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ABSTRACT

Aconitase is a mitochondrial enzyme that converts citrate to isocitrate in the tricarboxylic 

acid cycle and is inactivated by reactive oxygen species (ROS). We investigated the 

effect of exercise/contraction, which is associated with elevated ROS production, on 

aconitase activity in skeletal muscle. Humans cycled at 75% of maximal workload 

followed by six 60 s bouts at 125% of maximum workload. Biopsies were taken from the 

thigh muscle at rest and after the submaximal and supramaximal workloads. Isolated 

mouse extensor digitorum longus (EDL, fast-twitch) and soleus (slow-twitch) muscles 

were stimulated to perform repeated contractions for 10 min. Muscles were analyzed for 

enzyme activities and glutathione status. Exercise did not affect aconitase activity in 

human muscle despite increased oxidative stress, as judged by elevated levels of oxidized 

glutathione (GSSG). Similarly, repeated contractions did not alter aconitase activity in 

soleus muscle. In contrast, repeated contractions significantly increased aconitase activity 

in EDL muscle by ∼50%, despite increased ROS production. This increase was not 

associated with a change in the amount of immunoreactive aconitase (Western blot), but 

was markedly inhibited by cyclosporine A, an inhibitor of the protein phosphatase 

calcineurin. Immunoprecipitation experiments demonstrated that aconitase was 

phosphorylated on serine residues. Aconitase in cell free extracts was inactivated by the 

addition of the ROS, hydrogen peroxide. In conclusion, the results suggest that aconitase 

activity can be regulated by at least two mechanisms: oxidation/reduction and 

phosphorylation/dephosphorylation. During contraction, a ROS-mediated inactivation of 

aconitase can be overcome, possibly by dephosphorylation of the enzyme. The dual 

control system may be important in maintaining aerobic ATP production during muscle 

contraction.
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INTRODUCTION

Aconitase is an enzyme that contains an [4Fe-4S] cluster and is present in two isoforms. 

The mitochondrial isoform catalyzes the conversion of citrate to isocitrate in the 

tricarboxylic acid (TCA) cycle and the cytosolic isoform is involved in iron metabolism 

(25). In skeletal muscle, aconitase is almost fully localized in the mitochondria (15). The 

[4Fe-4S] cluster confers a marked sensitivity to oxidative stress and the enzyme is

inactivated by reactive oxygen species (ROS) (10, 18, 22, 24). Consequently, aconitase 

inactivation is often used as a marker of oxidative stress under various conditions (14, 

16), including aging (32). In isolated rat skeletal muscle preparations, aconitase is also 

inactivated by exposure to exogenous ROS generating systems (2). Exercise/muscle 

contraction is probably one of the most potent physiological stimuli of ROS production 

(23) and one would expect a marked inactivation of aconitase under such conditions.

Indeed it has been hypothesized that during exercise inhibition of aconitase could result 

in low flux through the TCA cycle and decreased aerobic ATP production (2). However, 

we are not aware of any published information on the effects of exercise on aconitase 

activity in skeletal muscle. The purpose of this study, therefore, was to examine the 

effects of exercise/contraction on aconitase activity in skeletal muscle. 

METHODS

Materials

Cyclosporin A (C3662) was from Sigma. A polyclonal antibody against mitochondrial 

aconitase was a kind gift from Dr Luke Szweda (Oklahoma Medical Research 

Foundation). Glutathiones were analyzed with a commercial kit (Biooxytech 

GSH/GSSG-412, Oxis Health Products, Portland, OR, USA). All other chemicals were 

from either Sigma or Boehringer Mannheim.

Adult male NMRI mice were housed at room temperature with a 12 h:12 h light-dark 

cycle. Food and water were provided ad libitum. The mice were purchased from 

B&K Universal (Sollentuna, Sweden). Animals were killed by rapid cervical 

dislocation and the extensor digitorum longus (EDL, fast-twitch) and soleus (slow-
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twitch) muscles were isolated. All experimental procedures in the animal experiments 

were approved by the Stockholm North ethics committee.

Experimental Design

Human studies. Five healthy volunteers (4 men/1 woman) participated in the study. 

Their age, weight, height and maximal work load capacity (Wmax) averaged, respectively, 

26±1 yr, 70.0±5.4 kg, 178±5 cm, and 272±33 W. Wmax is defined as the maximal 

workload that the subjects could maintain for 6 min (27). The nature of the study, 

purpose and possible risks were explained to the subjects before they provided written 

voluntary consent to participate in the study. The experimental protocol in the human 

study was approved by the Institutional Ethical Committee at the Karolinksa Institute. 

The study conformed to the standards set by the Declaration of Helsinski.

Full details on the experimental protocol are provided elsewhere (27). Briefly, subjects 

were studied in the morning after an overnight fast. Biopsies were obtained from the 

lateral aspect of the quadriceps femoris muscle at rest and immediately after 30 min of 

cycling in the upright position at 75% of Wmax. Thereafter, the subjects rested for 1-2 min 

and then performed six 60 s bouts of cycling at 125% of Wmax, followed immediately by 

a third biopsy. The six bouts were separated by one min rest periods. Post-exercise 

biopsies were quick-frozen in liquid N2 within 10-15 s following termination of exercise.

The submaximal and supramaximal cycling protocols were chosen to represent a large 

range of exercise intensities often performed by humans.

Animal studies. For contraction studies, stainless steel hooks were tied with nylon thread 

to the tendons of the muscles. Muscles were then transferred to a stimulation chamber 

(volume ≈10 ml) and mounted between a force transducer and an adjustable holder 

(World Precision Instruments). The chamber temperature was set at 30°C with a water-

jacketed circulation bath. The muscle was bathed in a Tyrode solution with the following 

composition (in mM): NaCl, 121; KCl, 5; CaCl2, 1.8; NaH2PO4, 0.4; MgCl2, 0.5; 

NaHCO3, 24; EDTA, 0.1; glucose, 5.5; 0.1% fetal calf serum. The pH of the Tyrode 

solution was set to 7.4 by continuously gassing the solution with 95% O2/5%CO2. 

Muscles were stimulated with current pulses (0.5 ms duration; ~150% of the current 
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required for maximum force response) via plate electrodes lying parallel to the fibers. 

Muscles were set to the length at which tetanic force was maximum (Lo) and then 

allowed to recover for 30 min. Thereafter, they were stimulated to perform repeated 

tetanic contractions at 70 Hz (tetanic duration 100 ms, 2 trains/s) for 10 min and frozen in 

liquid N2 within 10 s after termination of the last contraction. The stimulation protocol 

results in a marked loss of force (see Results), but no irreversible damage as judged by a 

robust force recovery (28). Non-stimulated muscles from the contralateral leg served as 

controls and were incubated for 40 min in the same buffer and temperature. In some 

experiments, after setting Lo, muscles from the same mouse were bathed in Tyrode 

containing 10 µM cyclosporine A, an inhibitor of the protein phosphatase calcineurin 

(13) or an equal volume of diluent (ethanol, final concentration = 0.1%). 

Analytical

Human muscles were divided into aliquots at -20°C. One aliquot was freeze-dried, 

dissected free of non-muscle consitutents, powdered, thoroughly mixed and used for 

analysis of gluthationes (see below). Mouse muscles were also freeze-dried and treated 

likewise for analysis of glutathiones. Enzyme activities were analyzed on wet-frozen 

aliquots of human muscles and wet-frozen whole soleus and EDL muscles.

For enzyme activities, muscles were homogenized (50 µl/mg wet wt.) with ground glass 

homogenizers in ice-cold buffer consisting of (in mM): Tris, 50; citrate 5; MnCl2, 0.6; 

cysteine 1; Triton X-100, 0.05% (v/v); pH 7.4 (14). The homogenate was centrifuged at 

1400 x g (4°C) for 1 min. Aliquots of the supernatant were frozen for subsequent 

analyses of citrate synthase (CS) and β-hydroxyacyl-CoA-dehydrogenase (HAD) with 

standard spectrophotometric techniques (1, 3).

For analysis of aconitase, we used a spectrophotometric assay following the conversion 

of citrate to isocitrate coupled with isocitrate dehydrogenase at 340 nm (14, 16). 

Preliminary experiments revealed that activity decreased by ∼20% if supernatants were 

stored on ice for 2 h. Freezing the supernatants at -20°C for 1 week resulted in a complete 

loss of activity and freeze-drying of frozen muscles resulted in a loss of ∼80% of activity.
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Therefore, freshly prepared supernatant (see above) was assayed within 10 min after 

homogenization. Activities were typically measured between 10 and 50 min, since 

occasionally there was a burst of activity that was observed during the first 10 min of the 

reaction. This phenomenon has been previously observed and attributed to a rapid 

conversion of citrate to isocitrate and subsequent formation of NADPH (14).

All enzyme activities were assayed at room temperature (∼22°C) under conditions that 

yielded linearity with respect to extract volume and time (data not shown). Protein 

content was measured in the supernatant with the Bio-Rad assay (BIO-RAD). For 

glutathiones, the sum of reduced (GSH) and oxidized glutathione (GSSG), and GSSG 

were assayed spectrophotometrically following the reduction of dithiobis-2-nitrobenzoic 

acid at 412 nm as described elsewhere (29). In both assays GSSG was used as a standard 

and the data are given in GSSG equivalents and should be multiplied by two to express as 

GSH equivalents.

Western blots were performed on the enzyme extracts (see above) for aconitase. Briefly, 

15 µg of supernatant protein were separated by SDS-PAGE (4-12% Bis-Tris Gels-

Invitrogen) and transferred onto polyvinylidine fluoride membranes. Membranes were 

blocked in 5% (w/v) non-fat milk Tris-buffered saline containing 0.05% Tween 20 

followed by incubation with primary antibody, made up in 5% (w/v) bovine serum 

albumin (1:2000 dilution) over night at 4°C. Membranes were then washed and incubated 

for 1 h at room temperature with secondary antibody (donkey-anti-rabbit at 1:2000 

dilution). Immunoreactive bands were visualised using enhanced chemiluminiscence 

(Super Signal, Pierce). Band densities were analyzed with Image J (NIH, USA; 

http//rsb.info.nih.gov/j/).

For immunoprecipitation of aconitase, EDL muscles were isolated and stimulated as 

above (one basal and the contralateral muscle stimulated). To obtain sufficient protein, 

two basal (or two stimulated) muscles from two mice were pooled. Muscles were 

homogenized in ice-cold buffer consisting of (in mM): KH2PO4, 25; EDTA, 5; KF, 50; 

Triton-X-100, 0.05% (v/v); pH 7.25. Homogenates were centrifuged at 1400 x g (4°C) 
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