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New & noteworthy 27 

Here we show that daily oral treatment with selective beta2-agonist, salbutamol, induces muscle 28 

fiber isoform transition from myosin-heavy-chain (MHC)-I towards MHCIIa and augments 29 

hypertrophy of MHCIIa fibers during a period of resistance training. Compared to placebo, 30 

salbutamol enhanced sprint mean power output, while peak power output and measures of muscle 31 

strength increased similarly during the resistance training period despite augmented hypertrophy 32 

with salbutamol. Thus, salbutamol is a muscle anabolic drug, which can enhance sprint ability 33 

adaptations to resistance training. 34 

  35 
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Abstract 36 

In this study, we examined the effect of beta2-agonist salbutamol at oral doses during a period of 37 

resistance training on sprint performance, quadriceps contractile function, skeletal muscle 38 

hypertrophy, fiber-type composition, maximal activity of enzymes of importance for anaerobic 39 

energy turnover, and sarcoplasmic reticulum Ca2+-handling in young men. Twenty-six men (23±2 40 

years;mean±SD) were randomized to daily intake of oral salbutamol (16 mg/d;RES+SAL) or 41 

placebo (RES) during 11 weeks full-body resistance training 3 times/week. Mean power output 42 

during 10s maximal cycling increased more (P=0.027) in RES+SAL (+12%) than in RES (+7%), 43 

whereas peak power output increased similarly (RES+SAL:+8%;RES:+7%;P=0.400). Quadriceps 44 

dynamic peak torque and maximal voluntary isometric torque increased by 13 and 14% (P≤0.001) 45 

in RES+SAL and 13 and 13% (P≤0.001) in RES, respectively. Myosin heavy chain (MHC) isoform 46 

distribution transitioned from MHCI and MHCIIx towards MHCIIa in RES+SAL (P=0.002), but 47 

not in RES (P=0.323). MHCIIa cross-sectional-area increased more (P=0.040) in RES+SAL 48 

(+35%) than RES (+21%). Sarcoplasmic reticulum Ca2+-release rate increased in both groups 49 

(RES+SAL:+9%,P=0.048;RES:+13%,P=0.008), whereas Ca2+-uptake rate increased only in RES 50 

(+12%,P=0.022) but not different from the non-significant change in RES+SAL (+2%,P=0.484). 51 

Maximal activity of lactate dehydrogenase increased only in RES+SAL (+13%,P=0.008). Muscle 52 

content of the dihydropyridine receptor, ryanodine receptor 1, and sarcoplasmic reticulum Ca2+-53 

ATPase isoform 1 and 2 did not change with the intervention in either group (P≥0.100). These 54 

observations suggest that salbutamol is a muscle anabolic drug, which induces greater sprint mean 55 

power output, without affecting peak power output and muscle strength when ingested during a 56 

period of resistance training. 57 

 58 

59 
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Introduction 60 

Beta2-agonists are commonly used among athletes in the treatment of asthma and exercise-induced 61 

bronchoconstriction (45). While the inhaled route of administration is permitted in accordance with 62 

the 2020 anti-doping regulations for some beta2-agonists, use of any beta2-agonist at the oral or 63 

otherwise systemic route of administration is prohibited, but nevertheless often misused among 64 

recreational body-builders (11, 21, 43, 44, 51) due to the hypertrophic actions associated with high-65 

dose beta2-agonist intake (17, 24, 33). Despite the restrictions imposed by the World Anti-Doping 66 

Agency (WADA), limited data are available on the potential muscle hypertrophic actions of beta2-67 

agonists in humans. This is particularly true for salbutamol, which is the most commonly used 68 

beta2-agonists in sports.  69 

Muscle strength and functional changes in muscle performance are often observed with chronic 70 

beta2-agonist treatment as illustrated by enhancement of muscle force (4, 17, 36) and sprint ability 71 

(15, 17, 30, 31), while other studies have demonstrated increases in muscle hypertrophy (17, 24, 72 

33). However, few studies have been able to relate the observed changes in muscle strength to 73 

morphological adaptations in muscle. For instance, in a study by Caruso et al. (4), knee extensor 74 

dynamic strength was increased following daily salbutamol administration (16 mg/day) during the 75 

last 3 weeks of a resistance exercise training period, but this could not be explained by 76 

anthropometrical estimates of lean mass. While beta2-agonist-mediated augmentations in muscle 77 

strength on their own are compelling arguments for the restrictions imposed for oral beta2-agonists, 78 

the currently available studies offer little insight into the link between beta2-agonist-induced 79 

hypertrophy and contractile function and exercise performance. To understand beta2-adrenoceptor-80 

mediated regulation of resistance training adaptations, an integrated approach of investigating both 81 

muscle morphology and changes in contractile function and exercise performance is necessary. 82 

Downloaded from journals.physiology.org/journal/jappl at Univ Southern Denmark-Syddansk Univ (130.225.157.199) on January 27, 2021.



There are several adaptations to resistance training that could potentially be affected by beta2-83 

agonist treatment and thus have implications for muscle strength and exercise performance. In 84 

rodents, chronic beta2-agonist treatment induces slow-to-fast twitch muscle fiber transitions in 85 

skeletal muscle (7, 10, 39, 57) and increases cross-sectional area (7, 39, 57). This increase in cross-86 

sectional area is fiber type specific, with fast-twitch fibers often displaying greater hypertrophy than 87 

slow-twitch fibers (7, 39, 47). On the other hand, some reports suggest that sarcoplasmic reticulum 88 

Ca2+ release rate is detrimentally affected with chronic beta2-agonist treatment in isolated 89 

preparations of rat skeletal muscle (46). In human skeletal muscle, beta2-agonist-induced 90 

morphological changes are rarely described, and only two studies have investigated beta2-agonist-91 

induced transitions in fiber type distribution and fiber type specific hypertrophy (19, 24), while the 92 

effects on sarcoplasmic reticulum Ca2+ handling and maximal activities of muscle enzymes of 93 

importance for anaerobic energy turnover are unknown. Considering the imposed restrictions for 94 

oral beta2-agonists and the relatively poor understanding of beta2-agonist-mediated muscle 95 

hypertrophy in humans, it is of relevance to investigate how the above muscle adaptations are 96 

affected by beta2-agonists during a period of resistance training in humans and how these changes 97 

relate to the potential performance-enhancing effects on muscle strength and exercise performance 98 

reported for beta2-agonists.  99 

In the present study, we examined the effect of daily treatment with selective beta2-agonist 100 

salbutamol at oral doses on sprint performance and quadriceps contractile function, as well as on 101 

hypertrophy, fiber-type composition, maximal activity of enzymes of importance for anaerobic 102 

energy turnover, and sarcoplasmic reticulum Ca2+-release and re-uptake function of the vastus 103 

lateralis muscle during a period of resistance training in young men. We hypothesized that 104 

salbutamol would induce greater hypertrophy, while also inducing a slow-to-fast twitch fiber-type 105 
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transition and impairing sarcoplasmic reticulum Ca2+ handling compared to placebo during the 106 

period of resistance training.  107 
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Methods 108 

Subjects and ethics approval 109 

Thirty healthy active male subjects gave oral and written informed consent to participate in the 110 

study. Subjects were informed about the aims and contents of the study and the possible risks 111 

involved. Participants were recreationally active, engaging in team sports, running, biking and/or 112 

light resistance training 1–2 hours weekly. Prior to inclusion, each subject underwent a medical 113 

examination by a physician consisting of electrocardiography, heart and lung stethoscopy, and 114 

blood pressure measurement. 115 

 116 

Study design 117 

The study was designed as a randomized, double-blinded, placebo-controlled parallel-group trial. 118 

Upon inclusion, subjects were randomly allocated to either daily intake of oral salbutamol (4×4 mg 119 

once daily, RES+SAL) or placebo (lactose monohydrate/starch tablets, RES) during an 11-week 120 

resistance training period. Subjects were told to refrain from competitive events for the entire study 121 

and not to change their daily physical and nutritional habits, which were recorded. The study was 122 

performed in accordance with the standards set by the 2013 version of the Declaration of Helsinki 123 

and was approved by the regional ethics committee of Copenhagen, Denmark (H-1-2012-119). The 124 

study was registered in ClinicalTrials.gov (NCT02551276).  125 

 126 

Study drugs 127 

Beta2-adrenoceptors were stimulated by administration of the selective beta2-adrenoceptor agonist 128 

salbutamol (Ventolin, 4 mg tablets, GlaxoSmithKline, London, UK) at oral doses of 16 mg once 129 

daily for 11 weeks interspersed with a break of 4-6 days after the first 4 weeks to minimize beta2-130 
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adrenoceptor tolerance towards the study drug. The duration of treatment and dose of salbutamol 131 

were based on studies showing enhancing effects of oral salbutamol treatment on muscle strength 132 

and lean body mass (4, 5, 50). Identically-looking lactose-monohydrate/starch tablets were used as 133 

placebo. Study drugs were delivered by the regional pharmacy of Copenhagen. Both subjects and 134 

investigators were blinded for the treatment. Randomization was conducted in SPSS by personnel 135 

who did not take part in any of the experimental procedures. To optimize drug compliance during 136 

the intervention, ingestion of the study drug was supervised during each training session. 137 

Furthermore, subjects’ drug intake on non-training days was monitored by counting the number of 138 

tablets left in the container and recorded. The estimated drug compliance was 89% for RES+SAL 139 

and 92% for RES, whereas training compliance was 93% for RES+SAL and 94% for RES. 140 

 141 

Resistance training 142 

The intervention period is illustrated in figure 1. During the first week of the intervention, subjects 143 

were accustomed to the experimental procedures. In the following 11 weeks, subjects completed 31 144 

training sessions in total of full-body resistance training supervised by a personal trainer. After the 145 

first four weeks of the 11-week period, subjects had 4-6 days with no training. Training compliance 146 

of at least 28 training sessions (90%) was considered acceptable for each subject.  147 

The full-body resistance training program consisted of leg press, lunges, leg extension, leg curls, 148 

bench press, incline bench press, row, lateral pull-downs, and military press. Subjects aimed to lift 149 

10RM to failure in each set with 90 s recovery between sets. During the first week, subjects 150 

completed two sets of each exercise; in weeks two until seven, three sets of each exercise; in week 151 

eight and nine, four sets of each exercise; in week ten and eleven, five sets of each exercise. 152 

Immediately after each training, subjects ingested a protein-rich drink with carbohydrates (30 g 153 
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whey protein, Arla Foods, Viby J, Denmark; 35 g carbohydrates, Maxim Sports Drink Orange, 154 

Orkla Care, Ishøj, Denmark) to stimulate post-exercise protein synthesis. 155 

 156 

Pre and post-intervention assessments 157 

Before and after the intervention, subjects were tested for dynamic and isometric torque of the 158 

quadriceps muscle of the dominant leg and, on a separate day, power output during 10 s of maximal 159 

cycling on a bike ergometer. Furthermore, muscle biopsies were collected at rest from the vastus 160 

lateralis muscle. Post-testing was performed at least 36 h after the final day of treatment and 161 

training to ensure complete washout of salbutamol and avoid potential acute effects of salbutamol 162 

on muscle strength (6, 29, 54). Subjects were told to abstain from caffeine, strenuous exercise and 163 

alcohol 48 h before each laboratory trial. To minimize variation, subjects ingested a standardized 164 

meal and fluid 1½ h before the laboratory trials. 165 

 166 

Dynamic and isometric muscle strength and endurance 167 

After 10 min warm-up on a bike ergometer, dynamic peak torque and isometric maximal voluntary 168 

contraction (MVC) were measured using an isokinetic dynamometer (Kinetic Communicator, 169 

model 500-11, Chattanooga, TN, USA). Subjects were seated tight to the equipment and had their 170 

arms crossed in front of them. Maximal dynamic concentric quadriceps strength was measured 171 

during 60°/s knee extensions with knee joint range of motion going from 90° to 10° knee flexion 172 

(0° = full knee extension). Following three warm-up trials at submaximal effort, subjects performed 173 

a minimum of five maximal knee extension trials with verbal encouragement, separated by 1 min of 174 

rest. If no new attempt after the minimum of five attempts was higher than the previously measured 175 

highest attempt this part of the strength test was concluded. The attempt with the highest peak 176 
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torque was chosen for further analysis. Subsequently, MVC was measured at 70° knee flexion. 177 

Subjects performed three maximal isometric knee extensor contractions separated by 1 min of rest 178 

and were instructed to contract as hard and fast as possible with verbal encouragement for 179 

approximately 4 s. The trial with the highest peak force was selected for further analysis of MVC, 180 

rate of force development (RFD) and impulse (59). Finally, a strength endurance test was 181 

performed. This test determined the maximal time that 50% of the measured MVC could be 182 

maintained with only one attempt performed. 183 

 184 

Power output during 10 s of maximal cycling 185 

Power output during 10 s of maximal cycling was determined as described previously (27). After 5 186 

min recovery from a standardized warm-up for 10 min that included two very short sprints, subjects 187 

pedaled for 15 s keeping a cadence of ≈80 rpm against a low resistance of 6 N on a bike ergometer 188 

(Monark 839E, Monark Exercise AB, Vansbro, Sweden), after which ergometer resistance was 189 

momentarily increased to 0.9 N/kg body mass, and subjects were instructed to pedal as fast as 190 

possible for 10 s. Peak power output was determined as the highest power output averaged over 3 191 

consecutive s while mean power output was determined as the average power output during the 192 

entire sprint. 193 

 194 

Muscle biopsy and biochemical analysis 195 

A muscle biopsy sample was collected from the vastus lateralis of the right thigh. After local 196 

anesthesia (Lidocaine without epinephrine, 20 mg/mL Xylocain®, AstraZeneca, Cambridge, UK), 197 

an incision was made through the skin and fascia and the sample was collected with a Bergström 198 

needle with suction (2). Following collection of muscle biopsies, one piece (≈30 mg) was 199 
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immediately frozen in liquid nitrogen and stored at -80° C for later Western blotting and enzymatic 200 

analysis. Before these analyses, samples were freeze dried for 48 h at -40 ˚C followed by 2 h at 201 

room temperature. A second piece (≈30 mg) was quickly homogenized (Omni 2000) in ice-cold 202 

buffer (300 mM sucrose, 1 mM EDTA, 10 mM NaN3, 40 mM Tris-base, and 40 mM L-histidine – 203 

pH 7.8), and frozen in liquid nitrogen and stored at -80° C for later analysis of sarcoplasmic 204 

reticulum vesicle Ca2+ handling. A third piece was mounted in an embedded medium (OCT 205 

Compound Tissue-Tek; Sakura Finetek, Zoeterwoude, The Netherlands) and frozen in isopenthane 206 

cooled to the freezing point in liquid nitrogen and stored at -80° C until analysis. 207 

 208 

Immunohistochemistry and confocal imaging 209 

Muscle fiber type distribution and fiber cross-sectional area were determined by 210 

immunohistochemistry and confocal imaging as described previously (37). Briefly, the embedded 211 

muscle samples were cut in transverse sections of 8 μm in a cryostat. Sections were fixed for 2 min 212 

in phosphate buffered saline (PBS, pH 7.2, Gibco 70013-016, Life Technologies Denmark, Nærum, 213 

Denmark) containing 2% formaldehyde and washed in a 1:10 wash buffer (Dako S3006, Glostrup, 214 

Denmark), and blocked for 10 min in PBS containing 1% BSA for immunohistochemical staining. 215 

Antibodies were diluted in antibody diluent (Dako S0809). First, myosin heavy chain (MHC) IIa 216 

fibers were visualized using a monoclonal antibody (1:200; SC-71, Hybridoma Bank, Iowa City, 217 

IA). Second, myofiber borders were visualized using an antibody against laminin (1:500; Dako 218 

Z0097) together with MHC (1:1000; Sigma-Aldrich Denmark M8421, Brøndby, Denmark) added 219 

for distinction of MHCI fibers. Specific secondary antibodies [order listed: Streptavidin/FITC, 220 

(1:200; DAKO F0422), Alexa- 555 donkey anti-mouse (1:1000; Invitrogen A31570, Life 221 

Technologies Denmark), Alexa-350 goat anti-rabbit (1:1000; Invitrogen P10994) and Alexa-488 222 

donkey anti-mouse (1:1000; Invitrogen A21202)] were applied to each primary antibody. Three 223 
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individual muscle fiber types were identified as MHCI (green), MHCIIa (red), and MHCIIx 224 

(unstained/black). Visualization was performed on a computer screen using a light microscope (Carl 225 

Zeiss, Germany), and morphometric analyses were performed using a digital analysis program 226 

(ImageJ, NIH ImageJ). Two or more separate sections of a cross-section were used for analysis, and 227 

the cross-sectional area was assessed by manually drawing the perimeter around each selected 228 

section. The number of muscle fibers within each section was counted. Mean fiber area was 229 

assessed by manually drawing the perimeter of each muscle fiber. All analyses were performed 230 

manually by the same investigator who was blinded for treatment. 231 

 232 

Maximal activity of enzymes of importance for anaerobic energy turnover 233 

Maximal enzyme activity of phosphofructokinase, creatine kinase, and lactate dehydrogenase were 234 

determined in ≈2.5 mg dw muscle tissue dissected free of blood, fat, and connective tissue and 235 

homogenized in (1:400) in a 0.3 mol/L phosphate buffer (pH 7.7) by two rounds of 30 s using a 236 

TissueLyser II (Retch, Haan, Germany). Maximal enzyme activities were quantified using 237 

fluorometric methods (Fluoroscan Ascent, Thermo Fisher Scientific) as described by Lowry & 238 

Passonneau (34). Due to inadequate tissue yield, maximal enzyme activities were not determined 239 

for one subject from the RES group. 240 

 241 

Sarcoplasmic reticulum vesicle Ca2+ handling 242 

Sarcoplasmic reticulum Ca2+ uptake and release rate were measured in muscle homogenate as 243 

previously described (41). In brief, muscle homogenate (70 μL) was mixed with 2 mL buffer (165 244 

mM KCl, 22 mM HEPES, 7.5 mM oxalate, 11 mM NaN3, 5.5 μM N,N,N´,N´-tetrakis(2-245 

pyridylmethyl)ethylenediamine (TPEN), 20 μM CaCl2, and 2 mM MgCl2, (pH 7.0 at 37 ºC). The 246 
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reaction was then initiated by adding 5 mM ATP. [Ca2+] was determined fluorometrically (20 Hz, 247 

Ratiomaster RCM, Photon Technology International, Brunswick, NJ, USA) using the fluorescent 248 

Ca2+ indicator indo-1 (1 µM). When [Ca2+] reached a plateau, sarcoplasmic reticulum Ca2+ uptake 249 

was blocked by adding Cyclopiazonic acid (40 µM) and Ca2+ release was initiated by adding 4-250 

Chloro-m-Cresol (5 mM), and the fluorescence followed for at least 30 s. The sarcoplasmic 251 

reticulum Ca2+ uptake rate was estimated as the ATP-supported sarcoplasmic reticulum vesicle 252 

uptake and is given as the tau (τ) value, calculated after curve fitting in the whole range of [Ca2+] 253 

during the uptake, where τ is defined as the time for the free [Ca2+] to decrease by 63% of the initial 254 

free [Ca2+]. To estimate the uptake at specific [Ca2+], the Ca2+ uptake was also measured as the 255 

derivative of the curve fit at 400 nM and 200 nM [Ca2+]. Ca2+ uptake at these concentrations was 256 

chosen as a functional measure, with 400 nM being nearer Ca50 of the Ca2+-ATPase and 200 nM 257 

being nearer resting [Ca2+] of approximately 100 nM(55, 56). Analyses were performed in 258 

triplicates. Before the Ca2+ assay, protein concentration of muscle homogenates was measured in 259 

triplicates using a standard kit (Pierce BCA protein reagent no. 23225). The homogenate protein 260 

concentration averaged 11.4 ± 2.2 mg/mL, with no significant difference between trials or time 261 

points, or in samples from the same subject. The values obtained for Ca2+ release and uptake rates 262 

were expressed as arbitrary units of Ca2+/min/g protein. Due to inadequate tissue yield, 263 

sarcoplasmic reticulum Ca2+ handling was not determined for one subject from the RES+SAL 264 

group. 265 

 266 

Immunoblotting and SDS page 267 

Protein expression by Western blotting was determined as previously described (53). Protein 268 

concentration of each sample was determined with a BSA kit (ThermoFisher Scientific, MA, US). 269 

Samples were mixed with 6×Laemmli buffer (7 mL 0.5 M Tris-base, 3 mL glycerol, 0.93 g DTT, 1 270 

Downloaded from journals.physiology.org/journal/jappl at Univ Southern Denmark-Syddansk Univ (130.225.157.199) on January 27, 2021.



g SDS and 1.2 mg bromophenol blue) and ddH2O to reach equal protein concentration. Equal 271 

amount of protein was loaded in each well of pre-casted gels (Bio-Rad Laboratories, CA, US). 272 

Samples from each subject were loaded on the same gel with a mixed human muscle standard lysate 273 

loaded in two different wells used for normalization. Bands were visualised with ECL (Millipore, 274 

MA, US) and recorded with a digital camera (ChemiDoc MP Imaging System, Bio-Rad 275 

Laboratories, CA, US). Densitometry quantification of band intensity was done using Image Lab 276 

version 4.0 (Bio-Rad Laboratories, CA, US) and determined as the total band intensity adjusted for 277 

background intensity. Primary antibodies used were for dihydropyrine receptor (DHPR; AB2864, 278 

Abcam, MA, US), ryanodine receptor 1 (RyR1; MA3-925, ThermoFisher Scientific, MA, US), 279 

sarcoplasmic reticulum Ca2+-ATPase isoform 1 (SERCA-1; MA3-912, ThermoFisher Scientific, 280 

MA, US), SERCA-2 (SC-8095, Santa Cruz Biotechnology, Inc, Dallas, US). The secondary 281 

antibodies used were HRP goat anti-mouse (P-0447, DAKO, Denmark) and Rabbit anti-goat (P-282 

0449, DAKO, Denmark). Due to inadequate tissue yield, contents of Ca2+ handling proteins were 283 

not determined for one subject from the RES group. 284 

 285 

Statistical analysis 286 

Statistical analysis was performed with SPSS 23 software (IBM Software, Chicago, Illinois, USA). 287 

Data were tested for normality by the Shapiro-Wilk test and Q-Q plots. Data are presented as mean 288 

and standard deviation, while effect sizes are presented as mean change with 95% confidence 289 

intervals. To estimate between-group differences and within-group changes from Pre to Post with 290 

the intervention, a linear mixed model was used with treatment and trial as fixed effects and 291 

subjects as a random effect. The essence of the analysis was for one to compare the effect of 292 

salbutamol versus placebo with the intervention (between-group) and secondly to estimate the effect 293 

of the intervention within each group (within-group). For Western blot ratio-data, a one-sample t-294 
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test was used to estimate within-group changes and unpaired t-test to estimate between-group 295 

changes. Data are presented with exact P-values, except when lower than 0.001. The level of 296 

significance was defined as P ≤ 0.05. 297 

  298 
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Results 299 

Subjects 300 

Of the 30 subjects included, 26 completed the study. Four subjects (two subjects from each group) 301 

did not complete the intervention due to incompliance with the training protocol. All statistical 302 

analyses and results presented are on the subjects who completed the intervention, which were 303 

(mean ± SD) 22 ± 1 and 23 ± 3  years old, with a height of 186 ± 5 and 183 ± 6, and weighed 75.4 ± 304 

7.8 and 75.9 ± 9.0 kg in RES+SAL and RES, respectively. Side effects were reported by five 305 

subjects in RES+SAL (muscle tremor, n=4; heartbeat, n=3) and three in RES (nausea, n=3). The 306 

estimated drug compliance was 89% for RES+SAL and 92% for RES, whereas training compliance 307 

was 93% for RES+SAL and 94% for RES 308 

 309 

Power output during 10-s of maximal cycling 310 

Mean power output increased by 12 and 7% (P ≤ 0.001) with the intervention in RES+SAL and 311 

RES, respectively, with a greater increase in RES+SAL (treatment by trial interaction P = 0.027; 312 

Fig. 2A+B). Peak power output increased to a similar extent with the intervention in RES+SAL and 313 

RES (treatment by trial interaction P = 0.400; Fig. 2C+D), increasing by 8% in RES+SAL (P ≤ 314 

0.001) and by 7% in RES (P = 0.013). 315 

 316 

Quadriceps dynamic and isometric contractile function 317 

Dynamic peak torque and MVC increased by 13 and 14% (P ≤ 0.001) with the intervention in 318 

RES+SAL and by 13 and 13% (P ≤ 0.001) in RES, respectively, with similar changes between 319 

groups (treatment by trial interaction P = 0.889 for MVC and P = 0.539 for peak dynamic torque; 320 

Fig. 3A-D). No apparent changes were observed in peak RFD with the intervention (Table 1), 321 
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whereas RFD at 0-200 ms was higher after the intervention in both groups than before (P = 0.018 322 

for RES+SAL and P = 0.027 for RES), with no between-group difference in the increase (treatment 323 

by trial interaction P = 0.951; Table 1). There was no apparent change in contractile impulses at 0-324 

200 ms (P = 0.271 for RES+SAL and P = 0.158 for RES) and isometric endurance at 50% of MVC 325 

(P = 0.828 for RES+SAL and P = 0.401 for RES) with the intervention (Table 1).  326 

 327 

Muscle myosin heavy chain isoform distribution and cross-sectional area 328 

An overall main effect of trial was observed for distribution of MHC isoforms, where RES+SAL 329 

displayed a decrease in MHCI (P = 0.013) and an increase in MHCIIa (P = 0.002), whereas MHCI 330 

was unchanged in RES (MHCI: P = 0.426), and MHCIIa increased, although this was not 331 

significant (P = 0.071; Table 2). Distribution of MHCIIx decreased in both RES+SAL and RES (P 332 

= 0.020 and P = 0.013, respectively). MHC isoform distribution did not change differently between 333 

RES+SAL and RES with the intervention. Muscle fiber cross-sectional area increased in both 334 

groups for MHCI (RES+SAL: +24%, P = 0.006 and RES: +19%; P ≤ 0.001) and MHCIIa 335 

(RES+SAL: +35%, P ≤ 0.001 and RES: +21%, P ≤ 0.001) fibers, but with a larger increase in 336 

MHCIIa fiber cross-sectional area for RES+SAL compared to RES (treatment by trial interaction P 337 

= 0.040; Table 2). 338 

 339 

Sarcoplasmic reticulum vesicle Ca2+ release and uptake 340 

Rate of Ca2+ release increased with the intervention in both groups (P = 0.020 for RES+SAL and P 341 

= 0.011 for RES). Time constant (τ) of Ca2+ uptake decreased with the intervention in RES+SAL (P 342 

= 0.048) and RES (P = 0.008), i.e. faster Ca2+ uptake, with similar changes between the groups 343 

(treatment by trial interaction P = 0.118). No apparent changes were observed for rate of Ca2+ 344 
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uptake at 400 nM with the intervention in RES+SAL (P = 0.417), whereas an increase with the 345 

intervention was evident in RES (P = 0.022), but with no between group difference in the change 346 

(treatment by trial interaction P = 0.094). Rate of Ca2+ uptake at 200 nM was higher with the 347 

intervention in RES+SAL (P = 0.044) and RES (P = 0.032; Table 3), with no between group 348 

difference in the change (treatment by trial interaction P = 0.417).  349 

 350 

Skeletal muscle content of proteins regulating Ca2+ release and uptake 351 

No apparent within- or between-group changes were observed in skeletal muscle content of 352 

SERCA-1, SERCA-2, RyR1, and DHPR with the intervention (all P > 0.1; Fig. 4A). 353 

 354 

Maximal activity of enzymes of importance for anaerobic energy turnover 355 

There were no apparent differences in maximal enzyme activities of phosphofructokinase and 356 

creatine kinase with the intervention in both RES+SAL and RES (main effect of trial P = 0.934 and 357 

P = 0.356, respectively), whereas maximal activity of lactate dehydrogenase increased with the 358 

intervention in RES+SAL (P = 0.008) but not for RES (P = 0.105). The increase in maximal lactate 359 

dehydrogenase activity tended to be greater for RES+SAL than for RES (treatment by trial 360 

interaction P = 0.086; Fig. 5).  361 

  362 
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Discussion 363 

The novel findings of the present study were that daily oral treatment with the selective beta2-364 

agonist salbutamol enhanced mean power output during 10 s sprinting more than placebo, and 365 

elicited greater muscle hypertrophy in MHCIIa fibers and a fiber-type transition towards MHCIIa in 366 

young men during an 11-week resistance training intervention. Salbutamol did not affect training-367 

induced changes in sarcoplasmic reticulum Ca2+ handling or content of Ca2+ handling proteins. 368 

Despite the greater hypertrophy, salbutamol did not induce greater enhancements in peak dynamic 369 

and isometric muscle torque and sprint peak power output during the resistance training period. 370 

The ability to produce and sustain a high amount of force during brief maximal exercise is essential 371 

for sports performance in a wide range of disciplines. In the present study, treatment with oral 372 

salbutamol enhanced the increase in mean power output in response to resistance exercise compared 373 

to placebo. This was paralleled by a concomitant increase in maximal lactate dehydrogenase 374 

activity, being consistent with an increase in muscle content of lactate dehydrogenase after four 375 

weeks treatment with oral terbutaline (17), which was among the significant predictors of change in 376 

power output during 30 s maximal sprinting. In contrast to mean power output, peak power output 377 

was not increased with salbutamol, which is inconsistent with most other investigations of peak 378 

power output after a period of beta2-agonist treatment, which reported enhancing effect of these 379 

drugs (17, 30, 31). The different results on peak power output with salbutamol in the current 380 

compared to other studies may be ascribed to differences in the intervention and dosing regimen. In 381 

some studies, subjects’ last drug administration may have been close to the experimental visit, thus 382 

confounding measurements with acute beta2-agonist effects, which can increase measures of 383 

strength and power output when ingested in sufficiently high doses (6, 8, 15, 16, 18, 25, 26, 29, 48, 384 

54).  385 
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In line with the lack of effect of salbutamol treatment on peak power output, we observed that 386 

isolated measures of quadriceps isometric and dynamic strength, as well as parameters of contractile 387 

function improved to a similar extent during the resistance training period with salbutamol. In 388 

contrast, a previous investigation on dynamic muscle strength after oral salbutamol treatment (16 389 

mg/day) during the last 3 weeks of a resistance training period reported an increase in dynamic 390 

quadriceps strength (4). These differences may be ascribed to the shorter treatment duration and 391 

possible differences in dosing regimen. Notwithstanding, the results from the present study suggest 392 

that salbutamol does not augment muscle strength gains or force development during a period of 393 

resistance training. 394 

Salbutamol induced an almost two-fold greater increase in cross-sectional area of MHCIIa muscle 395 

fibers than placebo during the resistance training intervention but did not increase strength more 396 

than resistance training alone. This hypertrophy was less evident for MHCI muscle fibers, being 397 

possibly related to different densities of beta2-adrenoceptors in fast and slow-twitch fibers (22, 23, 398 

28) as also shown in some (1, 3, 35, 47), but not in all (10, 52), rodent studies. The greater 399 

hypertrophy of MHCIIa fibres with salbutamol is most likely due to increased myofibrillar protein 400 

synthesis. Indeed, oral treatment with salbutamol has been shown to increase myofibrillar protein 401 

synthesis, resulting in a more positive net protein balance in recovery from resistance resistance 402 

exercise (20). We have previously shown that 4 weeks of treatment with terbutaline, a beta2-agonist 403 

similar to salbutamol, induced a comparable degree of hypertrophy in MHCI and MHCII muscle 404 

fibers of healthy young men (17). However, that study did not include an exercise training 405 

intervention, and thus it is possible that the transition in MHC isoform distribution with chronic 406 

beta2-agonist treatment in humans is dependent on concomitant training undertaken. 407 

Notwithstanding, the observation that beta2-agonists induce greater muscle hypertrophy irrespective 408 

of concomitant resistance training (17, 24, 33) suggests that the larger gain in cross-sectional area of 409 
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MHCIIa fibers induced by salbutamol in the present study pertains to a drug class effect and not an 410 

augmented response to the training per se. Despite muscle force being related to distribution of 411 

MHCIIa muscle fibers (14, 38, 58), measurements of explosive performance (e.g. peak power 412 

output and RFD) did not change differently with salbutamol. This may be partly attributed to the 413 

fact that such performance measures are also dependent on other physiological adaptations such as 414 

neural activation patterns (9, 59). However, considering the close association between fiber cross-415 

sectional area and maximal force (12, 38, 49), it is noteworthy that no differences in muscle 416 

strength were evident with salbutamol treatment despite the greater increase in fiber cross-sectional 417 

area. Thus, it appears that the beta2-agonist-induced hypertrophy does not translate into 418 

improvements in muscle strength, but rather reduces specific force of muscle fibers. 419 

It has been suggested that beta2-agonists may reduce specific force because of their concomitant 420 

detrimental effects on sarcoplasmic reticulum Ca2+ release rate as observed in rodent muscle (46). 421 

Here, Py et al. observed that 21 days treatment with beta2-agonist clenbuterol reduced action 422 

potential-elicited Ca2+ transient amplitudes in in vitro fast-twitch fibers. However, we observed no 423 

indications of a salbutamol-induced detrimental effect compared to placebo on Ca2+ release rates of 424 

sarcoplasmic reticulum vesicles. In fact, both groups increased sarcoplasmic reticulum Ca2+ release 425 

rate with the intervention. The present study is, to our knowledge, the first to show adaptations in 426 

sarcoplasmic reticulum Ca2+ release following resistance training, while it has been shown that 427 

endurance type training interventions and intermittent sprint training increase the rate of 428 

sarcoplasmic reticulum Ca2+ release (13, 40). The greater sarcoplasmic reticulum Ca2+ release rate 429 

induced by resistance training may have contributed to the enhanced RFD observed in both groups 430 

with the intervention, as data in rodent muscle suggest a close association between RFD and 431 

sarcoplasmic vesicle Ca2+ release rate (42). Conversely, Ca2+ uptake rate increased at 200 nM with 432 

resistance training only, but not significantly different from the change induced by salbutamol and 433 
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resistance training. The improvements in Ca2+ release and uptake rate with resistance training did 434 

not appear related to changes in content of the major proteins involved in sarcoplasmic reticulum 435 

Ca2+ release and uptake, i.e. DHPR, RyR1, and SERCA, and is thus likely different from the 436 

improvements observed after a period of intermittent sprint training, where increased Ca2+ release 437 

and uptake function is related to an increase in RyR1 and SERCA content as a consequence of an 438 

overall expansion of sarcoplasmic reticulum volume (40). Thus, despite data showing decreased 439 

sarcoplasmic reticulum Ca2+ release rate in isolated rodent muscle preparations, this could not 440 

explain the beta2-agonist-induced decrease in specific force in human muscle after a period of 441 

resistance training. 442 

Taken together, the present study shows that while daily oral treatment with beta2-agonist 443 

salbutamol enhances mean power output during maximal cycling, but not peak power output or 444 

muscle force parameters. This is paralleled by greater muscle hypertrophy of MHCIIa fibers as well 445 

as a transition toward the MHCIIa isoform and increases in lactate dehydrogenase maximal activity 446 

during a period of resistance training in young men. Furthermore, salbutamol does not affect 447 

sarcoplasmic reticulum Ca2+ handling or content of proteins involved in sarcoplasmic reticulum 448 

Ca2+ release and uptake rate. Thus, oral salbutamol is a muscle anabolic drug, which can enhance 449 

sprint ability improvements during resistance training.  450 

The present findings are relevant for anti-doping authorities when evaluating current and future 451 

anti-doping regulations, as our results support the current restrictions imposed by the World Anti-452 

Doping Agency for oral salbutamol on the 2021 list of prohibited substances. It should be noted, 453 

however, that the subjects in the present study were moderately trained men, and that the observed 454 

effects may be different for elite athletes. Future studies should investigate the potential 455 

hypertrophic effects of inhaled beta2-agonists, including salbutamol, as some beta2-agonists are 456 

permitted by inhalation at therapeutic doses, but may potentially exert hypertrophic effects, as 457 
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observed with daily inhalation of the prohibited beta2-agonist terbutaline (24, 33). Furthermore, 458 

these effects should be investigated in both male and female elite athletes, as at least one study 459 

indicates that the hypertrophic effect may be sex-dependent (32). 460 
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Figure legends 624 

Figure 1. Overview of the experimental flow.  625 

Figure 2. Power output during 10 s maximal sprinting on bike ergometer before (Pre) and change after 11 weeks of 626 

resistance training with salbutamol (oral 16 mg/day; n=13; RES+SAL) or placebo (n=13; RES) in healthy young men. 627 

A, mean power output. B, change in mean power output. C, peak power output. D, change in peak power output. Pre 628 

data are mean ± SD. **Different (P ≤ 0.01) from Pre. #Treatment by trial interaction (P ≤ 0.05) between RES and 629 

RES+SAL. 630 

Figure 3. Quadriceps dynamic and isometric peak torque before (Pre) and change after 11 weeks of resistance training 631 

with salbutamol (oral 16 mg/day; n=13; RES+SAL) or placebo (n=13; RES) in healthy young men. A, Maximal 632 

voluntary isometric contraction torque (MVC); B, Change in MVC; C, Dynamic peak torque; D, Change in dynamic 633 

peak torque. Pre data are mean ± SD. **Different (P ≤ 0.01) from Pre. 634 

Figure 4. A, Change in vastus lateralis content of proteins involved in sarcoplasmic reticulum Ca2+ handling after 11 635 

weeks of resistance training with salbutamol (oral 16 mg/day; n=13; RES+SAL) or placebo (n=12; RES) relative to Pre. 636 

B, Representative western blots. DHPR: dihydropyridine receptor; RyR1: ryanodine receptor 1; SERCA: sarcoplasmic 637 

Ca2+-ATPase. Horizontal lines in A indicate means.  638 

Figure 5. Change in vastus lateralis enzyme activity after 11 weeks of resistance training with salbutamol (oral 16 639 

mg/day; n=13; RES+SAL) or placebo (n=12; RES) relative to Pre. PFK: phosphofructokinase; LDH: lactate 640 

dehydrogenase; CK: creatine kinase. **Different from Pre (P ≤ 0.01). Horizontal lines indicate means. 641 
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Table 1. Quadriceps contractile function before (Pre) and after (Post) 11 weeks of resistance training with salbutamol (RES+SAL) or 

placebo (RES) in healthy young men 

RES+SAL (n = 13)  RES (n = 13) 

 
Pre Post Δ-change  Pre Post Δ-change 

RFD peak (Nm/s) 1885 ± 414 1912 ± 505 26 
(-192 to 245) 

 
1748 ± 384 1751 ± 368 3 

(-167 to 172) 

RFD 0-200 ms 

(Nm/s) 
1079 ± 241 1174 ± 235* 95 

(20 to 171) 

 
1038 ± 196 1130 ± 184* 92 

(12 to 171) 

Impulse 0-200 ms 

(Nm/s) 
27.3 ± 5.8 28.4 ± 6.0 1.1 

(-1.0 to 3.2) 

 
25.6 ± 4.6 27.0 ± 4.8 1.3 

(-0.6 to 3.2) 

Endurance at 50% 

MVC (s) 
47.4 ± 17.0 48.2 ± 16.8 0.8 

(-7.0 to 8.6) 

 
44.8 ± 19.2 48.8 ± 11.6 4.0 

(-6.0 to 14.0) 

Pre and Post data are means ± SD. ∆-change are means (95% confidence interval). RFD: rate of force development; 

MVC: maximal voluntary contraction. *Different (P ≤ 0.05) from Pre.  
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Table 2. Myosin heavy chain (MHC) isoform distribution before (Pre) and after (Post) 11 weeks of resistance training 

with salbutamol (RES+SAL) or placebo (RES) in healthy young men 

RES+SAL (n = 13)  RES (n = 13) 

Pre Post Δ-change 
(95% CI)

 Pre Post Δ-change 
(95% CI)

MHCI (%) 

(n=102±43) 
60.2 ± 13.8 53.3 ± 16.3* -6.9 

(-12.1 to -1.7) 
 50.3 ± 13.6 47.6 ± 12.9 -2.7 

(-9.7 to 4.3) 

MHCIIa (%) 

(n=86±35) 
35.8 ± 10.2 46.0 ± 15.6** 10.2 

(4.5 to 15.7) 
 45.5 ± 11.2 51.6 ± 12.7 6.1 

(-0.6 to 12.8) 

MHCIIx (%) 

(n=5±9) 
4.0 ± 6.1 0.8 ± 1.7* -3.3 

(-5.9 to -0.6)  
 4.3 ± 4.3 0.8 ± 1.7* -3.4 

(-5.9 to -0.9) 

MHCI (µm2) 5515 ± 727 6855 ± 1685** 1340 
(454 to 2226) 

 4897 ± 665 5811 ± 899** 914 
(445 to 1384) 

MHCIIa (µm2)# 6129 ± 1157 8262 ± 1794** 2134 
(1463 to 2804) 

 5786 ± 697 7024 ± 1165** 1237 
(671 to 1804) 

MHCIIx (µm2) 6096 ± 1140 7169 ± 1633 n/a  5325 ± 1333 7176 ± 1416 n/a 

Pre and Post data are means ± SD. *Different (P ≤ 0.05) from Pre. **Different (P ≤ 0.01) from Pre. #Treatment by time 

interaction (P ≤ 0.05) between RES and RES+SAL. n/a: Not analyzed because of too low n. The left row n represent the 

mean±SD number of fibers analyzed per subject at each sampling point. 
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Table 3. Sarcoplasmic reticulum vesicle function before (Pre) and after (Post) 11 weeks of resistance training with salbutamol 

(RES+SAL) or placebo (RES) in healthy young men. 

RES+SAL (n = 12)  RES (n = 13) 

Pre Post 
∆-change 
(95% CI) 

 
Pre Post 

∆-change 
(95% CI) 

Ca2+ release rate 2.6 ± 0.9 2.8 ± 0.9* 0.2 
(0.0 to 0.4) 

 2.5 ± 0.8 2.8 ± 0.9* 0.3 
(0.1 to 0.6) 

Ca2+ uptake rate at 200 nM 1.1 ± 0.4 1.2 ± 0.4* 0.1 
(0.0 to 0.2) 

 0.9 ± 0.3 1.0 ± 0.4* 0.1 
(0.0 to 0.3) 

Ca2+ uptake rate at 400 nM 3.6 ± 1.1 3.7 ± 1.0 0.1 
(-0.1 to 0.2) 

 2.9 ± 1.2 3.2 ± 1.2* 0.3 
(0.1 to 0.6) 

Tau (s) 23.3 ± 5.1 22.0 ± 4.5* -1.4 
(-2.7 to -0.1) 

 29.1 ± 9.4 25.7 ± 8.4** -3.4 
(-5.7 to -1.1) 

Pre and Post data are means ± SD. *Different (P ≤ 0.05) from Pre. **Different (P ≤ 0.01) from Pre. Ca2+-release and 

Ca2+-uptake data are in arbitrary units Ca2+/min/g protein. 
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