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Abstract  

The aim of this study was to differentiate the role of 
raised plasma adrenaline (Adr) concentrations from 
sympathoadrenal activation associated with mod- 
erate-intensity exercise, on muscle activation, cardiopul- 
monary   responses,   fuel   metabolism,   and   ratings   of 
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perceived exertion (RPE) during low-intensity exercise.    

Two groups of subjects (MOD, n=6; LOW, n=7) cycled 
on two occasions for 90 min. MOD cycled at 68% 
VO2max with saline infusion, and at  34%  VO2max  with 
Adr infusion. LOW cycled twice at 34% VO2max, with 
either Adr or saline infusion. Infusions (0.015 g Adr/kg/ 
min) started at 15 min and increased plasma [Adr] 
somewhat higher  than  during  exercise  at  68%  VO2max 

( 1.9 vs. 1.4 nM, at 75 min).  Mean  plasma  glucose 
and lactate concentrations during LOW were significantly higher with Adr than saline infusion 
(5.1±0.6  vs.4.4±0.3  mmol/l,   P<0.01   and   2.1±0.8   vs. 
1.3±0.5 mmol/l, P<0.01, respectively). Elevated [Adr], 
without increased exercise intensity, did not alter glyco- 
genolysis. There were also no effects of Adr infusion at 
34% VO2max on heart rate, oxygen consumption, [FFA], 
respiratory exchange ratio, intramuscular triglyceride 
utilization, muscle activation or RPE. In conclusion, 
elevated [Adr] similar to those found during moderate- 
intensity exercise increased plasma glucose and lactate 
availability, but did not alter intramuscular fuel utiliza- 
tion, effort perception or muscle activation. 

Introduction 
 

An increase in exercise intensity is associated with in- 
creased activation of the sympathetic nervous system 
(SNS), as well as the sympathoadrenal response, 
resulting in an increase in endogenous adrenaline (Adr) 
and noradrenaline (NorAdr) secretion [23]. There is 
indirect evidence that it is the increased circulating cat- 
echolamine concentrations that are responsible for the 
major sympathoadrenergic effects on energy metabolism 
during exercise [25, 36]. 
Previous studies have attempted to differentiate the 
role of circulating  [Adr] from that of  general sympat- 
hoadrenal response in regulating the metabolic sequelae 
during exercise of different intensities. These studies 
have typically infused Adr to levels at  least twice  the 
normal range measured during exercise. Collectively, 
these studies have demonstrated that Adr infusion in- 
creases the mobilization of fuels, resulting in elevated 
circulating glucose and lactate concentrations during 
dynamic exercise [7, 11, 14, 24, 39, 40]. The elevated 
plasma glucose levels with Adr infusion can be explained 

     by an increase in hepatic glucose output [14, 15] and a 

S. J. West Æ J. H. Goedecke (&) Æ L. van Niekerk Æ M. Collins 
A. St Clair Gibson Æ T. D. Noakes Æ E. V. Lambert 
Department of Human Biology, UCT/MRC Research Unit for 
Exercise Science and Sports Medicine, University of Cape Town, 
P.O. Box 115, 7725 Newlands, South Africa 
E-mail:  juliag@sports.uct.ac.za 
Tel.: +27-21-6504573 
Fax: +27-21-6867530 

 

I. A. Macdonald Queen s Medical Centre, University of Nottingham 
Medical School, Nottingham, UK 

possible attenuation in the exercise-induced increase in 
peripheral glucose uptake [15, 39]. Watt et al. [39] pos- 
tulated that the reduction in glucose disposal with Adr 
infusion might be attributed to an increase in glyco- 
genolysis [11, 20, 35, 39], resulting in an accumulation of 
glucose-6-phosphate, with the consequent inhibition of 
hexokinase and glucose phosphorylation [39]. 
However, not all studies have demonstrated an increase 
in glycogenolysis with Adr infusion during moderate 
(65% VO2max) [40] and high-intensity exercise 

ENDOCRINOLOGY  

mailto:juliag@sports.uct.ac.za


728 
 

 

(80–85% VO2max) [7,  24],  despite  significant  increases 
in glycogen phosphorylase activity [24]. Discrepancy in 
the findings of these studies may relate to the Adr con- 

utilization, muscle activation and effort perception dur- 
ing prolonged, low-intensity exercise. 

centrations  achieved  with  infusion,  the  intensity  and    

duration of the exercise bout, and the subjects  health, 
training and nutritional status. 
Nonetheless, when plasma Adr levels are increased 
above those typically associated with the corresponding 
exercise intensity, a mismatch between the mobilisation 
and oxidation of fuels has been described. Kjaer et al. 
[24] found that, in parallel to the increase in glycogen 
phosphorylase activity stimulated by Adr infusion, an 
increase in skeletal muscle hormone sensitive lipase 
(HSL) activity was also found. However, there are no 
studies of which we are aware, that have measured the 
changes in intramuscular triglyceride (IMTG) utilisation 
in response to Adr infusion. Mora-Rodriguez and Coyle 
[29], using isotope techniques, demonstrated a mismatch 
between mobilisation and oxidation of FFA s with Adr 
infusion. They found that whole-body lipolysis increased 
progressively throughout exercise with graded Adr 
infusions (0.96–3.44 nmol/l) during low-intensity (25% 
VO2max) exercise, resulting in an increase in plasma 
FFA concentrations, with evidence of subsequent re-esterification. 
Kjaer et al. [24] postulated that Adr secretion during 
exercise is not entirely dependent on the metabolic de- 
mand of the muscle, but is the result of, and acts as part 
of a feed-forward control mechanism, mobilising both 
intra- and extra-muscular fuel stores. Conversely, mus- 
cle activation levels and work rate in response to 
increasing exercise intensity, and the associated increase 
in plasma [Adr] with SNS activation, results in the 
mobilisation of fuel stores to match oxidation [29]. 
To our knowledge, no previous studies have exam- 
ined the effects of Adr infusion on perceived exertion 
and muscle activation levels during a single bout of 
exercise. We hypothesised that increased [Adr] sufficient 
to alter fuel utilisation, heart rate and/or ventilation 
would be associated with changed effort perception and 
muscle activation levels [13, 28]. Indirect evidence for 
this comes from studies using adrenergic blockade 
during exercise of moderate intensity [1, 8, 16, 21]. In 
these studies, adrenergic blockade resulted in an 
increase in effort perception and EMG activity, despite 
reductions in heart rate and VO2 [9, 16]. Further, in 
models of anaesthetised animals, SNS activation 
preserved muscle contractility in previously fatigued 
muscles in situ [19]. 

Methods 
 

Subjects and preliminary testing 
 

Subject selection 

 

Thirteen endurance trained  male cyclists between  the 
ages of 18 and 40 years were recruited to participate in 
the study. The study was approved by the Ethics and 
Research Committee of the Faculty  of Health Sciences 
of the  University of Cape Town.  To participate in the 
study, subjects had to (i) be between the ages of 21 and 
45 years; (ii) have completed a local 109 km cycle race in 
less than 4.5 h; (iii) have no known metabolic conditions 
that may adversely affect intermediary metabolism. 
Subjects were excluded if they were taking any medica- 
tions for chronic conditions such as high-blood pressure 
or asthma (e.g. b-adrenergic receptor agonists or 
antagonists). The risks and benefits of the trial were 
carefully explained to the subjects and their informed 
consent was obtained in writing before participation in 
the trial. 
Subjects were randomly assigned to one of two 
groups, MOD (moderate, n=6) and LOW (low,  n=7). 
The MOD group were  matched  for  circulating  Adr 
levels found during moderate intensity exercise, either 
elicited by moderate exercise intensity (68% VO2max) 
with saline infusion or low intensity exercise with Adr 
infusion. The LOW group were matched for exercise 
intensity and cycled on two occasions at a low exercise 
intensity (34% of VO2max), with either saline or Adr 
infusion (to match MOD trial). Due to the invasiveness 
of the muscle biopsy procedure, the subjects did not 
serve as their own controls but were divided into two 
groups each receiving a total of four biopsies. The 
characteristics of the subjects are presented in Table 1. 
There were no significant differences in anthropometric 
measurements or VO2max and peak power output, as 
described below, between groups. 

 

 

 

Table 1 Subject characteristics 

These studies establish a relationship between sym- 
pathetic  activation  and  muscle  activation  levels  and 

MOD group 
(n=6) 

LOW group 
(n=7) 

contractility, which may be independent of workload. 
However, a similar relationship has not been established 
for the humoral effects of increased [Adr] otherwise 
associated  with  SNS   activation.   Therefore,   the   aim 
of this study was to evaluate the humoral role of raised 
circulating Adr levels, similar  to  those  concentra- 
tions found during moderate-intensity exercise, on cir- 
culating substrate  availability,  intramuscular  substrate 

 

Age (year) 28±10 27±10 
Weight (kg) 75.6±9.8 76.4±9.8 
Sum seven skinfolds (mm) 31±6 42±17 
Body fat (%) 15.1±1.6 15.1±4.7 
PPO (W) 302±48 329±48 

VO2max  (ml/kg/min) 56.2±4.1 58.6±4.1 
 

 

Values are means ± SD. PPO peak power output, VO2max maxi- 
mum oxygen consumption 
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Anthropometry 

 

The subjects  mass, height and sum of seven skinfolds 
(triceps, biceps, subscapular, supra-iliac, abdominal, 
thigh and calf) were measured. Percentage body fat was 
estimated using the equations of Durnin and Womersley 
[10]. 

 

VO2 peak and peak power output test 
 

All subjects performed an incremental workload test to 
exhaustion on a cycle ergometer (Lode, Groningen, 
Holland) to determine their maximal oxygen consump- 
tion (VO2max) and their peak power output (PPO). Work 
rates started at 3.33 W/kg body mass, after 150 s the 
workload increased by 50 W and then by 25 W every 
150 s until the subject was exhausted. Exhaustion was defined as a >10% reduction in pedalling frequency, or 
a respiratory exchange ratio (RER) of >1.10, or  both. 
PPO was defined as the highest exercise intensity, the 
subject completed for 150 s in W, plus the fraction of 
time spent in the final workload multiplied by 25 W. 
During the incremental exercise test, oxygen uptake 
(VO2), CO2 production (VCO2), and ventilation volume 
(VE) were measured over 30 s intervals by use of a 
breath-by-breath oxycon alpha analyzer (Jaeger, 
Wuerzburg, Netherlands). The reliability of the oxycon 
alpha analyser was tested on a weekly basis by burning 
absolute ethanol [99% analytical reagent, Associated 
Chemical Enterprises (Pty), Glenvista, South Africa] as 
a reference. The pneumotach was calibrated before each 
test with a Hans Rudolph 3-litre syringe (Vacumed, 
Vertura, CA, USA) and the analysers were calibrated 
with room air and a 4% CO2–96% N2 gas mixture. This 
information was used to adjust the work rate in the 
experimental trial to correspond to either 34 or 68% of 
VO2max. 

 

Experimental protocol 

 

The subjects were required to complete two 90 min 
exercise trials in randomised order, separated by at least 
1 week. The MOD (n=6) group  cycled  at  68%  of 
VO2max with saline infusion, and at 34% of VO2max with 
Adr infusion (0.015 lg/kg/min). The LOW group (n=7) 
cycled on two occasions at 34% of VO2max, during 
which either saline or Adr (0.015 lg/kg/min) were in- 
fused.  The  exercise  intensities  chosen  for  the  present 

The following measurements were taken at 15 min 
intervals during the 90 min cycle: gas exchange, heart 
rate, effort perception, electromyographic (EMG) 
activity and blood samples for the determination of 
plasma catecholamines, glucose, lactate and free fatty 
acid  (FFA)  concentrations. 

 
Resting measurements 

 

The day prior to each experimental trial, the subjects 
were requested to abstain from any strenuous exercise 
and to follow the same diet. In addition, the subjects 
were required to avoid caffeine 12 h before the trial. On 
the subsequent day, the subjects arrived at the labora- 
tory between 7:00 and 7:30 AM after an overnight fast 
(10–12 h). A muscle sample was obtained from the belly 
of the vastus lateralis muscle of the left leg, midway 
between the greater trochanter and femoral epicondyles 
along the line of the femur, before the start and imme- 
diately on completion of the exercise trials by means of 
the percutaneous needle biopsy technique. The muscle 
sample was rapidly frozen in liquid nitrogen (N2) and 
stored at 80 C for subsequent analysis of glycogen and 
triglyceride content. 
After the muscle biopsy was taken, a 20-gauge Teflon 
cannula (Jelco; Johnson and Johnson, Halfway House, 
South Africa) was placed in each arm and connected to a 
three-way stop-cock (Uniflex; Mallinckrodt Medical, 
Hennef-Sieg, Germany). One arm was used for blood 
sampling during the trial, while the other arm was used 
to infuse either saline or Adr during the trial. Thereafter, 
the subjects  peak isometric force was assessed on the 
lower right limb and EMG activity was measured as 
described below. 
Subjects were then required to rest for at least 40 min to 
minimize the effects of the muscle biopsy and veni- 
puncture. During this time period, the subjects were 
instructed on the use of the 15-point Borg-scale for the 
ratings of perceived exertion (RPE), as described below 
[2]. 
Five minutes before the start of  exercise,  subjects sat 
on the bike while resting oxygen consumption (VO2) 
and carbon dioxide production (VCO2)  was  measured 
for 5 min using the oxycon alpha analyzer (Jaeger, 
Wuerzburg, Netherlands), and RER calculated. Imme- 
diately thereafter, a 10-ml resting blood sample was 
drawn and placed in the appropriate tubes for 
subsequent analysis of plasma Adr, NorAdr, glucose, 
lactate and serum FFA concentrations. Heart rate was 

TM 

study (34 and 68% of VO2max) correspond to 25  and 
50% of PPO, respectively, which are typically used for 
low- (low enough not to stimulate SNS activation) and 
moderate-intensity exercise [29, 40]. The infusion rate 
(0.015 lg/kg/min) was designed to elevate plasma [Adr] 

recorded continuously by means of a Polar 
monitor  (Polar  Electro,  Kempele,  Finland). 

 
Exercise trials 

heart rate 

to levels matching those observed during exercise at 65% 
of VO2max [29]. Muscle biopsies were taken prior to and 
at the end of the 90 min exercise, bout for the determi- 
nation of muscle glycogen and triglyceride (TG) content. 

Subjects then started cycling on the stationary cycle 
ergometer (Lode, Groningen, Holland) at a workload 
corresponding  to  either  34   or   68%   of   VO2max    for 
90 min,    maintaining    a    pedaling    rate    of    90 rpm 
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throughout both trials. Fifteen minutes into the exercise 
period, Adr or saline was infused at a constant rate 
(0.015 lg/kg/min) until the end of the trial [29]. All 
infusions were controlled using a calibrated automatic 
syringe pump (Travenol Laboratories, Hooksett, NJ, 
USA). Immediately after the infusion started and at 15- 
min intervals throughout each cycle trial, VO2 and 
VCO2 were recorded for 5 min, and blood samples were 
drawn, as previously described. In addition, RPE and 
EMG activity (as described below) were recorded at 
15 min intervals throughout the exercise trial. 

 
 

EMG activity 

 

Electromyography (EMG) activity was measured from 
each subject s right vastus lateralis muscle. The electrode 
positioning was standardized for each subject and the 
electrode was not moved throughout the testing. The 
hair at the placement site was shaved and the skin 
scraped using industrial sandpaper. An alcohol swab 
removed any oil and dirt from the skin, which facilitated 
electrode adherence and conduction of the EMG signal. 
After preparation of the skin, a surface EMG triode 
electrode (1 cm radius, 1 cm inter-electrode distance, 
incorporated into a self-adhesive pad, Thought Tech- 
nology TriodeTM MIEPO100, Montreal, Canada) was 
placed on the skin over the belly of the vastus lateralis 
muscle, midway between the greater trochanter and 
femoral epicondyles along the line of the femur. Subjects  peak isometric force was assessed on the 
lower right limb on a Kin-Com isokinetic dynamometer 
(Chattanooga Group Inc., Chattanooga, USA). The subjects  hips and upper bodies were firmly strapped to 
the seat. The arm position for each test was standardised 
with each subject crossing his arms over his chest. All 
isometric tests were conducted at 60 flexion, with 0 
being the limb in full extension. The standardised warm- 
up included two isometric contractions of the knee ex- 
tensors at 50% followed by two contractions at 85% of 
each subjects  subjective maximum. The isometric test 
included four maximum  voluntary contractions (MVC) 
of 5 s each, separated by 5 s intervals. Subjects were 
verbally motivated to encourage them to achieve their 
maximum potential. EMG activity of the vastus lateralis 
was recorded during the MVC isometric force test and 
the MVC with the highest mean force was used for 
subsequent analyses. 
The purpose of the MVC allows the investigation of 
muscle activation levels during the subsequent cycling 
trial to be expressed as a percentage of the MVC [18]. 
Normalising each subject s EMG muscle activity relative 
to their own maximal activity also excludes confounding 
factors such as electrode positioning, skin impedance 
and differences in percentage body fat. 
The triode electrode was attached  to the muscle belly  as described above and connected to a pre- amplifier. The amplifier was linked via fibre-optic 
cable to the Flexcomp/DSP EMG apparatus (Thought 

Technology, Montreal, Canada) and host computer. 
EMG activity was sampled at 1984 Hz, a high enough 
frequency for reliable data collection and quantitative 
data analyses [17]. Prior to EMG sampling, EMG sig- 
nals from the electrode were band-pass filtered (20– 
500 Hz) and amplified using standard differential amplifiers (Thought Technology, Montreal, Canada, 
common mode rejection ratio >103 dB at 1 kHz, input 
impedance = one million MegOhms). The sampled 
EMG was passed through a 50 Hz line filter to remove 
interference from electrical sources to yield raw data. 
The 50 Hz filter was designed with a narrow stop-band 
to remove as little of the physiological signal as possible. 
Its use was necessary due to the intermittent simulta- 
neous utilisation of motorised equipment in the labo- 
ratory, such as treadmills, etc., during data capture. 
Mullany et al. [31] demonstrated that the presence of the 
50 Hz filter did not affect the statistical power of their 
conclusions with similar frequency analyses and fewer 
subjects in their protocol. Movement artefact was re- 
moved from the raw EMG signals with a  high-pass 
second order Butterworth filter with a cut off frequency 
of 15 Hz, to produce filtered EMG data. The filtering 

procedures were performed using MATLABTM software 
(The MathWorks Inc.). 
Out of the four 5 s isometric maximal voluntary 
contractions, filtered EMG data were only processed 
from the contraction that yielded the greatest force out- 
put. The full 5 s of filtered EMG data during  the  5 s 
MVC were processed during the contraction. In a similar 
manner, 5 s of filtered EMG data were processed from 
the 20 s of filtered EMG data collected during the cycling 
trial every 15 min. The filtered EMG data were analysed 
as follows: the EMG data from each trial was zero- 
meaned, the zero-meaned filtered EMG amplitude of 
each cycling trial was then determined by taking the 
RMS of the filtered EMG signal, normalised to the RMS 
of the EMG taken during the MVC contraction [30]. 

 
Perceived exertion 

 

Subjects were educated on the use of Borg s rate of 
perceived exertion  (RPE) scale [2]. Printed scale 
instructions were given to familiarise subjects as well as 
an explanation of each scale and a description of how 
the scale should be used. The Borg 15-point RPE scale 
was used to obtain the subjects overall perception of effort. Subjects were asked to focus on their subjective 
feelings and not the workload or physiological cues, and 
subsequently score their level of exertion on the 15-point 
scale. 

 

Blood sampling and analysis 

 

Blood samples (10 ml) were placed in tubes containing 
potassium oxalate and sodium fluoride (2 ml) for the 
subsequent determination of plasma glucose and lactate 
concentrations, and lithium heparin tubes (5 ml) for the 
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subsequent determination of plasma Adr and NorAdr 
concentrations. The remaining aliquot (3 ml) was placed 
into a tube containing gel and clot activator for the 
determination of serum FFA concentrations. The tubes 
were immediately placed on ice and, on completion of the 
trial, centrifuged at 3000 rpm and 4 C for 10 min. The 
supernatants were then transferred to microfuge tubes 
and stored at 20 or 80 C for subsequent analysis of 
metabolite and hormone concentrations, respectively. 
Plasma glucose concentrations were determined by 
the glucose oxidase method using a glucose analyser 
(Glucose analyzer 2; Beckman Instruments, Fullerton, 
CA, USA). Lactate concentrations were measured on 
the same plasma samples by enzymatic colorimetric as- 
says (Lactate PAP, bioMerieux, Lyon, France). Serum 
FFA concentrations were measured using an enzymatic 
colorimetric assay (Halfmicro test; Roche, Mannheim, 
Germany). Plasma catecholamines were measured using 
HPLC with electrochemical detection using the method 
described by Forster and Macdonald [12]. 

 
 

Intramuscular triglyceride and glycogen concentrations 

 

A portion of the frozen muscle biopsy sample ( 50 mg) 
was freeze-dried and dissected  free  of  any  visible  fat 
or   connective   tissue.   Muscle   glycogen   content   was 

determined as glucose residues (glucose oxidaze method; 
Glucose Analyzer 2, Beckman Instruments, Fullerton, 
CA, USA) after hydrolysis of approximately half of the 
freeze dried muscle sample in 2 M HCl at 95 C for 3 h 
as previously described [32]. Glycerol concentrations 
were measured in the remaining portion of the freeze 
dried muscle using a commercial glycerol kit (Boehringer 
Mannheim, Mannheim, Germany) after the TG was li- 
polysed to glycerol and FFAs, as described by Kiens and 
Richter [22]. 

 

 
Statistical analysis 

 

All data are presented as mean ± standard deviation. 
T-tests for independent samples were used to examine differences in subject characteristics between groups. 
Repeated-measures analyses of variance (ANOVA) were 
used to examine differences between trials over time for 
plasma metabolites and hormone concentrations, muscle 
substrate levels, RPE, gas exchange, heart rate and 
EMG activity. A Tukey s HSD post hoc test was per- 
formed to locate differences over time. An alpha level of 
<0.05 was considered statistically significant. 
In order to show statistically significant differences in 
for example, whole body lipolysis, such as those found in 
the  study  by  Mora-Rodrigues  and  Coyle  [29]  (Ra, 

 

 

Fig. 1  a, b Plasma Adr and 
NorAdr concentrations during 
exercise at 34% VO2max, with 
and without Adr infusion, and 
during exercise at 68% VO2max. 
MOD  trial,  plasma  Adr  levels, 
P<0.001 for both trial and time 

(‡30 min). LOW trial, plasma 
Adr  levels,  P<0.001  for  trial, 

time (‡30 min) and interaction effect.  MOD  trial,  plasma 
noradrenaline (NorAdr) levels, 
P<0.001  for  trial,  time 

(‡30 min) and interaction effect. LOW trial, plasma 
noradrenaline (NorAdr) levels, 
not significant 
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glycerol of 2 lmol kg 
 

  
min 

 

with a standard error of 
 

Table 3  Muscle   glycogen   content   (lmol/g   dry   wt.)   pre-   and 

approximately  0.5),  during  Adr  infusion,  at  an  alpha post-exercise at 34% VO2 max, with and without Adr infusion, and 
at  68%  VO2max 

level  of  0.05,  and  with  80%  power,  a  sample  size  of    
approximately 6–8 would be needed. To our knowledge, 
there are no previous studies examining changes in 
muscle activation in response to a similar perturbation, 

 

 
MOD group (n=6) 

Pre Post 

however unpublished data from our laboratory showed significant differences in muscle activation during 
sequential single leg exercise to fatigue, at a similar level 
of plasma [Adr] concentration ( 15% difference in 
EMG, with a standard deviation of between 5 and 10%, 
at 30% double-leg VO2max). To detect differences in 
muscle activation of similar magnitude in the present 
study, at an alpha level of 0.05, with 80% power, we 
would therefore require approximately 5–8 subjects per 
group. Thus, we felt the present study was adequately 
powered in order to show differences in the respective 
outcomes (Graphpad Instat V2.05, 1990–1994). 

 
 

Results 
 

Plasma adrenaline (Adr) and nonadrenaline (NorAdr) 
concentrations 

 

Plasma Adr concentrations were significantly higher in 
both Adr infusion groups, when compared to saline 
infusion at both 68% and 34% of VO2max (Fig. 1a, 
P<0.001). Plasma NorAdr concentrations were higher 
during exercise at 68% VO2max (Fig. 1b, P<0.001), 
compared to 34% VO2max, whether or not Adr was 
infused. 

 
 

Intramuscular triacylglycerol and muscle glycogen 
content 

 

The IMTG concentrations  did  not  change  significantly 
in both the MOD and LOW groups throughout the 
trials (Table 2). The glycogen concentrations decreased  
during the LOW saline trial (P=0.06) and significantly 
decreased during exercise at 68% VO2max  (P<0.05) 
(Table 3). Rates of muscle glycogen utilization were not significantly different during exercise at 34% VO2max 

with Adr infusion. 

 
Table 2 Intramuscular triacyclglycerol concentrations (lmol/g dry 
wt) pre- and post-exercise at 34% VO2max, with and without Adr 
infusion,  and  at  68%  VO2max 

 
 

Pre Post 

68% saline 406±134 194±36 
34% Adr 369±106 287±79 

LOW group (n=7) 
34% saline 503±117 371±119 
34% Adr 449±111 413±84 

 
 

Values are means ± SD. MOD group, P<0.01 for time. LOW 

group, P=0.06 for time and P=0.07 for trial · time 

 

 
Plasma metabolite concentrations 

 

Plasma glucose, lactate and serum FFA concentrations 
in response to exercise at 34% VO2max, with and without 
Adr infusion, and during exercise at 68% VO2max are 
presented in Fig. 2a–c. Adr infusion was associated with 
increased circulating plasma glucose and lactate con- 
centrations during low-intensity exercise (P<0.001). 
Plasma glucose concentrations declined to 4 mmol/l 
during moderate-intensity exercise bout, but increased 
to 5.3 mmol/l with Adr infusion (P<0.05).  In  con- 
trast, moderate-intensity exercise (68% VO2max) resulted 
in a significantly greater increase in plasma lactate 
concentrations compared to the low-intensity bout, even 
with Adr infusion (P<0.001). There was however also a significant time · trial interaction effect for serum FFA 
concentrations during moderate-intensity exercise. Ser- 
um FFA concentrations progressively increased during 
exercise at 68% VO2max, however, during exercise at 
34% VO2max with Adr infusion, there was no further 
increase in serum FFA  concentrations after  60 min  of 
exercise. In contrast, there were no differences in serum 
FFA concentrations in response to Adr infusion during 
low-intensity  exercise. 

 
 

Heart rate, gas exchange and effort perception 
 

Heart rate was significantly higher during the exercise at 
68 than 34% VO2max (P<0.001), but was not altered by 
Adr infusion (Fig. 3a). There were also no effects of Adr 
infusion on VO2, VE or RER during low-intensity 
exercise (34% VO2max) (Fig. 3b, c). However, VO2, VE 

and RER were significantly higher during exercise at 
68%  than  34%  VO2max   (P<0.05).  RPE  progressively 

     increased    during   moderate-intensity   exercise   (68% 
MOD group (n=6) 

68% Saline 56.76±46.58 30.87±14.23 
34% Adr 40.25±18.13 42.98±22.79 

LOW group (n=7) 
 

34% Saline 49.82±30.91 34.81±15.18 
34% Adr 29.51±11.87 36.40±13.36 

Values are means ± SD. MOD group, NS. LOW group, P=0.07 

for trial · time 

VO2max) (P<0.05), but was similar during exercise at 
34% VO2max  with or without Adr infusion (Fig. 3d). 

 

Electromyography 

 

Normalised EMG amplitude was significantly higher 
(P<0.05) during exercise at 68% VO2max  compared to 
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Fig. 2  a–c Plasma glucose, 
lactate and serum free fatty acid 
(FFA) concentrations during 
exercise at 34% VO2max, with 
and without Adr infusion, and 
during exercise at 68% VO2max. 
MOD  trial,  plasma  glucose 
levels,  P<0.05  for  trial, 

P<0.001 for trial · time effect 
(‡45 min). LOW trial, plasma 
glucose levels, P<0.001 for 

trial · time effect (‡45 min). 
MOD  trial,  plasma  lactate, 
P<0.05 for time (15, 30 and 
45 min), P<0.01 for 

trial · time effect. LOW trial, 
plasma  lactate,  P<0.01  for 

trial, time (‡30 min) and 
interaction  effect.  MOD  trial, 
serum FFA levels,  P<0.001 for 

time, P<0.05 for trial · time effect (90 min). LOW trial, 
serum FFA levels, not significant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

34% VO2max ( 20±9 vs. 12±5%, respectively), but was 
not altered by Adr infusion during low-intensity exercise 
(34%  VO2max)  (Fig.  4). 

 
 

Discussion 
 

The purpose of the study was to investigate the role of 
raised circulating Adr levels, similar to those found 
during moderate-intensity exercise, on endogenous 
substrate utilisation and circulating substrate availabil- 
ity, as well as muscle activation and effort perception 
during prolonged low-intensity exercise. To our knowl- 
edge, this is the first study of this nature to examine the 

humoral effects of Adr on effort perception and muscle 
activation levels, as well as muscle glycogen and tri- 
glyceride utilization, measured using the biopsy tech- 
nique, during prolonged, low-to-moderate intensity 
exercise. 
The design of this study was such that it allowed one to differentiate between the humoral effects of physio- 
logical levels of Adr, from the exercise response itself. In 
contrast to most studies that have examined the role of 
Adr during high-intensity exercise, and which have in- 
fused Adr to levels two to six times that of normal 
exercising levels while keeping the exercise intensity 
constant, the trained subjects in this study cycled at a 
low  intensity  (34%  VO2max)  and  Adr  was  infused  to 
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Fig. 3 a–d Heart rate, respiratory exchange ratio, minute ventila- 
tion and ratings of perceived exertion during exercise at 34% 
VO2max with and without Adr infusion, and during exercise at 68% 
VO2max.  MOD   trial,   heart   rate,   P<0.001   for   trial   and   time, 
P<0.05  for  trial · time  effect  (‡5 min).  LOW  trial,  heart  rate, 

P<0.001 for time (‡30 min). MOD trial, RER, P<0.01 for trial 

and time (‡45 min), P<0.001 for interaction effect. LOW trial, 
RER, P<0.01 for time (15, 30 min). MOD trial, minute ventila- 
tion, P<0.001 for trial and time (‡5 min). MOD trial, RPE, 

P<0.05 for trial, P<0.001 for time (‡15 min) and interaction effect. LOW trial, RPE, P<0.001 for time (‡30 min) 

 
levels to match those measured during moderate-inten- 
sity exercise (68% VO2max). 

Similar to the findings of previous studies [7, 11, 14, 
24, 26, 39, 40], we found that Adr infusion resulted in an 
increase in the mobilisation of fuels, such that plasma 
glucose  and  lactate  concentrations   were   elevated 
(Fig. 2a, b). The increase in plasma glucose concentra- 
tion with Adr infusion is most likely related to an in- 
crease in hepatic glucose production [14, 15, 26] and 
possibly, to alterations in the metabolic clearance rate of 
glucose [15, 26]. For example, Howlett et al. [15] and 
Watt et al. [39] demonstrated a decrease in glucose up- 
take and metabolic clearance rate when Adr was infused 
to levels of 4–5 nmol/l during exercise in adrenalec- 
tomised patients and moderately-trained athletes, 
respectively. In contrast, Kreisman et al. [26] found an 
increase in the rate of disappearance and the metabolic 
clearance rate of glucose when Adr was infused to su-  
praphysiological levels ( 9 nmol/l) in trained athletes. 
Despite the discrepancy in these findings, Adr infusion 
was associated with a greater increase in the rate of 
appearance than the rate of disappearance of glucose in 
both these studies, leading to elevated plasma glucose 

concentrations during exercise. These findings, therefore 
demonstrate that the increase in Adr during moderate- 
and high-intensity exercise results in a mismatch be- 
tween the mobilisation and oxidation of glucose. 
The reduction in glucose disposal and the consequent 
increase in plasma glucose concentrations, as  well  as 
the increase in plasma lactate concentrations with Adr 
infusion have been attributed, in part, to an increase in 
muscle glycogenolysis [37,  39]. Watt  et al.  [39] found 
that Adr infusion ( 5 nmol/l) during 20 min  of mod- 
erate-intensity exercise (58% VO2max) resulted in an 

increase in muscle glycogenolysis and muscle glucose 6-
phosphate and lactate content. Watt et al. [39] postu- 
lated that the elevated muscle glucose 6-phosphate, 
being a potent inhibitor of hexokinase, would reduce 
glucose phosphorylation, providing a possible explana- 
tion for the reduction in glucose disposal with Adr 
infusion [39]. Similar increases in muscle glycogenolysis 
[11, 20, 35], lactate and glucose 6-phosphate levels [35] 
have previously been demonstrated with Adr infusion. 
In contrast, we failed  to  demonstrate  an  increase in 
muscle glycogenolysis with  Adr  infusion  (Table 3). In  
the  present  study,  the  subjects  exercised  at  a  low 
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Fig. 4  Normalised EMG 
amplitude during exercise at 
34% VO2max with and without 
Adr infusion, and during 
exercise at 68% VO2max. MOD 
trial, EMG amplitude, P<0.05 
for trial. LOW trial, EMG 
amplitude, not significant 

 

 

 

 

 

 

 
 

intensity (34% VO2max) and Adr was infused to match 
levels measured during moderate-intensity exercise (65% 
VO2max). Plasma Adr concentrations increased to a 
maximum of  1.8 nmol/l after 75 min of exercise, which 
is significantly lower than those used in previous studies. 
It is possible that these relatively low levels of Adr 
were not sufficient to stimulate glycogenolysis. However, 
during the MOD trial (68% VO2max), which was asso- 
ciated with greater muscle contraction (Fig. 4), muscle 
glycogen stores decreased significantly during the 90 min  
trial, despite even lower plasma Adr levels ( 1.3 nmol/ 
l). Moreover, Febbraio et al. [11] demonstrated an in- 
crease in net muscle glycogen utilisation when plasma 
Adr concentrations  were  elevated  to  2 nmol/l  after 
40 min of exercise at 71% VO2max. Differences in the 
training status or absorptive state of the subjects cannot 
explain the differences in these findings. Rather, differ- 
ences in the exercise intensities employed in these studies 
(34% vs. 71% VO2max) provide the most likely expla- 
nation. Although glycogen phosphorylase was seemingly 
activated by the Adr infusion (via cAMP) in both these 
studies, the higher exercise stimulus used in the MOD 
trial and the study of Febbraio et al. [11] would have 
resulted, amongst other factors [33], in a higher rate of 
ATP turnover and an associated increase in free AMP 
[34], and Pi concentrations [3–5, 27] in the active muscle, 
stimulating glycogenolysis. 
In contrast, the low intensity exercise stimulus in the 
present LOW trial would be associated with a  lower 
ATP turnover rate and lower AMP and Pi levels, which 
would maintain phosphorylase activity and hence gly- 
cogenolysis at a lower level [3–5, 27, 34]. The duration of 
the exercise bout could also explain the failure to dem- 
onstrate an increase in glycogenolysis with Adr infusion. 
Glycogen phosphorylase a activity tends to increase 
early in exercise and then progressively revert back to 
the inactive b form as the duration of the exercise bout 
increases [3, 6, 33]. 
In parallel to the increase in glycogen phosphorylase 
activity, Kjaer et al. [24] also found an increase in skel- 
etal muscle HSL activity with Adr infusion. Unfortu- 
nately, Kjaer et al. [24] did not measure any other 
markers of fat metabolism. One might expect increased 
IMTG  utilisation  with  elevated  HSL  activity;  however, 

in the present study, IMTG content was unchanged and 
even tended to increase, following 90 min of moderate- 
intensity exercise with Adr infusion (Table 2). Although 
these findings must be interpreted with caution due to 
the large intra-assay variability associated with this 
technique [41], Mora-Rodriguez and Coyle [29], using a 
similar study design to ours, have reported comparable findings. In their study, Mora-Rodriguez and Coyle [29] 
examined  the  effects  of  graded  Adr  infusions  (0.96– 
3.44 nmol/l) on fat metabolism during low-intensity 
exercise (25% VO2max) using isotope techniques. They 
found that the graded Adr infusions increased whole- 
body lipolysis, but reduced fatty acid oxidation, result- 
ing in an increase in plasma FFA concentrations, with 
subsequent reesterification [29]. 
Mora-Rodriguez and Coyle [29] showed that Adr 
infusions to low, mid and high levels (0.96, 1.92 and 
3.44 nmol/l, respectively), resulted in corresponding in- 
creases   in   plasma   FFA   concentrations   (0.57,   0.62, 
1.89 mmol/l, respectively), which were higher than dur- 
ing the control trial (45% VO2max) without Adr infusion 
(0.41 mmol/l) [29]. However, in the present study, plas- 
ma FFA concentrations during exercise did not increase 
in response to elevations in Adr concentrations and 
plateaued  at  0.4 mmol/l  (Fig. 2c).  Rather,   plasma 
FFA levels increased throughout the MOD trial (68% 
VO2max) to 0.7 mmol/l, and corresponded to the pro- 
gressive increase in plasma NorAdr levels (Fig. 1b). 
Changes in the rates of total fat oxidation, estimated 
from RER, paralleled these changes. It therefore ap- 
pears that the higher exercise intensity (25 vs. 34% 
VO2max) and the consequent elevation in plasma No- 
rAdr levels ( 4 vs. 2.2 nmol/l) were sufficient to atten- 
uate the increase in lipolysis and plasma FFA levels in 
the present study compared to that of Mora-Rodriguez 
and Coyle [29]. Indeed, they demonstrated an attenua- 
tion in lipolysis and an increase in fat oxidation, corre- 
sponding to an increase in NorAdr levels, when the 
exercise intensity was increased from 25 to 45% VO2max, 
despite identical plasma Adr levels [29]. This may also 
explain why plasma FFA levels were not elevated in 
response to Adr infusion in most other studies that have 
investigated the metabolic effects  of Adr at higher 
exercise intensities [7, 11, 40]. 
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As there were also no significant changes in muscle 
glycogen and triglyceride utilisation during exercise with 
Adr infusion, we did not expect to find changes in RER. 
However, when the exercise stimulus was sufficient to 
drive glycogenolysis (68% VO2max), RER was increased 
(Fig. 3b). Similarly, trials in which increases in muscle 
glycogenolysis [11, 39] or glucose disposal [26] with Adr  
infusion were observed, reported increases in the rates of 
total carbohydrate oxidation during exercise [11, 39]. 
In the present study, no significant differences were  
found for heart rate, VO2 and VE during exercise with  
Adr infusion. We suggest that although the Adr infusion 
increased plasma Adr concentrations to those similar to 
moderate-intensity exercise, it was not sufficient to 
stimulate a cardiopulmonary response during the low- 
intensity exercise. Previous studies that have reported  significant increases in heart rate with Adr infusion [11, 
26, 38] utilised much higher exercise intensities ranging 
from 50 to 70% of VO2max. Therefore, the effects of Adr  
infusion on the cardiopulmonary response may only 
manifest when there is a concomitant increase in SNS  
activation with higher exercise intensities. Furthermore, 
the Adr infusion in the present study resulted in less than 
a twofold increase in plasma Adr levels (Fig. 1a). In  
contrast, previous studies that have shown an effect on 
cardiopulmonary responses have produced increases in 
plasma Adr levels that ranged from approximately  
threefold [11] to tenfold [26, 38]. 
Similarly, Adr infusion was not associated with al- tered effort perception during low intensity exercise  (Fig. 
3d). This is in agreement with the findings of Womack 
et al [42], who found that RPE was similar during a 
constant-power exercise test after a 6 week training 
programme, despite Adr infusion sufficient to raise    
plasma     Adr     to     supraphysiological     levels ( 13.2 
mmol/l). Therefore, it appears that the  rise  in RPE is 
only a consequence of the increase in exercise 
intensity, and is not directly related to elevated plasma 
Adr  concentrations. 
Previous studies examining the relationship between 
RPE, muscle activation (EMG) and sympathetic activity 
during exercise found that RPE and EMG activity were 
augmented by the administration of a b-blocker [16]. It 
was suggested that the perceived exertion and neural 
output were increased to compensate for the reduced 
maximal exercise capacity associated with b blockade. In 
the present study  there were no  apparent changes in 
muscle activation levels as a consequence of any hu- 
moral effect of raised circulating [Adr] in the absence of 
an appropriate or matched increase in workload, or in- 
creased sympathetic activation. As expected, EMG 
amplitude was significantly greater at 68% VO2max 

(moderate-intensity exercise), however Adr infusion had 
no effect on the contractility or the capacity of the 
muscle that was recruited to perform the exercise task. It 
is likely, therefore, that in the absence of direct SNS 
activation, the humoral effects of increased Adr levels 
are not associated with changes in effort perception and 
muscle activation. 

In conclusion, Adr infusion, at levels similar and 
somewhat higher to those seen with prolonged, moder- 
ate exercise (68% VO2max) was associated with increased 
circulating glucose and lactate concentrations. Increased 
circulating Adr, alone, did not alter the cardiovascular 
and respiratory responses to low-intensity exercise, or 
change substrate oxidation, effort perception or muscle 
activation levels. It appears that exercise intensity- 
dependent changes in neuromuscular and mechanical 
factors, humoral activation, substrate levels and blood flow in the active muscle, associated with actual work 
output and metabolic demand, are necessary afferent 
feedback for appropriate cardiopulmonary and periph- 
eral responses as well as effort perception and muscle 
activation changes for moderate- and higher-intensity 
exercise. 
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