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Exercise is considered to elicit a physiological response of the heart. Previous studies
investigated the influence of repetitive exercise only at the end of the training period. We
assessed the impact of 2 exercise protocols, differing in their treadmill inclination, on cardiac
and mitochondrial function at different times during the training period. Within 10 weeks,
animals trained with 16% incline developed hypertrophy (left ventricular posterior wall
thickness: 1.6 ± 0.1 vs 2.4 ± 0.1 mm; P < .05) with normal function (ejection fraction: 75.2% ±
2.5% vs 75.6% ± 2.1%). However, at 6 weeks, there was temporary impairment of contractile
function (ejection fraction: 74.5% ± 1.67% vs 65.8% ± 2.3%; P < .05) associated with decreased
mitochondrial respiratory capacity (state 3 respiration: 326 ± 71 vs 161 ± 22 natoms/[min mg
protein]; P < .05) and a gene expression shift from the adult (α) to the fetal (β) myosin heavy
chain isoform. Although peroxisome proliferator-activated receptor gamma coactivator–1α
expression was normal, nuclear respiratory factors (NRFs)–1 and –2 were significantly
reduced (NRF-1: 1.00 ± 0.16 vs 0.55 ± 0.09; NRF-2: 1.00 ± 0.11 vs 0.63 ± 0.07; P < .05) after 6weeks.
These findings were associatedwith a reduction of electron transport chain complexes I and
IV activity (complex I: 1016 ± 67 vs 758 ± 71 nmol/[min mg protein]; complex IV: 18768 ± 1394
vs 14692 ± 960 nmol/[minmg protein]; P < .05). Messenger RNA expression of selected nuclear
encoded subunits of the electron transport chain was unchanged at all investigated time
points. In contrast, animals trained with 10% incline showed less hypertrophy and normal
function in echocardiography, normal maximal respiratory capacity, and unchanged
complex activities at all 3 time points. Repetitive exercise may cause contractile and
mitochondrial dysfunction characterized by impaired respiratory chain complex activities.
This activity reduction is temporary and intensity related.
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1. Introduction

In heart muscle, 2 types of hypertrophy are distinguished. The
first is pathological hypertrophy (eg, due to hypertension or
aortic stenosis/constriction), ultimately leading to contractile
dysfunction and heart failure. The second is physiological
hypertrophy (eg, induced by treadmill running or swimming
exercise), which is associated with limited hypertrophic
growth and normal function without heart failure [1,2]. The
underlyingmechanisms for these 2 types of hypertrophy have
not been fully investigated.

One major difference being discussed as an explanation for
the pathological or physiological nature of hypertrophy is the
chronicity or the repetitiveness of the stimulus. Interestingly,
most studies using repetitive hypertrophic stimuli are located
in the area of exercise and are considered to induce physiolog-
ical hypertrophy. With chronic pressure overload, we recently
identifiedmitochondrial dysfunction andheart failure basedon
significant proteomic remodeling of themitochondria [3]. Other
studies suggested the presence of myocardial damage and
temporary contractile dysfunction even with exercise, specifi-
cally in athletes after acute intensive endurance exercise [4-6].
In animal studies, forced exercise has also been linked to
detrimental effects by some investigators, including stress
marker elevations such as corticosterone and adrenocortico-
tropic hormone [7,8], as well as contractile dysfunction [9].
However, most of these studies investigated the effect of an
acute bout of exercise or investigated the animals at the end of
the training/exercise period. No studies investigated heart and
mitochondrial function at different time points during a period
of repetitive exercise training.

We assessed the impact of endurance exercise during the
development of presumably physiological hypertrophy in a
rat model of treadmill running and assessed respiratory
capacity of isolated mitochondria as well as individual
respiratory complex activities. For this purpose, we modified
a protocol taken from the literature, which had induced
“physiological hypertrophy” before, associated with increased
cardiac oxidative capacity after 10 weeks of training [10].
Contrary to expectations, after 6 weeks of exercise, we found
temporary (ie, reversible) mitochondrial and contractile
dysfunction associated with reduced complex activities. This
dysfunction could be explained by impairments of respiratory
chain complex activities and was completely absent when the
intensity of the training was reduced.
2. Methods

2.1. Animal care

Male Sprague-Dawley rats were obtained from Charles River
(Sulzfeld, Germany) and were fed ad libitum at 21°C with a
light cycle of 12 hours. The use of animals was consistent with
the Guide for the Care and Use of Laboratory Animals published by
theUSNational Institutes of Health (NHI publication no. 85-23,
revised 1996); and the experimental protocols were approved
by the local Animal Welfare Committee of the University
Leipzig, Germany.
2.2. Training protocol

Animals at 3 weeks of age were randomly assigned to either
the training or the control group (sedentary). The rats in the
training group were exercised on a treadmill over a period of
10 weeks with either a 16% or a 10% incline, a speed of 25 m/
min, and 4 training episodes per week (Monday, Tuesday,
Thursday, and Friday). Running times were incrementally
increased as follows: 30 min/d in the first week, 45 min/d in
the second week, 60 min/d in the third, 75 min/d in the fourth
week, 90 min/d in the fifth week, 105 min/d in the sixth week,
and 120 min/d in the last 4 weeks. After 2 and 6 weeks and at
the end of the training protocol, animals were analyzed for
echocardiographic and in vitro examination.

2.3. Echocardiography

Echocardiographic examination was performed after 2, 6,
and 10 weeks of exercise. After anesthesia (fentanyl/
midazolam hydrochloride/medetomidine hydrochloride,
0.005/2/0.15 mg/kg), the chest of the animals were shaved;
and the rats were examined in supine position with a 12-
MHz phased array transducer (Agilent/Philips, Böblingen,
Germany). Two-dimensional short-axis views of the left
ventricle at papillary muscle level were obtained [11]. Two-
dimensional guided M-mode tracings were recorded with a
sweep speed of 100 mm/s. The following parameters were
measured: heart rate, left ventricular end-diastolic dimen-
sion (LVEDD), left ventricular end-systolic dimension
(LVESD), and left ventricular posterior wall thickness in
diastole (LVPWD). Based on these measurements, ejection
fraction (EF) [12] and left ventricular endocardial fractional
shortening (eFS) [13] were determined.

2.4. Tissue homogenization

For isolation ofmitochondria, hearts were quickly excised and
transferred into ice-cold cardioplegic solution containing
0.18 mol/L KCl and 10 mmol/L Tris/HCl, pH 7.4. Atria were
removed, and ventricle weight was assessed. Ventricles were
finely minced. One gram of heart muscle was added to 10 mL
of CP2 isolation medium (1.0 mol/L KCl, 1.0 mol/L Mops,
0.1 mol/L MgSO4, 0.1 mol/L EGTA, 5% bovine serum albumin
[BSA], 1 mmol/L adenosine triphosphate [ATP]). The mixture
was homogenized with an Ultra-Turrax at 9000 rpm for 2.5
seconds, followed by 2 down passes in a Potter-Elvejhem glass
homogenizer by a motor-driven Teflon pestle at 600 to
800 rpm. All steps were carried out at 4°C.

2.5. Isolation of mitochondria

After homogenization of the heart muscle, mitochondria were
isolated according to the method described by Palmer et al
[14]. Isolated mitochondria were kept in KME buffer (contain-
ing 100 mmol/L KCl, 50 mmol/L Mops, and 0.5 mmol/L EGTA;
pH 7.4; 4°C). Mitochondrial protein concentration was deter-
mined by the Bradford method using BSA as a standard.
Mitochondrial citrate synthase (CS) activity was measured in
fresh muscle homogenate and isolated mitochondria accord-
ing to the protocol by Srere [15].
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2.6. Mitochondrial respiration

Immediately after isolation, oxygen consumption of isolated
mitochondria was measured at 25°C with a Clark-type oxygen
electrode fitted to a water-jacketed reaction chamber of 1-mL
volume. Mitochondrial preparations were added to oxygen
electrode solution (100mmol/L KCl, 50mmol/LMops, 1.0mmol/
L EGTA, 5.0 mmol/L Kpi, 1.0 mg/mL defatted BSA) to a final
concentration of 1 U CS per milliliter in the reaction chamber.
Using 10 mmol/L glutamate, 20 μmol/L palmitoylcarnitine/2.5
mmol/L malate, 5 mmol/L pyruvate/2.5 mmol/L malate, or 10
mmol/L succinate/3.75μmol/L rotenone as substrates, maximal
oxygen consumption (state 3 respiration) was stimulated by
adding 20 μL adenosine diphosphate (ADP) (10 mmol/L).
Uncoupled respirationwasmeasured by adding 2,4-dinitrophe-
nol using glutamate and succinate/rotenone as substrates.

2.7. Quantitative real-time reverse transcriptase
polymerase chain reaction

Myocardial mRNA was extracted from snap-frozen tissue
samples using the RNeasy Fibrous Tissue Mini Kit (Qiagen,
Hilden, Germany). Synthesis of complementary DNA was
performed with the cDNA synthesis kit from Fermentas (St
Leon-Rot, Germany), and TaqMan quantitative real-time re-
verse transcriptase polymerase chain reaction was performed
as previously described [16,17]. Forward and reverse primers
were designed using the Universal Probe Library Assay Design
Center. For each set of primers, a basic local alignment search
tool search revealed that sequencehomologywasobtainedonly
for the targeted gene. Polymerase chain reaction amplification
was performed in triplicates in a reaction volume of 10 μL using
AmpliTaqGold (AppliedBiosystems,Darmstadt,Germany)with
the conditions suggested by the manufacturer. After initial
denaturation and activation of enzyme for 10 minutes at 95°C,
40 cycles of denaturation at 95°C for 15 seconds, annealing, and
extension at 60°C for 1 min were run. Results were normalized
to the invariant transcript S29 ribosomal protein and are
presented as fold change compared with sedentary animals,
the value of which was set to 1.

2.8. Mitochondrial electron transport chain
complex activity

Samples of freshmitochondriawere treatedwith 10mg cholate
per milligram mitochondrial protein, diluted to a final concen-
tration of 1 mg/mL with MSM (5mmol/L mannitol, 220 mmol/L
sucrose, 5 mmol/L MOPS, pH 7.4)-EDTA buffer supplemented
with 1 μL/mL mammalian protease inhibitor cocktail. For the
assay, the samples were diluted with buffer 1:10 to measure
complex I and III and 1:100 tomeasure complex IV activity. The
protocolsmeasuring complex I and II activity followed the same
principle. Complex I activity wasmeasured based on a protocol
by Janssen et al [18], and complex II activity was measured
according toKrahenbuhl et al [19]with smallmodifications. 2,6-
Dichloroindophenol (DCIP) was used as a terminal electron
acceptor. To measure complex I activity, NADHwas added and
oxidized by complex I. Released electrons reduce the artificial
substrate decylubiquinone that subsequently delivers the
electrons to DCIP. For measuring complex II activity, succinate
was added, which was oxidized by complex II. Released
electrons reduce the artificial substrate decylubiquinone that
subsequently delivers the electrons to DCIP. The reduction of
DCIP was followed spectrophotometrically at 600 nm. Complex
III was blocked by the addition of antimycin A. Activity of
complex III was measured according to Krahenbuhl et al [19].
Decylubiquinol is oxidized by complex III; and the released
electrons reducecytochrome c,whichwasadded in theoxidized
form. The reduction of cytochrome c can be followed spectro-
photometrically at 550 nm. To avoid unspecific electron
transfer, complex IV was inhibited by sodium azide. Cyto-
chrome c oxidase activity was measured according toWharton
and Tzagoloff [20]. Reduced cytochrome c was oxidized by
complex IV, and this reaction was followed spectrophotomet-
rically at 550 nm.

2.9. Statistical analysis

Data are presented as mean ± SEM. Data were analyzed using
a Student t test or a 1-way analysis of variance as appropriate.
Post hoc comparisons among the groups were performed
using the Holm-Sidak method. Differences among groups
were considered statistically significant if P < .05.
3. Results

3.1. Treadmill running at 16% incline causes hypertrophy
at 10 weeks, but temporary impairment of contractile function
at 6 weeks

Table 1 shows body weight, heart weight, tibia length, and
relative heart weight of sedentary and exercised rats (16%
incline) at different time points. At 10 weeks of exercise, there
was significantly less body mass in the exercised rats.
Although absolute heart weight did not differ between
sedentary and exercised rats at any time point, the heart to
body weight ratio was significantly elevated after 2 and 10
weeks of exercise. Tibia length, as a marker of age, was not
different between the 2 groups at each investigated time
point. Heart weight to tibia length was increased at 2 weeks
and unchanged at 6 and 10 weeks.

Table 2 shows standard echocardiographic parameters of
sedentary and exercised (16% incline) rats at all investigated
time points. The dimension of the posterior wall was normal
after 2 and 6 weeks and significantly increased after 10 weeks
of exercise. Contractile function and dimension of the left
ventricle were normal after 2 weeks of exercise. Contrary to
expectations, after 6 weeks, we found evidence for significant
ventricular dilatation (increased LVEDD and LVESD) and
impaired contractile function (significantly reduced EF and
eFS). These dilatation and impairment in cardiac contractility
had disappeared after 10 weeks of exercise.

3.2. Temporary contractile dysfunction at 6 weeks is
accompanied by mitochondrial dysfunction

Fig. 1 shows the effects of endurance exercise on respiratory
capacity of isolated mitochondria. Whereas maximal ADP-
stimulated respiratory capacity (state 3 respiration) in cardiac



Table 1 – Body and heart weight aswell as tibia length of sedentary rats and rats trained at 16% incline for 2, 6, and 10weeks

2 wk 6 wk 10 wk

SED TR SED TR SED TR

BW (g) 143 ± 6 134 ± 5 249 ± 13 265 ± 4 339 ± 7 299 ± 8†

HW (mg) 473 ± 18 509 ± 18 792 ± 30 839 ± 17 917 ± 18 902 ± 29
HW/BW (mg/g) 3.86 ± 0.07 4.45 ± 0.09‡ 3.71 ± 0.14 3.61 ± 0.06 3.08 ± 0.07 3.52 ± 0.08‡

TL (mm) 26.6 ± 0.4 27.1 ± 1.0 32.9 ± 0.9 34.1 ± 0.3 37.9 ± 0.7 37.8 ± 0.2
HW/TL (mg/mm) 19.9 ± 0.5 22.1 ± 0.8 ⁎ 28.1 ± 0.6 28.0 ± 0.5 27.4 ± 0.6 27.8 ± 0.7

Data are mean ± SEM; n = 9 to 16 per group. SED indicates sedentary; TR, treadmill running; BW, body weight; HW, heart weight; TL, tibia length.
⁎ P < .05 vs sedentary.
† P < .01 vs sedentary.
‡ P < .001 vs sedentary.
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mitochondria of exercised rats was normal at 2 weeks, it was
significantly reduced at 6 weeks. This reduction was present
with complex I substrates glutamate, palmitoylcarnitine/
malate, and pyruvate/malate, but not with complex II
substrate succinate. The observed reduction in state 3
respiration appeared to be reversible. After 10 weeks, there
was still a trend toward reduced state 3 respiration in the
exercised groups. However, it was only significant with
glutamate as substrate. Consistent with the reduction in
state 3 respiration with complex I but not complex II
substrates, there was reduced uncoupled respiration after 6
and 10 weeks with glutamate as substrate but not with
succinate (Supplementary Table S6b).

Citrate synthase is considered a pace-making enzyme in
the first step of the citric acid cycle and is commonly used as a
marker enzyme to quantitate the presence of intact mito-
chondria. Table 3 shows citrate synthase activity in homog-
enate and isolated mitochondria from sedentary and
exercised rats. The activity was not different from those
measured in sedentary animals either in homogenate or in
isolated mitochondria. Table 4 shows the ratio of ATP
production to oxygen consumption (ADP/O ratio), commonly
used as a marker for coupling of respiratory chain activity to
ATP production. In contrast to the reductions in state 3
respiration at 6 and 10weeks, ADP/O ratioswere elevated at all
time points for the complex I substrates (glutamate, palmi-
toylcarnitine, and pyruvate) and was normal for the complex
II substrate succinate.

The reduction in state 3 respiration with complex I
substrates suggests a defect at the level of complex I. Fig. 2
Table 2 – Echocardiographic parameters of sedentary rats and r

2 wk

SED TR SED

LVPWD (mm) 1.43 ± 0.13 1.19 ± 0.06 1.66 ± 0
LVEDD (mm) 5.46 ± 0.24 5.49 ± 0.06 6.52 ± 0
LVESD (mm) 2.82 ± 0.17 2.60 ± 0.14 3.62 ± 0
EF (%) 79.1 ± 1.7 82.2 ± 1.9 74.5 ± 1
eFS (%) 48.6 ± 1.6 52.7 ± 2.3 44.9 ± 1

Data are mean ± SEM; n = 8 to 22 per group.
† P < .01 vs sedentary.
‡ P < .001 vs sedentary.
shows the individual enzyme activities of the 4 respiratory
chain complexes of mitochondria isolated after 6 weeks of
exercise with 16% incline. Consistent with the reduction of
state 3 respiration with complex I substrates, complex I
activity was significantly reduced in the exercised rats.
Whereas the activities of complexes II and III were normal,
there was also a significant reduction in complex IV activity
in the exercised rats, which could explain the slight (but not
significant) reduction in respiratory capacity with succinate
as substrate. However, total activity of complex IV was 20-
fold higher than that of complex I, suggesting that complex I
is the rate-limiting step. To support these results, we
analyzed mRNA expression of selected nuclear encoded
subunits of electron transport chain (ETC) complexes (com-
plex I, NDUFA10; complex II, SdhB; complex III, UQCRC2;
complex IV, CoxIV; complex V, ATP5A1). However, no
differences in the mRNA expression were found between
sedentary and exercised animals at all investigated time
points (Table 5).

Table 5 also shows the expression of genes involved in
the regulation of mitochondrial biogenesis. Consistent with
the temporary impairment of function at 6 weeks, there
was a significant downregulation of the ETC transcription
factors nuclear respiratory factor (NRF)–1 and –2, which act
downstream of peroxisome proliferator-activated receptor
gamma coactivator (PGC)–1α. Expressions of PGC-1α, estro-
gen-related receptor α, mitochondrial transcription factor A
(Tfam), and uncoupling protein (UCP)–2 were unchanged at
all investigated time points. Messenger RNA expression of
adenine nucleotide translocator (ANT) was reduced at 6
ats trained at 16% incline for 2, 6, and 10 weeks

6 wk 10 wk

TR SED TR

.10 1.76 ± 0.10 1.73 ± 0.09 2.35 ± 0.15‡

.16 7.16 ± 0.14† 7.19 ± 0.09 6.82 ± 0.20

.17 4.44 ± 0.15‡ 3.95 ± 0.12 3.69 ± 0.22

.7 65.8 ± 1.7‡ 74.3 ± 1.5 75.6 ± 2.1

.5 38.0 ± 1.5† 45.3 ± 1.4 46.4 ± 2.2



Fig. 1 – Effects of endurance exercise (16% incline, black bars) on respiratory capacity (state 3 respiration) of isolated rat heart
mitochondria. State 3 respiration was induced by adding ADP in the presence of glutamate (A), palmitoylcarnitine/malate (B),
pyruvate/malate (C), and succinate as substrates. Data are mean ± SEM; n = 6 to 12 per group. *P < .05 compared with
sedentary (white bars).
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weeks and normal at 10 weeks of exercise. Uncoupling
protein–3 expression was significantly increased after 2
and 10 weeks and markedly decreased at 6 weeks of
exercise. Consistent with decreased NRF-1/NRF-2 expres-
sion after 6 weeks of exercise, the expression of an
important modulator of cellular metabolic processes, aden-
osine monophosphate–activated protein kinase (AMPK),
was also reduced. In contrast, expression of glucose
transporter type 4, whose expression and translocation
are regulated by AMPK, was unchanged during exercise in
heart muscle.

3.3. Temporary mitochondrial dysfunction and reduced
contractility are associated with a pathological myosin heavy
chain shift

An expressional shift of the myosin heavy chain (MHC) from
the adult α- to the fetal β-form is considered indicative for
pathological hypertrophy. Table 6 shows mRNA expression
Table 3 – Citrate synthase activity (units permilliliter sample) in
16% incline for 2, 6, and 10 weeks

2 wk

SED TR SE

Homogenate 12.5 ± 1.12 11.4 ± 1.01 10.1 ±
Mitochondria 23.7 ± 1.66 22.0 ± 1.77 28.6 ±

Data are mean ± SEM; n = 6 to 12 per group.
of α- and β-MHC as well as the expression of commonly
accepted heart failure markers atrial natriuretic factor (ANF)
and brain natriuretic peptide (BNP). Consistent with the
temporary reduction in mitochondrial and contractile func-
tion, a shift from α- to β-MHC expression was found,
beginning at 2 weeks and being most pronounced at 6
weeks. At 10 weeks of treadmill running, the shift was no
longer present. In contrast, ANF and BNP were not elevated
with treadmill running. They were normal at 10 weeks and
even reduced at 2 and 6 weeks.

3.4. Temporary changes in cardiac and mitochondrial
function are related to training intensity

To get further insight into the underlying mechanism, we
repeated the majority of the experiments with an identical
training protocol but lowered the intensity of the training
by reducing the incline of the treadmill from 16% to 10%.
Rats trained with 10% incline showed normal body weight
homogenate and isolatedmitochondria from rats trained at

6 wk 10 wk

D TR SED TR

1.68 13.3 ± 1.50 15.3 ± 1.93 15.8 ± 1.25
6.36 29.5 ± 2.15 38.6 ± 2.46 36.8 ± 2.31



Table 4 – ADP/O ratios of isolated mitochondria from rats trained at 16% incline for 2, 6, and 10 weeks

2 wk 6 wk 10 wk

SED TR SED TR SED TR

GLU 2.41 ± 0.13 3.14 ± 0.26† 2.15 ± 0.09 2.67 ± 0.09‡ 1.94 ± 0.15 2.62 ± 0.07‡

PC/MAL 2.47 ± 0.13 3.03 ± 0.38 2.03 ± 0.14 2.48 ± 0.17 ⁎ 1.93 ± 0.15 2.20 ± 0.17
PYR/MAL 2.20 ± 0.15 2.67 ± 0.13 ⁎ 2.29 ± 0.14 2.69 ± 0.09 ⁎ 2.07 ± 0.14 2.67 ± 0.06‡

SUCC 1.28 ± 0.11 1.46 ± 0.09 1.41 ± 0.25 1.24 ± 0.13 1.10 ± 0.09 1.38 ± 0.10

Data are mean ± SEM; n = 6 to 12 per group. GLU indicates glutamate; PC/MAL, palmitoylcarnitine/malate; PYR/MAL, pyruvate/malate; SUCC,
succinate.
⁎ P < .05 vs sedentary.
† P < .01 vs sedentary.
‡ P < .001 vs sedentary.
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after 2 and 6 weeks but reduced body weight after 10
weeks. Tibia length was not different between sedentary
and exercised animals. Absolute heart weight was signif-
icantly elevated after 6 and 10 weeks of exercise. Relative
heart weight (heart weight/body weight, heart weight/tibia
length) was significantly increased after 10 weeks of
exercise, indicating hypertrophy (Supplementary Table S1).
However, there was no evidence for cardiac hypertrophy in
echocardiography (normal LVPWD). Furthermore, cardiac
dimensions (LVEDD) and contractile function (EF, eFS) were
unchanged at all investigated time points (Supplementary
Table S2).

Fig. 3 shows respiratory capacity of isolated heart
mitochondria from rats trained at 10% incline. State 3
respiration was not different from sedentary animals at all
time points. Citrate synthase activity was slightly elevated
after 2 and 6 weeks in homogenate and isolated mitochon-
dria but normal after 10 weeks of exercise. Table S7 shows
activity of individual respiratory chain complexes after 6
Fig. 2 – Activity of individual ETC complexes I, II, III, and IV in is
incline, black bars). Data are mean ± SEM; n = 6 to 7 per group. *P
weeks of exercise. We found no activity changes between
sedentary and exercised rats in all investigated complexes.
4. Discussion

We show here that repetitive exercise may cause temporary
mitochondrial dysfunction and reduced myocardial contrac-
tility characterized by impaired respiratory chain complex
activities. This activity reduction is temporary and intensity
related.

The temporary reduction in contractile and mitochon-
drial function at 6 weeks of treadmill training at higher
incline was surprising. Our findings show several similari-
ties to changes usually considered “pathological”: reduced
contractile function, reduced respiratory capacity, and a
shift from α- to β-MHC gene expression. A commonly
considered difference between pathological and physiolog-
ical hypertrophy is based on the chronic presumably
olated rat heart mitochondria after 6 weeks of exercise (16%
< .05 compared with sedentary (white bars).

image of Fig. 2


Table 5 – Expression of genes related to mitochondrial biogenesis and subunits of the ETC complexes in heart muscle of
sedentary and exercise rats (16% incline) at different time points

2 wk 6 wk 10 wk

SED TR SED TR SED TR

AMPK 1.00 ± 0.15 1.48 ± 0.23 1.00 ± 0.23 0.50 ± 0.06 1.00 ± 0.09 1.03 ± 0.11
PGC-1α 1.00 ± 0.14 0.98 ± 0.07 1.00 ± 0.12 1.25 ± 0.19 1.00 ± 0.10 0.98 ± 0.07
ERRα 1.00 ± 0.05 0.94 ± 0.10 1.00 ± 0.09 0.84 ± 0.06 1.00 ± 0.13 1.20 ± 0.10
NRF-1 1.00 ± 0.21 1.10 ± 0.29 1.00 ± 0.16 0.55 ± 0.09 ⁎ 1.00 ± 0.13 0.95 ± 0.19
NRF-2 1.00 ± 0.13 1.04 ± 0.14 1.00 ± 0.11 0.63 ± 0.07 ⁎ 1.00 ± 0.08 0.97 ± 0.05
Tfam 1.00 ± 0.14 0.90 ± 0.12 1.00 ± 0.06 1.14 ± 0.13 1.00 ± 0.08 1.14 ± 0.08
ANT 1.00 ± 0.21 0.56 ± 0.08 1.00 ± 0.19 0.44 ± 0.11 ⁎ 1.00 ± 0.08 1.05 ± 0.03
Glut4 1.00 ± 0.17 1.32 ± 0.15 1.00 ± 0.20 1.07 ± 0.13 1.00 ± 0.07 1.17 ± 0.11
UCP-2 1.00 ± 0.16 1.52 ± 0.19 1.00 ± 0.12 0.66 ± 0.11 1.00 ± 0.09 0.78 ± 0.07
UCP-3 1.00 ± 0.20 4.32 ± 0.66† 1.00 ± 0.16 0.68 ± 0.18 1.00 ± 0.16 2.45 ± 0.26†

Complex I 1.00 ± 0.17 1.49 ± 0.26 1.00 ± 0.10 0.89 ± 0.13 1.00 ± 0.10 1.16 ± 0.07
Complex II 1.00 ± 0.13 1.29 ± 0.26 1.00 ± 0.09 1.64 ± 0.42 1.00 ± 0.09 1.19 ± 0.15
Complex III 1.00 ± 0.10 1.25 ± 0.13 1.00 ± 0.13 0.88 ± 0.07 1.00 ± 0.10 0.90 ± 0.05
Complex IV 1.00 ± 0.21 0.95 ± 0.12 1.00 ± 0.09 1.07 ± 0.16 1.00 ± 0.08 0.87 ± 0.04
Complex V 1.00 ± 0.07 1.22 ± 0.11 1.00 ± 0.05 0.84 ± 0.11 1.00 ± 0.11 1.08 ± 0.04

Data are mean ± SEM; n = 5 to 12 per group. ERRα indicates estrogen-related receptor α; Glut4, glucose transporter type 4.
⁎ P < .05 vs sedentary.
† P < .01 vs sedentary.
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“pathological” vs repetitive presumably “physiological” na-
ture of the stimulus. We show here that repetitive exercise
indeed can produce clear pathological alterations in both
cardiac pheno- and genotype.

Although differences in hypertrophic signaling between
physiological and pathological hypertrophy have been de-
scribed, the arguments and findings are still contradictory.
For instance, Wilkins et al [21] described the activation of
calcineurin/nuclear factor of activated T-cells as pathological
signaling, and Kemi et al [22] described Akt/mammalian
target of rapamycin as physiological stimulus at the same
time. Ni et al [23] reported that activation of Akt inhibits
forkhead box protein O and consequently activates calci-
neurin/nuclear factor of activated T-cells. We did not aim to
contribute to this controversy by assessing hypertrophic
signaling in this study. However, we reasoned that hyper-
trophic growth needs to be balanced by mitochondrial
function; and we therefore assessed respiratory capacity
together with gene expression of mitochondrial biogenesis
related genes and individual respiratory chain complex
Table 6 –Messenger RNA expression of commonly accepted m
incline) at different time points

2 wk

SED TR SED

α-MHC 1.00 ± 0.29 0.65 ± 0.06 1.00 ± 0
β-MHC 1.00 ± 0.43 0.64 ± 0.22 1.00 ± 0
α-/β-MHC 1.00 ± 0.56 0.86 ± 0.18 ⁎ 1.00 ± 0
BNP 1.00 ± 0.13 0.49 ± 0.04† 1.00 ± 0
ANF 1.00 ± 0.16 0.55 ± 0.09 ⁎ 1.00 ± 0

Data are mean ± SEM; n = 5 to 12 per group.
⁎ P < .05 vs sedentary.
† P < .01 vs sedentary.
activities. We found that the temporary decrease in contrac-
tile function at 6 weeks was associated with significant
reductions in complex I and IV activities, which in turn were
consistent with reduced expression of the respiratory
transcription factors (NRF-1 and NRF-2). Again, an analogy
to pathological hypertrophy arises.

In pathological hypertrophy, reduced PGC-1α, as a mito-
chondrial master regulator, has been suggested as a key
mechanism for impaired mitochondrial function in heart
failure [24]. Our results of normal PGC-1α expression 24 hours
after the last bout of exercise are consistent with those of
others, who have demonstrated increased PGC-1α expression
12 hours after exercise but normal PGC-1α expressions 24
hours after the last bout of exercise [25]. Although we did not
find reduced PGC-1α expression at the investigated time
points, mRNA expression of NRF-1 and NRF-2 was reduced.
NRF-1 and NRF-2 are transcription factors activating expres-
sion of genes regulating cellular growth, respiration, heme
biosynthesis, and mitochondrial DNA transcription and
replication [26]. NRF-1, together with NRF-2, mediates the
arkers of heart failure in sedentary and trained rats (16%

6 wk 10 wk

TR SED TR

.18 0.42 ± 0.05 ⁎ 1.00 ± 0.14 0.98 ± 0.06

.15 1.69 ± 0.73 ⁎ 1.00 ± 0.13 1.12 ± 0.16

.10 0.59 ± 0.26 ⁎ 1.00 ± 0.35 1.13 ± 0.19

.29 0.24 ± 0.03 ⁎ 1.00 ± 0.12 0.80 ± 0.10

.11 0.59 ± 0.11 ⁎ 1.00 ± 0.14 0.99 ± 0.16



Fig. 3 – Effects of endurance exercise (10% incline, striped bars) on respiratory capacity (state 3 respiration) of isolated rat heart
mitochondria. State 3 respiration was induced by adding ADP in the presence of glutamate (A), palmitoylcarnitine/malate (B),
pyruvate/malate (C), and succinate as substrates. Data are mean ± SEM; n = 3 to 12 per group. *P < .05 compared
with sedentary (white bars).
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coordination between nuclear and mitochondrial genomes by
directly regulating the expression of several nuclear-encoded
ETC proteins and indirectly regulating the 13 mitochondrial-
encoded subunits by activating Tfam, mitochondrial tran-
scription factor B1, mitochondrial transcription factor B2, and
mitochondrial transcription termination factor [27]. We mea-
sured mRNA expression of various nuclear encoded subunits
of the ETC complexes and found no changes. However, we did
not assess mitochondrial encoded subunits. Based on these
facts, it is possible that mitochondrial biogenesis is not
impaired at the level of the nuclear genome but rather at the
level of the mitochondrial genome. Huang et al [9] found
increased mitochondrial DNA deletion in rats trained with a
similar training protocol. Messenger RNA expression of Tfam
was normal in our rat model, but we did not assess the other
parts of the mitochondrial transcription complex. Another
supporting fact is that respiration with complex II substrate
succinate and activity of complex II were unchanged in
exercised animals because succinate dehydrogenase (com-
plex II) is the only fully nuclear encoded ETC complex. In all
other complexes, at least one subunit is encoded by the
mitochondrial genome.

It is interesting to note that the ADP/O ratios for all
complex I substrates and for all time points increased with
exercise. This effect was not visible for complex II substrate
succinate. Such an increase in ADP/O ratio would reflect better
coupling between ATP production and oxygen consumption.
We also analyzed UCP mRNA expression at different time
points. We expected decreased UCP3 to correlate with the
findings of increased coupling. However, our findings were
inconsistent with increased UCP3 gene expression at 2 and 10
weeks and decreased expression at 6 weeks. Protein expres-
sion (analyzed at 10 weeks) was normal. Thus, the relevance
of UCP3 in this context is questionable. It is a common notion
that changes in state 4 respiration (Supplementary data: Table
S5) would support the presumption of decreased or increased
uncoupling in relation to UCP gene expression. State 4
respiration is used by many to calculate the respiratory
control index. We are not certain whether state 4 respiration
or respiratory control index is truly reflecting coupling of
respiratory capacity to ATP production.We believe that ADP/O
is a more appropriate parameter to assess this relationship,
although we know that the ADP/O ratio may also have
limitations. In any way, neither state 4 respiration nor ADP/
O ratio was significantly altered among the groups, which did
not further support our finding of increased UCP3 expression.

We also found reduced mRNA expression of ANT after 2
and 6 weeks of exercise. The role of the ADP/ATP translocator
is to exchange ADP and ATP between the mitochondrial
matrix and the cytoplasm. Adenine nucleotide translocator
has also been suggested as a primary site of proton
conductance in the inner mitochondrial membrane [28]. A
decrease in the ANT content could also be a sign for a better
coupling. In summary, one could conclude from this that ATP
production seems to be more efficient and may counterbal-
ance the temporary reductions in state 3 respiration.

In case of reduced ANT content, ATP would accumulate in
the matrix and ADP in cytoplasm, which may hamper state 3
respiration independently of changes in the respiratory chain.
This mechanism can be ruled out by measuring uncoupled
respiration. By the addition of the uncoupler 2,4-dinitrophenol,
we could measure uncoupled state 3 respiration without

image of Fig. 3
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accounting for the influences of the membrane potential, ATP
synthase, andATP/ADP translocator. The persistentdecrease in
respiratory capacity by collapsing the membrane potential
supports the conclusion that mitochondrial respiration is
restricted by defects localized in the ETC rather than in the
components of the phosphorylation system.

Another surprising observation was the reduction of the
heart failure markers BNP and ANF. These markers are
considered sensitive indicators for the condition of contractile
function [29]. We illustrate that changes in the contractile
function are not paralleled by BNP expression. Exercise caused
reductions in BNP expression in our study. This was also true
at the 6-week time point, when contractile function was
decreased and increased BNP expression would have been
expected.We did not assess circulating BNP levels because the
available BNP assays did not work in our rats. However, if our
expression levels would parallel circulating BNP levels, the
validity of BNP in animals or even humans performing
repetitive exercise may be questioned.

Exercise is known to increase oxidative capacity in skeletal
muscle [10,30-33]. In heart muscle, little is known about
changes in oxidative capacity. Our findings are consistent
with published data indicating that CS activity is not altered
after endurance training in rat cardiac muscle [34-37]. It was
suggested that myocardium has sufficient preexisting oxida-
tive capacity to supply the energy requirement during
exercise. Furthermore, most of the studies that examined
cardiac muscle during exercise also found unchanged or
reduced state 3 respiration [38,39].

Irrespective of the final explanation, most studies report-
ing physiological and pathological effects of exercise demon-
strate results only at one time point, specifically at the end of
the investigation [9,10,40]. Attempts to compare results are
often hampered by the difference in protocol and investigat-
ed time point [9,10,40,41,38,39]. It is possible that a phase of
contractile dysfunction may have been overlooked by not
assessing it. For example, with protocols similar in intensity
to ours, Marcil et al [38] report normal respiratory capacity at
10 weeks; and Terblanche et al [39] reported reduced
oxidative capacity at 6 weeks. Both results are consistent
with our findings; however, it is not clear whether function is
reversible and whether the normal respiratory capacity of
Marcil et al was preceded by impaired mitochondrial
function. Similarly, in the group with lower intensity (10%
incline), our study compares to that of Ascensao et al [41].
These authors showed an improvement of respiratory
capacity after 14 weeks. No earlier time points of investiga-
tion were shown; therefore, it is not clear when this
improvement had developed. Based on our results, shown
in Fig. 3, it appears that extending our protocol by another 4
weeks may have also resulted in increased respiratory
capacity in the exercised group. Taken together, these
considerations illustrate that protocols affecting conditions
with a chronic nature need to be examined at more than one
time point. It currently cannot be excluded that many of the
protocols described as inducers of physiological hypertrophy
are associated with a temporary phase of dysfunction as
shown in this article.

In conclusion, we demonstrate here that repetitive exercise
may cause impaired contractility of the heart and mitochon-
drial dysfunction, characterized by impaired respiratory chain
complex activities. This activity reduction is temporary and
intensity related.

Supplementary materials related to this article can be
found online at doi:10.1016/j.metabol.2011.05.023.
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