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CHAPTER 1

introduction

General

Human obesity, which is generally defined as the disproportional increase in fat mass
when compared to the fat free body mass, has become the most common nutritional
disorder in the developed world. Its prevalence in the Dutch population may vary
between 5-50%, depending on the definition of overweight (6). Obesity has been reported
to be associated with major health hazards including coronary heart disease and non-
insulin dependent diabetes mellitus (2). A great amount of research has been performed
on the efficacy of different weight reducing regimens in the treatment of obesity.
Although the remedies for obesity seem simple- i.e. eat less and exercise more-, in
general the outcome of the treatment of obesity is disappointing and experience indicates
that for most individuals the weight-reduced obese state is a limited accomplishment
since weight regain occurs within measurable tine. To develop an effective strategy for
the treatment of obesity and more particular for the long term management of weight
control, more knowledge is required on the regulatory mechanisms in the control of
energy metabolism. At present, it is clear that the sympathetic nervous system plays a
role of importance in the control of human energy and substrate metabolism. The
catecholamines, norepinephrine and epinephrine, have a central role in the regulation of
energy expenditure and substrate utilization since they increase cellular oxygen uptake
and stimulate the conversion of complex fuels into readily available substrates by
processes of lipolysis, glycogenolysis and gluconeogenesis (17,28,29,31,35), as indicated
in figure 1 for epinephrine. Norepinephrine and epinephrine have been reported to be
potent stimuli for increasing metabolic rate (thermogenesis, 36,37). Moreover, the
demonstration that B-blockade may inhibit diet-induced thermogenesis (39) or resting
energy expenditure (42) suggests that several components of energy metabolism may be
partly controlled by the sympathetic nervous system. Metabolic effects of the
sympathetic nervous system in certain tissues, may be exerted directly via sympathetic
nerve stimulation, may occur indirectly as a consequence of stimulation of humoral
factors (e.g. secretion of catecholamines from the adrenal medulla, and insulin and
glucagon from the pancreas, fig 1) or may be associated with the sympathetically-induced
cardiovascular effects, influencing the perfusion of metabolically active tissues. In the
following paragraphs literature on adrenoceptor populations, tissues and metabolic
processes involved in the sympathetically mediated thermogenesis is reviewed. Finally,
special attention is given to the metabolic processes that may be involved in the
development or maintenance of the obese state.
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Fig 1.  Scheme of the effects of epinephrine on tissue metabolism

involved adrenoceptor populations

The traditional adrenoceptor subtypes can be classified as o,-, 0t ,-, B,-, and B,-
adrenoceptors. In addition, a human B;-adrenoceptor has recently been cloned (12).
Several studies have shown that the resting metabolic rate or diet-induced thermogenesis
can be inhibited by B-blockade (1,39,42). Thorin et al (39) found that the glucose-insulin
induced thermogenesis was similarly reduced by the selective B,-antagonist metoprolol
as by the non-selective B-blocker propranolol, which suggests that only the B,-
adrenoceptor is involved in thermogenesis. Astrup et al (4) showed that skeletal muscle
plays an important role in the ephedrine-stimulated thermogenesis. This may indicate a
role for B,-adrenoceptors in human energy metabolism since the adrenoceptor population
of skeletal muscle mainly consists of ,-adrenoceptors (26). In addition, atypical agonists
(perhaps B,) have been reported to increase thermogenesis in rats (19) and in man (16). In
humans, a B-agonist with atypical selectivity increased weight loss in obese subjects on a
restricted diet (9), but this effect was not seen in all studies (8). Furthermore, although
functional studies of human adipocytes suggested involvement of Bs-adrenoceptors in
lipolysis (18), in another study 8,-adrenoceptors could not be identified in human adipose
tissue (23). Thus, there is still much debate on the significance of B4-adrenoceptors in
human energy metabolism.,
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Also, further research is necessary on the significance of o-adrenoceptors in human
thermogenesis. An early study in rats (13) showed that ¢-adrenoceprors may be involved
in the sympathetically mediated thermogenesis since the norepinephrine-induced
thermogenesis was markedly inhibited by o, -adrenoceptor blockade. However, human
studies showed that a-adrenoceptor blockade did not affect diet-induced thermogenesis
(10,33).

To obtain more information on the role of a,-, &y~ , B, -, By~ and B4-adrenoceptors in
human energy metabolism a study intended to investigate the role of the different
adrenoceptor subclasses in the sympathetically mediated thermogenesis, is described in
chapter 2.

Site of localization and underlying metabolic processes

The localization of the thermogenesis induced by the sympathetic nervous system is still
a matter of dispute. In adult rats, the norepinephrine-induced thermogenesis has been
shown to occur mainly in brown adipose tissue (38). Astrup et al (4) showed that in
humans ephedrine-induced thermogenesis is not located in brown adipose tissue. They
concluded that 50 % or more of the increase in whole body energy expenditure may be
located in skeletal muscle. Furthermore, it requires more research to elucidate the
metabolic pathways underlying the increase in metabolic rate as result of sympathetic
stimulation. It has been shown that catecholamines may affect hepatic and skeletal
muscle glucese turnover (29,35). In addition, catecholamines are potent lipolytic
hormones and play an important role in the mobilization of fat stores in man (17). To
obtain more information on the role of skeletal muscle and different metabolic processes
in the sympathetically mediated thermogenesis the underneath described methods had to
be validated.

Skeletal muscle metabolism was studied by means of the determination of arterio-venous
concentration differences of various metabolites across forearm muscle in combination
with a measurement of muscle blood flow (forearm model). However, canulation of an
artery may not always be succesful and may sometimes result in complications.
Therefore, sampling of arterialized blood from a heated dorsal hand vein has often been
used as an alternative. Astrup et al (5) have criticized the method of hand heating by a
warming blanket, showing that it may affect core temperature and hemodynamics and
may thereby introduce errors in the skeletal muscle flux calculations. However, it may be
possible that the warming blanket, in which there is direct contact of the heating device
and skin has a more pronounced effect on metabolism than the more often used warm air
box (15). For this reason, we have investigated how hand heating by a warm air box
would affect core temperature and hemodynamics of the contralateral arm (chapter 3).

A generally applied method for estimating skeletal muscle blood flow in forearm balance
studies is venous occlusion plethysmography (43). This method only measures total
blood flow through the forearm and not the flow through the individual parts such as
muscle, fat tissue and skin. Although skeletal muscle may account for 60 % or more of
the forearm tissues, a significant contribution of other forearm tissues to total forearm
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Chapter 1

blood flow cannot be excluded. In chapter 4, the contribution of forearm subcutaneous
adipose tissue blood flow (‘33’xenon washout technique, 24) to total forearm blood flow is
evaluated in lean and obese males. Subsequently, the importance of skeletal muscle
metabolism in the sympathetically mediated thermogenesis was studied in healthy male
volunteers by means of the determination of arterialized-deep venous concentration
differences of oxygen and various metabolites across forearm muscle in combination
with an estimation of skeletal muscle blood flow (chapter 5).

Obesity

According to the classic energy balance equation, obesity develops when the equilibrium
between energy intake and expenditure shifts towards a positive balance. There is some
evidence that a low energy expenditure may contribute to the development of obesity and
that the metabolic rate during rest is, to some extent, genetically determined (30}.
Furthermore, a blunted thermogenic response after the ingestion of food has been
reported in obese subjects (3,32), although this finding is not consistent (22,40). In
several studies, a diminished metabolic rate in obese subjects has been suggested to be
associated with a lowered activation of the sympathetic pervous system after a meal or
glucose load (3) or a diminished rise in metabolic rate after the infusion of
catecholamines (21).

At present, it is becoming still more evident that energy balance can only be achieved in
the case of macronutrient balance and evidence is accumulating that carbohydrate, fat and
protein balances are regulated separately (14). Achievement of macronutrient balance in
turn requires that the net oxidation of each macronutrient equals the average amount of
the same macronutrient in the diet. Recent lines of evidence suggest that the development
of obesity is not per se associated with a disbalance in energy intake and expenditure but
may be associated with abnormalities of fuel metabolism. A low ratio of fat to
carbohydrate oxidation has been reported to be associated with subsequent weight gain in
Pima Indians (44) and non-obese white men (34). In these studies, however, it cannot be
excluded that the initial high respiratory quotient may be the result of an already existent
positive energy balance in subjects predisposed to weight gain. The results of these
prospective studies are, however, supported by studies in post-obese subjects, showing an
increased 24-h respiratory exchange ratio in the post-obese group in comparison with
lean and obese subjects during fasting and during a high fat diet (25). Beside these
studies in pre- or post-obese subjects, there are also studies which indicate an impaired
fat oxidation in obese subjects. It has been reported that lipid oxidation (expressed per kg
fat mass) decreased with increasing degree of obesity (27) and that obese men combusted
less fat during an exercise load than lean men (41). The close association between the
sympathetic nervous system, energy expenditure and intermediary metabolism, especially
the crucial role of the sympathetic nervous system in the utilization of fat stores, suggests
that any alteration in the activity of the sympathetic nervous system may lead to a
metabolic abnormality in obesity.

To investigate whether the sympathetically mediated thermogenesis and sympathetically-
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induced changes in metabolic pathways and skeletal muscle metabolism are altered in
obesity, a comparison of these processes was made in lean and obese healthy males by
means of the above described forearm model (chapter 6).

The possibility exists that there are small subtle differences in the sympathetically
mediated thermogenesis between lean and obese subjects, that may be hard to detect but
may favor the maintenance (or development) of fat stores in the long term. Therefore, the
B-adrenergically mediated thermogenesis was described in a large group of males with a
wide range of percentage body fat to detect whether there may be a relationship between
obesity and the B-adrenergically mediated thermogenesis when including extremely lean
and extremely obese subjects (chapter 7).

Metabolic abnormalities leading to the development of obesity may be hard to detect
when the obese state has already developed, since by then no separation can be made
between causes and consequences of obesity. To obtain an indication whether observed
differences in sympathetically mediated thermogenesis (chapter 7) and substrate
metabolism between lean and obese subjects (chapter 6) may be primary or secondary to
the obese state, these metabolic processes were restudied after weight reduction (chapter
7, 8).

Adipose tissue blood flow may play an important role in adipose tissue metabolism by
delivering substrates, lipolytic hormones and carrier proteins, responsible for the
transport of fatty acids in the bloodstream, to the tissue (7,11). The fact that blood flow is
under strong autonomic regulation suggests a mechanism whereby the sympathetic
nervous system plays an important role in the control of the mobilization of fat stores
both by stimulating the breakdown of triglycerides and by affecting adipose tissue
perfusion. In literature, there are indications that the blood flow response in adipose
tissue (after glucose ingestion) may be impaired in obesity (20). In chapter 9, it has been
investigated whether obesity may be associated with a diminished abdominal fat blood
flow response as result of B-adrenergic stimulation.

Qutiine of the thesis

The studies described in the present thesis were intended to obtain more information on
the role of the sympathetic nervous system in human energy metabolism with emphasis
on processes that may be of importance in the development and maintenance of the obese
state. The first steps in this project were to elucidate the adrenoceptors involved in the
sympathetically mediated thermogenesis (chapter 2} and to evaluate several techniques
used to study skeletal muscle metabolism (chapter 3,4). Subsequently, the importance of
skeletal muscle in the sympathetically mediated thermogenesis was investigated in
healthy male volunteers (chapter §). In chapter 6 and 7, a comparison was made
between the B-adrenergically mediated changes in skeletal muscle metabolism and whole
body energy expenditure in lean and obese males. Since adipose tissue blood flow may
play an important role in the mobilization of fat stores, the effect of beta-adrenergic
stimulation on abdominal subcutaneous fat blood flow was studied in lean and obese
males (chapter 9). To obtain an indication whether observed differences in the
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beta-adrenergically mediated changes in energy and substrate metabolism and abdominal
fat blood flow between lean and obese subjects may be & cause or a consequence of the
obese state, these processes were restudied after weight reduction {chapter 7,8,9).
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CHAPTER 2

Role of alpha and beta adrenoceptors in the sympathetically
mediated thermogenesis

E.E. Blaak, M.A. van Baak, K.P.G. Kempen, and W.H.M. Saris.

Department of Human Biology, University of Limburg, Maastricht, The Netherlands.

Am. J. Physiol. 264 (Endocrinol. Metab. 27): E11-E17, 1993

Abstract

This study was intended to investigate the role of «- and B-adrenoceptor populations in
the sympathetically mediated thermogenesis in healthy lean males. In the first study, the
By-, By- and 'B4'- agonist isoprenaline was infused in increasing doses with and without
simultaneous infusion of the B,-blocker atenolol (ISO and ISO+AT, respectively). There
was an increase in whole body resting energy expenditure (EE) after infusing ISO+AT
(P<(.001} and an almost twofold higher increase after infusion of ISO only (P<0.001).
Stimulation of the B,-adrenoceptors by a selective agonist (salbutamol) resulted in a
significant increase in EE (P<0.001). The effect of stimulation of o -adrenoceptors on
EE was measured by infusing increasing doses of the o -agonist phenylephrine. EE did
not change, while mean arterial pressure (MAP) increased (P<0.001) and HR decreased
(P<0.01). In addition to this study, the &}~ , 03-, By-, ;- and 'B;'-agonists norepinephrine
and epinephrine were infused with simultaneous infusion of the B,- and B;-blocker
propranolol. In both studies, there was no effect on EE, while MAP increased (P<0.01).
In conclusion, in healthy male lean volunteers both ;- and B,-adrenoceptors are involved
in the sympathetically mediated thermogenesis, while the o- and o ,- and ',
adrenoceptors do not play a role.

Introduction

The sympathetic nervous system plays a role in the regulation of energy expenditure.
Several studies have shown that there is an increase in energy expenditure as result of
infusion of norepinephrine or epinephrine (17,29,30). Also, there are indications that the
facultative component of the diet-induced thermogenesis is mediated by an increased
sympathetic tone (3,27}.

It is still uncertain which type of adrenoceptor mediates the sympathetically-induced
thermogenesis. Several studies have shown that the diet-induced thermogenesis can be
inhibited by B-blockade (1,4,33). Thorin et al (33) showed in a glucose-insulin clamp
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study that only B;-adrenoceptors are involved in the sympathetically mediated
thermogenesis, whereas Astrup et al (4) also suggested involvement of B,-receptors.
Additionally, atypical B-agonists (8,7) increased thermogenesis in rats (16) and in man
(14). In man, a B-agonist with atypical selectivity increased weight loss in obese subjects
on a restricted diet (8), although this effect was not seen in all studies (5). Furthermore, in
a recent study (19) 'B,'-adrenoceptors could not be characterized in human white adipose
tissue.

Less is known on the role of the o-adrenergic receptors in the sympathetically mediated
thermogenesis. In rats, norepinephrine-induced thermogenesis was markedly inhibited by
a  -receptor blockade (13). However, in man a-receptor blockade by phentolamine did
not influence diet-induced thermogenesis (10,28). So far no studies have been done to
investigate the effect of a-adrenoceptor stimulation on resting energy expenditure.

The localization of the thermogenesis induced by the sympathetic nervous system is still
a matter of dispute. Studies in adult rats and mice have shown that the major site for non-
shivering or diet-induced thermogenesis is brown adipose tissue {31). However, Astrup et
al (2) showed that in humans, ephedrine-induced thermogenesis is not located in brown
adipose tissue. They concluded that up to 50 % of the increase in whole body oxygen
consumption may take place in skeletal muscle.

‘This study was intended to investigate the role of o -, oy, By-, By-, and '83"
adrenoceptors in the sympathetically mediated thermogenesis. The adrenoceptor
population of skeletal muscle mainly consists of B,-adrenoceptors (20). Therefore, it
might be possible to obtain an indication of the different tissues contributing to the
sympathetically mediated thermogenesis on basis of the involved adrenoceptor
populations.

Subjects and methods
General

The study design consisted of five protocols. In these studies the effects of several o- and
B-adrenoceptor agonists and antagonists on energy expenditure at rest were investigated,
as summarized in figure 1. During all experiments, energy expenditure was continuously
measured by an open-circuit ventilated hood system (Oxycon Beta, Jaeger, Breda, The
Netherlands). The experiments were performed after a 12-h fast (overnight) and room
temperature was kept between 23-25 °C. Energy expenditure was calculated according to
the abbreviated formula of Weir (35). The experiments started at 8.00 A.M and the
subjects came to the laboratory by car or bus. The study protocol was approved by the
Ethics Committee of the University of Limburg and all volunteers were asked for written
consent. Before participation, all subjects underwent a medical examination.
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Isoprenaline

In the first protocol ten healthy male volunteers participated, aged 25.2 £ 1.7 v (means +
SEM) and with a BMI of 22.3 + 0.5 kg/m?. The subjects were studied on two different
occasions with 3-7 days in between. At the beginning of the experiment, catheters were
inserted in a left and right forearm vein. At one experimental day, the B;-, B,-, and ("133“)~
agonist isoprenaline (ISO) was infused in one arm and saline in the other arm. At the
other experimental day, ISO was infused in one arm and the B,-antagonist atenolol (AT)
in the other arm. The study design was single-blind and the order of treatments was
randomized. After 30 min baseline measurement, a continuous infusion of saline or
atenolol (0.1 mgﬂ(gBOdy Weigm.lﬂm) was started. Before the infusion of AT was started, a
priming dose of AT (0.07 mg/kgyy,) or saline was given within 5 minutes. After 60 min,
in the other arm the infusion of ISO was started in doses of 5,10, 20 and 40 ng/kgg-min,
each dose for 30 min. The dose in the text is related to ISO sulphate, 69% of which
corresponds to ISO free base. During the experiment heart rate (HR) was recorded every
five minutes. When HR had risen 30 beats/min or more, the infusion was stopped.

Salbutamol

In the second study, B,-adrenoceptors were stimulated by the selective B,-agonist
salbutamol in 7 healthy male volunteers (age: 24.3 + 1.8 y, BMI: 23.0 + 0.6 kg/m?). At
the beginning of the experiment a catheter was inserted in a forearm vein. After 30 min
baseline measurement, the B,-agonist salbutamol was infused in increasing doses of 70,
140 and 280 ng/kggy, min, each dose for 30 min. To exclude a possible B, -effect, the
highest dose of salbutamol was continued for 30 min in the presence of a continuous
infusion of the B,-blocker AT (bolus: 0.07 mg/kggy,, infusion: 0.1mg/kggy,h). During
the experiments heart rate (HR) was recorded every five minutes. When HR had risen 30
beats/min or more, the infusion was continued in the presence of atenolol.

Phenylephrine

The effect of stimulation of o, -receptors on resting energy expenditure was measured in
six healthy male volunteers (age: 24.0+2.1 y, BMI: 21.7£0.9 kg/m?) by infusion of the
o, -agonist phenylephrine. Before the experiment a catheter was inserted in a forearm
vein for the infusion. After 30 min baseline measurement, phenylephrine was infused in
increasing doses of 0.5, 1 and 2 pg/kggy, min, each dose for 30 min. During the
experiments, HR and mean arterial pressure (MAP) were recorded every five minutes.
The infusions were stopped when HR had decreased to 35 beats/min or MAP had risen
more than 30 mm Hg.

Norepinephrine and epinephrine plus propranolol

In the last two protocols, the a,-, ¢y-, B;-, B,-, and 'B;'-agonists norepinephrine (NE,
n=6, age: 24.3+2.1 y, BMI: 22.940.6 kg/m?) and epinephrine (E, n=6, age: 24.6£1.9 y,
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Fig 1. Study design of the five protwcols.
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BMI: 22.740.5 kg/m?) were infused in the presence of the B,- and B,-blocker propranolol
in healthy lean male volunteers. Before the experiments, two catheters were inserted in a
left and right forearm vein for the infusion. After 30 min control measurement, a priming
injection of propranolol was given (195 pg/kgyy,). after which a continuous infusion of
propranolol was started (0.6 pg/kggy-min). After one hour, in addition NE (25, 50 and
100 ng/kggy min) or E (15, 30, 60 and 120 ng/kgyy-min) were infused in the other arm
(each dose for 30 min).

Statistics

Data are represented as means £ SEM. For all protocols, statistical analysis was
performed with repeated measurements ANOVA. A P-value smaller than 0.05 was
regarded as statistically significant.

The total response to the infusion of isoprenaline or isoprenaline and atenolol was
calculated as the integrated area under the curve. For both treatments, the areas under the
curve were compared by a Student's paired t-test.

Results
General

During the infusion of increasing doses of [SQ, salbutamol, phenylephrine, NE or E,
several subjects were not subjected to the higher infusion rates, due to our criteria for
stopping the infusion (see methods). In the first experiment, three subjects were not
subjected to the last infusion period of isoprenaline (40 ng/kggw-min). Furthermore, data
on the highest infusion rates in protocols 2 to 5 are not presented because these infusion
rates were not started in most subjects.

After 10 min infusion of ISO, ISO+AT, phenylephrine, NE or E (both with propranolol),
energy expenditure and heart rate had reached a steady state: i.e. five-minute values did
not significantly change anymore until the end of the infusion period. Therefore, mean
values over the last 20 min infusion were taken as representative for the administered
dose. In the ISO and ISO+AT trial steady state values for the respiratory exchange ratio
(RER) over five-minute intervals were achieved after 20 min infusion. For this reason,
RER wvalues of the last 10 min infusion were averaged. With infusion of NE and E (both
with propranolol) and with phenylephrine, RER-values were stable throughout the
infusions. With infusion of the 8,-agonist salbutamol energy expenditure, heart rate and
respiratory exchange ratio (RER) reached a steady state within 20 min.

isoprenaline
There was a significant increase in resting energy expenditure as result of the infusion of

the non-selective B-agonist isoprenaline. This increase was at 5 ng/kggy,min: 7%, at 10
ng/kggy-min: 13%, at 20 ng/kggy.min: 16% and at 40 ng/kggy, min: 25%. As result of
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Fig2.  Changes in energy expenditure (EE), respiratory exchange ratio (RER} and heart rate (HR) as
result of infugion of the 8-, B,- and 'B"-agonist isoprenaline with or without simultaneous infusion of the
B, -blocker atenolol (resp. [SO and [SO+AT). Means + SEM, n=10; at infusion rate 40 ng/kg-min: n=7,
Repeated measurements ANOV AL #*=P<0.01, ***=P<0.001.
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the simultaneous infusion of ISO and the By-blocker AT, there also was a significant
increase in resting energy expenditure (compared to infusion of AT only), which was
half the increase with infusion of isoprenaline only for the increasing doses respectively
8, 6, 10, 14%, fig 2). The integrated increase in resting energy expenditure was
significantly higher with infusion of ISO than with ISO+AT (P<0.001). Infusion of the
B,-blocker atenolol for 30 min did not affect resting energy expenditure (control:
5.14:40.12 vs AT: 5.0620.10 kl/min).

The pre-infusion respiratory exchange ratio (RER) was 0.83 + 0.01 in the ISO trial and
0.85 £0.01 in the ISO+AT mial. With ISO, there was a marked increase in the respiratory
exchange ratio within the first 5 min of infusion most probably caused by a change in
ventilation, which decreased again within the next 10 min. Steady state RER-values (the
last 10 min infusion) significantly decreased with infusion of increasing doses ISO
(P<0.01), whereas with ISO+AT there was no change in RER. HR significantly increased
with both treatments (P<0.001), and the increase with ISO+AT was half of the increase
with ISO only. The integrated HR response was significantly higher with ISO than with
ISO+AT (P<0.001), which indicates considerable 8, -blockade.

Salbutamol

Stimulation of the B,-adrenoceptors by salbutamol increased energy expenditure by 14%
at 70 ng/kgy-min and by 19% at 140 ng/kggy,.min (fig 3). Simultaneous infusion of the
highest dose of salbutamol and the B,-blocker atenolol resulted in a 2% lower energy
expenditure than with infusion of salbutamol only (6.66£0.39 vs 6.541+0.35 kJ/min, NS),
whereas HR significantly decreased (92.0%5.8 vs 81.243.2 beats/min, P<0.05). Pre-
infusion RER was 0.85 + 0.02 and steady state values did not change as result of the
infusion. There was a significant increase in HR as result of the B,-adrenergic stimulation
(for the two doses resp. 11 and 27 beats/min, P<0.001, fig 3).
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Fig3.  Changes in energy expenditure (EE) and heart rate (HR) as result of infusion of the B;-agonist
salbutamol. Means + SEM, n=7; Repeated measurements ANOV A #*=P<0.01, ***=P<0.001.
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