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ABSTRACT 20 

Combining endurance and strength training in the same session has been reported to reduce 21 

the anabolic response to the latter form of exercise. The underlying mechanism, based 22 

primarily on results from rodent muscle, is proposed to involve AMPK-dependent inhibition 23 

of mTORC1 signaling. This hypothesis was tested in eight trained male subjects who in a 24 

randomized order performed either resistance exercise only (R) or interval cycling followed 25 

by resistance exercise (ER). Biopsies taken from the vastus lateralis before and after 26 

endurance exercise and repeatedly after resistance exercise were assessed for glycogen 27 

content, kinase activity, protein phosphorylation and gene expression. Mixed muscle 28 

fractional synthetic rate was measured at rest and during 3h of recovery using the stable 29 

isotope technique. In ER, AMPK activity was elevated immediately after both endurance and 30 

resistance exercise (~90%, P<0.05) but was unchanged in R. Thr389 phosphorylation of S6K1 31 

was increased several-fold immediately after exercise (P<0.05) in both trials and increased 32 

further throughout recovery. After 90 and 180 min recovery, S6K1 activity was elevated 33 

(∼55% and ~110%, respectively, P<0.05) and eEF2 phosphorylation was reduced (∼55%, 34 

P<0.05) with no difference between trials. In contrast, markers for protein catabolism were 35 

differently influenced by the two modes of exercise; ER induced a significant increase in gene 36 

and protein expression of MuRF1 (P<0.05), which was not observed following R exercise 37 

only. In conclusion, cycling-induced elevation in AMPK activity does not inhibit mTORC1 38 

signaling after subsequent resistance exercise, but may instead interfere with the hypertrophic 39 

response by influencing key components in protein breakdown.  40 

 41 

 42 

 43 

 44 
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INTRODUCTION 45 

Diverse training adaptations, such as skeletal muscle hypertrophy and increased mitochondrial 46 

content, are believed to be mediated by specific signaling pathways (3). For instance, loading-47 

induced muscle accretion has been shown to be largely regulated by the mechanistic target of 48 

rapamycin complex 1 (mTORC1) pathway (7, 23) while increased mitochondrial biogenesis 49 

and subsequent increase in oxidative capacity has been linked to activation of the peroxisome 50 

proliferator-activated receptor-coactivator-1 (PGC-1α) pathway (39). Due to the opposing 51 

phenotypic adaptations following resistance and endurance exercise, it has been suggested 52 

that the adaptive response is diminished, when these two modes of exercise are combined (25). 53 

From a mechanistic perspective, such molecular interference has been linked to the 54 

adenosine-monophosphate activated protein kinase (AMPK), which when activated by 55 

pharmacological agents in rodent muscle, has been shown to inhibit mTORC1 signaling (8, 56 

43) but increase mRNA expression of PGC-1α (30). 57 

 Relatively few studies have examined the acute molecular response to different 58 

modes of exercise when performed concurrently (2, 14, 15, 34, 35). Of these, only one study 59 

examined the effect of prior endurance exercise on the resistance exercise-induced activation 60 

of the mTORC1 pathway (35). However, in that study, mTORC1 signaling was unchanged in 61 

response to resistance exercise in both conditions, thus preventing any conclusions regarding 62 

the effect of prior activation of AMPK (35). In contrast, when sprint exercise was undertaken 63 

before resistance exercise, the signaling response immediately downstream of mTORC1 was 64 

blunted compared to when the exercise sessions were performed in the reverse order (14). 65 

However, that study did not include single mode resistance exercise for comparison (14). 66 

Consequently, our understanding of the proposed interference effect of combined endurance 67 

and resistance exercise at the molecular level still remains incomplete. 68 
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Several mechanisms have been proposed by which AMPK, in response to 69 

cellular stress, mediates inhibition of mTORC1 signaling. Upstream regulation includes 70 

signaling through the TSC (tuberous sclerosis complex) 1/TSC2 complex, which through 71 

alterations in assembly (28) and AMPK-mediated phosphorylation of the Ser1387 residue (29), 72 

inhibits mTORC1 activity. AMPK has also been shown to phosphorylate the defining 73 

component of mTORC1, raptor, at the Ser792 residue, which results in suppressed 74 

functionality of the complex (24). However, the existence of these inhibitory mechanisms of 75 

AMPK signaling on the mTORC1 pathway in human skeletal muscle remains unknown.   76 

 Therefore, the aim of this study was to examine whether increased AMPK 77 

activity, as a result of prior high-intensity interval cycling, would inhibit resistance exercise-78 

induced mTORC1 signaling in relatively well trained subjects when compared with single 79 

mode resistance exercise. To gain mechanistic insight into the AMPK-mediated regulation of 80 

mTORC1 signaling, TSC1/2 complex assembly was assessed as well as the phosphorylation 81 

status of the AMPK targets TSC2 and raptor. Furthermore, in addition to measuring S6K1 82 

phosphorylation, kinase activity of this enzyme was measured to gain quantitative assessment 83 

of the potential interference of AMPK on the mTORC1 pathway. Lastly, the stable isotope 84 

technique was employed to determine if alterations in signaling, protein-protein interaction 85 

and kinase activity would be reflected in similar changes in the rate of protein synthesis. Our 86 

hypothesis was that high-intensity cycling, when performed prior to resistance exercise, 87 

would inhibit the mTORC1 pathway through AMPK-mediated elevations in TSC2 and raptor 88 

phosphorylation.   89 

 90 
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METHODS 91 

Subjects 92 

Eight healthy moderately trained male subjects were recruited for this study. After being 93 

informed of the purpose of the study and of all associated risks, all subjects gave written 94 

consent. The study was approved by the Regional Ethical Review Board in Stockholm and 95 

performed in accordance with the principles outlined in the Declaration of Helsinki. To be 96 

eligible for enrollment in the study, subjects were required to have performed resistance 97 

exercise 2-3 times per week and endurance exercise 1-2 times a week during the last 6 months 98 

and to have a maximal leg strength equaling four times their body weight or more. Subject 99 

characteristics were as follows; the mean (±SE) age was 26 (±2) years; height 183 (±2) cm; 100 

weight 85 (±2) kg; maximal leg strength 432 (±15) kg; maximum oxygen uptake 4.6 (±0.2) 101 

l/min; and maximum cycling power output 361 (±16) W. The study employed a randomized 102 

cross-over design in which each subject performed one session of high-intensity interval 103 

cycling followed by resistance exercise (ER) and another session of resistance exercise only 104 

(R). The two sessions were separated by approximately two weeks. A schematic overview of 105 

the experimental protocols is provided in Fig.1. All subjects were instructed to maintain their 106 

habitual dietary intake and physical activity pattern throughout the entire experimental period. 107 

Subjects were instructed to refrain from physical exercise for two days before each trial as 108 

well as to record and duplicate their food intake before the first and second trials, respectively.   109 

  110 

Pre-tests 111 

Before initiation of the actual experiments, each subject’s two-legged one repetition 112 

maximum (1RM) was determined on a leg press machine (243 Leg press 45°, Gymleco, 113 

Stockholm, Sweden) after warming up on a cycle ergometer for 10 min. The 1RM was 114 

assessed by gradually increasing the load until the subject was unable to perform no more 115 
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than one single repetition (90-180° knee angle). Maximal and submaximal oxygen uptake was 116 

determined on a mechanically braked cycle ergometer (Monark 839E, Vansbro, Sweden) with 117 

the work rate gradually increased until volitional exhaustion as described by Åstrand & 118 

Rodahl (53). Oxygen uptake was measured continuously utilizing an on-line system (Oxycon 119 

Pro, Erich Jaeger GmbH, Hoechberg, Germany) and heart rate (HR) was recorded 120 

continuously (Polar Electro Oy, Kempele, Finland). Following initial testing, subjects 121 

performed three familiarization sessions in order to minimize any training effects during the 122 

live experiments. During these three sessions, subjects performed the ER protocol where the 123 

intensity of the cycling and the load of the leg-press exercise were adjusted so the subjects 124 

could perform the designated protocol. Thus, the load and number of repetitions determined 125 

during the last familiarization session were used in both experimental trials.        126 

 127 

Experimental trials 128 

On the day of each trial, subjects reported to the laboratory at approximately 5.30 am 129 

following an overnight fast from 9.00 pm the evening before. Upon arrival, subjects were 130 

placed in a supine position and catheters were placed in the antecubital vein of both arms. 131 

One arm was used for blood sampling and the other arm for the stable isotope infusion. 132 

Following a 30 minute resting period, a baseline blood sample was collected after which a 133 

primed constant infusion of L-[ring-13C6]-phenylalanine (0.05 µmol/kg/min, prime 2 134 

µmol/kg; Cambridge Isotope Laboratories, Danvers, MA, USA) was initiated and maintained 135 

for the duration of the entire experiment (~10 h). Two hours after the initiation of the tracer 136 

infusion, the first resting biopsy was collected under local anaesthesia (2-3 ml Xylocain 137 

(Lidocaine), AstraZeneca AB, Södertälje, Sweden) from the distal portion of the vastus 138 

lateralis muscle of one leg using a Weil-Blakesley conchotome (AB Wisex, Mölndal, 139 

Sweden). In order to obtain resting values of mixed muscle protein synthesis, a second resting 140 
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biopsy was collected three hours later. During these initial five hours of rest and tracer 141 

infusion, blood samples were drawn every 30 min into EDTA-tubes. 142 

 Following tissue and blood sampling, in the ER-trial, subjects warmed up on the 143 

cycle ergometer for a total of 15 min (5 min at 50 W and 10 min at 100 W), after which five 4 144 

min intervals at a work rate corresponding to 85% of each subjects' maximal oxygen uptake 145 

were performed. Each high-intensity interval was interspersed with 3 min of low intensity 146 

cycling at 100 W. During cycling, blood samples were taken after warm-up and after the third 147 

and fifth intervals. Immediately after the last interval (<30 sec), a third muscle biopsy was 148 

taken off the cycle ergometer. After the biopsy was collected, subjects continued to cycle for 149 

an additional 10 minutes at 100 W which was then followed by five minutes of rest. Next, the 150 

subjects were seated in the leg press machine and performed 3 warm-up sets of 10 repetitions 151 

at ~10, ~30 and ~60% of 1RM with 3 min of rest between each set. Thereafter, the subjects 152 

performed 10 sets of heavy resistance exercise for which the load and number of repetitions 153 

was determined during the last pre-test. The subjects were to perform 4 sets of 8-10 154 

repetitions at ~80 % of 1RM, 4 sets of 10-12 repetitions at ~70 % of 1RM and lastly 2 sets to 155 

volitional fatigue at ~60 % of 1RM, with 3 min of recovery allowed between each set. Time 156 

under tension was recorded for each set during the first trial and was used to match, as closely 157 

as possible, the repetition speed in each set during the second trial (Table 1). In the R-trial, the 158 

cycling was replaced by rest with blood and tissue sampling performed at the same time 159 

points as in the ER-trial. During resistance exercise, blood was collected prior to warm-up and 160 

following the third, seventh, tenth and finally the thirteenth and last set.  161 

 In both trials, immediately after resistance exercise, a fourth muscle biopsy was 162 

taken and after that, two additional biopsies were collected 90 and 180 min post resistance 163 

exercise. Blood was collected 15 and 30 min into recovery after which sampling continued at 164 

30-min intervals throughout the remainder of the trial. Biopsy sampling was alternated 165 
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between legs throughout the two trials, beginning with the right leg in the first trial. A total of 166 

12 biopsies were collected from each subject and for each biopsy, a new incision was made 167 

approximately 2-3 cm proximal to the previous one. After biopsy collection, samples were 168 

immediately blotted free of blood and frozen in liquid nitrogen and stored at -80°C for later 169 

analysis.   170 

 171 

Tissue processing 172 

Muscle samples were freeze dried and thoroughly dissected clean from blood and connective 173 

tissue under a light microscope (Carl Zeiss, MicroImaging, Jena, Germany), leaving only very 174 

small fibre bundles intact. The fibre bundles were then extensively mixed, resulting in a 175 

highly homogenous sample pool free of non muscle contaminants. This mixed sample was 176 

then split into aliquots for each subsequent analysis.   177 

 178 

Immunoblot analysis  179 

Cleaned muscle samples were homogenized in ice-cold buffer (80 µl/mg dry weight) 180 

containing 2 mM HEPES (pH 7.4), 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 50 mM β-181 

glycerophosphate, 1% TritonX-100, 1 mM Na3VO4, 2 mM dithiothreitol, 1% phosphatase 182 

inhibitor cocktail (Sigma P-2850) and 1 % (v/v) Halt Protease Inhibitor Cocktail (Thermo 183 

Scientific, Rockford, USA). Homogenates were then cleared by centrifugation at 10,000 g for 184 

10 min at 4°C and the resulting supernatant was stored at -80°C.  185 

 Protein concentrations were determined in aliquots of supernatant diluted 1:10 in 186 

distilled water using the PierceTM 660 nm protein assay (Thermo Scientific). Samples were 187 

diluted in Laemmli sample buffer (Bio-Rad Laboratories, Richmond, CA, USA) and 188 

homogenizing buffer to obtain a final protein concentration of 1.0 µg/µl. Following dilution, 189 
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all samples were heated at 95°C for 5 min to denature proteins present in the supernatant. 190 

Samples were then kept at -20°C until further analysis.  191 

 For protein separation, samples containing 20 µg of protein were loaded on Criterion 192 

TGX gradient gels (4-20% acrylamide; Bio-Rad Laboratories) and electrophoresis was 193 

performed on ice at 250 V for 40 min. Next, gels were equilibrated in transfer buffer (25 mM 194 

Tris base, 192 mM glycine, and 10% methanol) for 30 min after which proteins were 195 

transferred to polyvinylidine fluoride membranes (Bio-Rad Laboratories) at a constant current 196 

of 300 mA for 3 h at 4ºC. To confirm equal loading after transfer, membranes were stained 197 

with MemCodeTM Reversible Protein Stain Kit (Thermo Scientific) (1). For each set of target 198 

proteins, all samples from each subject were loaded on the same gel and all gels were run 199 

simultaneously. 200 

 Membranes were blocked for 1 h at room temperature in Tris-buffered saline 201 

(TBS; 20 mM Tris base, 137 mM NaCl, pH 7.6) containing 5% non-fat dry milk and 0.1% 202 

Tween-20. After blocking, membranes were incubated overnight with commercially available 203 

primary antibodies diluted in TBS supplemented with 0.1% Tween-20 containing 2.5% non-204 

fat dry milk (TBS-TM). Following incubation with these primary antibodies, membranes 205 

were washed with TBS-TM and incubated for 1 h at room temperature with secondary 206 

antibodies conjugated with horseradish peroxidase. Next, the membranes were washed with 207 

TBS-TM (2 x 1 min, 3 x 10 min) followed by 4 additional washes with TBS for 5 min each. 208 

Finally, membranes with the antibodies bound to the target proteins were visualized by 209 

chemiluminescent detection on a Molecular Imager ChemiDocTM XRS system and the bands 210 

were analyzed using the contour tool in the Quantity One® version 4.6.3 software (Bio-Rad 211 

Laboratories). To standardize the immunoblotting procedure, prior to blocking, membranes 212 

were cut and assembled so that for each target protein, all membranes with samples from each 213 

subject would be exposed to the same conditions. Following image capture of phosphorylated 214 
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proteins, membranes were stripped of the phosphospecific antibodies, using Restore Western 215 

Blot Stripping Buffer (Thermo Scientific), for 30 min at 37 ºC after which the membranes 216 

were re-probed with primary antibodies for each respective total protein as described above. 217 

All phospho-proteins were normalized to their corresponding total protein. When only total 218 

protein was measured, values were normalized against the total protein stain at approximately 219 

95 kDa obtained with the MemCodeTM kit.  220 

 221 

Immunoprecipitation 222 

In order to measure kinase activity and protein-protein-interactions, immunoprecipitations 223 

(IP) of the target proteins were carried out on tissue samples homogenized in ice-cold IP-lysis 224 

buffer containing 50 mM Hepes (pH 7.5), 0.1 mM EGTA, 1mM EDTA, 1% (v/v) TritonX-225 

100, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM Na3VO4, 0.27 M sucrose, 0.1 % (v/v) 226 

β-mercaptoethanol (βME) and 1 % (v/v) Halt Protease Inhibitor Cocktail (Thermo Scientific). 227 

Following homogenization, samples were centrifuged at 10,000 g for 10 min at 4°C after 228 

which serial immunoprecipitations for the different target proteins were performed on the 229 

same supernatant. The choice to perform serial instead of separate IPs was due to limited 230 

amounts of tissue. For each sample, the first IP was performed on 750 µg of protein which 231 

was incubated with saturating amounts (7.2 µg) of rabbit anti-S6K1 antibody and 10 µl of 232 

protein-G sepharose beads (GE Healthcare, Uppsala, Sweden) for 3 h at 4°C on a rotating 233 

platform. After incubation, the beads containing the immune-complexes were spun down and 234 

the post IP supernatant divided into three aliquots. Two aliquots of 225 µg of protein each 235 

were incubated with 4 µg of AMPKα1 and AMPKα2 antibodies, respectively, and 10 µl of 236 

protein G sepharose beads. The AMPK IP samples were combined with 800 µl of AMPK 237 

lysis buffer (50 mM TrisHCl (pH 7.25), 150 mM NaCl, 50 mM NaF, 5 mM sodium 238 

pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol (DTT), 1% (v/v) TritonX-239 
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100 and 1 % (v/v) Halt Protease Inhibitor Cocktail) to adjust for the slightly higher pH in the 240 

IP lysis buffer. The third aliquot of 175 µg of protein was incubated with 1 µg of goat anti-241 

TSC1 antibody and 10 µl of protein G magnetic beads (Thermo Scientific). AMPK and TSC1 242 

IPs were incubated over night at 4°C on a rotating platform. Following IP, the beads with the 243 

S6K1- and AMPK-immune-complexes were washed twice in their respective high salt lysis 244 

buffer (i.e. IP-lysis buffer and AMPK lysis buffer; both with 0.5 M NaCl) and once in kinase 245 

specific assay buffer (see below). Following incubation, IPs of TSC1 were washed four times 246 

in IP lysis buffer after which the beads were combined with 1X LSB, boiled for five min and 247 

immunoblotted for TSC1 and TSC2 as described above. The amount of TSC2 was normalized 248 

against the amount of TSC1, i.e. the target protein in the immunoprecipitate.  249 

 250 

Kinase assays 251 

Following the last wash in kinase specific assay buffer (S6K1, 50 mM TrisHCl at pH 7.5, 252 

0.03 % BrijL23, 0.1 % βME; AMPK, 50 mM HEPES at pH 7.4, 1 mM DTT, 0.03 % BrijL23), 253 

the beads from each sample were suspended in assay buffer and divided into three assays of 254 

20 µl each. Two of the assays were run with a kinase specific substrate and the third assay 255 

was run without the substrate, thus serving as a blank. Kinase assays were initiated by the 256 

addition of 30 µl of a hot (radiolabeled) kinase specific reaction mix every 20 sec and 257 

terminated at 20 sec intervals by the addition of 50 µl phosphoric acid (1 % v/v) to each assay. 258 

For the S6K1 activity assay, the final reaction mix (50 µl) consisted of 100 μM ATP, 10 mM 259 

MgCl2, 
32γ-ATP (specific activity: ~ 2.5 x 106 cpm/nmol), 30 µM synthetic S6K1 substrate 260 

(KRRRLASLR) and was carried out for 60 min at 30°C. The AMPK activity assays were 261 

performed for 30 min at the same temperature and final volume, however, in a reaction mix 262 

consisting of 200 μM ATP, 200 μM AMP, 5 mM MgCl2, 
32γ-ATP (specific activity: ~ 0.2 x 263 

106 cpm/nmol) and 200 μM synthetic AMPK substrate (“AMARA”; 264 
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AMARRAASAAALARRR). After termination of the assay reactions, assays were spotted 265 

onto squares of p81 Whatman filter paper (GE Healthcare) and washed three times in 266 

phosphoric acid and once in acetone. When the p81 squares had dried they were immersed in 267 

scintillation fluid (FilterSafe, Zinsser Analytic, Frankfurt, Germany) and counted on a liquid 268 

scintillation counter (Beckman Coulter AB, Bromma, Sweden). The average values from the 269 

duplicate assays with substrate were corrected for background noise by subtraction of the 270 

blank (no substrate) and values were expressed as pmol/min/mg.      271 

 272 

Antibodies 273 

For immunoblotting, primary antibodies against Akt (Ser473, #9271; total, #9272), PRAS40 274 

(Thr246, #2997; total, #2691), TSC1 (total, #6935), TSC2 (Thr1387, #5584; total, #3635), 275 

mTOR (Ser2448, #2971; total, #2983), S6K1 (Thr389, #9234; total #2708), 4E-BP1 (Thr37/46, 276 

#2855; total, #9644), eEF2 (Thr56, #2331; total, #2332), Raptor (Ser792, #2083) and AMPK 277 

(Thr172, #4188; total, #2532) were purchased from Cell Signaling Technology (Beverly, MA, 278 

USA). Primary total Raptor (#09-217) antibody was purchased from Merck Millipore 279 

(Billerica, MA, USA) and the antibody against MAFbx (#92281) was purchased from Abcam 280 

(Cambridge, UK). Total MuRF-1 (#sc-32920) antibody was purchased from Santa Cruz 281 

Biotechnology (Heidelberg, Germany). Validation of MuRF1 and MAFbx antibodies is 282 

shown in Fig. 8.  283 

 All primary antibodies were diluted 1:1000 except for phospho-eEF2 and total-284 

Raptor which were diluted 1:5000 and 1:2000, respectively. Secondary anti-rabbit (#7074) 285 

and anti-mouse (#7076) antibodies (1:10000) were purchased from Cell Signaling 286 

Technology and secondary anti-goat (#ab7132; 1:10000) antibody was purchased from 287 

Abcam.  288 
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 For immunoprecipitation, S6K1 (#sc-230) and TSC1 (#sc-12082) antibodies were 289 

purchased from Santa Cruz. Isoform specific antibodies against AMPK α1 and α2 were 290 

produced by GL Biochem (Shanghai, China) based on antigen sequences 291 

TSPPDSFLDDHHLTR and CMDDSAMHIPPGLKPH, respectively. 292 

 293 

RNA extraction and quantitative Real-Time PCR (qRT-PCR) 294 

Total RNA was extracted from approximately 3 mg lyophilized and cleaned tissue which was 295 

homogenized in PureZOL RNA isolation reagent (Bio-Rad Laboratories) according to the 296 

manufacturers´ instructions. The concentration and purity of the RNA was determined by 297 

spectrofotometry and 2 μg RNA was used for reverse transcription of 40 μl cDNA with 298 

iScript cDNA Synthesis Kit (Bio-Rad Laboratories). The primers for the specific genes 299 

analyzed here have been presented in previous work from our laboratory (9). The 300 

concentration of cDNA, annealing temperature and PCR cycle protocol were determined for 301 

each primer pair to ensure optimal conditions for amplification. Samples were run in triplicate 302 

and all samples from each subject were run on the same plate to allow direct relative 303 

comparisons. qRT-PCR amplification mixtures (25 μl) contained 12.5 μl 2×SYBR Green 304 

Supermix (Bio-Rad Laboratoies), 0.5 μl 10 μM forward and reverse primers, respectively, and 305 

11.5 μl template cDNA in RNase-free water. qRT-PCR was performed with Bio-Rad iCycler 306 

(Bio-Rad Laboratories) and relative changes in mRNA levels were analyzed by the CT-Δ 307 

method with GAPDH used as the reference gene. The reliability of GAPDH mRNA as an 308 

internal control was validated by the 2-ΔC’
T method, where ΔC’T = CT time x - CT time 0. 309 

 310 

Plasma analysis  311 

Blood samples (4 ml) were centrifuged at 9000 g at 4°C for 3 min and the plasma obtained 312 

was stored at -20°C. Plasma analyses of glucose and lactate concentrations were performed as 313 
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described by Bergmeyer (5) and plasma insulin levels were determined using an ELISA kit 314 

(Mercodia AB, Uppsala, Sweden) in accordance with the manufacturer’s instructions.   315 

 316 

Muscle glycogen  317 

Muscle glycogen was determined in 2-3 mg dry muscle according to Leighton et al. (33). 318 

Briefly, each sample was incubated in 150 µl of 1 M KOH for 15 min at 70 °C, after which 319 

the digest was transferred to new tubes and the pH adjusted to 4.8 with glacial acetic acid. 320 

Following acidification, 0.1 M NaAc-buffer with amyloglycosidase (Roche Diagnostics 321 

Scandinavia AB, Bromma, Sweden) was added to each sample and enzymatic glycogen 322 

degradation was performed for two hours at 40 °C. The resulting glucose concentration was 323 

determined as described by Bergmyer (5) and glycogen levels were expressed as µmol/kg dry 324 

muscle. 325 

 326 

Stable isotope enrichment analysis 327 

For plasma enrichment analysis, 200 µl of each plasma sample was combined with 100 ul of 328 

internal standard (L-[ring-13C9]-phenylalanine, 50 µmol ∙ L-1) and 500 µl of acetic acid 329 

(50%) before being passed through a cation exchange resin column (Dowex AG 50W-X8; 330 

Bio- Rad). Amino acids were then eluted with 2 ml of 2 M NaOH, dried under a stream of N2 331 

and derivatized by the addition of 50 µl of N-methyl-N-(tert-butyldimethylsilyl)- 332 

trifluoroacetamide and acetonitrile (1:1) and heated at 70 °C for 1 h. Plasma enrichment as 333 

well as enrichment of the internal standard was measured using gas chromatography–tandem 334 

mass spectrometry (GC–MS/MS, Tracer GC Ultra-TSQ Quantum; Thermo Scientific, Palo 335 

Alto, CA) with electron impact ionization and selective ion monitoring for 336, 342, and 345 336 

m/z. 337 
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For muscle enrichment analysis, approximately 7 mg of dry muscle tissue was 338 

combined with 100 µl of internal standard (L-[ring-13C9]-phenylalanine, 5 µmol ∙ L-1) after 339 

which samples were pelleted and extracted twice with 500 µl of 2% perchloric acid. To 340 

determine intracellular enrichment of free phenylalanine, supernatants were combined and 341 

processed as described above for plasma enrichment. The remaining pellet was washed twice 342 

with 70 % ethanol and then hydrolyzed over night in 1 ml of 6 M HCl heated to 110 °C. The 343 

hydrolyzed proteins were then dissolved in 500 µl of acetic acid (50%) and passed through a 344 

cation exchange column. To determine protein bound phenylalanine enrichment, the purified 345 

pellet derived amino acids were converted to their N-acetyl-n-propyl amino acid esters and 346 

analyzed by gas chromatography–combustion–isotope ratio mass spectrometry (GC–C–IRMS, 347 

Hewlett Packard 5890-Finnigan GC combustion III-Finnigan Deltaplus; Finnigan MAT, 348 

Bremen, Germany). 349 

 350 

Calculations for mixed muscle fractional synthetic rate (FSR) 351 

Mixed muscle protein fractional synthesis rate was calculated using the standard precursor–352 

product method: 353 

 354 

FSR = ΔEp phe / (Eic phe × t) × 100 355 

 356 

Where ΔEp phe is the difference in protein bound phenylalanine enrichment between two 357 

biopsies, Eic phe is the mean intracellular phenylalanine enrichment of two biopsies, and t is the 358 

time period for tracer incorporation between biopsies in hours multiplied by 100 to express 359 

FSR in percent per hour (%/h). 360 

 361 

Statistical analyses  362 
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Parametric statistical procedures were employed to calculate the means and standard errors of 363 

the mean (SE). Unless indicated otherwise, the values presented in the text are means ± SE. A 364 

two-way (trial x time) repeated measures ANOVA was used to compare changes in FSR, 365 

kinase activity, intracellular signaling, protein-protein interactions, gene and protein 366 

expression, muscle glycogen and plasma variables. In case of a significant main effect or an 367 

interaction effect, a Fisher’s LSD post-hoc test was performed. For some positively skewed 368 

distributed variables, log-transformation was performed before the formal analyses. For 369 

analysis of time under tension a paired t-test was used. Statistical analyses were performed 370 

using STATISTICA version 12.0 (StatSoft, Inc., Tulsa, OK USA). P<0.05 was considered 371 

statistically significant. 372 

 373 

 374 

 375 

RESULTS 376 

Physiological and metabolic parameters 377 

In the resistance exercise protocol, the number of repetitions averaged 138 ± 2.6 (seven 378 

subjects performed exactly the same number of repetitions in the two trials and one subject 379 

performed three repetitions less in the ER-trial). Total time under tension averaged 433 ± 12 s 380 

and 446 ± 16 s in the R- and ER-trial, with no difference between the two  381 

Muscle glycogen decreased by 30% (P<0.05) during the interval cycling and by 382 

an additional 25% (P<0.05) following resistance exercise in the ER-trial. The reduction 383 

during resistance exercise in the R-trial averaged 15% (P<0.05), quantitatively similar as 384 

during the corresponding exercise in the ER-trial (Fig. 2A).  385 

 The concentration of plasma lactate increased markedly during the interval 386 

cycling and was further elevated during the following resistance exercise. The rise in plasma 387 
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lactate during resistance exercise in the R-trial was similar to that during the corresponding 388 

exercise in the ER-trial (Fig. 2B). Plasma glucose increased slightly in the R-trial reaching 389 

significantly higher levels immediately after resistance exercise. In the ER-trial, glucose 390 

levels peaked immediately after interval cycling after which levels dropped below baseline 391 

values during the end of recovery (Fig. 2C). Alterations in plasma levels of insulin essentially 392 

mimicked those of plasma glucose. In the R-trial, insulin levels increased during resistance 393 

exercise and remained slightly elevated during the initial recovery period. In the ER-trial, 394 

insulin levels increased after interval cycling but declined during the subsequent resistance 395 

exercise to similar levels as in the R-trial. After the initial recovery period, insulin levels had 396 

returned to baseline values in both trials (Fig. 2D).  Importantly, all values were well within 397 

the range for fasting levels of plasma insulin (12).   398 

 399 

 400 

Intracellular enrichment and mixed muscle FSR 401 

Resting FSR values were initially determined in both trials. However, the resting value was 402 

significantly higher in the second trial. We have no obvious explanation for this finding, but 403 

to overcome this problem, we chose to present resting values from each subject’s first trial. 404 

We believe that presenting values in this manner is comparable to that of other studies in 405 

which resting FSR was measured only in the first of two experiments (18, 49). As a result of 406 

the randomized and counterbalanced study design, four resting values were obtained during 407 

the R-trial and another four during the ER-trial.  408 

 Mean intracellular enrichment (tracer-to-tracee ratio, TTR) during rest was 409 

0.035 ± 0.001 and increased significantly (P<0.05) during recovery in both trials (R, 0.049 ± 410 

0.002 vs. ER, 0.049 ± 0.003). FSR during 180 min of rest averaged 0.050 ± 0.008 %/h. 411 
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Values during the 180 min recovery period following exercise averaged 0.057 ± 0.008 %/h in 412 

the R-trial and 0.074 ± 0.017 %/h in the ER-trial with no difference between the two (Fig. 3). 413 

   414 

Intracellular signaling, kinase activity and protein-protein interactions 415 

Phosphorylation of Akt at Ser473 was significantly higher immediately after resistance 416 

exercise in the ER-trial compared to the R-trial, even though there was no increase compared 417 

to pre exercise in either trial. At 90 min post resistance exercise, Akt phosphorylation was 418 

elevated to a similar extent in both trials (P<0.05) and at the 180 min time point this elevation 419 

was maintained in the R-trial but not in the ER-trial (Fig. 4A). Phosphorylation of Pras40 at 420 

Thr246 increased approximately 30 and 40% compared to baseline values (P<0.05) at 90 and 421 

180 min post resistance exercise, respectively, without any difference between trials (data not 422 

shown).  423 

Immediately after cycling, mTOR phosphorylation at the Ser2448 residue 424 

increased significantly and was also higher than in the R-trial (P<0.05). After resistance 425 

exercise, phosphorylation of mTOR was elevated in the R-trial compared to pre exercise 426 

values and further elevated in the ER-trial versus after cycling (P<0.05). Phosphorylation 427 

dropped at the 90 min time point but was again significantly elevated 180 min post exercise 428 

(P<0.05) with no difference between trials during recovery (Fig. 4B). Phosphorylation of 4E-429 

BP1 at Thr37/46 was repressed approximately 50% after cycling compared to baseline values 430 

(P<0.05). After resistance exercise, the reduced 4E-BP1 phosphorylation was maintained at 431 

the same level in the ER-trial but was now accompanied by a similar reduction in the R-trial 432 

(P<0.05). In the R-trial, at the 90 min time point, 4E-BP1 phosphorylation remained 433 

significantly lower (P<0.05) compared to pre exercise but not compared to the ER-trial, 434 

despite returning to near baseline values. At 180 min post resistance exercise, phosphorylation 435 

of 4E-BP1 had returned to pre exercise levels in both trials (Fig. 4C). Phosphorylation of 436 
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eEF2 at Thr56 increased approximately 95% immediately after cycling (P<0.05). After 437 

resistance exercise, this increase was maintained in the ER-trial but also evident in the R-trial. 438 

In contrast, at the 90 min time point, phosphorylation of eEF2 was instead reduced by 439 

approximately 55% compared to baseline (P<0.05) and this reduction was maintained at the 440 

180 min time point. There was no difference between trials at any time point during recovery 441 

(Fig. 4D).  442 

Immediately after cycling, Thr389 phosphorylation of S6K1 was increased 443 

approximately 5-fold (P<0.05) versus baseline. Phosphorylation of S6K1 was elevated 444 

immediately after resistance exercise in both trials and continued to increase at both time 445 

points during recovery, reaching an approximately 12-fold increase at the 180 time point, 446 

compared to pre exercise levels (P<0.05). There was no difference in S6K1 phosphorylation 447 

between trials at any time point during the recovery period after resistance exercise (Fig. 5A). 448 

The activity of S6K1 was unchanged after cycling in the ER-trial as well as after resistance 449 

exercise in both trials. During recovery, the activity increased progressively with a 55% 450 

increase at 90 min (P<0.05) followed by 110% increase at 180 min (P<0.05) after resistance 451 

exercise with no difference between the trials (Fig. 5B).  452 

The kinase activity of AMPKα1 was unchanged at all time points in both trials 453 

(data not shown). In contrast, AMPKα2 activity increased approximately 90% after cycling 454 

and remained elevated also after resistance exercise in the ER-trial (P<0.05). There was no 455 

change in AMPKα2 activity at any time point during the R-trial (Fig. 6A).  456 

Phosphorylation of TSC2 at Ser1387 increased by approximately 50% 457 

immediately after cycling in the ER-trial and a similar increase was seen after resistance 458 

exercise in both trials (P < 0.05, Fig. 6B). Protein-protein interactions between TSC1 and 459 

TSC2 were unchanged at all time point in both trials (Fig. 6C). Phosphorylation of raptor at 460 

Ser792 was unaffected by cycling but increased slightly immediately after resistance exercise 461 
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in both trials (P<0.05). During recovery, phosphorylation of raptor was maintained at 180 min 462 

after exercise compared to pre exercise levels (P<0.05) but without any difference between 463 

trials (Fig. 6D) 464 

 465 

 466 

 467 

mRNA and protein expression 468 

Expression of MuRF1 mRNA was unchanged in the R-trial at all time points but increased 2.2 469 

and 1.6-fold (P<0.05) at 90 and 180 min after resistance exercise in the ER-trial. Protein 470 

expression of MuRF1 did not change in the R-trial but increased in the ER-trial at 180 min 471 

during recovery by approximately 15 % compared to before exercise as well as compared the 472 

R-trial (P<0.05). In contrast, at 180 min post exercise, mRNA expression of MAFbx 473 

decreased by approximately 50 % the R-trial (P<0.05) while it tended to increase at the same 474 

time point in the ER-trial (P < 0.065). Protein expression of MAFbx decreased slightly but 475 

significantly (~10%, P<0.05) at the 180 min time point during recovery, with no difference 476 

between trials (Fig. 7).  477 

 478 

DISCUSSION 479 

The key finding of this study is that prior activation of AMPK by high-intensity endurance 480 

exercise does not inhibit resistance exercise-induced mTORC1 signaling during recovery.  481 

Furthermore, the combination of cycling and resistance exercise resulted in divergent 482 

expression patterns of the proteolytic ubiquitin ligases MuRF-1 and MAFbx, implicating 483 

these targets as potential mediators of the proposed interference effect in response to 484 

concurrent exercise. 485 
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 In contrast to our hypothesis, high-intensity endurance exercise performed prior 486 

to resistance exercise did not inhibit mTORC1 signaling during recovery. These findings 487 

expand on those of our previous study (2) in which we showed that resistance exercise-488 

induced mTORC1 signaling was unaffected by the addition of continuous cycling after 489 

resistance exercise. However, in that study, we were unable to detect an increase in AMPK 490 

phosphorylation following either form of exercise, possibly due to the choice of exercise 491 

order (14) and/or the moderate intensity of the cycling protocol (52). In contrast, the 492 

experimental design and cycling protocol used here induced a robust increase in AMPKα2 493 

activity which is in line with previous reports showing that AMPKα2 is activated in human 494 

muscle in response to endurance exercise (20, 52). The cycling-induced AMPKα2 activity 495 

remained elevated immediately after resistance exercise while the activity of both AMPK 496 

isoforms was unaffected by single mode resistance exercise. The lack of increase in α2 kinase 497 

activity in the R-trial is in contrast to the findings of Dreyer et al. (19) who noted a 75 % rise 498 

in AMPKα2 activity immediately after resistance exercise. While the reason for this 499 

discrepancy is not readily obvious, it may be related to the training status of our subjects who 500 

were well accustomed to resistance exercise in contrast to the subjects in the Dreyer study 501 

(19). In support of this notion, Coffey et al. (16) showed unaltered AMPK phosphorylation 502 

immediately after resistance exercise in strength trained men.  503 

 Several mechanisms have been suggested by which AMPK could inhibit 504 

mTORC1 signaling. First, AMPK has been shown to phosphorylate TSC2 (29), thereby 505 

stimulating its GAP activity towards Rheb (27), the essential activator of mTORC1 (45). As 506 

expected, phosphorylation of TSC2 was elevated in response to both modes of exercise in the 507 

ER-trial, mimicking the activity pattern of AMPK. However, resistance exercise alone also 508 

elevated TSC2 phosphorylation without a concomitant increase in AMPK activity. The reason 509 

for this divergence is unclear but suggests that, in human skeletal muscle, TSC2 may be 510 
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targeted by additional kinases other than AMPK. The regulatory role of TSC2 may also be 511 

dependent on its interaction with TSC1 (28). Pharmacological and exercise-induced activation 512 

of AMPK has been shown to increase TSC complex assembly in myoblasts (50) and adult 513 

muscle (51) of mice but not in rat skeletal muscle (43). We could not detect any change in the 514 

association between TSC1 and TCS2 at any time point in either trial despite the large increase 515 

in AMPK activity, which is in line with the results by Pruznak and colleagues (43). 516 

 A second mechanism of AMPK-mediated inhibition of mTORC1 involves 517 

phosphorylation of raptor at the Ser792 residue, which in cell culture and in vivo models of 518 

rodent muscle results in decreased phosphorylation of S6K1 and 4EBP1 in response to 519 

pharmacological treatment (24, 43). However, in contrast to these models (24, 43), we were 520 

unable to observe a differential increase in raptor phosphorylation between trials, despite a 521 

marked increase in AMPK activity seen in the ER-trial.  522 

Two of the best characterized targets of mTORC1 are S6K1 and 4EBP1 which 523 

upon phosphorylation by this complex, stimulate translation initiation through distinct 524 

mechanisms (36). In the present study, phosphorylation of S6K1 increased immediately after 525 

cycling as well as after resistance exercise in both trials, despite cycling-induced elevations in 526 

AMPK activity in the ER-trial. However, the increase in Thr389 phosphorylation, which is 527 

specific for mTORC1 (10, 40), was not reflected by increased kinase activity until 90 and 180 528 

min into recovery. This suggests that there may be a threshold at which the degree of S6K1 529 

phosphorylation translates into detectable elevations in S6K1 activity. In contrast to S6K1, 530 

high intensity cycling resulted in decreased 4EBP1 phosphorylation. However, 531 

phosphorylation of 4EBP1 was also repressed after single mode resistance exercise, and to the 532 

same extent as in the ER-trial, without a simultaneous increase in AMPK activity. The reason 533 

for the divergence between S6K1 and 4EBP1 is unclear, but suggests that these targets are 534 

differentially regulated (13, 47). Nevertheless, the return of 4EBP1 to basal values and the 535 
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increase in S6K1 activity as well as activation of eEF2 during recovery, strongly suggests that 536 

mTORC1 activity and protein synthesis was stimulated in both trials, despite prior activation 537 

of AMPK by high-intensity interval cycling. Collectively, our data do not support an AMPK-538 

mediated inhibition of mTORC1 signaling during recovery in response to concurrent exercise 539 

in human muscle. 540 

 Based on the stimulatory effect on the protein synthetic machinery exerted by 541 

both exercise protocols, we expected an increase in the rate of protein synthesis as assessed by 542 

the stable isotope technique. While both modes of exercise induced numeric increases in FSR, 543 

they did not reach statistical significance. These results were unexpected as it is generally 544 

accepted that resistance exercise elevates muscle protein synthesis (4). The reason for this is 545 

not readily apparent but may be related to the training status of our subjects and/or the fasted 546 

state under which measurements were made. Previous studies have in fact shown a 547 

diminished response in resistance trained subjects (31, 41, 42, 46) and some reports have been 548 

unable to detect increases in mixed (21, 31, 41) as well as myofibrillar (26, 49) FSR under 549 

both fasted (26, 31) and fed (21, 26, 41) conditions. Our results may be explained, at least in 550 

part, by contraction-induced blunting of the synthetic response during exercise (19, 44) which 551 

may have persisted during early recovery. Consequently, the duration of the FSR 552 

measurements may have been too short to detect a significant increase in synthetic rate under 553 

the present conditions, i.e. following an overnight fast and ten hours of infusion under fasting 554 

conditions. In light of our results, it must be noted that of the two previous studies that have 555 

measured protein synthesis in response to concurrent exercise, neither found a divergent effect 556 

when compared to single mode resistance exercise in untrained young (11) and middle aged 557 

(18) subjects.   558 

 In addition to a potential inhibition of the protein synthetic response, stimulation 559 

of proteolytic pathways involved in protein breakdown could also be responsible for the 560 
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proposed interference effect. In this context, the ubiquitin proteasome system (UPS) is 561 

believed to be the principal regulator of protein breakdown (37), largely through the muscle 562 

specific E3 ligases muscle RING finger 1 (MuRF1) and muscle atrophy F-box (MAFbx; also 563 

known as atrogin-1) (6, 22). Several studies have reported exercise-induced changes in these 564 

genes, thus implicating them as potential mediators of training adaptations (37). 565 

 We found that single mode resistance exercise did not affect mRNA or protein 566 

expression of MuRF1 but did decrease both mRNA and protein levels of MAFbx. In contrast, 567 

concurrent exercise induced a robust increase in MuRF1 mRNA expression during recovery 568 

which also translated into increased protein expression, a novel finding in human skeletal 569 

muscle. The divergent response between the two modes of exercise may be related to the 570 

cycling-induced increase in AMPK activity. In support of this notion, pharmacological 571 

activation of AMPK has been shown to induce mRNA and protein expression of MuRF1 and 572 

MAFbx in rodent cell culture (32, 38, 48) and in vivo models (32). However, it must be noted 573 

that even though acute AMPK-induced expression of MuRF1 and MAFbx is accompanied by 574 

myofibrillar degradation (38), exercise-induced upregulation of these genes may not 575 

necessarily result in diminished hypertrophy, but may instead be related to myofibrillar 576 

remodelling (17). It should also be acknowledged that it is unclear whether the divergent 577 

response seen here is due to different contraction modes per se, or due to the larger amount of 578 

work performed in the ER-trail. Nevertheless, our results suggest that concurrent exercise, in 579 

contrast to resistance exercise, stimulates the proteolytic machinery which may have 580 

implications for long term training adaptations. 581 

 In summary, high-intensity interval cycling stimulates AMPK activity but does 582 

not inhibit subsequent resistance exercise-induced mTORC1 signaling during recovery in 583 

human skeletal muscle. This conclusion is supported by similar elevations in S6K1 kinase 584 

activity and reductions in eEF2 phosphorylation after both concurrent and single mode 585 
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resistance exercise. Moreover, TSC complex assembly was unaltered and phosphorylation of 586 

TSC2 as well as raptor increased similarly after resistance exercise in both conditions, which 587 

provides further support for the lack of AMPK-mediated inhibition on mTORC1. Resistance 588 

and concurrent exercise induced divergent changes in mRNA and protein expressions of the 589 

ubiquitin ligases MuRF1 and MAFbx. Concurrent exercise induced a significant increase in 590 

gene and protein expression of MuRF1 as well as a trend for an increase in MAFbx, which 591 

was not observed following resistance exercise alone. Collectively, our data suggest that 592 

rather than inhibiting mTORC1 signaling, concurrent exercise may instead interfere with the 593 

hypertrophic response by increasing expression of key components involved in muscle 594 

breakdown. However, further studies are required to determine if acute changes in MuRF1 595 

and MAFbx expression result in increased protein breakdown in human skeletal muscle. 596 
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FIGURE LEGENDS 798 

 799 

FIGURE 1 800 

Schematic overview of the experimental trials. ER-protocol, interval cycling followed by 801 

resistance exercise; R-protocol, resistance exercise only. Arrows indicate sampling time 802 

points for muscle biopsies and vertical lines indicate sampling time points for blood.    803 

 804 

FIGURE 2 805 

Concentrations of muscle glycogen (A), plasma lactate (B), plasma glucose (C) and plasma 806 

insulin (D) during the two trials. ER, interval cycling followed by resistance exercise; R, 807 

resistance exercise only. For (B), symbols above the dashed line represent the ER-trial and 808 

symbols above the continuous line represent both trials. Values are presented as means ± SE 809 

for 8 subjects. *P < 0.05 vs. Rest; #P < 0.05 vs. R-trial    810 

 811 

 812 

FIGURE 3 813 

Individual values for mixed muscle FSR during 180 min of rest in the first trial, and during 814 

180 min of recovery in both trials. ER, interval cycling followed by resistance exercise; R, 815 

resistance exercise only. Individual values are presented for 8 subjects. Mean FSR values are 816 

indicated by horizontal lines.     817 

 818 

 819 

 820 

 821 

 822 
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FIGURE 4 823 

Phosphorylation levels of Akt at Ser473 (A), mTOR at Ser 2448 (B), 4EPB1 at Thr37/46 (C) and  824 

eEF2 at Thr56 (D) before and after exercise. ER, interval cycling followed by resistance 825 

exercise; R, resistance exercise only. Phosphorylation levels are normalized to the 826 

corresponding total levels of each protein and presented as means ± SE for 8 subjects. 827 

Representative bands are shown above each graph. Symbols above lines denote differences 828 

revealed by a post-hoc test when a main effect was observed. Symbols without lines denote 829 

differences revealed by a post-hoc test when an interaction effect was observed. *P < 0.05 vs. 830 

Rest; #P < 0.05 vs. R-trial.  831 

 832 

FIGURE 5 833 

Phosphorylation at Thr389 (A) and kinase activity of S6K1 (B) before and after exercise. ER, 834 

interval cycling followed by resistance exercise; R, resistance exercise only. Phosphorylation 835 

levels are normalized to the total levels of S6K1. All values are presented as means ± SE for 8 836 

subjects. Representative bands are shown above the appropriate graph. Symbols above lines 837 

denote differences revealed by a post-hoc test when a main effect was observed. Symbols 838 

without lines denote differences revealed by a post-hoc test when an interaction effect was 839 

observed. *P < 0.05 vs. Rest; #P < 0.05 vs. R-trial. 840 

 841 

 842 

FIGURE 6 843 

Kinase activity of AMPKα2 (A), phosphorylation of TSC2 at Ser1387 (B), interaction between 844 

TSC1 and TSC2 (C) and phosphorylation of raptor at Ser792 (D). ER, interval cycling 845 

followed by resistance exercise; R, resistance exercise only. TSC2 is normalized to the 846 

amount of TSC1 present in the immunoprecipitate. Phosphorylation levels are normalized to 847 



 33

the corresponding total levels of each protein and presented as means ± SE for 8 subjects. 848 

Representative bands are shown above the appropriate graphs. For raptor only, bands were cut 849 

and repositioned to fit the graph. Symbols above lines denote differences revealed by a post-850 

hoc test when a main effect was observed. Symbols without lines denote differences revealed 851 

by a post-hoc test when an interaction effect was observed. *P < 0.05 vs. Rest; #P < 0.05 vs. 852 

R-trial. 853 

 854 

FIGURE 7 855 

Expression of MuRF1 mRNA (A) and protein (B) and of MAFbx mRNA (C) and protein (D) 856 

before and after exercise. ER, interval cycling followed by resistance exercise; R, resistance 857 

exercise only. Protein levels of MuRF1 and MAFbx were normalized to total protein levels 858 

obtained with the MemCodeTM kit and mRNA levels were normalized to GAPDH.  All values 859 

are presented as means ± SE for 8 subjects. Representative bands are shown above the 860 

appropriate graphs. Symbols above lines denote differences revealed by a post-hoc test when 861 

a main effect was observed. Symbols without lines denote differences revealed by a post-hoc 862 

test when an interaction effect was observed. *P < 0.05 vs. Rest; #P < 0.05 vs. R-trial. 863 

 864 

FIGURE 8 865 

Validation of Murf1 (A) and MAFbx (B) antibodies. Validation was carried out using 866 

HEK293 cells transfected with either human MURF1 protein (sc-32920) or mouse MAFbx 867 

protein (sc-121485). Non-transfected HEK293 cells (sc-117752 ) were used as negative 868 

controls. All lysates were purchased from Santa Cruz Biotechnology (SCBT). MuRF1 (A) 869 

was detected using a rabbit polyclonal anti-MuRF1 antibody (sc-32920, SCBT) which 870 

detected distinct bands of similar size (approx. 40 kDa) in both the transfected cell lysate and 871 

the human muscle samples. No band was detected in the control lysate. MAFbx (B) was  872 
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validated using a rabbit polyclonal anti-MAFbx antibody (sc-33782, SCBT) which detected 873 

bands of similar size (approx. 37-38 kDa) in both the mouse-transfected cells as well as the 874 

human muscle samples. No band was detected in the control lysate. Due to heavy background 875 

when using the sc-33782 antibody, a goat polyclonal anti-MAFbx antibody (ab92281, 876 

Abcam) was also evaluated. This antibody did not detect mouse MAFbx in the HEK293 cells 877 

but did detect distinct bands in the human muscle samples. The size of these bands was of 878 

identical size as those detected by the sc-33782 which confirmed that the ab92281 antibody 879 

recognized human MAFbx.  As the ab92281 antibody did not produce any background it was 880 

chosen for the muscle analysis.  881 

 882 

 883 

 884 

885 
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TABLES 886 
 887 
TABLE 1. Details of the performed resistance exercise 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

Values are presented as means ± SE for 8 subjects. R, resistance exercise only; ER, interval 897 

cycling followed by resistance exercise; 1RM, one repetition maximum. 898 

 Set # % of 1RM Load, kg  Repetitions, times  Time under tension, sec  
           

Trial     R ER  R ER  
 1 10 ± 0.3 43 ± 0  10 ± 0 10 ± 0  31.6 ± 1.7 31.5 ± 1.4  
 2 30 ± 0.4 131 ± 4  10 ± 0 10 ± 0  27.1 ± 0.7 28.1 ± 0.8  
 3 61 ± 0.7 262 ± 9  10 ± 0 10 ± 0  27.5 ± 0.5 27.5 ± 0.6  
           
 4 81 ± 1.2 351 ± 14  9.1 ± 0.5 8.9 ± 0.7  30.3 ± 2.1 33.3 ± 1.9  
 5 79 ± 1.3 343 ± 14  9.3 ± 0.5 9.3 ± 0.5  32.3 ± 2.3 32.6 ± 2.3  
 6 78 ± 1.3 337 ± 15  9.5 ± 0.4 9.5 ± 0.4  32.4 ± 1.0 33.6 ± 1.7  
 7 78 ± 1.6 336 ± 16  9.0 ± 0.4 9.0 ± 0.4  31.3 ± 1.3 33.9 ± 1.4  
           
 8 71 ± 1.8 306 ± 15  11.1 ± 0.4 11.1 ± 0.4  34.5 ± 0.9 34.6 ± 1.6  
 9 70 ± 1.9 302 ± 15  10.8 ± 0.3 10.8 ± 0.3  34.4 ± 0.9 35.6 ± 1.6  
 10 70 ± 1.9 302 ± 15  10.4 ± 0.5 10.4 ± 0.5  34.0 ± 1.9 34.8 ± 2.3  
 11 67 ± 2.0 292 ± 16  10.5 ± 0.2 10.5 ± 0.2  33.9 ± 1.3 34.0 ± 1.2  
           
 12 59 ± 2.0 256 ± 15  14.5 ± 0.5 14.4 ± 0.5  43.1 ± 2.1 43.4 ± 1.9  
 13 59 ± 1.8 254 ± 14  14.3 ± 0.4 14.3 ± 0.4  41.1 ± 2.1 42.6 ± 2.3  
           

Total     138.4 ± 2.6 138.0 ± 2.6  433.4 ± 12.3 445.5 ± 15.5  
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