,000 rpm at 4-C, the supernatant was stored at j80-C.
Protein concentrations were determined using the bicinchoninic
acid protein assay (Pierce, Rockford, IL). After denatur-
ing the samples in SDS-PAGE sample buffer for 5 min at
90-C, 5 Kg of protein was subjected to SDS-PAGE and
transferred to a nitrocellulose membrane (GE Healthcare,
Little Chalfont, UK). After this, the membrane was blocked
with 5% ECL Advance Blocking Agent (Amersham, GE
Healthcare) in tris-hydroxymethyl aminomethane with 0.01%
Tween 20, incubated overnight at 4-C with primary antibody
against PGC-1> corresponding to amino acid 777–797 (1:1000;
Calbiochem, Darmstadt, Germany) and actin (1:1000, Cell
Signaling Technology), and followed by a specific horseradish
peroxidase-conjugated polyclonal goat antirabbit secondary
antibody (1:2000, DakoCytomation). Enhanced chemilumi
nescence kit (ECL Advance, Amersham, GE Healthcare) was
used to detect the antibody. PGC-1> data were normalized
to actin.

Statistical analysis. SPSS version 18.0 (SPSS Inc.,
Chicago, IL) was used for data analyses. Differences be-
tween groups in maximal running velocity or duration were
tested using a mixed design two-way repeated-measures
ANOVA (time point of measurement � group). One-way
ANOVA with Bonferroni post hoc correction was performed

TABLE 1. Sequences of the specific primers used in the quantitative PCR analyses.

Target
mRNA

PCR Primer Sequence
5¶Y 3¶ Forward Reverse

18S rRNA CGAACGTCTGCCCTATCAACTT ACCCGTGGTCACCATGGTA
SDH CAGAGAAGGGATCTGTGGCT TGTTGCCTCCGTTGATGTTC
PGC-1> ATGAGAAGCGGGAGTCTGAA GCGCTCTTCAATTGCTTTCT
RIP140 TCAGGGCGAGACAGACGATACT CTTCTGCTCTTCGCCAAACGC
BNIP3 GTCACTTCCCAGGCCTGTCGC TACCCAGGAGCCCTGCAGGTTCT

PCR, polymerase chain reaction; SDH, succinate dehydrogenase; PGC-1, peroxisome
proliferator-activated receptor- coactivator 1; RIP140, receptor-interacting protein 140;
BNIP3, BCL2/adenovirus E1B 19 kDa-interacting protein 3.
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to test for differences in SDH activity and gene expression
between the four groups. Paired samples t-tests were per-
formed to test for differences in the high- and low-oxidative
compartment in the control situation. When data were not
normally distributed (mRNA expression of SDH, PGC-1>,
RIP140, and BNIP3 in the low-oxidative compartment),
Wilcoxon signed-rank tests were used to test for differences
between the high- and low-oxidative compartment of controls
and Kruskal–Wallis test was performed to test for differences
between the four groups. When a significant main effect was
observed, Mann–Whitney U-test was performed to test for
differences between groups. The P value was adjusted using
the Bonferroni correction method. The results are presented in
mean T SE. Significance was reported as P G 0.05.

RESULTS

In total, 30 rats were trained. Seven rats (one control,
three of the PT group, one of the ET group, and two of the
PET group) had to be excluded either because they did not
successfully complete the training or because of problems
with the tissue preparation. Therefore, the number of rats
used for the analyses was for controls (n = 9), PT (n = 7), ET
(n = 9), and PET (n = 8). Final body weight of the rats
included in this study (n = 33) was on average 256.6 T 2.8 g,
and this was not different between the four groups.

Effect of 6-wk training on maximal running per-
formance. Throughout the training period, maximal run-
ning velocity of PT and PET increased significantly by
13.5%, with no difference observed in the maximal running
velocity between the PT and PET group (Fig. 1A). Maximal
running duration of ET and PET increased significantly
throughout the training period (144% from week 2 to week
4 and 32% from week 4 to week 6). The increase was
similar for ET and PET (Fig. 1B).

Basel SDH activity and expression of regulatory
factors in the high- and low-oxidative compartment
of untrained rats. The high-oxidative compartment was
composed of 23.7% T 1.0% Type I, 22.0% T 1.7% Type IIA,
34.8% T 2.2% Type IIX, and 19.5% T 1.2% Type IIB fibers,
whereas the low-oxidative compartment contained only
Type IIX and Type IIB fibers (17.8% T 3.1% and 82.2% T
3.1%, respectively). To obtain insight in the mechanisms
underlying the differences in SDH activity between high-
and low-oxidative regions, we assessed the average SDH
activity per region as well as mRNA and protein levels of
key factors involved in mitochondrial biosynthesis. Because
FCSA and SDH activity differ substantially between fiber
types (Fig. 2A and B), average SDH activity per compart-
ment was calculated taking into account the fiber type dis-
tribution as well as the fiber type-related differences in
FCSA and SDH activity. Basal average SDH activity in the
high-oxidative compartment was 2.2-fold higher (P G 0.001)
than that in the low-oxidative compartment (Fig. 2C). Sim-
ilarly, SDH mRNA content was also 2.2-fold higher (P =
0.008) in the high- than that in the low-oxidative compart-
ment (Fig. 2E). The substantially higher SDH mRNA con-
tent in the high-oxidative compartment may be an effect
of higher expression levels of the regulatory coactivator
PGC-1> and/or lower levels of the corepressor RIP140. In-
deed, PGC-1> protein content was even 3.7-fold higher in
the high- compared with that in the low-oxidative compart-
ment (Fig. 2D, P G 0.001). For controls, PGC-1> mRNA
content was 1.5-fold higher (P = 0.011) in the high- com-
pared with the low-oxidative compartment of controls,
whereas RIP140 mRNA levels were similar in the two com-
partments (Fig. 2E). These results suggest that basal expres-
sion levels of mitochondrial enzymes within untrained GM
muscle fibers seem to be determined by PGC-1> levels
rather than by RIP140.

FIGURE 1—Effects of training on running performance. (A) Effects of peak power training (PT) alone and in combination with endurance training
(PET) are shown on maximum running velocity. (B) Effects of PET and endurance training (ET) alone are shown on maximal running duration. Rats
were trained for 6 wk, 5 dIwkj1, performing PT, ET, or PET. All values are mean T SE. *Significant difference (P G 0.05).
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Effect of 6-wk training on the low-oxidative
compartment of the GM. Within the low-oxidative
compartment, SDH activity of Type IIX fibers was lower
after PET compared with that in controls (P = 0.029),
whereas SDH activity of Type IIB fibers was substantially
lower after both PT and PET compared with that after ET
and in the control group (Fig. 3A, P G 0.001). The average
SDH activity of the low-oxidative compartment (taking into
account fiber type distribution, FCSA, and SDH activity)
after PT was 30% lower compared with that in controls
(Fig. 3B, P = 0.029). After PET, average SDH activity was
similar to that in the PT group. Because in the low-oxidative

compartment, FCSAs of both Type IIX and IIB fibers were
not significantly larger after peak power training compared
with those of controls (data not shown), it is suggested that
the reduction in SDH activity was not the result of muscle
fiber hypertrophy but likely caused by a reduction in SDH
activity per fiber. After training, SDH mRNA, PGC-1>
mRNA, and protein and RIP140 mRNA levels were un-
changed (Fig. 3C and D), suggesting that the observed de-
crease in SDH activity was likely not the result of a decrease
in rate of SDH mRNA transcription or translation. The
reduction in SDH activity seems to be due to an increase in
mitochondrial degradation. Therefore, we analyzed BNIP3

FIGURE 2—Basal SDH activity and expression levels of regulatory factors of mitochondrial biosynthesis in the high- and low-oxidative compartments
of controls. Differences in FCSA, SDH activity, and basal expression levels of protein and/or mRNA within the high-oxidative (HO, black bar) and low-
oxidative (LO, open bar) compartment of rat medial GM: (A) FCSA per fiber type; (B) SDH activity per fiber type; (C) average SDH activity (taking
fiber type distribution and fiber type specific FCSA and SDH activity into account); (D) PGC-1> protein content; and (E) mRNA expression of SDH,
PGC-1>, and RIP140. mRNA expression levels are expressed relative to 18S. Values are mean T SE. Protein and mRNA data are expressed relative to
the mean value of controls of the high-oxidative compartment. *Significant difference between the high- and low-oxidative compartment of controls
(P G 0.05).
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mRNA expression, which is involved in mitophagy (elim-
ination of mitochondria) (11). However, BNIP3 mRNA
levels in the low-oxidative compartment were not altered
after training.

Effect of 6-wk training on the high-oxidative
compartment of the GM. In the high-oxidative com-
partment, for any muscle fiber type, SDH activity was not

significantly altered by training (Fig. 4A). Only Type I fi-
bers showed a trend toward an increased SDH activity in
response to ET (P = 0.090). Average SDH activity in the
high-oxidative compartment (taking into account fiber type
distribution and fiber type-specific FCSA as well as SDH
activity) was unchanged after training (Fig. 4B), although
ET training resulted in 42% higher (P = 0.028) SDH mRNA

FIGURE 3—Effects of training on SDH activity and regulatory factors within the low-oxidative compartment of rat medial GM. Rats were trained for
6 wk, 5 dIwkj1, performing either peak power training (PT), endurance training (ET), or concurrent peak power and endurance training (PET).
Effects of PT, ET, or PET on (A) SDH activity per fiber type; (B) average SDH activity (taking into account fiber type distribution, fiber type-specific
FCSA as well as SDH activity); (C) PGC-1> protein content; and (D) mRNA expression levels of SDH, PGC-1>, RIP140, and BNIP3. mRNA
expression is relative to 18S. Protein and gene expression data are expressed relative to the mean value of the low-oxidative compartment of controls
(dashed line represents the control value set at 1). Values are mean T SE. Dashed line represents controls. HO, high-oxidative compartment; LO, low-
oxidative compartment. *Significant difference between groups (P G 0.05). In panel B: *Significantly different from controls.
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levels compared with those in controls (Fig. 4D). As in
control muscle, basal SDH mRNA levels were largely de-
termined by PGC-1> levels, we tested whether the increase
in SDH mRNA after ET was related to an increase in this
transcriptional coactivator. In response to training, PGC-1>
mRNA as well as protein content remained unchanged after
training (Fig. 4C and D). However, RIP140 mRNA content
was 33% lower in the ET group compared with that in
controls (P = 0.009), which was in the same order of
magnitude as the changes seen in SDH mRNA (Fig. 4D).

This suggests that the endurance training-induced decrease
in RIP140 mRNA may have contributed to the increase in
SDH mRNA after ET.

DISCUSSION

This study showed differential effects of peak power
training, endurance training, and a combination thereof on
mitochondrial gene expression and enzyme activity. The

FIGURE 4—Effects of training on SDH activity and regulatory factors within high-oxidative compartment of rat medial GM. Effects of peak power
training (PT), endurance training (ET), or concurrent peak power and endurance training (PET) on (A) SDH activity per fiber type; (B) average SDH
activity (taking into account fiber type distribution, fiber type-specific FCSA as well as SDH activity); (C) protein content of PGC-1>; and (D) mRNA
expression levels of SDH, PGC-1>, and RIP140. Rats were trained for 6 wk, 5 dIwkj1, performing PT, ET, or PET. mRNA expression level is relative
to 18S. Protein and gene expression data are expressed relative to the mean value of the high-oxidative compartment of controls (dashed line represents
the control value set at 1). Values are mean T SE. Dashed line represents controls. HO, high-oxidative compartment; LO, low-oxidative compartment.
*Significantly different from controls (P G 0.05).
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main findings were as follows: 1) peak power training caused
a reduction in SDH activity in the fast fibers within the low-
oxidative compartment of GM, and 2) peak power training
with additional endurance training as performed by PET did
not induce a different response in SDH activity within the
low-oxidative compartment compared with PT alone. In the
high-oxidative compartment, ET induced higher SDH mRNA
and lower RIP140 mRNA expression levels, which however
did not alter SDH activity. The increase in SDH mRNA could
not be shown for the PET group, suggesting that additional
peak power training interfered with the adaptive responses of
endurance training at the transcriptional level.

Reduced SDH activity in the low-oxidative com-
partment after peak power training. In line with our
hypothesis, in the low-oxidative compartment, peak power
training caused a substantial reduction in SDH activity, and
additional endurance training on top of peak power training
as performed by PET did not interfere with the adaptive
response of peak power training. The reduction may have
been the result of different mechanisms. The training induced
a decrease in rate of transcription and/or translation, an in-
crease in mitochondrial degradation, or a combination of both.
Given the observation that after peak power training, SDH
mRNA levels were unaltered, and in untrained muscles, basal
SDH mRNA levels were proportional to SDH activity, we
conclude that the reduction in SDH activity observed after PT
and PET was likely not the result of a reduction in the rate of
transcription or translation. It seems that peak power training
caused an increase in mitochondrial degradation.

Similar to our observation, a decrease in SDH activity
within Type IIB fibers was also reported in hypoxia-inducible
factor (HIF) 1> transfected rat extensor digitorum longus
muscle fibers (20). Because the low-oxidative compartment
of rat GM is mainly composed of fast glycolytic fibers, the
oxygen demand during peak power training may have been
greater than its supply and therefore may have induced
hypoxic cores within Type IIB fibers. After fast brief trains
of electrical stimulation, HIF-1> protein levels were shown
to be increased within rat extensor digitorum longus muscle
fibers (20). Because this type of muscle activation is fairly
similar to that during our peak power training, it is con-
ceivable that the peak power training caused an elevated
mitochondrial degradation in Type IIB fibers by increasing
HIF-1>. A molecular mechanism by which HIF-1> could
increase mitochondrial degradation is by increasing the ex-
pression of the proapoptotic factor BNIP3. BNIP3 plays an
important role in the fragmentation and elimination of mi-
tochondria (mitophagy) and was shown to be mediated by
HIF-1> in vitro (11,33). However, because in our study,
BNIP3 mRNA levels were unchanged in response to peak
power training, it remains to be determined whether the re-
duction in SDH activity occurred because of hypoxia in
Type IIB fibers during peak power training and whether
hypoxia is responsible for the reduction in SDH activity.
More insight into how hypoxia may have reduced the SDH
activity is needed.

Recently, it has been suggested that in humans, low-volume
high-intensity training is an effective training strategy to
increase mitochondrial biosynthesis. By only six training
sessions of 8–12 � 30 s of all-out exercise, levels of regu-
latory proteins involved in the mitochondrial biosynthesis
were increased (19). On the basis our findings and those of
the study by Lunde et al. (20), one may conclude that high-
intensity training inducing hypoxia may not only increase
the mitochondrial biosynthesis but also concomitantly in-
duce mitophagy. Although this latter was primarily shown
in Type IIB fibers, it is suggested that mitophagy may play
a role in the adaptation of oxidative capacity of muscle fi-
bers in response to high-intensity training and should also be
taken into consideration.

Endurance training increased SDH mRNA con-
tent in the high-oxidative compartment. For the
high-oxidative compartment of GM, we hypothesized that
concurrent peak power and endurance training attenuates the
increase in SDH activity compared with endurance training
only. Although SDH activity was unchanged after train-
ing, only ET induced an increase in SDH mRNA levels,
suggesting that additional peak power training attenuated
the increase in SDH mRNA. The 42% higher SDH mRNA
levels after ET were accompanied with a similar decrease
in RIP140 mRNA levels. RIP140 has previously been shown
to negatively regulate SDH activity (26). Therefore, we sug-
gest that the training-induced reduction in RIP140 mRNA
may have contributed to the enhanced transcription of SDH
in high-oxidative muscle fibers of GM. Because we do not
have RIP140 protein data, we cannot be conclusive about
the effect of RIP140 on SDH mRNA levels in response to
ET. Another key cofactor involved in the transcriptional
regulation of mitochondrial proteins is PGC-1> (14,17). In
untrained muscle, PGC-1> protein was abundantly expressed
within the high-oxidative compartment and was mainly re-
sponsible for the difference in SDH activity between the
high- and low-oxidative compartments. However, training
did not change PGC-1> mRNA or its protein content. Simi-
larly, unchanged PGC-1> protein content within the high-
oxidative part of the GM was also reported after 12 wk of
treadmill running in mice (16). Despite this lack of change in
PGC-1> protein content, transcription of genes involved
in the mitochondrial biosynthesis (i.e., nuclear respiratory
factor 1) was increased and accompanied by decreased
acetylation of PGC-1> by sirtuin 1 (16). Others also showed
elevated mRNA expression of nuclear encoded mitochondrial
enzymes before the increase in PGC-1> protein content in
response to exercise (24,32), which was likely due to post-
translational modifications of PGC-1> (13). Because in
untrained muscle, the difference in PGC-1> protein content
between the high- and low-oxidative compartment was al-
most twofold higher than the difference observed in SDH
mRNA between the two compartments, we suggest that the
high-oxidative compartment of GM contained a redundant
amount of PGC-1> protein. Therefore, it seems conceivable
that PGC-1> protein abundance in high-oxidative muscle
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fibers is sufficient to stimulate mitochondrial biosynthesis
without an increase in its protein content. The increase in
SDH mRNA observed after ET could therefore be induced
by a reduction in RIP140 and/or posttranslational modifi-
cations of PGC-1>.

Although ET enhanced the transcription of SDH mRNA,
indicating that the endurance training did increase the tran-
scription of mitochondrial enzymes, the enzyme activity was
not increased. This suggests that the intensity of the training
may not have been high enough or the duration of the whole
training period was too short to increase SDH activity. During
the endurance training, the intensity as well as duration of the
sessions was progressively increased. Greater increase of the
inclination of the treadmill slope or running velocity during
the endurance training would have induced additional recruit-
ment of faster muscle fibers rather than increase the oxidative
capacity of the ones already recruited. Maybe the duration of
the training sessions was too short to increase the AMP/ATP
ratio enough to activate AMP-activated protein kinase. For fu-
ture studies, we recommend that the duration of the training
sessions as well as total training period should be increased.

In conclusion, comparison of effects of endurance train-
ing, peak power training, and concurrent training showed
that in the low-oxidative Type IIB fibers of rat GM, peak
power training induced a substantial decrease in SDH ac-
tivity, which was not related to a reduction in the expression
of SDH mRNA. In the high-oxidative compartment of GM,
only endurance training induced an increase in SDH mRNA
levels, which may be the result of a reduction in RIP140
mRNA. However, this higher SDH mRNA expression did
increase SDH activity. Therefore, it is suggested that in
compartmentalized rat GM, peak power on top of endurance
training attenuates transcription of mRNA for mitochondrial
proteins in the high-oxidative muscle fibers and reduces
mitochondrial activity in low-oxidative muscle fibers.

The research presented was funded by the university.
The authors thank Bas ten Harkel and Huib van Essen for

the assistance during the training sessions. Carla Offringa and Bauke
van Dijk are acknowledged for their help in PCR analyses.

The authors report no conflict of interest.
The results of this study do not constitute endorsement by the

American College of Sports Medicine.

REFERENCES

1. Atherton PJ, Babraj J, Smith K, Singh J, Rennie MJ, Wackerhage H.
Selective activation of AMPK-PGC-1alpha or PKB-TSC2-mTOR
signaling can explain specific adaptive responses to endurance or
resistance training-like electrical muscle stimulation. FASEB J.
2005;19(7):786–8.

2. Baar K. Training for endurance and strength: lessons from cell
signaling. Med Sci Sports Exerc. 2006;38(11):1939–44.

3. Bekedam MA, van Beek-Harmsen BJ, Boonstra A, van Mechelen W,
Visser FC, van der Laarse WJ. Maximum rate of oxygen consumption
related to succinate dehydrogenase activity in skeletal muscle fibres
of chronic heart failure patients and controls. Clin Physiol Funct
Imaging. 2003;23(6):337–43.

4. Brooke MH, Kaiser KK. Muscle fiber types: how many and what
kind? Arch Neurol. 1970;23(4):369–79.

5. Coffey VG, Hawley JA. The molecular bases of training adapta-
tion. Sports Med. 2007;37(9):737–63.

6. De Ruiter CJ, De Haan A, Sargeant AJ. Physiological characteristics
of two extreme muscle compartments in gastrocnemius medialis of
the anaesthetized rat. Acta Physiol Scand. 1995;153(4):313–24.

7. De Ruiter CJ, Habets PE, de Haan A, Sargeant AJ. In vivo IIX and
IIB fiber recruitment in gastrocnemius muscle of the rat is com-
partment related. J Appl Physiol. 1996;81(2):933–42.

8. Des Tombe AL, van Beek-Harmsen BJ, Lee-De Groot MBE,
van der Laarse WJ. Calibrated Histochemistry Applied to Oxygen
Supply and Demand in Hypertrophied Rat Myocardium. Microsc
Res Tech. 2002;58(5):412–20.

9. Dudley GA, Djamil R. Incompatibility of endurance- and strength-
training modes of exercise. J Appl Physiol. 1985;59(5):1446–51.

10. Guth L, Samaha FJ. Procedure for the histochemical demonstration
of actomyosin ATPase. Exp Neurol. 1970;28(2):365–7.

11. Hamacher-Brady A, Brady NR, Logue SE, et al. Response to
myocardial ischemia/reperfusion injury involves Bnip3 and au-
tophagy. Cell Death Differ. 2007;14(1):146–57.

12. Hickson RC. Interference of strength development by simulta-
neously training for strength and endurance. Eur J Appl Physiol
Occup Physiol. 1980;45(2–3):255–63.

13. Hock MB, Kralli A. Transcriptional control of mitochondrial bio-
genesis and function. Annu Rev Physiol. 2009;71:177–203.

14. Hood DA. Invited review: contractile activity-induced mitochon-
drial biogenesis in skeletal muscle. J Appl Physiol. 2001;90(3):
1137–57.

15. Kraemer WJ, Patton JF, Gordon SE, et al. Compatibility of high-
intensity strength and endurance training on hormonal and skeletal
muscle adaptations. J Appl Physiol. 1995;78(3):976–89.

16. Li L, Muhlfeld C, Niemann B, et al. Mitochondrial biogenesis and
PGC-1alpha deacetylation by chronic treadmill exercise: differen-
tial response in cardiac and skeletal muscle. Basic Res Cardiol.
2011;106(6):1221–34.

17. Lin J, Wu H, Tarr PT, et al. Transcriptional co-activator PGC-1
alpha drives the formation of slow-twitch muscle fibres. Nature.
2002;418(6899):797–801.

18. Lind A, Kernell D. Myofibrillar ATPase histochemistry of rat skel-
etal muscles: a ‘‘two-dimensional’’ quantitative approach. J Histochem
Cytochem. 1991;39(5):589–97.

19. Little JP, Safdar A, Wilkin GP, Tarnopolsky MA, Gibala MJ. A
practical model of low-volume high-intensity interval training in-
duces mitochondrial biogenesis in human skeletal muscle: poten-
tial mechanisms. J Physiol. 2010;588(Pt 6):1011–22.

20. Lunde IG, Anton SL, Bruusgaard JC, Rana ZA, Ellefsen S,
Gundersen K. Hypoxia inducible factor 1 links fast-patterned mus-
cle activity and fast muscle phenotype in rats. J Physiol. 2011;
589(Pt 6):1443–54.

21. Malisoux L, Francaux M, Nielens H, Theisen D. Stretch-shortening
cycle exercises: an effective training paradigm to enhance power out-
put of human single muscle fibers. J Appl Physiol. 2006;100(3):771–9.

22. Mikkola J, Rusko H, Izquierdo M, Gorostiaga EM, Hakkinen K.
Neuromuscular and cardiovascular adaptations during concurrent
strength and endurance training in untrained men. Int J Sports
Med. 2012;33(9):702–10.

23. Nelson AG, Arnall DA, Loy SF, Silvester LJ, Conlee RK. Con-
sequences of combining strength and endurance training regimens.
Phys Ther. 1990;70(5):287–94.

http://www.acsm-msse.org1682 Official Journal of the American College of Sports Medicine

B
A
SI
C
SC

IE
N
C
ES

Copyright © 2013 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



24. Perry CG, Lally J, Holloway GP, Heigenhauser GJ, Bonen A,
Spriet LL. Repeated transient mRNA bursts precede increases
in transcriptional and mitochondrial proteins during train-
ing in human skeletal muscle. J Physiol. 2010;588(Pt 23):
4795–810.

25. Ronnestad BR, Hansen EA, Raastad T. Effect of heavy strength
training on thigh muscle cross-sectional area, performance determinants,
and performance in well-trained cyclists. Eur J Appl Physiol. 2010;
108(5):965–75.

26. Seth A, Steel JH, Nichol D, et al. The transcriptional corepressor
RIP140 regulates oxidative metabolism in skeletal muscle. Cell
Metab. 2007;6(3):236–45.

27. Testerink J, Jaspers RT, Rittweger J, de Haan A, Degens H. Effects
of alfacalcidol on circulating cytokines and growth factors in rat
skeletal muscle. J Physiol Sci. 2011;61(6):525–35.

28. Van der Laarse WJ, Des Tombe AL, Lee-De Groot MBE,
Diegenbach PC. Size principle of striated muscle cells. Neth J
Zool. 1998;48(3):213–23.

29. Van der Laarse WJ, Diegenbach PC, Elzinga G. Maximum rate of
oxygen consumption and quantitative histochemistry of succinate
dehydrogenase in single muscle fibres of Xenopus laevis. J Muscle
Res Cell Motil. 1989;10(3):221–8.

30. van Wessel T, de Haan A, van der Laarse WJ, Jaspers RT. The
muscle fiber type-fiber size paradox: hypertrophy or oxidative
metabolism? Eur J Appl Physiol. 2010;110(4):665–94.

31. Wang L, Mascher H, Psilander N, Blomstrand E, Sahlin K. Re-
sistance exercise enhances the molecular signaling of mitochon-
drial biogenesis induced by endurance exercise in human skeletal
muscle. J Appl Physiol. 2011;111(5):1335–44.

32. Wright DC, Han DH, Garcia-Roves PM, Geiger PC, Jones TE,
Holloszy JO. Exercise-induced mitochondrial biogenesis begins
before the increase in muscle PGC-1alpha expression. J Biol Chem.
2007;282(1):194–9.

33. Zhang H, Bosch-Marce M, Shimoda LA, et al. Mitochondrial
autophagy is an HIF-1-dependent adaptive metabolic response to
hypoxia. J Biol Chem. 2008;283(16):10892–903.

CONCURRENT TRAINING AND OXIDATIVE CAPACITY Medicine & Science in Sports & Exercised 1683

B
A
SIC

SC
IEN

C
ES

Copyright © 2013 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.


