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Effects of energy restriction on acute adrenoceptor
and metabolic responses to exercise in obese subjects

K. P. G. KEMPEN, W. H. M. SARIS, J. M. G. SENDEN,

P. P. C. A. MENHEERE, E. E, BLAAK, AND M. A. VAN BAAK

Department of Human Biology, University of Limburg, and Department of Clinical Chemistry,
University Hospital Maastricht, Maastricht, 6200 MD, The Netherlands.

Kempen, K. P, G.,, W. H. M. Saris, J. M. G. Senden,
P. P. C. A. Menheere, E. E. Blaak, and M. A. van Baak.
Effects of energy restriction on acute adrenoceptor and meta-
bolic responses to exercise in obese subjects. Am. J. Physiol.
267 (Endocrinol. Metab. 30): £694—-E701, 1994 —This study
was intended to investigate the effects of energy restriction on
the acute responses of platelet ay- and lymphocyte Po-
adrenoceptors to exercise in obese female subjects. Seven
obese females were restricted to a low-energy formula diet (2.0
MJ/day) for 4 wk. As result of the diet, there was a 7.8-kg
weight loss. No significant changes could be detected in
sleeping and resting metabolic rate expressed per kilogram
fat-free mass. Basal venous glucose, insulin, and norepineph-
rine levels decreased as a result of the diet, whereas free fatty
acid values increased. Before the diet, 60 min of exercise (45%
peak mechanical power) caused no alteration in the density of
lymphocyte By-adrenoceptors. At the end of 4 wk of dieting, the
density was significantly increased in response to exercise,
together with a higher thermogenic and lipolytic response and
decreased venous insulin levels. Energy restriction resulted in
an increased basal platelet az-adrenoceptor density, whereas
exercise did not modify density and affinity of platelet oo~
adrenoceptors. The results indicate that adrenoceptor num-
bers can be modulated by energy restriction in obesity. Modu-
lation of adrenoceptor density may play a role in increased
exercige-induced lipolysis during energy restriction.

lymphocyte Bg-adrenoceptors; platelet og-adrenoceptors; cat-
echolamines; thermogenesis; lipolysis

THE ACTIVITY of the sympathetic nervous system (SNS)
plays an important role in the regulation of energy
expenditure (6). It has been suggested that in obese
individuals an impaired activation of the SNS exists that
may be responsible for a reduced diet-induced thermo-
genesis (3). A large part of the SNS-mediated energy
expenditure takes place in skeletal muscle, predomi-
nantly consigting of R,-adrenoceptors (18). The adreno-
ceptor populations of adipose tissue are mainly of the
B1-, Bo-, Bs-, and as-type (16), and their role becomes
especially important during both exercise and energy
restriction, when an increased need for fat as a fuel
exists (1). Conditions such as an altered food intake or
physical activity are known to affect the activity of the
SNS and may thereby influence metabolic rate and
substrate metabolism. Acute physical exercise activates
the SNS and increases energy expenditure and SNS-
mediated effects. The increased activation of SNS in
response to exercise is accompanied by a rapid elevation
of lymphocyte pg-adrenoceptor density in normal-
weight healthy subjects (19, 20). To our knowledge,
changes in B-adrenoceptor density in response to exer-
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cise have not been investigated previously in obese
subjects.

Weight loss or energy restriction causes a decreased
basal sympathetic activity, as measured by lowered
basal plasma norepinephrine levels or appearance rates
(5, 24). The effect of energy restriction on adrenoceptor
regulation in obese subjects has not been extensively
studied, and the results of previous studies are conflict-
ing. Beside unchanged lymphocyte gy-adrenoceptor den-
sity and affinity (10), increased numbers of Bg-adrenocep-
tors have been shown on femoral adipocytes (22). Also,
platelet og-adrenoceptor density has been reported to
increase (11, 28) or not to change (5) in response to
energy restriction, whereas ay-adrenoceptor density of
adipocytes has been shown to decrease (22).

The aims of the present study were to investigate
whether a single bout of exercise results in a change of
blood cell ag- and Be-adrenoceptor numbers in obese
subjects and whether energy restriction influences basal
and exercise-induced changes in a,- and Bs-adrenoceptor
numbers. To investigate whether changes in adrenocep-
tor numbers are associated with functional conse-
quences for energy metabolism, metabolic parameters
were also measured.

SUBJECTS AND METHODS

Subjects

Seven female subjects, ages 20—45 yr (mean age 36 = 2 yr),
participated in the study. They were selected on the basis of
their body mass index (BMT; 28—38 kg/m?) and had shown a
stable weight over the previous 6 mo. All subjects were
medically screened to exclude metabolic abnormalities. The
subjects were premenopausal and showed a normal regular
menstrual cycle. One was taking contraceptives during the
study period. They were normotensive and used no medication
during the study. Descriptive data of the subjects are shown in
Table 1. The subjects were informed about the nature of the
investigation and gave their informed consent. The study
protocol was reviewed and approved by the university’s ethical
committee.

Procedure

The study period lasted 4 wk. Measurements of body
composition, sleeping metabolic rate (SMR), resting metabolic
rate (RMR), maximal aerobic capacity, exercise-induced ther-
mogenesis, and adrenoceptor numbers were performed before
the start of the study and at the end of 4 wk of energy
restriction. Measurements were done in approximately the
same phase of the menstrual cycle before and at the end of the
diet.

0193-1849/94 $3.00 Copyright © 1994 the American Physiological Society
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Table 1. Changes in body composition, energy
expenditure, and maximal aerobic power
in response to 4-wk diet

P-value,
Week 0 Week ¢ week 0 vs,
week 4
Weight, kg 91.1+2.6 83.0x2.5 0.056
Body mass index, kg/m?2 329+09 30.1x0.9 0.05
Body fat, % 439+13 41.5x17 0.05
Fat mass, kg 404=+1.8 34.6x1.7 0.05
Fat free mass, kg 511=+1.7 48.8x2.0 0.05 -
SMR, kJ kg FFM-1-h-! 554024 522+0,10 NS
RMR, kJ kg FFM-1-h-1 6.00+0.24 b5.58x0.22 NS
Wiz, W 1927 186+ 11 NS
VO2max, ml kg BW-Lmin~1 27.9+1.2 27.1x14 NS

Values are means * SE for 7 subjects. Diet is 2.0 MdJ/day. P value
based on Wilcoxon’s signed-rank test. SMR, sleeping metabolic rate;
RMR, resting metabolic rate; FFM, fat-free mass; Wiy, peak mechani-
cal power; V0o, maximum O uptake; BW, body wt; NS, not significant.

Diet

Subjects were restricted to a low-energy formula diet (Modi-
fast; Sandoz, Switzerland) containing 2.0 MdJ/day for 4 wk. It
provided 50 g carbohydrates, 52 g protein, 7 g fat, 1.1 g sodium
per day, and a micronutrient content that meets the Dutch
recommended daily allowance, During the energy-restriction
period, the subjects came to the laboratory once a week to have
their weight measured.

Measurements

Body composition. During the study, body weight was
measured weekly on a digital balance accurate to 0.1 kg. Before
and at the end of the diet period, body fat was determined by
hydrostatic weighing. Residual lung volume was measured
with a spirometer (Volugraph 2000; Mijnhardt, The Nether-
lands) at'the moment of underwater weighing. The percentage
of body fat was calculated from body density using the method
proposed by Siri (26),

Energy expenditure. SMR was measured using a computer-
ized open-circuit, indirect caloric chamber (14 m3) equipped
with a bed, toilet, television set, and chair. The volume of air
drawn through the chamber was measured by a dry-gas meter
(Schiumberger, Dordrecht, The Netherlands) and continu-
ously analyzed by a paramagnetic Og-analyzer (Servomex,
Crowborough, UK) and an infrared CQg-analyzer (Hartmann
and Braun, Frankfurt, Germany). Airflow rate and the Og and
CO; concentrations of the ingoing and outgoing air were used
to compute Oy consumption and COp production on-line
through an automatic acquisition system interfaced with a
Macintosh computer (Apple Computer, Cupertino, CA). The
subjects remained in the respiration chamber for 12 h (1900—
0700). SMR was calculated during the sleeping period between
0300 and 0600 and controlled for physical activity by a Doppler
radar system. RMR was measured using an open-circuit
ventilated hood system. RMR was determined during 30 min
between 0730 and 0830 while the subjects were resting supine.
Subjects had fasted for =12 h and had slept in the institute.
RMR was calculated according to Weir’s formula (31).

Maximum aerobic capacity. Maximum aerobic capacity was
determined at least 2 days, and at most 4 days, before the
measurement of exercise-induced thermogenesis. Each sub-
ject’s maximal O, uptake (VOy,,,) and peak mechanical power
(Wmax) Were measured by using an incremental exercise test on
an electromagnetically braked cycle ergometer (Lode, The
Netherlands). W, was defined as the maximum power a
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subject could maintain for 1 min. After an initial period of 5
min of cycling at 40 W and 4 min at 80 W, the workload was
increased by 20 W/min until the subjects were exhausted.
During the test, ventilatory and gas-exchange responses were
measured continuously, using a computerized open system
(Sensormedics 2900, Anaheim, CA). Heart rate was recorded
continuously by a conventional electrocardiogram system.
Criteria for maximal exercise were forced ventilation, leveling
off of oxygen uptake, or a respiratory exchange ratio (RER)
exceeding 1.1. The highest oxygen uptake (V0O,) achieved for at
least 30 s was taken as VOg .,

Exercise-induced thermogenesis. Exercise-induced thermo-
genesis was measured after an overnight fast. Before the start
of the experiment, between 0800 and 0830, a cannula was
inserted in an antecubital vein of a forearm for blood sampling.
Measurements were started 30 min after insertion of the
catheter. The exercise protocol congisted of 60 min of exercise
on a bicycle ergometer at a workload of 45% of the previously
estimated Wi,y The exercise was preceded by a 30-min supine
rest period (basal measurements) and followed by a 60-min
recovery period with the subject in supine rest, Respiratory
exchange measurements were done continuously during the
basal and recovery periods by means of computerized open-
circuit indirect calorimetry, using a ventilated hood system.
During exercise, respiratory exchange responses were mea-
sured periodically for a total of 30 min, 5 min each time, using
a computerized open system (Sensormedics 2900), The electro-
cardiogram was monitored continuously during the experi-
ment.

Blood samples were collected in the basal state and at timed
intervals during the exercise and recovery periods. Hemato-
crit, glucose, free fatty acids (FFA), and glycerol were deter-
mined before exercise (f = —30 and 0 min), during exercise (t =
5, 15, 80, and 60 min after starting exercise), and during the
recovery period (¢ = 75, 90, and 120 min). Insulin, glucagon,
and catecholamines were analyzed at ¢ = —30, 0, 30, 60, 90,
and 120 min. Extra blood samples were taken at ¢ = 0, 60
(during exercise), and 120 min for determination of density
and affinity of ay- and Bg-adrenoceptors.

Analytical Procedure

Plasma of heparinized blood was used for the determination
of glucose by means of a hexokinase method {(Cobas Bio; Roche
Diagnostics, Hoffmann-La Roche, Basel, Switzerland). Hema-
tocrit was determined by a microcapillary system. Serum was
prepared for FFA analyses (Wako, NEFA C; Wako Chemicals,
Neuss, Germany) and glycerol (Boehringer, Mannheim, Ger-
many). Plasma insulin was measured, after polyethylene
glycol precipitation to eliminate proinsulin and antibodies
against insulin, using a double-antibody radioimmunoassay
for human insulin (Kabi Pharmacia Diagnostics, Uppsala,
Sweden). Glucagon levels were measured using a specific
radioimmunoassay (Diagnostic Products, Los Angeles, CA).
Concentrations of plasma epinephrine and norepinephrine,
sampled with heparine and put into glutathione containing
tubes on ice, were determined by means of high-performance
liquid chromatography (27). The density of as-adrenoceptors
was assessed on platelets using [*Hlyohimbine binding (21),
whereas the density of B-adrenoceptors was assessed on
lymphocytes (8) by means of [1%5Iliodocyanopindolol (ICYP).

Platelets and lymphocytes. Platelets and lymphocytes were
isolated from 20 ml blood anticoagulated with 2 ml EDTA (1%
wt/vol). The blood sample was immediately centrifuged at 250
g for 12 min at room temperature. The platelet-rich plasma
was removed and centrifuged at 1,600 g for 10 min, The
supernatant was discarded, and the platelet pellet was resus-
pended in a buffer (0.1% wt/vol EDTA, 150 mM NaCl, pH 7.5).
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Protein determinations were made by the Coomassie brilliant
blue method (25). The lymphocytes were harvested at room
temperature from Lymphoprep gradients (Nyegaard, Oslo,
Norway). Intact lymphocytes were resuspended in 10 ml
ice-cold twice-distilled water. Cell counts were performed by
means of a hematocytometer.

Platelet and lymphocyte suspensions were homogenized for
15 s in an Ultra-Turrax. The homogenates were then centri-
fuged at 45,000 g for 30 min. The resulting pellets were diluted
with 10 ml ice-cold twice-distilled water and incubated for 45
min at 4°C to complete lysis. The preparations were then
centrifuged at 45,000 g for 30 min, and the final pellets were
resuspended in 4 ml ice-cold incubation buffer (0.9% NaCl, 10
mM tristhydroxymethyl)aminomethane-HCI, pH 7.5). These
suspensions were used for the binding assays.

Receptor-binding studies. Platelets were studied by means
of saturation binding assays using [3H]yohimbine. Nonspecific
binding was defined as the amount of [*H]yohimbine bound in
the presence of 10 uM phentolamine, Platelets were incubated
with eight concentrations (0.5-10.5 nM) of [*Hlyohimbine
(final volume 0.2 ml) for 30 min at 25°C. Incubation was
stopped by the addition of 10 ml of platelets assay buffer, and
subsequent rapid filtration through Whatman GF/C filters
(Whatman International, Maidstone, UK) placed on a Milli-
pore manifold sampling unit. Filters were additionally rinsed
with 10 ml of assay buffer. Radioactivity on the filters was
counted in a beta-scintillation counter.

Lymphocyte B-adrenergic receptors were studied with ICYP,
determining nonspecific binding with 1 .M propranolol. Lym-
phocytes were incubated for 60 min at 37°C, in assay buffer
(final volume 0.2 ml) in duplicate, using eight concentrations
of ICYP (3-180 pM) in the absence or presence of 1 pM
propranolol. The reaction was terminated by the addition of 10
ml of incubation buffer, and lymphocyte contents were filtered
over glass-fiber filters (Gelman type A/E). The tubes and
filters were washed with an additional 10 ml of buffer, and the
filters were counted in a gamma counter at 80% efficiency.
Number of binding sites (B,.) and equilibrium dissociation
constant (K,) were defined according to Scatchard (23). Satura-
tion was obtained in all experiments. Coefficients of variation
(CV) for between-subjects variability for density and affinity of
Bs-adrenoceptors were 27 + 3 and 36 = 4%, respectively; for
ag-receptors these values were 27 + 3 and 16 = 2%. Repeated
within-subjects CVs for density and affinity of Bs-adrenocep-
tors were 19 + 2 and 30 * 3%, respectively; for ay-receptors
these values were 14 + 3 and 9 + 1%.

Data Analysis

Data in the text, Tables 1-3, and Figs. 1-2 are given as
means * SE, The physiological responses to exercise were
analyzed by a repeated-measurements analysis of variance
(ANOVA). Total plasma response curves were calculated as
the total integrated changes over baseline values [areas under
curve (AUC) from ¢ = 0 to ¢ = 60 min (AUC_g)]. The CV is
defined as SD divided by mean, expressed as a percentage. The
Wilcoxon’s signed-rank test was used to analyze differences
between before and at the end of a 4-wk diet. Significance
levels were set at P < 0.05.

Chemicals

ICYP (2,000 Ci/mmol) and [3H]yohimbine (89 Ci/mmol)
were purchased from Amersham International, UK. All other
reagents were obtained from Sigma Chemical, St, Louis, MO.

ENERGY RESTRICTION AND ADRENOCEPTORS

RESULTS

Body Composition, Energy Expenditure
and Maximal Aerobic Capacity

The dietary restriction for 4 wk resulted in significant
decreases of body weight, fat, and fat-free mass (FFM),
as shown in Table 1. SMR and RMR measurements,
expressed on the basis of FFM tended to decline, al-
though not significantly (P = 0.09). VOg,., and W,
were not affected by the energy restriction.

a- and B-Adrenergic Receptors

Four weeks of energy restriction did not result in a
gignificant change of basal lymphocyte Bs-adrenoceptor
density. Before diet, 60-min exercise caused no alter-
ation in the density of lymphocyte Bs-adrenoceptors
(Table 2). At the end of the 4th wk of dieting, B, of
lymphocyte Bs-receptors increased significantly in re-
sponse to exercise. Both exercise and caloric restriction
did not significantly change the K; of lymphocyte Bs-
adrenoceptors.

B.ax at rest for platelet ap-adrenoceptors was signifi-
cantly higher during energy restriction than before diet
(Table 2). Exercise did not significantly change B, or
K, of platelet as-receptors, although during exercise
values of B, tended to be somewhat increased (ANOVA,
P = 0.07). Caloric restriction did not influence the
affinity of platelet ay-adrenoceptors.

Exercise-Induced Thermogenesis and Metabolism

Respiratory gas exchanges and heart rate. Table 3
demonstrates the exercise-induced changes in energy
expenditure, respiratory quotient, and heart rate. Exer-
cise resulted in significant increases in energy expendi-
ture, RER, and heart rate (ANOVA, P < 0.05). Energy
expenditure at rest, expressed per kilogram FFM, was
significantly decreased in response to dieting. The ther-
mogenic response to exercise, expressed per kilogram
FFM measured in week 0, was not significantly different

Table 2. Responses of platelet o-receptors and
lymphocyte B-receptors to 60-min exercise before and ot
end of 4-wk weight reduction

a-Adrenoceptors B-Adrenoceptors

Bmux) Kdy Bmux; K‘[,
fmol/mg protein nM fmol/106 cells pM

Before diet
At rest 110.8+18.8 4.3+x04 144+0.14 24919
During exercise 143.0+17.0 4705 142x0.23 27.9x29
After 60-min
recovery 128.1+17.3 4.2+0.2 1.7320.17 34.1+42
At end of diet
At rest 167.1+23.7* 4.7+0.2 1.67x0.21 29.0x26
During exercise 210.5+26.1 5.0x03 2.15x0.157 30.3x3.0
After 60-min
recovery 170.4x+28.8 5.0x03 1.52=0.17 32.6x3.0

Values are means * SE. Exercise i8 at 45% Wipax. Bmaex, maximal
binding sites; Ky, dissociation constant. * Significantly different from
week 0; P < 0,05 Wilcoxon’s signed rank test. T Significantly different
from resting and recovery value; P < 0.05 analysis of variance for
repeated measurement, post hoc Wilcoxon’s signed-rank test.
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Table 3. Respiratory and heart rate responses during 60-min exercise before and at end of 4-wk weight reduction

Exercise, min

Week Rest Recovery
5 15 30 60
Energy expenditure, week 0 6.3+0.3 30615 34.8+2.2 354+22 33.3+1.9 6.2+0.3
kJ kg FFM-1.h-! week 4 5.5+0.2*% 30.0+12 35.1+1.7 35.4+16 34.8+2.3 5.8 +0.,2%
Energy expenditure, week 0 100 488 + 25 553 £31 562 +30 53029 993
% from baseline week 4 100 553 + 23* 646+ 29* 652+ 28* 637+ 32* 1062
Respiratory exchange ratio week 0 0.85+0.02 0.95+0.04 091x0.01 0.89=0.02 0.92+0.08 0.84 +£0.01
week 4 0.82x0.01* 0.90 %+ 0.03* 0.85 £0.02% 0.84 +0.01% 0.88 £0.02 0.75+0.02*
Heart rate, beats/min week 0 72+3 1287 138+10 142+10 145+9 x4
week 4 64 + 3% 138x5 149 x5 1516 153 +6 70+3
Heart rate, % from baseline week 0 100 177+5 190+9 1969 2019 1078
week 4 100 217x11% 234 x11* 238+ 10* 240 = 9¥ 110+6

Values are means + SE. Exe_rcise is at 45% Wpax. * Significantly different from week 0; P < 0.05 Wilcoxon's signed-rank test.

from the values of week 4 (AUCy_go 1,597 + 104 vs.
1,667 = 88 kJ, P = 0.31). However, energy expenditure
expressed as percentage of baseline values was signifi-
cantly increased after energy restriction (Table 3), which
might suggest an increased thermogenic response.

Energy restriction resulted in a significant reduction
of RER in rest, and during exercise and recovery periods,
compared with the week 0 values. At the end of the diet,
RER declined significantly below resting values during
recovery, whereas it did not in week 0. The total
integrated responses to exercise of RER of weeks 0 and 4
were not significantly different from each other (AUCy_g
3.11 + 1.1 vs. 2.59 = 0.6/60 min; P = 0.73). Resting
heart rate was significantly diminished during energy
restriction (P < 0.05); however, this was accompanied
with a tendency to an increased total integrated response to
exercise (AUGC;_g 3,901 = 417 vs. 4,886 + 250 beats/60
min, week 0 vs. week 4; P = 0.063). This increased
responge in heart rate reached significance if the values
are expressed as percentage of basal values (Table 3).

Plasma glucose, FFA, glycerol, and hematocrit. Al-
though plasma glucose significantly decreased with diet-
ing from 5.50 = 0.12 to 4.86 = 0.17 mmol/l (P < 0.05),
exercise did not change plasma glucose level in either
week 0 or week 4 (Fig. 1). The total integrated response
of glucose tended to be higher after the diet (AUCy_g
—0.5 & 12 vs. 15.3 = 6 mmol/l, week 0 vs. week 4; P =
0.091). With dieting, resting plasma FFA values rose
from 583 + 131 to 1,134 *= 186 pmol/l1 (P < 0.05),
whereas no change occured in resting plasma glycerol
concentrations (Fig. 1). During exercise and recovery,
both FFA and glycerol values were significantly higher
during the diet in comparison with values before diet.
The total integrated response to exercise of glycerol was
significantly higher during the diet compared with the
values before (AUC,_g, 8,025 + 2,170 vs. 24,737 = 3,772
pmol/l, week 0 vs. week 4; P < 0.05). Only during the
diet did exercise cause significant increments in plasma
FFA and glycerol concentrations. With respect to FFA
values, the total integrated response was only signifi-
cantly increased at the end of the diet during recovery
(AUCj g 28,100 = 7,292 vs. 60,304 = 9,983 pmol/l,
week O vs. week 4; P < 0.05). This increase was
especially apparent 15 and 30 min after exercise (f = 75
and 90 min). Neither energy restriction nor exercise
caused changes in hematocrit.

Plasma insulin, glucagon, and catecholamines. Fast-
ing was associated with a significant decline in resting
plasma insulin values from 16.5 + 5.2 to 7.5 = 0.8 mU/1
(Fig. 2). After 30 min of exercise, plasma insulin was still
significantly lower during the diet compared with before
diet values (P < 0.05). Exercise tended to reduce plasma
insulin before the diet (P = 0.067), whereas no change
occurred during exercise at the end of the diet. Total
integrated response of plasma insulin during recovery
was significantly higher for week 4 compared with
values of week 0 (—474 = 268 vs. 355 = 149 mU-1-1-120
min-1, week 0 vs. week 4; P < 0.05). Energy restriction
did not change the exercise-induced increments (P <
0.05) in plasma glucagon. Also, increases in plasma
norepinephrine and epinephrine in response to exercise
were not altered by dieting, although resting and recov-
ery values of norepinephrine were significantly de-
creased during the diet.

DISCUSSION

The objective of the present study was to investigate
the effects of a single bout of exercise and energy
restriction on lymphocyte B,- and platelet ap-adrenocep-
tor status in obese subjects. It is known that the
metabolic response to exercise is primarily related to the
type, duration, and intensity of the exercise performed
as well as the physical condition of the subject, In this
study, the relative workload of exercise before and at the
end of the diet was equal, because this type of dietary
restriction did not affect Wiyay OF VOg 14y, @8 confirmed by
others (29). Therefore, the responses to exercise before
and at the end of the diet can be adequately compared.

Skeletal muscle plays an important role in resting
energy expenditure and thermogenesis (4). It has been
shown that skeletal muscle mainly contains B,-adreno-
ceptors (18), and their role in human energy metabolism
has been demonstrated (6). The mobilization of lipids
from adipose tissue plays a key role in the regulation of
the energy balance at rest and during exercise and
becomes even more important during periods of energy
deficiency. Human adipose tissue has been shown to
contain ay-, Bi-, and By-adrenoceptors that seem to be
involved in lipolysis (16}. In addition, involvement of
Bs-adrenoceptors in lipolysis is suggested (15), although
the significance of Bsz-adrenoceptors in human energy
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periods in obese females before (@) and at end of 4-wk diet (0), Values w507 '
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Fig. 2. Venous concentrations of insulin, glucagon, norepinephrine,
and epinephrine during rest, exercise, and recovery periods in obese
females before (@) and at end of 4-wk diet (O). Values are means + SE;
n = 7. Repeated measurement ANOVA, post hoc Wilcoxon'’s signed-
rank test; *P < 0.05.

metabolism is still debated. With the use of a recently
developed microdialysis technique, it was demonstrated
that in vivo lipolysis is modulated by o-adrenergic
inhibitory effects at rest, whereas B-adrenergic stimula-
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tion (20) that might be related to differences in the
balance of ay- and B-adrenoceptors in these tissues.

For studying Bs-adrenergic receptor function in hu-
mans, circulating lymphocytes containing a homoge-
neous population of By-adrenoceptors, excitatory-coupled
to adenylate cyclase, are commonly used (8). It has been
shown that changes in lymphocyte By-adrenoceptor
density reflect changes of $,-adrenoceptor density and
responsiveness in solid, less accessible tissues such as
heart, myometrium, lung, and skeletal muscle (18). We
also found a significant relationship between density of
skeletal muscle Bo-adrenoceptors and those of lympho-
cytes (r = 0.85, P < 0.05) in this group of cbese subjects.
Liggett et al. (18) showed that this reflection is only valid
in a subtype-specific fashion. Therefore, for tissues
containing mixed B-adrenoceptor subtypes, such as hu-
man heart or adipose tissue, the use of lymphocyte
Be-adrenoceptors as a tool for predicting 3-adrenoceptor
status may be limited.

Human platelets containing a homogeneous popula-
tion of ay-adrenoceptors inhibitory-coupled to adenylate
cyclase are a model commonly used to study changes of
og-adrenoceptors in humans (21). Changes in platelet
ag-adrenoceptor density have been demonstrated to
correlate with changes of wag-adrenoceptor density in
myometrial membranes (9). However, despite similar in
vitro properties of og-adremoceptors in platelets and
various tissues, it is still not clear whether ay-adrenocep-
tor changes measured on platelets are related to changes
occurring in other human tissues (11).

It has been shown that both acute and prolonged
physical exercise causes an elevation of lymphocyte
Bs-adrenoceptor density (7, 19, 20), accompanied by
increased responsiveness as measured by isoprenaline-
induced adenosine 3,5'-cyclic monophosphate produc-
tion, in normal healthy subjects. In our study with obese
female subjects, this exercise-induced elevation oc-
curred only at the end of 4 wk of dieting. If the observed
upregulation of lymphoeyte Bo-adrenoceptor numbers in
response to exercise at the end of the the diet reflects
changes in adrenoceptor status in metabolic tissues,
then upregulation might be associated with functional
consequences for aspects of thermogenesis and sub-
strate metabolism that are By-receptor mediated. One of
the consequences is likely to be the observed overall
increase in lipolysis, as indicated by increased plasma
FFA and glycerol values and responses, resulting in
increased fat oxidation, as indicated by the lowered RER
values. Furthermore, the tendency to increased exercise-
induced thermogenic and heart rate responses at the
end of energy restriction might also be associated with
the observed upregulation of lymphocyte Bo-adrenocep-
tor numbers. The increased basal lipolysis and fat
oxidation, despite a lack of change in basal Bs-adrenocep-
tor density does not preclude a basal upregulation in
response to lower basal SNS activity due to energy
restriction, because upregulation may occur distal to the
receptor itself at postreceptor level (20).

The decreased resting plasma norepinephrine concen-
tration during energy restriction observed in this study
is in agreement with other studies (5, 10, 24). It has been
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shown that this is a result of both reductions in appear-
ance and clearance rates of norepinephrine. This might
indicate that energy restriction is accompanied by de-
creased basal SNS activity. The energy restriction did
not influence the responses of plasma norepinephrine
and epinephrine to exercise. However, exercise resulted
in an upregulation of lymphocyte Bg-adrenoceptor num-
bers at the end of the diet. Together with the observed
increased thermogenic, heart rate, and lipolytic re-
sponses, it might indicate that energy restriction is
accompanied with increased sensitivity to adrenergic
stimulation. This seems to agree with several in vivo
studies in humans showing an increased lipolytic re-
sponse to catecholamine infusion during caloric restric-
tion (1, 14). In vitro studies on adipocytes showed either
no effects or inhibiting effects of catecholamines on
lipolysis during dieting (11, 22). An explanation for this
incongistency is likely to be found in the absence of
hormonal effects in the in vitro system (13, 16).

The mechanism of upregulation of lymphocyte Bo-
adrenoceptors to acute exposure is still incompletely
understood. Externalization of intracellularly seques-
tered receptor molecules seems to be a tempting possibil-
ity, although results are contradictory (20). Further-
more, rapid synthesis of new receptor protein has not
been excluded (20), Failure to induce a B;-adrenoceptor
upregulation during exercise in obese subjects may
reflect a decreased number of internalized receptors,
possibly due to inhibition of receptor protein synthesis
or a defect in the mobilization of internal receptors. On
the other hand, it has been speculated that the exercise-
induced increase in By-adrenergic receptors of mixed
lymphocytes can at least partly be explained by a
redistribution caused by exercise of circulating cell
subsets that differ in their ps-adrenoceptor numbers
(19). Although such changes may contribute to exercise-
induced increase in receptor density, it is unlikely that
they would fully explain this increase, since B-blockade
prevents the increase in receptor density but does not
block the lymphocytosis (7).

It has also been shown that the upregulation takes
place even in situations where there are no changes in
the total blood lymphocyte count or the distribution of
lymphocyte subpopulations (20). When the number of
B-adrenoceptors in different T-lymphocyte subpopula-
tions was measured during acute exercigse, an equal
upregulation of B-adrenoceptors was detected in cells
originally containing small numbers of receptors and
cells containing large numbers of receptors (20). Even if
there are some effects of lymphocytosis on p-adrenocep-
tor density, there are no indications that the effects
differ before and at the end of the diet.

In the present study, energy restriction resulted in a
significant increase in platelet ay-adrenoceptor density,
as reported in two other studies (11, 28) after 4 and 8 wk
of moderate diet, respectively. However, Berlin et al. (5)
did not find a significant rise in platelet cy-adrenoceptor
density, probably because of the relative short duration
(15 days) of the diet period. However, decreased cy-
adrenoceptor density on adipocytes (22) has been shown
during energy restriction. The observed increase in
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platelet az-adrenoceptor density with energy restriction
may represent an upregulation in response to decreased
circulating norepinephrine values. Physiological signifi-
cance of the increased platelet oy-adrenoceptor density
remains speculative because adequate validation studies
are lacking.

Exercise did not modify the platelet ay-adrenergic
receptor characteristics, either before or after the diet in
this study, as confirmed by another study (5). The latter
study reported, in contrast, that in lean women exercise
resulted in an increase in platelet oy-density accompa-
nied with a decrease in affinity, and it was suggested
that obese women were unable to desensitize platelet
ag-adrenoceptors in response to acute physical exercise.

However, the observed effects of energy restriction on
SNS activity and adrenoceptor status might have been
biased by the accompanying decreased sodium intake.
Cignarelli et al. (10) showed that sodium restriction
prevailed over the effects of caloric restriction on sympa-
thetic activity, thereby increasing the activity. However,
in the study of Cignarelli et al. (10), the sodium intake
was extremely low (9 mmol/day), and it is unlikely that
such strong effects occurred in our study, with a daily
sodium intake of 60 mmol. Moreover, we did not observe
a downregulation of basal adrenoceptor numbers, as has
been reported to occur as a result of strict sodium
restriction (10). Furthermore, if there are some effects
of the decreased dietary sodium intake, only an underes-
timation of the effects of energy restriction will be
measured.

The data collected in this study do not allow us to
distinguish between effects of the hypocaloric state and
the effects of weight loss. However, they are likely to be
the consequence of the combination of the two, because
it has been reported that reduced-obese subjects at
stable body weight still showed a decreased basal cat-
echolamine release but an increased lipolytic response to
hypoglycemia and infused catecholamines, compared
with obese and never-obese control subjects (17).

In conclusion, energy restriction in obese females
resulted in an exercise-induced upregulation of lympho-
cyte Bg-adrenoceptors that did not occur before the diet.
Therefore, exercise may play a role of importance in the
regulation of thermogenesis, especially in the obese. The
energy restriction resulted in an increase in basal plate-
let ap-adrenoceptor numbers. This indicates that adreno-
ceptor numbers can be modulated by energy restriction
in obesity. Modulation of adrenoceptor density might
play a role in increased exercise-induced lipolysis during
energy restriction.
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