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ABSTRACT  21 

Aim: The maintenance of healthy and functional mitochondria is the result of a complex 22 

mitochondrial turnover and herein quality-control program which includes both 23 

mitochondrial biogenesis and autophagy of mitochondria. The aim of this study was to 24 

examine the effect of an intensified training load on skeletal muscle mitochondrial 25 

quality control in relation to changes in mitochondrial oxidative capacity, maximal 26 

oxygen consumption and performance in highly trained endurance athletes.  27 

Methods: 27 elite endurance athletes performed high intensity interval exercise 28 

followed by moderate intensity continuous exercise 3 days per week for 4 weeks in 29 

addition to their usual volume of training. Mitochondrial oxidative capacity, abundance 30 

of mitochondrial proteins, markers of autophagy and antioxidant capacity of skeletal 31 

muscle were assessed in skeletal muscle biopsies before and after the intensified 32 

training period.   33 

Results: The intensified training period increased several autophagy markers suggesting 34 

an increased turnover of mitochondrial and cytosolic proteins. In permeabilized muscle 35 

fibers, mitochondrial respiration was ~20 % lower after training although some markers 36 

of mitochondrial density increased by 5-50%, indicative of a reduced mitochondrial 37 

quality by the intensified training intervention. The antioxidative proteins UCP3, ANT1, 38 

and SOD2 were increased after training, whereas we found an inactivation of aconitase. 39 

In agreement with the lower aconitase activity, the amount of mitochondrial LON 40 

protease that selectively degrades oxidized aconitase, was doubled.  41 
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Conclusion: Together, this suggests that mitochondrial respiratory function is impaired 42 

during the initial recovery from a period of intensified endurance training while 43 

mitochondrial quality control is slightly activated in highly trained skeletal muscle.   44 

Keywords: mitochondrial oxidative capacity, mitochondrial quality-control, endurance 45 

athletes, mitophagy 46 

 47 

New & noteworthy 48 

We show that mitochondrial respiration is temporarily impaired after a period of 49 

intensified exercise training in elite athletes. In parallel, proteins involved in the 50 

antioxidative response including SOD2, UCP3 and ANT2 were upregulated while 51 

mitochondrial biogenesis was slightly activated. Despite the mitochondrial respiratory 52 

impairments, physical performance was improved a few days after the intense training 53 

period.  54 

 55 
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 63 

INTRODUCTION 64 

Since the pioneering studies of Palladin [1] and Holloszy [2] it is now well-established 65 

that repeated endurance exercise bouts induce an increased muscle tissue respiratory 66 

capacity, induced by mitochondrial biogenesis, i.e. “the making of new mitochondrial 67 

reticular components” [3]. These new mitochondrial components have been shown to 68 

augment the interconnectivity of the mitochondrial reticulum mainly by the elongation 69 

of pre-existing mitochondria more than to form de novo mitochondria [4, 5]. These 70 

salient training-induced mitochondrial adaptations are paralleled by mitochondrial 71 

qualitative changes occurring within the mitochondria, such as an increased super-72 

complex number [6] possibly accompanied by a higher mitochondrial cristae density [7, 73 

8]. Altogether, these alterations ultimately increase the respiratory capacity and aerobic 74 

performance capacity of the skeletal muscles. 75 

The mitochondrial biogenesis pathways are well-studied and involve activation of the 76 

canonical master regulators like the peroxisome proliferator-activated receptor gamma 77 

coactivator 1-alpha (PGC-1α) and AMP-activated protein kinase (AMPK) [9]. 78 

However, the maintenance of a healthy and functional mitochondrial population is not 79 

merely regulated by the synthesis of new mitochondrial proteins [10]. Mitochondrial 80 

quality control also includes remodeling and degradation of dysfunctional and highly 81 

oxidized proteins by lysosomal degradation in the autophagy process or specifically  82 

mitophagy by selective autophagy of mitochondrial structures [11]. Thus, protein 83 

degradation, generic autophagy [12, 13] or specific mitophagy [14], are essential 84 

components of adaptive mitochondrial turnover and training-induced skeletal muscle 85 

adaptations [15]. Knowledge about the acute and chronic activation of autophagy by 86 
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exercise and other stimuli is rapidly advancing, while the exact mechanisms regulating 87 

mitochondrial turn-over is incompletely understood [16, 17]. In animals, autophagy is 88 

increased acutely after exercise and it is an important step to induce appropriate 89 

adaptations [13]. In human skeletal muscle the results are somewhat more contradictory 90 

with studies showing no change in autophagy activation after exercise [18] whereas 91 

others do show increased autophagy and mitophagy acutely and following exercise 92 

training [19, 20]. Since trained muscles are less susceptible to exercise-induced stress 93 

[21] it can be expected that elite endurance athletes are less responsive to autophagy 94 

induced by endurance training. However, the effect of intensifying training on 95 

autophagy in elite endurance athletes remains to be elucidated.  96 

We have previously shown in untrained individuals that after a 15-day training period 97 

with sprint interval training, mitochondrial respiratory capacity per mitochondrial 98 

protein level unexpectedly was reduced by more than 50%, while mitochondrial volume 99 

and exercise performance was increased by 4-8% [22]. Recently, in a study using 100 

repeated biopsies and progressive increases of HIIT in recreationally fit subjects, we 101 

showed that mitochondrial respiration was impaired and glucose metabolism was 102 

disturbed after the week with almost daily HIIT sessions [23]. In support of failing 103 

mitochondrial adaptations during intense exercise, it was recently shown that the 104 

improvements in muscle oxidative capacity were abolished in athletes that showed 105 

symptoms of overreaching after a period of training compared to athletes who were only 106 

acutely fatigued [24]. 107 

  These results indicate that mitochondrial respiratory capacity is temporarily 108 

dissociated from mitochondrial volume and physical performance following short term 109 
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intense exercise training, with mitochondrial volume synthesis temporally preceding 110 

reestablishment of intrinsic respiratory function. This inhibition of the mitochondrial 111 

respiratory capacity has been associated with an inactivation of aconitase by oxidative 112 

stress. Accordingly, it could be speculated that modifications of the mitochondrial 113 

respiratory capacity induced by reactive oxygen species (ROS) in response to a period 114 

intensified training are different in well-trained endurance athletes possessing a well-115 

adapted cellular antioxidant defense [25]. To our knowledge, it is unknown if 116 

mitochondrial respiratory inhibition occurs following a period with intensified 117 

endurance training in athletes with an extraordinary cardiorespiratory and muscle 118 

oxidative capacity and if this is a mandatory step for the initiation of mitochondrial 119 

biogenesis and the autophagic response.  120 

Therefore, the aim of the present study was to investigate the effects of 4 weeks of 121 

intensified endurance training on mitochondrial respiratory function and skeletal muscle 122 

autophagy in a group of elite endurance athletes.  123 

 124 

MATERIAL AND METHODS 125 

Participants and ethical approval 126 

28 highly trained male triathletes (n = 22) and road cyclists (n = 6) were enrolled in the 127 

study. One cyclist had to withdraw prior to the training intervention due to an injury and 128 

accordingly, 27 athletes participated in the study (age 24.7 ± 4.3 years, height 182.7 ± 129 

5.9 cm, body mass 74.8 ± 6.5 kg, VO2max 64.9 ± 4.8 ml · kg-1 ∙ min-1). 130 

 The subjects trained at least 10 hours per week, demonstrated a VO2max greater than 131 

60 ml ∙ kg -1 ∙ min-1 and had at least 2 years of experience in their discipline. Among the 132 
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triathletes, eight were members of the Danish National Team competing in international 133 

Olympic and sprint distances (Olympic Games, World Triathlon Series, World Cups 134 

and Continental Cups), 10 participated in national elite competitions (Olympic, ½ 135 

ironman and ironman distances), while the remaining four competed at a lower level (½ 136 

ironman and ironman distances). The five cyclists had A-licenses and competed at the 137 

national elite level. 138 

The participants were fully informed of any potential risk associated with the 139 

experiments before verbal and written consents were obtained. The Ethics Committee of 140 

Southern Denmark approved the study protocol (Project-ID S-20150034) and the 141 

experiments adhered to the standards of the Declaration of Helsinki. This present study 142 

was part of a larger project from which some data has been described previously [26, 143 

27]. 144 

 145 

Study design 146 

The present four-week training study was part of a larger study designed to investigate 147 

the effects of commencing endurance training with low carbohydrate (CHO) availability 148 

on skeletal muscle adaptations and endurance performance during a period of 149 

intensified training [27, 28]. Athletes were randomized into two groups that 150 

accomplished two daily training sessions three times per week while receiving either a 151 

normal CHO enriched diet or an isocaloric CHO restricted diet. Muscle biopsies were 152 

extracted from m. vastus lateralis before and after the training period to investigate 153 

changes in mitochondrial content and function, markers of autophagy and proteins with 154 

antioxidant functions.   155 
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 156 

Exercise training intervention 157 

Athletes were matched in pairs based on their primary sport (i.e., cycling or triathlon), 158 

training history and performance level. Training plans within each pair of athletes were 159 

identical and based on retrospective training diaries and accordingly, training plans 160 

differed between pairs of athletes. These training schedules have been described in 161 

detail elsewhere [27, 28]. In brief, each of the four weeks of training was composed of 162 

two to four days with routine low-to-moderate intensity endurance training with high 163 

CHO availability and three days including two cycling sessions and CHO manipulation 164 

(i.e., Monday, Wednesday, and Friday). The three days including CHO manipulation 165 

were composed of high-intensity interval training (HIIT) in the morning followed by 7 166 

hrs of recovery and a moderate intensity cycling session in the afternoon. The HIIT 167 

session consisted of a 10-min warm-up, followed by eight 5-min cycling intervals, 168 

separated by two minutes of active recovery. The initial six intervals were accomplished 169 

with a target intensity of 85% of maximum heart rate (HRmax), while the final two 5-min 170 

blocks consisted of five 15s maximal sprints to recruit type II fibres, separated by 45s of 171 

active recovery. The afternoon session included 2 hrs of moderate intensity cycling 172 

exercise with a target intensity of 65% of HRmax. The training intensity was based on 173 

heart rate (Polar Team 2, Polar Electro Oy, Kempele, Finland), and both morning and 174 

afternoon sessions were carried out on personal bikes by use of turbo trainers (Tacx 175 

Bushido Smart T2780, Wassenaar, Netherlands). The athletes were unaccustomed to 176 

this particular training schedule. Including additional routine low-to-moderate intensity 177 

endurance training, the athletes carried out 16 hrs of training per week on average (12–178 

20 hrs). The intervention period was preceded by a period of 4-8 weeks including low 179 
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intensity training only, meaning that the training load was intensified by the present 180 

intervention.  181 

 182 

Dietary compositions  183 

Before the HIIT sessions, all subject consumed a small CHO-enriched breakfast (5.7 184 

kcal∙kg bm-1), while only ingestion of water was allowed in both groups during these 185 

sessions. The dietary protocol describing the CHO manipulation between the morning 186 

and afternoon sessions has been presented in detail previously [27]. 187 

To ensure dietary conformity, all subjects received food and beverages during the last 188 

24 hrs prior to the biopsy extractions. The day before, all athletes had a total energy 189 

intake of 34.8 kcal∙kg bm-1∙day-1 (56% CHO, 16% protein and 29% fat). On days with 190 

biopsy extractions, each subject consumed small and identical body mass-corrected 191 

meals (5.7 kcal∙kg bm-1; 65% CHO, 14% protein, and 21% fat) every second hour from 192 

7 AM and until 60 mins prior to the biopsy extraction.  193 

 194 

Skeletal muscle biopsies 195 

Two muscle biopsies (i.e., pre and post four weeks of training) were obtained randomly 196 

from the right and left thighs, one hour after a standard meal (see above) and at identical 197 

timepoints within each subject. Prior to the pre biopsy, athletes refrained from exercise 198 

for 36 hrs, while the athletes refrained from exercise from the last moderate intensity 199 

afternoon session and until the post biopsy extraction (i.e., 38-44hrs). Accordingly, the 200 

last HIIT session was accomplished ~50 hrs (i.e., 47-53hrs) before the extraction of the 201 

post biopsy. Muscle biopsies of 100-150 mg were obtained from the m. vastus lateralis 202 
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portion of m. quadriceps femoris using 5 mm Bergström needles. The procedure for 203 

extraction of muscle tissue has been described in detail elsewhere [27]. One part of the 204 

biopsy was used directly for assessment of mitochondrial respiratory function and 205 

another part was rapidly frozen and later used for immunoblotting and quantification of 206 

enzyme activity.    207 

 208 

Protein extraction and immunoblotting analysis 209 

Muscle samples were freeze-dried and dissected under the microscope to be free of non-210 

muscle components. Subsequently, a portion of each sample was homogenized in ice-211 

cold buffer (100 μl/mg dry weight) consisting of 2 mM HEPES (pH 7.4), 1 mM EDTA, 212 

5 mM EGTA, 10 mM MgCl2, 1% Triton X-100, 2 mM dithiothreitol, and 1.5% 213 

phosphatase and protease inhibitor cocktail (HaltTM, Thermo Scientific, Rockford, MD) 214 

using a BulletBlender (NextAdvance, Averill Park, NY) with 0.5 mm ZrO beads at 4°C. 215 

The obtained homogenates were centrifuged for 10 min at 4°C at 10,000 g and the 216 

resulting supernatant was collected and stored at -80°C. Following the determination of 217 

the samples’ protein concentrations using the Pierce 660 nm protein assay (Thermo 218 

Scientific, Waltham, MA) muscle homogenates were diluted with 4 x Laemmli sample 219 

buffer (Bio-Rad, Richmond, CA) and homogenizing buffer to obtain the same final 220 

protein concentration among the samples. All samples were heated at 95°C for 5 min to 221 

denature proteins before being stored at -20°C until further analysis. Proteins were 222 

separated by SDS polyacrylamide gel electrophoresis (PAGE) on 26-well Criterion 223 

TGX gradient gels (4–20% acrylamide; Bio-Rad). For each subject, samples from pre- 224 

and post-biopsies were loaded on the same gel. The blots were quantified using 225 

Quantity One software (v 4.6.3. Bio-Rad). To control for appropriate loading and 226 
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transfer, target proteins were expressed relative to total protein stained at ~95 kDa 227 

obtained by staining the membranes with MemCode Reversible Protein Stain Kit 228 

(Thermo Scientific, Waltham, MA) [29].  229 

The monoclonal primary antibodies used for the detection of target total proteins were 230 

as follows: total OXPHOS Human Cocktail (#ab110411; 1:1000; abcam Cambridge, 231 

UK), Beclin1 (#3495; 1:1000; Cell Signaling Technology, Danvers, MA, USA), LC3B 232 

(#3868; 1:1000; Cell Signaling Technology, Danvers, MA, USA), total-ULK1 233 

(#ab128859; 1:1000; abcam Cambridge, UK), Phospho-ULK1 (Ser317) (#12753; 234 

1:1000; Cell Signaling Technology, Danvers, MA, USA), Adenylate nucleotide 235 

translocase 1 (ANT1), LON Aconitase (Ab103809, 1:1000, Abcam), COX IV 236 

(ab54577-100, Abcam), uncoupling protein 3 (UCP3)#6922; 1:1000; Cell Signaling 237 

Technology, Danvers, MA, USA, Catalase #14097; 1:1000; Cell Signaling Technology, 238 

Danvers, MA, USA, Superoxide dismutase 2 (SOD2) (#13141; 1:1000; Cell Signaling 239 

Technology, Danvers, MA, USA). The secondary antibodies used were from Cell 240 

Signaling Technology: anti-rabbit (1:10.000; total-ULK1, Phospho-ULK1, Beclin-1, 241 

LC3B, Parkin, SOD); and anti-mouse IgG antibodies conjugated with horseradish 242 

peroxidase (1:10.000; total OXPHOS Human WB Antibody Cocktail). 243 

 244 

Citrate synthase activity 245 

Citrate synthase (CS) activity was measured in freeze-dried muscle dissected free from 246 

non-muscle constituents (30 °C). CS activity was determined by addition of 247 

oxaloacetate to a buffer solution containing muscle homogenate, DTNB buffer, acetyl-248 

CoA and H2O. Absorbance of CS was recorded for 600 seconds, converted into enzyme 249 

activity rates, and expressed as µmol·g dw-1·min-1. A specimen for determination of 250 
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enzyme activity was dissected when enough muscle-tissue was available. Accordingly, 251 

CS activity was determined in 20 subjects.  252 

 253 

Permeabilized Fiber Preparation 254 

Muscle fiber bundle permeabilization was performed as previously described [30, 31]. 255 

Briefly, a portion of the muscle biopsy (~5 mg wet weight) was immediately transferred 256 

into ice-cold relaxing medium (BIOPS) containing 10 mM/L Ca2+/EGTA buffer, 20 257 

mM/L imidazole, 50 mM/L K+-4-morpholinoethanesulfonic acid (Mes), 0.5 mmol/l 258 

dithiothreitol, 6.56 mM/L MgCl2, 5.77 mM/L ATP; 15 mMol/L phosphocreatine at pH 259 

7.1. Keeping the sample immerged in ice-cold BIOPS, a portion of the 5 mg wet weight 260 

sample (~1-3 mg) was mechanical dissected using forceps and needles until a uniform 261 

mesh of muscle fibers was obtained. The fiber mesh was then slowly agitated for 30min 262 

on a platform shaker in BIOPS containing saponin (50 µg/mL saponin) solution at 4°C 263 

and then washed for 10 minutes at 4°C in ice-cold mitochondrial respiration medium 264 

(MiR06; 0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM 265 

KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 g/L BSA essentially fatty acid free, 266 

adjusted to pH 7.1, 2.8 units/mg solid catalase lypophilized powder). Finally, the fiber 267 

bundle was first blotted on filter paper and then weighed on a microbalance before 268 

being transferred in the respirometry chamber. 269 

 270 

Mitochondrial Respiration in Permeabilized Fibres 271 

Mitochondrial respiration was measured by titrating the following substrates into the 272 

chambers (final concentrations): octanoylcarnitine (0.2 mM), malate (2 mM) for 273 

assessment of leak respiration (EFTL), ADP (2.5 mM) to support electron entry from 274 
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fatty acid β-oxidation through electron-transferring flavoprotein and complex I (EFTP), 275 

followed by pyruvate (5 mM) and glutamate (10 mM) to stimulate complex I (CIP), 276 

succinate (10 mM) to stimulate complex I and II linked respiration (CI+IIP). N,N,N',N'-277 

Tetramethyl-p-phenylenediamine dihydrochloride (0.5 mM) and ascorbate (2 mM) 278 

followed by sodium azide (100 mM) for cytochrome C oxidase activity assessment. 279 

Respiratory measurements were assessed after equilibrating the medium to ambient air 280 

and periodically the chamber was reoxygenated to keep the oxygen concentration near 281 

that in ambient air.  O2 flux from permeabilized fiber preparations was normalized per 282 

initial fiber wet weight and per CS activity.   283 

 284 
Transmission electron microscopy 285 

Muscle biopsy specimens were prepared for transmission electron microscopy as 286 

described previously (Nielsen et al. 2010). From the embedded samples, ultrathin 287 

sections (60 nm) were cut longitudinally (Leica Ultracut UCT ultramicrotome) at 288 

minimum three depths separated by 150 nm. Uranyl acetate and lead citrate were added 289 

as contrasts, and the sections were photographed with a transmission electron 290 

microscope (Philips CM100, Philips) and a camera (Olympus Veleta, Olympus Soft 291 

Imaging Solutions) at 13.500x magnification. 4-10 longitudinally-orientated fibres from 292 

each biopsy were included, and each fibre was photographed in a random, systematic 293 

order with 12 images taken from the subsarcolemmal region and 12 images from the 294 

myofibrillar region. The intermyofibrillar mitochondrial volume per myofibrillar 295 

volume (VV(IL)) was estimated by the stereological technique point counting according 296 

to the principle of Cavalieri (Weibel 1980) using the formula AA(IL) = VV(IL), where 297 

AA(IL) is estimated by point counting using a grid size of 360 nm. To take into account 298 
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the cylindrical shape of the fiber, the superficial images were weighted three times 299 

higher than the central images. The subsarcolemmal mitochondrial volume per muscle 300 

surface was also estimated by point counting and expressed relative to the surface area 301 

(SA) of the fibre: AA(IL) / SA = VV(IL) / SA, where AA(IL) is estimated by point counting 302 

using a grid size of 360 nm and SA was calculated as the length of the fibre analysed 303 

multiplied by the thickness of the image (60 nm). Point counting was performed using 304 

ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA). When the 305 

distribution of intermyofibrillar and subsarcolemmal mitochondrial volume is expressed 306 

relative to the total content, the fibers were assumed to be of cylindrical shape with a 307 

diameter of 80 nm. Since intermyofibrillar mitochondrial volume is expressed as a 308 

volume density and subsarcolemmal mitochondrial volume as volume per fiber surface 309 

area, total values were obtained by recalculating the subsarcolemmal mitochondrial 310 

volume to a volume density by the formula: volume beneath the surface area of a 311 

cylindrically shaped fiber (Vb) = R x 0.5 x A, where R is fiber radius and A is the fiber 312 

surface area. All photographing and analyses were conducted by one blinded 313 

investigator. 314 

 315 

Statistical analysis 316 

Normal distribution of the data was checked by assessing skewness. Paired sample t-test 317 

was used to assess within-group differences pre- to post measurement. Statistical 318 

analyses were carried out using SPSS statistical software version 21 (SPSS Inc., 319 

Chicago, Illinois, USA).  320 

 321 
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RESULTS 322 

Despite the dietary intervention, and as reported in companion papers [26, 27], the acute 323 

myocellular signaling response and persistent training adaptations of the skeletal muscle 324 

were identical between groups for all parameters (e.g., AMPK phosphorylation, citrate 325 

synthase activity, β-HAD activity, VO2max, endurance performance etc.). Similarly, we 326 

found no consistent differences between groups for the outcomes of the present 327 

investigation, and therefore data from the two groups were pooled together.  328 

 329 

Changes in markers of mitochondrial content, protein abundance and 330 

performance in elite endurance athletes following 4 weeks of intensified training.  331 

As previously reported [27] maximal citrate synthase activity, a biomarker for 332 

mitochondrial density [32], increased following 4 weeks of endurance training in this 333 

group of elite endurance athletes (Fig. 1). The small increase in citrate synthase activity 334 

was accompanied by an increased abundance of selected mitochondrial proteins 335 

assessed by immunoblotting technique. Thus, the protein levels of the electron transport 336 

system proteins Complex I (Fig 2a) and Complex II (Fig. 2b) were increased by training 337 

(P < 0.05), whereas the protein levels of Cytochrome c Oxidase subunit 4 (COXIV, Fig 338 

2c) and F1F0-ATP-synthase (ATPsynthase, Fig. 2d) were unchanged. In a small subset 339 

of subjects (n = 5) we furthermore measured the mitochondrial volume density by 340 

transmission electron microscopy. Utilizing this method it was shown that the total 341 

mitochondrial volume expressed per muscle volume was numerically but non-342 

significantly increased after the training period (pre = 9.7 µm3 µm-3 102; post = 10.4 343 

µm3 µm-3 102, Fig. 2F). By dividing the mitochondria into their subcellular 344 

localizations, it was shown that the volume fraction of both the subsarcolemmal (pre = 345 
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32.8 and post = 31.5 µm3 µm-3 102) and intermyofibrillar mitochondria (pre = 8.07, and 346 

post=8.7 µm3 µm-3 102) was not different before and after the training period. 347 

Together with the previously reported improvement of VO2max (65.0 ± 4.8 to 68.7 ± 348 

4.9 ml · kg-1 ∙ min-1, P < 0.01) and 30-minute time trial performance (303 ± 35 W to 318 349 

± 35 W;+4.6%, P < 0.01)[27], the indication of a modest increase in mitochondrial 350 

protein abundance, shows that the period of intensified training lead to positive effects 351 

on several classical physiological parameters.  352 

 353 

Inhibition of mass-specific mitochondrial respiration in permeabilized muscle 354 

fibers after endurance training 355 

The observed increases in CS activity and the content of some mitochondrial proteins 356 

may be interpreted as an augmented mitochondrial volume which is expected to 357 

increase the skeletal muscle oxidative capacity if the mitochondrial quality (i.e., 358 

mitochondrial respiration for a given amount of mitochondrial protein) is unchanged. In 359 

line with this, endurance training is expected to increase mitochondrial respiration, 360 

which has been substantiated in most studies [33]. However, in a previous study 361 

analysing isolated mitochondria following short-term severe sprint training, we 362 

observed a reduced mitochondrial respiration, and importantly this was partly 363 

compensated for by an increased mitochondrial protein abundance [22]. In the present 364 

study, we therefore wanted to measure in situ mitochondrial respiration in 365 

permeabilized muscle fibres. Using this approach, we surprisingly observed that mass-366 

specific mitochondrial respiration was reduced post training through both complex I (-367 

28 %, P < 0.001), complex I and II (-17 %, P < 0.01) and uncoupled respiration (-17 %, 368 

P < 0.001), while leak respiration was similar pre- to post training (Fig. 3 a-f.)  369 
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 370 

Reduced mitochondrial quality after endurance training 371 

Mitochondrial quality is rarely augmented following endurance training [34]. Instead, if 372 

the exercise intensity is acutely [35] or chronically severe [22], or otherwise if the 373 

duration of exercise training is very long [36, 37], mitochondrial quality has been shown 374 

to decrease in some cases. Other interventions that place a high or unaccustomed 375 

demand on metabolism such as fasting has also been shown to reduce mitochondrial 376 

quality through complex I [38] or the entire electron transfer system [39]. Having 377 

observed a reduction of mass-specific mitochondrial respiration concomitant with a 378 

modest increase in some markers of mitochondrial volume we wanted to test if 379 

mitochondrial quality (i.e. mitochondrial respiratory function normalized per CS 380 

activity) was affected by this intensified training intervention. By this normalization it 381 

was revealed that mitochondrial quality was reduced post training both through complex 382 

I, complex I and II, and uncoupled respiration, while leak respiration was similar pre to 383 

post training (Fig. 3 g-l).  384 

 385 

Oxidative inactivation of aconitase after training despite increased LON protease 386 

abundance 387 

The observed decrease in specific respiration (i.e., mitochondrial quality), may be fully 388 

or partly explained by an increased ROS production and herein unbalanced redox state. 389 

The redox-sensitive enzyme aconitase is primarily located in the mitochondrial 390 

tricarboxylic acid cycle, where it facilitates the isomerization of citrate to isocitrate via 391 

cis-aconitase and subsequent delivery of NADH to the electron transport system. 392 

Aconitase is prone to oxidative inactivation and the degradation of mildly oxidized 393 
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aconitase is ensured by the mitochondrial Lon protease to maintain a functional 394 

mitochondrial population [40]. In this regard, we measured both aconitase protein 395 

expression and activity together with Lon protein abundance before and after the 396 

training period. We found that aconitase protein expression was higher after training 397 

(+39%, Fig. 4 a) despite a numerically, but not significantly, lower aconitase activity 398 

per wet weight tissue (Fig. 4 b). When aconitase activity was related to aconitase protein 399 

expression, a significant reduction (pre: 0.24 +/-0.15 mU·mg-1; post: 0.10 +/- 0.04 400 

mU·mg-1, P < 0.05) was found after training (Fig. 4 c), a feature of aconitase 401 

inactivation. These changes occurred in parallel with a 115 % (P < 0.05) increase in Lon 402 

protein expression after training (Fig. 4 d). The concomitant increase in Lon protease 403 

content and the inactivation of aconitase could indicate increased levels of oxidative 404 

stress after training. 405 

 406 

The mitochondrial antioxidant defence system is upregulated after training 407 

A viable response to oxidative insults with severe exercise training is a counter-408 

regulatory upregulation of the antioxidant system. We assessed the abundance of four 409 

proteins with established antioxidative functions. Adenylate nucleotide translocase 1 410 

(ANT1) and uncoupling protein 3 (UCP3) are two mitochondrial proteins that can 411 

modulate mitochondrial ROS production by liberation of the mitochondrial membrane 412 

potential [41-43]. ANT1 was upregulated by 22 % and UCP-3 by 35 % after training. 413 

Likewise, manganese superoxide dismutase (SOD2) was upregulated by 32 % after 414 

training whereas catalase did not show any difference from pre to post training (Fig. 5). 415 

Together, the robust upregulation of these three proteins with vital antioxidative 416 

properties indicates that the cellular antioxidative defence system was upregulated by a 417 
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period of intensified endurance exercise training in already highly trained endurance 418 

athletes.  419 

 420 

Endurance exercise activates markers of autophagy in skeletal muscle 421 

Remodeling of mitochondrial structures by biogenesis must be combined with 422 

autophagy that selectively degrades and recycles oxidized and dysfunctional proteins to 423 

maintain a pool of mitochondria with the highest possible quality and function [44]. 424 

Although there is a vital basal level of autophagy, cellular challenges, such as the 425 

oxidative or energetic stress induced by exercise, can upregulate the autophagic 426 

processes further [45]. Indeed, a functional exercise-induced autophagic response seems 427 

necessary for appropriate adaptations to exercise training [12, 13]. In human subjects, 428 

the autophagic response has mainly been investigated in response to acute exercise 429 

sessions [19, 46, 47], while reports of the response to chronic exercise training are 430 

sparse and not involving elite endurance athletes [20]. 431 

In the formation of the autophagic vacuole, light chain 3BI (LC3BI) is lipidated to 432 

LC3BII, a process that seems to depend on total unc-51-like kinase 1 (tULK1) and 433 

AMPK activation [47, 48]. Therefore, a higher LC3BII/I ratio is considered as a marker 434 

of autophagic activation. Phosphorylation of ULK1 (pULK1) is a key event in the 435 

activation of autophagy. We here found an increase in both protein abundance of tULK1 436 

(+121 %, P < 0.001, fig. 6 a) and pULK1 (+25 %, p < 0.05, Fig. 6 b), and thereby a 437 

reduced ratio of pULK1/tULK1 (-49 %, P < 0.05, Fig. 6 c) possibly reflecting the 438 

chronic upregulation of autophagic components rather than acute activation. Beclin1 is a 439 

marker indicative of the formation of an autophagosome which has been found to 440 
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increase acutely after exercise. As can be seen in figure 7, protein content of Beclin1 441 

was 30 % higher (P < 0.05) after training indicating an increased autophagosome 442 

content. Further, we measured increased LC3BII protein levels (+96 %, P < 0.05, Fig. 7 443 

c) but unchanged LC3BI levels, and accordingly the LC3BII/I ratio tended to increase 444 

(+104 %, Fig. 7 d, P = 0.11), indicative of an increased autophagosome formation. In 445 

summary, several canonical markers of an activation of the autophagic machinery were 446 

increased in the present study, indicating an increased demand for renewal of 447 

mitochondrial and cellular proteins in response to intense endurance training. 448 

 449 

DISCUSSION 450 

The aerobic capacity is an important determinant for performance in endurance sports, 451 

which is dependent on several factors including, but not limited to, mitochondrial 452 

quantity and quality. In elite endurance athletes, we here observed that intensifying 453 

training for 4 weeks reduced mitochondrial quality and mass-specific mitochondrial 454 

respiration in permeabilized fibres despite a maintenance or increase of the canonical 455 

markers of mitochondrial content. This occurred concomitantly with a substantial 456 

upregulation of some of the mitochondrial antioxidative enzymes and activated markers 457 

of the autophagic response. Specifically, aconitase activity decreased together with an 458 

upregulation of the mitochondrial Lon-protease that degrades oxidized aconitase, 459 

indicating mitochondrial oxidative stress. Notably, this mitochondrial stress response 460 

occurred simultaneously with small but significant increases in endurance performance 461 

and VO2max, indicating that these training adaptations may have different time courses 462 
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in elite endurance athletes with expected superabundant mitochondrial respiratory 463 

capacity [49, 50].  464 

The total skeletal muscle oxidative capacity, which is the product between 465 

mitochondrial quality (the oxidative capacity of each mitochondrion) and the total 466 

mitochondrial volume, is expected to be enhanced by endurance training [51, 52]. 467 

Indeed, greater mitochondrial respiratory capacity is a common reported adaptation to 468 

endurance training [33] which is largely explained by augmentation of mitochondrial 469 

volume and not by a change in mitochondrial quality [53, 54]. In line with these 470 

findings, cross-sectional studies have shown that differences in fitness levels between 471 

active individuals and elite endurance athletes are largely related to differences in 472 

mitochondrial volume [55] and that a high whole-body fat oxidation capacity, a key 473 

feature of elite endurance athletes [56], is related to mitochondrial volume and not to the 474 

intrinsic properties of mitochondria [57]. Since the subjects of the present study were 475 

highly trained endurance athletes belonging to both the national and international elite, 476 

only modest changes in the mitochondrial volume were expected although training was 477 

intensified. Thus, the mitochondrial volume estimated by TEM in a subgroup of athletes 478 

was extraordinary high before the training intervention in comparison to what we have 479 

previously observed in elite endurance athletes [8]. Nevertheless, we observed 480 

significant increases in both CS activity and the content some mitochondrial proteins. 481 

Also, despite the high pre-training level, the estimation of the mitochondrial volume per 482 

fiber volume by TEM revealed a numerical and non-significant 7% increase during the 483 

training period. Together, these findings may suggest a marginal increase in the 484 

mitochondrial volume, and if so, it will eventually be expected to increase the skeletal 485 

Downloaded from journals.physiology.org/journal/jappl (080.197.099.217) on July 12, 2021.



muscle oxidative capacity if the mitochondrial quality (i.e. mitochondrial respiration for 486 

a given amount of mitochondrial protein) is unchanged.  487 

Surprisingly, both the mass-specific mitochondrial respiration and the mitochondrial 488 

quality (i.e., mitochondrial respiratory function per CS activity) was reduced after the 489 

training period. While this finding is in line with our previous observation of a 50% 490 

reduction in the mitochondrial respiration following a period of severe sprint training in 491 

previously untrained individuals [22], it contrasts other studies showing no change or 492 

increased mitochondrial respiration by endurance training [58]. Rather than interpreting 493 

this mitochondrial inhibition as a chronic training adaptation, and based on the existing 494 

literature, we speculate that it reflects a temporary depression induced by overreaching 495 

during the intensified period of training. In this study, the muscle samples were 496 

extracted ~40 hours after termination of the last exercise bout and ~50 hours after the 497 

last HIIT session, and this may have been to short time to recover or even super-498 

compensate the mitochondrial respiration from the previous training stress. Indeed, it 499 

was recently shown that after a week of overreaching, mitochondrial respiration was 500 

impaired by 40% and this impairment had only partly recovered after 7-10 days of 501 

tapering [23]. 502 

It is also important to notice that in this study the changes in skeletal muscle oxidative 503 

capacity did not parallel the changes in VO2max and endurance performance despite 504 

cross-sectional data showing that skeletal muscle oxidative capacity strongly relates to 505 

VO2max and endurance performance across individuals of different fitness level [55, 506 

59]. We determined VO2max on the days of the biopsy extractions and observed a 5% 507 

increase after the training period despite the mitochondrial respiratory inhibition. This 508 

observation suggests that mitochondrial respiration was not the key mediator of the 509 
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observed changes in VO2max in our group of elite endurance athletes. Similar changes 510 

in the mitochondrial respiration have been presented previously [60] [61], and although 511 

the mitochondrial respiration is crucial for VO2max and endurance performance, their 512 

responses seem to follow different time lines in response to a period of training. While 513 

speculative, it cannot be excluded that even larger improvements in VO2max and 514 

endurance performance would have been observed following a longer tapering period 515 

(i.e., 7-14 days [62, 63]), partly as a consequence of a restoration or perhaps even super-516 

compensation of the mitochondrial respiration. Finally, these observations may indicate 517 

that mitochondria possess an excess respiratory capacity, so that small respiratory 518 

perturbations do not significantly compromise VO2max or endurance performance.  519 

Aconitase has a vital role as a constituent in the tricarboxylic acid cycle enabling 520 

transport of reducing equivalents to the electron transport chain. Based on our previous 521 

findings in untrained individuals [22], we aimed to investigate whether the inhibited 522 

mitochondrial respiration in response to the period of intensified training could also be 523 

specifically related to changes in the aconitase activity in our group of elite endurance 524 

athletes. Here, the magnitude of the increase in aconitase protein abundance was similar 525 

to the increase in other mitochondrial proteins whereas aconitase activity per unit 526 

protein was lower after training (see Fig. 4). Thus, the reduced aconitase activity could 527 

possibly be regarded as a mechanistic explanation behind the reduced mitochondrial 528 

respiration but any isolated mitochondrial enzyme only has modest control strength on 529 

mitochondrial respiration [64]  530 

The high sensitivity of aconitase to oxidative inactivation mandates that there is a 531 

control mechanism for its fast reactivation. The Lon protease has been characterized as 532 

a mitochondrial protease that selectively targets and degrades oxidized aconitase in an 533 
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ATP-dependent manner [40] which is critical for mitochondrial viability. Indeed, 534 

inhibition of Lon activity by peroxynitrite has been shown to precede mitochondrial 535 

dysfunction [65] and adaptation to oxidative stress requires a functional Lon protease 536 

[66]. The robust induction of Lon protease along with increases in UCP3, ANT1 and 537 

SOD2 indicates that the intensified training period induced oxidative stress with an 538 

increased turnover of aconitase protein. However, these results could also be interpreted 539 

as an adaptive response and the oxidative stress could as well be lower after the training 540 

period.   541 

Part of the mitochondrial quality control includes remodeling and degradation of 542 

dysfunctional and highly oxidized proteins by lysosomal degradation in the autophagy 543 

process or specifically mitophagy by selective autophagy of mitochondrial structures. 544 

While ULK1 protein content and its phosphorylation at Ser317 and LC3BII protein 545 

content are indicative of autophagy upregulation, the increase in Beclin1 protein content 546 

argue for specific increased mitophagy. In contrast to an increased LC3BI and 547 

unchanged LC3BII protein content as reported by Brandt, Gunnarsson [20] following 548 

moderate endurance or sprint training, we found a ~100% increase in LC3B lipidation 549 

and a tendency for an increased LC3BII/LC3BI protein content ratio, which suggests an 550 

increase in autophagosome formation. Mitophagy requires induction of Beclin1 protein 551 

content [67] and its upregulation in the present study is in line with previous reports in 552 

humans [20] and in mice [68]. The present observation of exercise training-induced 553 

autophagy in parallel with the modest increase in the content of some mitochondrial 554 

proteins as well as CS activity is in accordance with previous findings in mice following 555 

endurance training [13]. It is therefore likely that two major processes are in action 556 

simultaneously; the mitochondrial biogenesis program that merely synthesizes new 557 

Downloaded from journals.physiology.org/journal/jappl (080.197.099.217) on July 12, 2021.



mitochondrial proteins and the mitochondrial quality program with increased 558 

autophagic processes and induction of mitochondrial Lon protease that ensures a high 559 

mitochondrial quality and respiration.  560 

We need to address some methodological limitations of our study, which must be 561 

considered while interpreting the present data. The study was initially designed to 562 

determine differences between two groups receiving low and high carbohydrate intake. 563 

We here presented the two groups together and thereby we are lacking an appropriate 564 

control group not being subjected to the intervention. The mitochondrial respiratory 565 

measurements in this study are somewhat lower (~33%) than expected in a population 566 

with a VO2max of 65 ml · kg-1 ∙ min-1 [69]. The reason for this is unknown but could be 567 

related to lower degrees of mechanical permeabilization during the dissection of the 568 

muscle bundles. Another alternative is that it is related to the fact that respiratory 569 

measurements were made at around ambient oxygen levels whereas many groups a 570 

using artificially elevated oxygen levels (250-500 uM oxygen) in the respiratory 571 

chamber. Furthermore, only male endurance athletes participated in the study. 572 

Therefore, our results may not extend to female athletes because of potential sex 573 

differences as previously reported by our group [70]. The post biopsy was extracted ~50 574 

hours following the last HIIT session and although it is likely that it was the 575 

accumulation of training stress during the whole intervention period that led to the 576 

reduced mitochondrial respiration here reported, it cannot be excluded that the last 577 

training session per se affected our results. Endurance performance was determined 578 

72hrs prior to the extraction of the post biopsy, which may challenge the comparison of 579 

changes in endurance performance with changes in mitochondrial respiration. However, 580 

the training schedule was identical for 48 hrs prior to the performance test and the 581 
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biopsy obtainment. Concerning VO2max, this was determined on the day of the biopsy 582 

obtainment.  583 

CONCLUSION 584 
 585 

In conclusion, the present study demonstrated that 4 weeks of intensified training in 586 

elite endurance athletes reduced mitochondrial oxidative capacity whereas the canonical 587 

markers of mitochondrial content were unchanged or marginally increased. This effect 588 

occurred concomitantly with a substantial upregulation of some of the mitochondrial 589 

antioxidative enzymes and activated markers of the autophagic response. Together, this 590 

suggests that shortly after a period of intensified endurance training, mitochondrial 591 

respiratory function is impaired while both mitochondrial biogenesis and mitochondrial 592 

quality control are activated in highly trained skeletal muscle.   593 

 594 
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 793 

LEGENDS TO FIGURES 794 

Figure 1. Mean ± SD (n=21) of maximal citrate synthase (CS) activity pre- and post-795 

training intervention. *p < 0.05 (paired t-test) at post vs. pre intervention. 796 

Figure 2. Mean ± SD for protein levels of complex I (a) n=11, complex II (b) n=12, 797 

cytochrome C oxidase (COXIV) n=23 (c), ATPase (d) n=12, and representative blots 798 

pre to post intervention. Samples were heat-treated before loading. As loading control 799 

target proteins were expressed relative to total protein at 95 kDa stained using 800 
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MemCode Reversible Protein Stain Kit. Mitochondrial volume density (f) n=5 was 801 

measured by transmission electron microscopy. Data is expressed as mitochondrial 802 

volume per muscle volume.  *p < 0.05 (paired t-test)  at post vs. pre intervention. 803 

Figure 3. Mean ± SD of mitochondrial respiration rates normalized by the initial muscle 804 

wet weight ([pmol O2 · (s · mg)-1]; mass-specific mitochondrial respiration) and by 805 

maximal citrate synthase activity ([pmol O2 · (s · CS activity)-1]; intrinsic mitochondrial 806 

oxidative respiration) pre to post 4-week endurance training: a (n=27),g (n=21), leak 807 

respiration is the respiratory rate in the presence of octanol-carnitine and malate 808 

substrates without addition of adenylates; b (n=26),h (n=21), is the electron-transferring 809 

flavoprotein complex (ETF) respiratory rate; c (n=26),i,(n=21) is the maximum ADP 810 

stimulated respiration rate in the presence of complex I (CIP) substrates ; d (n=26),j 811 

(n=20), is similar to c,i but with added convergent electron flux through complex II by 812 

adding succinate (CI+IIP); e (n=25),k (n=20) is the mitochondrial respiration uncoupled 813 

from ADP/ATP formation by adding Carbonyl cyanide m-chloro phenyl hydrazine 814 

(CCCP); f (n=21),l (n=21) is the mitochondrial respiration indicative of the biochemical 815 

capacity of the cytochrome C-Oxidase measured by adding N,N,N',N'-Tetramethyl-p-816 

phenylenediamine dihydrochloride (TMPD) and ascorbate followed by sodium azide. * 817 

p < 0.05 (paired t-test)  post to pre. 818 

Figure 4. Protein levels (arbitrary units a.u.) of aconitase 2 (ACO) (a) n=9, together 819 

with the representative blots pre to post intervention. Aconitase activity expressed per 820 

µg protein (b) n=11 and the specific aconitase activity expressed per aconitase protein 821 

(c) n=8. Protein levels of LON protease (LON) (d) n=12. As loading control target 822 

proteins were expressed relative to total protein at 95 kDa stained using MemCode 823 

Reversible Protein Stain Kit, *p < 0.05 (paired t-test)  at post vs. pre intervention. 824 
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Figure 5. Protein levels of adenylate nucleotide translocase 1 (ANT1) (a) n=21 and 825 

uncoupling protein 3 (UCP3) (b) n=23, manganase superoxide dismutase (SOD2) (c) 826 

n=23 and catalase (d) n=23 together with the representative blots pre to post 827 

intervention. As loading control target proteins were expressed relative to total protein 828 

at 95 kDa stained using MemCode Reversible Protein Stain Kit, *p < 0.05 (paired t-test)  829 

at post vs. pre intervention. 830 

Figure 6. Protein levels of ULK1 (a) n=23, phosphorylation of ULK1 at Ser317 (b) 831 

n=11, as well as the ratio between phosphorylated ULK1 and total ULK1 (c) n=11 832 

together with the representative blots pre to post intervention. As loading control target 833 

proteins were expressed relative to total protein at 95 kDa stained using MemCode 834 

Reversible Protein Stain Kit, *p < 0.05 (paired t-test) at post vs. pre intervention. 835 

Figure 7. Protein levels of BECLIN1 (a) n=12, LCB3I (b) n=11, LCB3II (c) n=11, as 836 

well as the ratio between phosphorylated LCB3II and LCB3I (d) n=11 together with the 837 

representative blots pre to post intervention. As loading control target proteins were 838 

expressed relative to total protein at 95 kDa stained using MemCode Reversible Protein 839 

Stain Kit, *p < 0.05 (paired t-test) at post vs. pre intervention. 840 
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