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Abstract 

Content: Exercise blunts the effect of beta2-agonist on peripheral glucose uptake and energy 

expenditure. Whether such attenuation extends into recovery is unknown. 

Objective: To examine the effect of beta2-agonist on leg glucose uptake and metabolic rate in 

recovery from exercise.  

Design: Using leg arteriovenous balance technique and analyses of thigh muscle biopsies, we 

investigated the effect of beta2-agonist (24 mg oral salbutamol) versus placebo on leg 

glucose, lactate, and oxygen exchange before, during, and 0.5-5-h in recovery from 

quadriceps exercise, as well as on muscle glycogen resynthesis and activity in recovery.  

Participants: Twelve healthy lean young men. 

Results: Before exercise, leg glucose uptake was 0.42±0.12 and 0.20±0.02 mmol×min
–1

 

(mean±SD) for salbutamol and placebo (P=0.06), respectively, while leg oxygen 

consumption was around two-fold higher (P<0.01) for salbutamol than placebo (25±3 versus 

14±1 mL×min
–1

). No treatment differences were observed in leg glucose uptake, lactate 

release, and oxygen consumption during exercise. But in recovery, cumulated leg glucose 

uptake, lactate release, and oxygen consumption was 21 mmol (95%CI: 18-24, P=0.018), 19 

mmol (95%CI: 16-23, P<0.01), and 1.8 L (95%CI: 1.6-2.0, P<0.01) higher for salbutamol 

than placebo, respectively. Muscle glycogen content was around 30% lower (P<0.01) for 

salbutamol than placebo in recovery, whereas no treatment differences were observed in 

muscle glycogen resynthesis or glycogen synthase activity.  

Conclusions: Exercise blunts the effect of beta2-agonist on leg glucose uptake, but this 

attenuation diminishes in recovery. Beta2-agonist increases leg lactate release in recovery, 

which may relate to glycolytic trafficking due to excessive myocellular glucose uptake.  

Keywords: thermogenesis, adrenoceptor, glycogenolysis, cAMP, PKA, beta-agonist, 

clenbuterol 
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Introduction 

Beta2-adrenergic agonists (beta2-agonists) are widely used as first-line treatment in chronic 

obstructive pulmonary disease and asthma [1,2]. While their main application is to induce 

bronchodilation, beta2-agonists induce numerous effects due to the abundance of beta2- 

adrenergic receptors in several tissues [3,4]. The role of beta2-adrenergic receptors in skeletal 

muscle has attracted interest in pharmaceutical drug development because they regulate 

myocellular metabolism and glucose uptake [5–7]. Indeed, beta2-agonists have profound 

effects on muscle glucose metabolism, which is substantiated by the observation that femoral 

arterial infusion of selective beta2-agonist terbutaline almost doubled resting leg glucose 

uptake and clearance in lean young men [8]. Furthermore, beta2-agonists augment energy 

expenditure – mainly due to an increased muscle metabolic rate [8–10]. Together with 

observations from cell lines and rodents showing promising effects of beta2-agonist on 

glucose uptake and tolerance [11,12], this underlines a therapeutic potential of beta2-agonists 

in metabolic diseases, such as type 2 diabetes (T2DM) and obesity [11,13].   

 

A notable phenomenon, however, is that exercise blunts the effect of beta2-agonist on 

metabolic rate and peripheral glucose uptake [8,10,14,15]. In fact, the greater leg glucose 

clearance induced by terbutaline at rest even shifted to a lowered clearance during exercise 

compared to placebo [8]. Given that exercise is emphasized by official guidelines as first-line 

treatment in T2DM and obesity [16,17], it is relevant to assess whether the confounding 

effect of exercise on the beta2-adrenergic-mediated augmentation of metabolic rate and 

peripheral glucose uptake is extended into the recovery from exercise. If this is the case, the 

application of beta2-agonist as a means to lose weight and augment glucose disposal in 

metabolic diseases would be less favorable.   
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Beta2-agonists have been shown to increase glycogen utilization during exercise [15]. And 

because glycogen depletion activates AMP-activated protein kinase (AMPK) [18], which is a 

fundamental regulator of myocellular glucose uptake [19], it is conceivable that beta2-

agonists augments the activation of AMPK, hence facilitating greater glucose disposal in the 

exercised muscles in recovery. A larger muscle glucose uptake with beta2-agonist in recovery 

will likely be incorporated into glycogen or directed towards pyruvate formation in the 

glycolysis. But given that an increased flux may exceed the rate for which pyruvate is 

transformed to Acetyl-CoA by pyruvate dehydrogenase (PDH), this can lead to greater lactate 

production. Thus, it is relevant to examine whether beta2-agonist affects lactate release of the 

exercised leg and PDH activation in recovery. Indeed, beta2-agonists regulate the 

phosphorylation of PDH, which is suggestive of a decreased PDH activity [15]. Furthermore, 

while an amplified glycogen breakdown with beta2-agonist during exercise may augment 

glycogen synthase in recovery due to lower glycogen levels [18], non-selective adrenergic 

stimulation inhibits insulin-dependent activation of glycogen synthase [20]. Hence, the effect 

of beta2-adrenergic stimulation in recovery from exercise on glycogen synthase activity and 

glycogen resynthesis may be dependent on a balance between multiple cellular perturbations.  

 

Herein we investigated whether resistance exercise confounds the beta2-adrenergic induced 

augmentation of leg glucose uptake and metabolic rate and if this persists in recovery from 

exercise. Furthermore, we examined the effect of beta2-agonist on glycogen resynthesis and 

canonical signaling pathways pertaining to glucose metabolism in recovery of the exercised 

muscle.  We hypothesized that exercise would blunt the effect of beta2-agonist on leg glucose 

uptake and oxygen uptake, but that the effect of beta2-agonist would re-emerge in recovery 

accompanied by a lowered muscle glycogen resynthesis. 
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Methods 

Human subjects 

Thirteen healthy trained young men volunteered to participate in the study. Before inclusion, 

subjects underwent a medical examination with an assessment of resting blood pressure, heart 

rate, and ECG. Furthermore, body composition was determined by dual-energy X-ray 

absorptiometry (Lunar DPX-IQ, GE Healthcare, Chalfont St Giles, UK). Inclusion criteria 

were 18–40 years of age and an active lifestyle (>3 h weekly physical activity). Exclusion 

criteria were smoking, chronic disease, allergy towards the study drugs, and use of beta2-

agonist or other prescription medication. Subjects were informed about risks and discomforts 

related to the study. Of the 13 subjects who were screened, 12 were included in the study of 

which all completed. Subject characteristics are presented in Table 1. Each subject gave 

written and oral informed consent before inclusion. The study was approved by the 

Committee on Health Research Ethics of the Capital Region of Denmark (H-1-2012-119) and 

performed in accordance with the standards set by the Declaration of Helsinki. The study was 

registered in ClinicalTrials.gov (NCT02551276).  

 

Study design 

The study was a part of a larger physiological study focusing on muscle metabolism in 

response to beta2-adrenergic stimulation and resistance exercise [21]. The study employed a 

randomized, double-blinded, placebo-controlled, cross-over design. During two identical 

trials, subjects received either 24 mg oral salbutamol or placebo in randomized order. Each 

trial was preceded by a 4-day lead-in period with oral salbutamol (4×4 mg×day
–1

) or placebo 

treatment. The two trials were separated by 3–6 weeks to minimize carry-over effects of 

salbutamol [22]. Before the first trial, subjects met at the laboratory for two familiarizations 

to the exercise protocol.  
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Experimental trials  

After the lead-in treatment, subjects met in the morning after an overnight fast and received 

either oral salbutamol (6×4 mg) or placebo with a standardized light meal low in protein and 

fat (white bread with jam: 12 g protein, 67 g carbohydrate, 3 g fat) and 400 mL water. 

Subjects then rested in a bed and catheters were inserted in the dorsal hand vein, brachial 

artery, and femoral vein during local anesthesia (lidocaine without epinephrine, Xylocaine; 

AstraZeneca, Cambridge, UK). A primed continuous infusion of [13C6]-phenylalanine was 

used for determination of amino acid kinetics across the limb and incorporation into muscle 

as previously described [21]. Given that the [13C6]-phenylalanine infusion equalled only 

≈0.5 g phenylalanine in 7 h, this unlikely affected substrate metabolism [23]. Furthermore, 

the [13C6]-phenylalanine infusion was conducted on both study days, why conditions for 

salbutamol and placebo were similar. After 90 min, subjects moved to a knee extensor 

resistance exercise model and performed two sets 10 repetitions knee extensor exercise at 

50% 3 RM (repetition maximum), followed by eight sets 12 repetitions 12 RM to failure 

(75±11 kg) (mean±SD) with 2 min rest between sets. If subjects failed to perform 12 

repetitions in each set, load was decreased for the following set. Mean load during the final 

set was 69±12 kg. Load and rest between sets were duplicated for each subject during the two 

trials. After exercise, subjects remained inactive in a supine position for 5 h. Biopsies were 

obtained from the vastus lateralis muscle 0.5 and 5 h after resistance exercise. 

 

Brachial arterial and femoral venous blood samples were drawn in heparinized tubes before, 

during each of the 8 sets of resistance exercise, and 0.5, 1, 2, 3, 4, and 5 h in recovery from 

exercise. During similar sampling times, femoral arterial blood flow was measured with 
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ultrasound Doppler (Vivid E9; GE Healthcare, Brøndbyvester, Denmark) as described 

previously [24]. Further femoral arterial blood samples were drawn 1 and 4 h into recovery in 

EDTA tubes. 

Subjects were asked to refrain from caffeine, nicotine, and alcohol 24 h before each trial, as 

well as from exercise 48 h before each trial.  

 

Study drugs  

Salbutamol (Ventolin, 4 mg tablets; GlaxoSmithKline, London, UK) and identically looking 

placebo (lactose monohydrate/starch) were delivered by the hospital pharmacy of 

Copenhagen. Drugs were administered in a double-blinded manner. Randomization was 

conducted in SPSS, version 24 (IBM Corp., Armonk, NY, USA) by personnel who did not 

take part in any of the experimental procedures or data analyses.  

 

Experimental procedures 

Dual-energy X-ray absorptiometry  

Subjects laid in the scanner in supine position undressed for 20 min before the scan. To 

reduce variation, two scans at medium speed were performed in accordance with the 

manufacturer’s guidelines. The scanner was calibrated before the scan using daily calibration 

procedures (Lunar ‘System Quality Assurance’). All scans were conducted by the same 

technician.  
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Muscle biopsies  

Muscle biopsies were obtained from the vastus lateralis using a 4-mm Bergström biopsy 

needle (Stille, Stockholm, Sweden) with suction [25]. Before biopsies were sampled, two 

incisions were made in the skin at the belly of the vastus lateralis muscle during local 

anesthesia (2 mL lidocaine without epinephrine, Xylocaine 20 mg×mL
–1

; Astra Zeneca). 

After sampling, the muscle biopsy was cleaned from visible blood, connective tissue, and fat 

and immediately frozen in liquid nitrogen. Biopsies were stored in cryotubes at –80°C until 

analyses. 

  

Immunoblotting 

Protein content and degree of phosphorylation were determined by Western blotting on 

freeze-dried muscle tissue as previously described [26]. Protein concentration of each sample 

was determined with a BSA kit (Thermo Fisher Scientific, Waltham, MA). Samples were 

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

g SDS, and 1.2 mg Bromophenol blue) and double distilled water to reach equal protein 

concentrations. Equal amounts of protein were loaded in each well of precast gels (Bio-Rad 

Laboratories, Hercules, CA). Samples from each subject were loaded on the same gel with a 

mixed human muscle standard lysate loaded in two different wells used for normalization. 

Bands were visualized with enhanced chemiluminescence (EMD Millipore, Billerica, MA) 

and recorded with a digital camera (ChemiDoc MP imaging system; Bio-Rad Laboratories). 

Densitometry quantification of band intensity was done using Image Lab version 4.0 (Bio-

Rad Laboratories) and determined as the total band intensity adjusted for background 

intensity. Primary antibodies used were AMPKα2 (a non-commercial antibody kindly 

donated by Graham Hardie, University of Dundee, 62 kDa), AMPKα
Thr172

 (#2531, Cell 
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Signaling Technology, 62 kDa, RRID: AB_330330), PDH (sc-377092, Santa Cruz 

Biotechnology, 43 kDa, RRID: AB_2716767), PDH
Ser293

 (ABS204, Millipore, 43 kDa, 

RRID: AB_11205754), ACCβ (P-0397, Agilent, 259 kDa, Streptadivin/HRP), ACCβ
Ser221

 

(07-303, Millipore, 259 kDa, a phospho-specific ACCα
Ser79

 antibody recognizing the 

equivalent Ser
221

 in human ACCβ, RRID:AB_310504) [18,27]. Secondary antibodies used 

were HRP conjugated goat anti-mouse, goat anti-rabbit, and rabbit anti-sheep (P-0447 

(RRID: AB_2617137), P-0448 (RRID_AB_2617138), and P-0163 (RRID: AB_2892832) 

DAKO, Denmark). Given there is no available anti-body to quantify total AMPK, AMPKα2 

was measured instead. As both AMPKα2 and AMPKα1 are phosphorylated at threonine 172, 

a ratio between total AMPK and AMPKα2 was not determined. 

 

Muscle glycogen content 

Muscle glycogen was determined by the hexokinase method after extraction from freeze-

dried muscle tissue using 1NHCl for hydrolyzation at 100°C for 3 h as previously described 

[28]. 

 

Glycogen synthase activity 

Glycogen synthase activity was determined in muscle homogenate as previous described 

[29]. In short, 150 µg muscle homogenate was diluted in MG-buffer to a final concentration 

of 1 µg×µL
-1

. Triplicate measurements were performed in the presence of 0.02, 0.17, and 

8.00 mM glucose-6-phosphate (G6P) in 96-well microtiter assay plates (Unifilter 350 plates; 

Whatman, Cambridge, UK). Glycogen synthase activity is reported as percent of maximal 

capacity (%-max) and was calculated as 100 x activity in the presence of 0.02 mM G6P 

divided by activity in the presence of 8 mM G6P (saturated).  
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Blood analyses 

Arterial and femoral venous heparinized blood samples were immediately analyzed for 

plasma glucose, lactate, hemoglobin, hematocrit, O2, CO2, and acid-base parameters using an 

ABL800 Flex (Radiometer, Copenhagen, Denmark). Arterial venous blood samples in EDTA 

tubes were stored on ice for 30 min before they were spun at 4°C and 3000 rpm for 5 min, 

after which plasma was collected and stored at -80°C until analysis for insulin. Plasma insulin 

concentrations were determined for each subject with a commercially available Ultrasensitive 

ELISA kit (Ref 80-INSHUU-E10, Alpco, NH, US) and analyzed on a Multiskan FC 

microplate photometer (Thermo Fisher Scientific, MA, US). 

 

Calculations 

Net leg glucose, oxygen, and lactate exchange was calculated using Fick’s principle: 

          

Where U is the net exchange of glucose or lactate, F is blood flow of the femoral artery, A is 

the arterial concentration, and V is the femoral venous concentration.  
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Statistical analysis  

Statistical analyses were performed in SPSS version 27 (IBM, Armonk, US). Data were 

tested for normality using the Shapiro-Wilks test and Q-Q plots. To estimate differences 

between treatments, a two-factor linear mixed modelling was used with treatment and time as 

fixed effects and a random effect for subjects. In addition, age and lean body mass were 

included in the model as time-invariant covariates because they may confound the effect of 

beta2-agonist [30,31]. Area under the curve (AUC) was calculated using the trapezoidal rule. 

Data are presented as mean and standard deviations (SD), while effect sizes are presented 

with the 95% confidence interval (CI) and exact p-values (unless lower than 0.01) to 

represent probability for treatment fixed effects. 

 

Results 

Femoral arterial blood flow 

With placebo, femoral arterial blood flow increased from resting values around 0.3±0.0 

L×min
–1

 to values around 2.3±0.1 L×min
–1

 during exercise and declined to values around 

0.4±0.1 L×min
–1

 in recovery, with the corresponding values being 181, 33, and 151% higher 

(P<0.001) for salbutamol (Fig. 1A). 
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Leg glucose kinetics 

While no difference was observed for arterial glucose concentration at rest (P=0.17) (Fig. 

1B), leg glucose delivery was ≈5.0 mmol×min
–1

 higher (95%CI 4.7 to 5.3, P<0.001) for 

salbutamol than placebo corresponding to a more than doubling with salbutamol versus 

placebo. The arterial glucose concentration (Fig. 1B) and leg glucose delivery were 0.5 mM 

(95%CI 0.44 to 0.56, P<0.001) and 5.2 mmol×min
–1

 higher (95%CI 4.9 to 5.5, P<0.001), 

respectively, for salbutamol than placebo during exercise. Likewise, the arterial glucose 

concentration (Fig. 1B) and leg glucose delivery were 0.5 mM (95%CI 0.46 to 0.54, 

P<0.001) and 3.3 mmol×min
–1

 higher (95%CI 3.0 to 3.6, P<0.001) for salbutamol than 

placebo in recovery. The femoral arteriovenous glucose difference was not different between 

treatments neither at rest (P=0.27), during exercise (P=0.63), or in recovery (P=0.41) (Fig. 

1C).  

 

At rest, leg glucose uptake was around two-fold higher for salbutamol than placebo (95%CI 

0.15 to 0.29 mmol×min
–1

, P=0.06)(Fig. 2A), whereas no apparent treatment difference was 

observed for leg glucose clearance (P=0.13)(Fig. 2B). While the cumulated leg glucose 

uptake (P=0.49) and clearance (P=0.94) was not different between treatments during exercise 

(Fig. 2A+B), it was 21 mmol (95%CI 18 to 24, P=0.018) and 3.3 L (95%CI 2.7 to 3.9, 

P=0.027) higher in recovery for salbutamol than placebo, respectively, corresponding to a 75 

and 65% increase with salbutamol versus placebo (Fig. 2A+B).  
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Leg lactate kinetics and oxygen uptake 

At rest, the arterial lactate concentration was 1.6±0.6 mM with salbutamol compared to 

1.2±0.5 mM with placebo (P=0.12). During exercise and recovery, arterial lactate 

concentrations were around 1 mM higher (P<0.001) for salbutamol than placebo, being 

9.3±0.5 and 8.1±0.6 mM during exercise for salbutamol and placebo, respectively, and 

2.1±0.2 and 1.3±0.1 mM in recovery, respectively. No treatment differences were observed in 

leg lactate release at rest (P=0.44) or in the cumulated amount of lactate released during 

exercise (P=0.49), whereas the cumulated amount of lactate released in recovery was 4-fold 

higher (95%CI 17 to 22, P<0.01) for salbutamol than placebo (Fig. 3A).  

 

At rest, leg oxygen uptake was almost two-fold higher for salbutamol than placebo (95%CI 

10 to 12 mmol×min
–1

, P<0.005) (Fig. 3B). The cumulated amount of oxygen extracted by the 

leg was not different between treatments during exercise (P=0.24) but was 1.8 L (95%CI 1.6 

to 2.0, P<0.01) higher in recovery for salbutamol than placebo (Fig. 3B). 

 

Plasma insulin concentration 

In recovery, arterial plasma insulin concentrations were 76±8 and 63±7 pM for salbutamol 

and placebo 1 h into recovery (P=0.11), respectively, and 32±8 and 22±7 pM 4 h into 

recovery, respectively (P=0.03).  
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Muscle glycogen content and glycogen synthase activity 

Muscle glycogen content was 109 mmol×mgdry-weight
–1

 (95%CI 99 to 119, P<0.01) and 101 

mmol×mgdry-weight
–1

 (CI95% 92 to 110, P<0.01) lower for salbutamol than placebo 0.5 and 5 h 

into recovery, respectively (Fig. 4A). Muscle glycogen content increased by 47 mmol×mgdry-

weight
–1

 (CI95% 39 to 56, P<0.01) for salbutamol 0.5 h to 5 h into recovery, which was not 

different from the increase of 39 mmol×mgdry-weight
–1

 (CI95% 32 to 46, P<0.01) for placebo, 

corresponding to a 24% and 13% increase for salbutamol and placebo, respectively (Fig. 4A). 

There was no difference in muscle glycogen synthase activity between salbutamol and 

placebo 0.5 h and 5 h into the recovery (P=0.78) (Fig. 4B).  

 

Muscle AMPK, PDH, and ACCβ phosphorylation 

Muscle AMPK
Thr172

 phosphorylation was 22% higher (P=0.038) for salbutamol than placebo 

0.5 h but not 5 h into recovery (P=0.94) (Fig. 5A), whereas no treatment difference was 

observed for AMPKα2 0.5 h and 0.5 h into recovery (P=0.60 and P=0.32, respectively) (Fig. 

5A). Muscle PDH
Ser293

 phosphorylation was 30% and 20% higher 0.5 and 5 h into recovery 

(P<0.01) for salbutamol than placebo, respectively (Fig. 5B), while phosphorylation ratio 

PDH
Ser293

/total PDH was 20% and 15% higher 0.5 and 5 h into recovery (P<0.01) for 

salbutamol than placebo, respectively (Fig. 5B). Muscle ACCβ
Ser221

 phosphorylation was 

75% higher (P=0.048) 0.5 h into recovery and more than two-fold higher (P<0.01) 5 h into 

recovery for salbutamol than placebo (Fig. 5C). Phosphorylation ratio ACCβ
Ser221

/total ACCβ 

was not different between treatments 0.5 h in recovery (P=0.33) but was almost two-fold 

higher (P<0.01) for salbutamol than placebo 5 h into recovery (Fig. 5C). Representative blots 

are shown in Fig. 5D.  
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Discussion 

The major finding of this study was that beta2-agonist salbutamol augmented leg glucose 

uptake at rest and in recovery, but not during work-matched quadriceps exercise in lean 

young men. Despite the greater leg glucose uptake in recovery, salbutamol did not augment 

muscle glycogen resynthesis compared to placebo. In fact, muscle glycogen levels remained 

lower for salbutamol than placebo 0.5-5 h into recovery. Furthermore, lactate release and 

oxygen consumption of the exercised leg were higher for salbutamol than placebo, 

underpinning the thermogenic action of beta2-agonists in skeletal muscle. These salbutamol-

induced changes were accompanied by greater muscle phosphorylation of AMPK, PDH, and 

ACCβ in recovery from exercise.  

 

The observation that salbutamol markedly increased leg glucose uptake and clearance in 

recovery from work-matched exercise, but not during exercise, extends previous studies 

[8,10,32] and shows that the confounding effect of exercise diminishes during recovery. 

Hence, the 75% greater leg glucose uptake in recovery with salbutamol is strikingly similar to 

the two-fold increase in leg glucose uptake observed at rest. While one might speculate that 

the greater glucose delivery with salbutamol explains this effect, this seems unlikely as leg 

glucose clearance was 65% higher for salbutamol than placebo in recovery. For this reason, 

the bulk of the augmented glucose disposal with beta2-agonist appears dissociated from its 

effects on glucose availability and may instead be related to the higher metabolic rate of the 

exercised leg in recovery, as indicated by the greater leg lactate release and oxygen 

consumption for salbutamol than placebo.  

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab752/6403262 by D

et Kongelige Bibliotek user on 26 O
ctober 2021



   
 

 17 of 33  

 

 

Other factors underpinning the greater glucose uptake could relate to the effect of salbutamol 

on insulin levels and canonical adrenergic muscle PKA-signaling [11,33]. However, given 

that leg glucose uptake was four times greater for salbutamol than placebo 4 h into recovery, 

where insulin levels were only 44% higher for salbutamol, the hyperinsulinemic effect of 

salbutamol possibly only partly contributed to the augmented leg glucose uptake. Indeed, 

Sato et al. observed that beta2-adrenergic stimulation of myotubes potently increased glucose 

uptake through canonical adrenergic PKA-signaling and independent of insulin-signaling 

[11]. The augmented leg glucose uptake for salbutamol could also be related to greater 

AMPK activation as AMPK facilitates GLUT4 translocation [19]. Thus, phosphorylation of 

muscle AMPK
thr172

 was 22% greater for salbutamol than placebo 0.5 h in recovery, and 

phosphorylation of ACCβ, a downstream target of AMPK [34], was 75% more 

phosphorylated 0.5 h into recovery for salbutamol than placebo and more than two-fold more 

phosphorylated 5 h into recovery. This effect may relate to the markedly lower muscle 

glycogen levels after the work-matched exercise for salbutamol than placebo (Fig. 4A), as 

activation of AMPK is associated with the level of glycogen depletion [18]. 

 

A notable 4-fold higher amount of lactate was released from the exercised leg in recovery for 

salbutamol than placebo. Because of the absence of treatment differences in glycogen 

resynthesis, this suggests pyruvate accumulated in the glycolysis and shunted towards lactate 

formation with salbutamol. Indeed, salbutamol potently amplified PDH
ser293

 phosphorylation 

by 30% compared to placebo in recovery, which indicates a deactivation of PDH [35]. Hence, 

one could imagine a scenario in which salbutamol induces excessive glucose uptake in 

recovery, and due to PDH deactivation, directs towards lactate production. In support, beta2-
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agonists augment the production and accumulation of lactate in skeletal muscle [6,15,36] and 

the rate of leg lactate release is proportional to the muscle lactate concentration [37]. 

Furthermore, despite the markedly lower glycogen levels in recovery from exercise with 

salbutamol, this did not facilitate a greater activity of glycogen synthase, the rate-limiting 

enzyme in glycogenesis, nor in the amount of glycogen resynthesized during recovery for 

salbutamol than placebo. This suggests that the expected increase in the activity of glycogen 

synthase facilitated by a greater glycogen depletion with salbutamol was negated, likely via 

an inhibitory effect of adrenergic stimulation on glycogen synthase as observed in other 

studies [20,38]. Such inhibition would also contribute to the greater lactate production and 

hence release observed with salbutamol in recovery. 

 

Like that observed for terbutaline [8], we observed no effect of salbutamol on leg glucose 

uptake during exercise. This possibly relates to the cascade of intrinsic myocellular events 

activated by exercise that pertain to translocation and redistribution of GLUT4 as being 

sufficiently large to mask the effect of beta2-agonist [39]. Furthermore, the bulk of the effect 

of beta2-agonist on leg glucose uptake at resting conditions seems to be due to the greater 

muscle metabolic rate and to a lesser extent excess glucose delivery. While the latter was still 

apparent during exercise, salbutamol did not affect leg lactate release and oxygen 

consumption during the work-matched exercise. This further supports that it is the effect of 

beta2-agonist on muscle metabolic rate that explains most of the effect observed on leg 

glucose uptake rather than glucose delivery per se. 
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Taken together, these findings confirm that exercise blunts the effect of beta2-agonist on leg 

glucose uptake but that this diminishes in recovery. Our findings also suggest that the higher 

leg lactate release induced by beta2-agonist in recovery relates to glycolytic trafficking due to 

excessive myocellular glucose uptake concomitant with PDH deactivation. Considering the 

augmented leg glucose uptake and metabolic rate in recovery, the current study underlines the 

potential of the beta2-adrenergic receptor as a target in treatment of T2DM and obesity. 

Furthermore, the pronounced effect on muscle metabolism of the oral doses of salbutamol 

administered supports the restrictions imposed on salbutamol in sports. 
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Data availability 

Some or all data generated and/or analyzed during the study are not publicly available but are 

available from the corresponding author on reasonable request.  
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Tables 

Table 1. Subject characteristics (n = 12) 

Parameter 

 

Age (years) 23 ± 4 

Height (cm) 181 ± 6 

Body mass (kg) 74.4 ± 9.2 

BMI (kg/m
2
) 22.6 ± 3.1 

Leg lean mass (kg) 17.8 ± 1.8 

Values are means ± SD.  
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Figures 

Fig. 1. Femoral arterial blood flow (A), arterial glucose concentrations (B), and arterial and 

femoral venous (a-v) difference in glucose (C) at rest (left panels), during exercise (left 

panels), and in recovery (right panels) for salbutamol (black circles) and placebo (white 

circles). Values are means ± SD (n=12). **Treatment difference (P<0.01). 
##

Treatment main 

effect for the period (P<0.01). 

 

Fig. 2. Leg glucose uptake (A) and clearance (B) at rest, during exercise, and in recovery for 

salbutamol (black circles and bars) and placebo (white circles and bars). Right panels 

represent the cumulated leg glucose uptake and clearance during exercise and recovery, 

respectively. Values are means ± SD (n=12). *Treatment difference (P<0.05).  

 

Fig. 3. Leg lactate release (A) and oxygen uptake (B) at rest, during exercise, and in recovery 

for salbutamol (black circles and bars) and placebo (white circles and bars). Right panels 

represent cumulated leg lactate release and oxygen uptake during exercise and recovery, 

respectively. Values are means ± SD (n=12). **Treatment difference (P<0.01). 
##

Treatment 

main effect for the period (P<0.01). 
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Fig. 4. Muscle glycogen content and resynthesis (A) and muscle glycogen synthase activity 

(B) for salbutamol (black bars) and placebo (white bars) 0.5 and 5 h into recovery from 

quadriceps exercise. Glycogen synthase activity measured as fractional activity in the 

presence of 0.02 mM G6P and presented relative to saturated conditions (8 mM G6P). Values 

are means ± SD (n=12). *Treatment difference (P<0.05).  

 

Fig. 5. Muscle protein phosphorylation 0.5 and 5 h into recovery from quadriceps exercise 

for salbutamol (black bars) and placebo (white bars). A: Phosphorylation of AMPK 

(Threonine-172) (left panel) and total AMPKα2 (right panel). B: Phosphorylation of PDH 

(Serine-293) (left panel) and phosphorylation ratio of PDH (Serine-293)/Total PDH (right 

panel). C: Phosphorylation of ACCβ (Serine 221) (left panel) and phosphorylation ratio of 

ACCβ (Serine 221)/total ACCβ (right panel). D: Representative blots. ‘P’ represents placebo 

and ‘S’ salbutamol. Values are means ± SD (n=12). *Treatment difference (P<0.05). 

**Treatment difference (P<0.01).  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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