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Abstract

The thermic effect of glucose was investigated in nine obese and
six lean subjects in whom the same rate of glucose uptake was
imposed. Continuous indirect calorimetry was performed for 240
mmn on the supine subject. After 45 min 20% glucose was infused
(609 mg/min) for i95 min and normoglycemia was maintained
by adjusting the insulin infusion tate. At 2 h, propranolol was
infused (bolus 100 ttg/kg; 1 ;igfkg. mm) for the remaining
75 min.

To maintain the same glucose uptake (0.624 g/min), it was
necessary to infuse insulin at 3.0±0.6 (leans) and 6.6±1.2 mU/
kg. min (obese) (P < 0.02). At this time, glucose oxidation was
0.248±0.019 (leans) and 0.253±0.022 g/min (obese) (NS), and
nonoxidative glucose disposal was 0.37$±0.011 and 0372+0.029
g/min, respectively. Resting metabolic rate (RMR) rose signif-
icantly by 0.13±0.02 kcil/min in both groups, resulting in similar
thermic effects, i.e., 5.5±0.7% (leans) 5.4±0.9% (obese) (NS)
and energy costs of glucose storage 0.35+0.06 and 0.39±0.09
kcal/g (NS), respectively. With propranoldl, glucose uptake and
storage remained the same, while 1AMR fell significantly in both
groups, with corresponding decreases (P < 0.05) in the thermic
effects of glucose to 3.7±0.6% and 2.9±0.8% (NS) and the energy
costs of glucose storage U.23±0.04 and 0A7±0.05 kcal/g (NS)
in the lean and obese subjects, respectively. These results suggest
that the defect in the thermic effect of glucose observed in obese
subjects is due to their insulin resistance, which is responsible
for a lower rate of glucose uptake and hence decreased rate of
glucose storage, which is an energy-requiring process.

Introduction

That obesity is the result of a positive energy balance due to
energy intake exceeding energy expenditure at some time in an
obese subject's life has never been questioned. However, whether
the positive energy balance is caused by gluttony, sloth, or one
or several metabolic defects has stimulated much research over
the last 20 yr.

More recently, the observation by Rothwell and Stock (1)
that brown adipose tissue is involved in dietary-induced ther-
mogenesis and that it is defective in genetically obese (2) and
ventromedial hypothalamic lesioned obese rodents (3) has led
to increased interest in the energy expenditure term of the energy
balance equation. While it is reasonably well established that
brown adipose tissue and the sympathetic nervous system are
involved in rodent models of obesity, a defective thermogenic
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response to meal ingestion in human obesity is more contro-
versial.

Pittet et al. (4) demonstrated that the thermic response to
the ingestion of glucose was decreased in obese compared with
lean subjects. This observation was supported by Golay et al.
(5), and similarly the thermic effect of a mixed meal has also
been found (6-9) to be lower in the obese than in lean subjects.
On the other hand, Felig et al. (10) did not find a decreased
thermic effect of a mixed meal in obese women, which has been
confirmed by others ( I1-13). The reasons for these conflicting
results are not known; however, the heterogeneity of the obese
individuals who have been studied, particularly in regard to in-
sulin resistance and glucose metabolism, has not been sufficiently
taken into account.

In studies that have used the glucose-clamp technique, obese
and/or diabetic patients had decreased rates of glucose uptake
for a given rate ofinsulin infusion (14). Since much ofthe thermic
effect of infused glucose can be accounted for by the obligatory
cost ofglucose storage (14-17), it is conceivable that any decrease
in thermogenesis in response to the ingestion and/or infusion
ofglucose in the obese could be due to a decreased rate ofglucose
uptake by the tissues. Hence, this thermogenic defect appears
to be a defect more likely in glucose uptake or storage rate rather
than to a fundamental difference in the efficiency ofglucose use.

To test this hypothesis, we performed a glucose-clamp study
in which glucose uptake and storage rates were matched in obese
and lean subjects by infusing more insulin in the obese. In these
conditions, similar increases in energy expediture were observed
in both groups, which resulted in similar costs ofglucose storage.
Furthermore, the sympathetically mediated component of the
thermic effect of glucose (facultative thermogenesis) was found
to be similar in the lean and the obese subjects by administration
of propranolol. Therefore, we hypothesize that the low thermic
effect of glucose in obese subjects that has been reported else-
where is related to insulin resistance and a decreased rate of
glucose storage.

Methods

Subjects. 15 subjects were studied, 9 of whom were moderately obese,
while 6 lean subjects served as controls. Their physical characteristics
are presented in Table I. The obese men were chosen as having >25%
and the women >30% body fat. In the control group the men were
chosen as having <20% and the women <25% body fat as estimated by
skinfold measurements (18).

The experimental protocol was reviewed and accepted by the hospital
ethical committee. None of the subjects were taking any medication
before the test and none of them had a medical history of asthma or a
family history of diabetes.

Procedure. Each subject slept the night before the experiment at the
Institute. After a 10-h overnight fast, the subject was awakened at 6.30
a.m. After voiding, he or she was transfered to the test room where two
venous lines were inserted, one into an antecubital vein for the infusions
and the other into a hand vein for blood sampling. The hand was then
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Table I. Physical Characteristics

Controls Obet

Sex (M/F) 3/3 2/7
Age (yr) 30 (24-38) 27 (21-35)
Height (cm) 171 (160-181) 165 (144-183)
Weight (kg) 62 (53-69) 75 (61-95)
Body fat (%) 19 (11-24) 33 (26-39)

* Body fat < 20% for males (M) and < 25% for females (F).
f Body fat > 25% for males and > 30% for females.

placed in a box heated at 60-70'C to achieve arterialization ofthe venous
blood. Both lines were kept patent with physiological saline.

20 min later, continuous respiratory exchange measurements began
and were performed over the next 4 h on the supine subject using an
open-circuit, ventilated-hood, indirect calorimeter. After 45 min ofbase-
line measurements, a priming dose of insulin was given in a logarith-
mically decreasing manner arld a 20% glucose solution was infused to
maintain normoglycemia. Over the next 30 min, the 20% glucose infusion
was increased until a constant rate of 0.609 g/min was achieved in all
subjects. At the same time the insulin infusion was varied to maintain
euglycemia. Thus all subjects had the same glucose uptake or "M" value
(g/min) by varying the rate of insulin infusion to maintain the constant
glucose uptake. After 2 h ofglucose clamp, a prime continuous infusion
of propranolol (100 ug/kg and I ;&g/kg. min) was begun and continued
for a further 75 min.

Arterialized venous blood samples were taken at -30, -10, 80, 120,
180, and 195 min and analyzed for plasma catecholamines (19, 20) insulin
(21), and free fatty acids (22). Plasma propranolol concentrations were
analyzed on the 195-min sample (23). During the entire glucose-clamp
procedure, samples were taken at 5-min intervals for plasma glucose
determinations in duplicate using the glucose oxidase method on a glucose
analyzer (model II, Beckman Instruments, Inc., Fullerton, CA). Urine
was collected just before and at the end of the test for nitrogen
analysis (24).

Data analysis. Glucose uptake and energy expenditure were measured
continuously throughout the test. For data presentation, the last 30 min
of each period from -30 to 0 min (base line), 90 to 120 min (glucose
clamp), and 165 to 195 min (glucose clamp + a-blockade) were compared.
The change in energy expenditure was calculated by subtracting the base-
line value from the mean energy expenditure obtained in the other two
30-min periods. Glucose and fat oxidation was calculated from the non-
protein respiratory quotient and the nonprotein oxygen consumption as
described elsewhere (25).

The rate of "glucose storage" or nonoxidative glucose disposal was
calculated by subtracting the rate of glucose oxidation from the rate of
the corrected glucose uptake, i.e., by taking into account the changes in
the glucose pool assuming a distribution volume of 0.21 liter/kg body
wt. However, under the steady state conditions ofthe study, thiscorrection
was ofa small magnitude, and amounted to 1-3% ofglucose metabolism.
Hepatic glucose production was not measured in the present study and
was assumed to be totally suppressed in both groups during glucose/
insulin infusion (14, 26).

The thermic effect of infused glucose-insulin was calculated by di-
viding the increase in energy expenditure (AEE) by the rate of glucose
energy uptake: thermic effect infused glucose-insulin = (AEE kcal/min)/
(M X 3.75), where M is the steady state glucose uptake in grams per
minute and 3.75 is the energy value of a gram of glucose in kilocalories
per gram.

Results

Fig. 1 illustrates the insulin infusion rates required to maintain
a constant glucose metabolism of 0.624 g/min in both groups.

-

E

U-IL
0

D

E
0

c
0
0

C

so

0
C

8-

6-

4-

2 -

oj

I

T II Figure 1. Index of insulin sensi-
tivity in the six lean and nine

lJjjjlllll obese subjects, given by the
rate of insulin infusion (mU/kg

l~Illllll FFM * min) necessary to main-
...i..llliI l...... tain euglycemia when 609 mg/

min glucose was infused at a
CONTROLS OBESE constant rate (mean±SEM).

It can be seen that during the last 30 min ofthe clamp protocol,
the infusion of 3.0±0.6 mU/kg FFM * min insulin was necessary
to maintain similar rates ofglucose disposal in the lean compared
with 6.6±1.2 mU/kg FFM * min (P < 0.02) in the obese subjects.
This illustrates that although the obese subjects were not severely
obese, they already exhibited a significant insulin insensitivity
when compared with the lean subjects.

Basal plasma insulin concentrations were 8.4±1.9 uU/ml
and 12.4±1.7 tzU/ml in the lean and obese subjects, respectively.
During the clamp they rose rapidly to 196±46 and 353±89 1U/
ml, respectively, and continued to rise progressively throughout,
attaining values of 209±51 and 434±118 ,U/ml by the end of
the test (Fig. 2). Basal plasma free fatty acid concentrations were
similar in the two groups (402±41 and 417±48 Mmol/liter, re-
spectively) and were suppressed to a similar extent during the
insulin infusion, reaching a plateau of 150 Atmol/liter at 30
min, which persisted until the end of the test.
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and after P-adrenergic receptor blockade with propranolol
(mean±SEM).
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Table II. Changes in Heart Rate Blood Pressure, Plasma Catecholamine,
and Propranolol Concentrations during the Hyperinsulinemic Clamp Studies

Basal A Clamp A Clamp + Propranolol

Lean subjects
Heart rate (beats/min) 61±3 * 65±3 $ 58±3
Systolic blood pressure (mmHg) 117±3 120±3 * 116±3
Diastolic blood pressure (mmHg) 73±3 * 68±2 (NS) 65±2
Norepinephrine (pg/ml) 280±25 * 340±31 (NS) 347±32
Epinephrine (pg/ml) 76±9 (NS) 78±10 (NS) 75±6
Propranolol (ng/ml) 59±9

Obese subjects
Heart rate (beats/min) 68±3 t 75±3 f 64±3
Systolic blood pressure (mmHg) 119±3 (NS) 119±3 * 114±2
Diastolic blood pressure (mmfg) 73±3 * 69±2 64±3
Norepinephrine (pg/ml) 260±13 * 281±12 * 310±12
Epinephrine (pg/ml) 65±4 (NS) 64±4 f 78±5
Propranolol (ng/ml) 90±9

P<0.05. tP<0.01.

Table II presents the changes in heart rate and blood pressure
observed during the three experimental periods. It can be seen
that the supine heart rate was slightly lower in the lean than the
obese subjects 61±3 vs. 68±3 beats/min (NS) and that the clamp
caused significant increases in both groups to 65±3 (P < 0.025)
and 75±3 beats/min (P < 0.01), respectively. Propranolol ad-
ministration significantly suppressed the heart rate to values be-
low the basal levels in both groups (P < 0.01).

Significant changes in both systolic and diastolic blood pres-
sure were observed in the lean subjects. While systolic blood
pressure did not rise significantly during the clamp in the obese,
it did decrease with propranolol. When the groups were com-
pared no statistical differences were observed. Plasma norepi-
nephrine rose significantly in both groups during the insulin-
glucose infusion and rose further with propranolol administra-
tion reaching significance in the obese group. At the end of the
test, plasma propranolol levels were 59±9 ng/ml in the lean and
90±9 ng/ml in the obese (P < 0.05).

Fig. 3 presents the changes in plasma glucose concentration,
glucose metabolized, glucose oxidation, and glucose storage
during the test. It can be seen that plasma glucose concentrations
were more variable than in a conventional clamp protocol, in
which the insulin infusion rate is maintained constant and the
glucose infusion rate is varied. This is due to the relatively pro-
longed effect of insulin on glucose metabolism. During the glu-
cose clamp period (90-120 min), the rate ofglucose metabolism
(Table III) was 0.624±0.008 g/min or 10.1±0.1 mg/kg min in
the lean and 0.624±0.012 g/min or 8.4±0.2 mg/kg- min in the
obese subjects. At this time, the rate of glucose oxidation was
0.248±0.019 g/min and 0.253±0.022 g/min (NS), respectively.
During the last 30 min of the glucose clamp + ,8-blockade
(165-195 min), glucose metabolism was 0.615±0.009 and
0.621±0.005 g/min and glucose oxidation 0.234±0.012 and
0.229±0.017 g/min in the control and obese subjects, respec-
tively.

The increase in energy expenditure above the baseline values
is shown in Fig. 4. The upper section of the figure presents the
individual changes and the lower portion the mean changes in
energy expenditure during the glucose-clamp and glucose clamp-

plus-#-blockade periods. The base-line resting metabolic rate,
was 1.10±0.07 kcal/min (lean) and 1.16±0.08 kcal/min (obese)
(NS). In both groups, a steady-state uptake of0.624 g/min glucose
caused a significant increase in energy expenditure to 1.23±0.07
kcal/min (P < 0.005) and to 1.28±0.08 kcal/min (P < 0.001)
in the lean and obese subjects, respectively. When propranolol
was infused, energy expenditure decreased to 1.18±0.08 kcal/
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maintained constant at 609 mg/min in the lean (n = 6) and the obese
(n = 9) subjects before and after fl-adrenergic receptor blockade with
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constant infusion of 609 mg/min glucose before and after f3-adrenergic
receptor blockade with propranolol.

min (P < 0.005) and 1.21±0.07 kcal/min (P < 0.005) in the two
groups, respectively. As shown in Fig. 4, this decrease was more
variable in the obese subjects.

When these changes in energy expenditure were expressed
as a function of the rate of glucose storage, the energy cost of
glucose storage during glucose-insulin infusion was similar in
the two groups: 0.35±0.06 and 0.39±0.09 kcal/g in the lean and
obese, respectively (NS) (Table III). When propranolol was in-
fused, glucose storage remained the same but energy expenditure
decreased (P < 0.001), such that the energy cost ofglucose storage
decreased to 0.23±0.04 and 0.17±0.05 kcal/g (NS) in the lean
and obese, respectively. Similarly, when the changes in energy
expenditure were expressed as a function of the rates of energy
uptake i.e., the thermic effect of infused glucose-insulin they
were the same, 5.5±0.7% (leans) and 5.4±0.9% (obese), during
the glucose clamp and were suppressed to the same extent with
j3-adrenergic-receptor blockade (Table III).

The present study reinvestigates the thermic effect of infused
glucose-insulin in lean and obese subjects using a new approach.
Since obese subjects present various levels of insulin resistance
and/or glucose intolerance, it is possible that the decreased
thermic effect ofingested food (6-8), oral glucose (4, 5), or infused
glucose (14) is related to the decreased glucose uptake observed
in both obese and diabetic patients (14, 26). With this in mind,
the present study was designed to infuse the same rate ofglucose
in lean and obese subjects while varying the rate of insulin in-
fusion to obtain similar rates of glucose metabolism in both
groups.

In a previous study, in has been shown that the increase in
energy expenditure during the controlled conditions of a eugly-
cemic hyperinsulinemic clamp can be divided into two com-
ponents; an obligatory thermogenic component that is required
for glucose storage, mainly as glycogen, and a facultative ther-
mogenic component that is in excess of the obligatory demands
and seems to be mediated by the sympathetic nervous system
(14-17).

In this present study, in which similar rates of glucose uptake
were imposed on lean and obese subjects, obligatory thermo-
genesis should be similar in both groups. Therefore, a reduced
thermic effect ofinfused glucose-insulin would imply a difference
in the sympathetically mediated facultative thermogenesis, which
would also be shown by a lower suppression of thermogenesis
by f-adrenergic blockade. However our results show that when
the same amount ofglucose enters the cells, the thermic response
is the same in obese and lean subjects. Similarly, when the 03-
adrenergic receptors were blocked with propranolol, the decrease
in energy expenditure was also similar and the energy cost of
glucose storage fell to values commensurate with those calculated
from a stoichiometric consideration of the number of moles of
ATP required for glycogen synthesis (27).

Using the glucose-clamp technique, it has been shown that
ofthe glucose that is metabolized, - 80% is taken up by muscle,
- 10% by the liver and 1% by adipose tissue. The remaining
9% is taken up by insulin-independent tissues (28). Most of the
glucose taken up by muscle should be converted to glycogen,
since very little lactate production across the leg was observed
during glucose-clamp conditions (28), and it has also been dem-
onstrated that muscle glycogen synthase activation is strongly
correlated with glucose storage (29).

There is, however, increasing evidence that a large proportion
of liver glycogen is synthesized from three carbon compounds
(30, 31), a more energy-wasteful pathway than the direct con-

Table III. Glucose Metabolism and Energy Cost ofGlucose Storage

Glucose clamp Glucose clamp + propranolol

Lean Obese Lean Obese

Glucose uptake (g/min) 0.624±0.008 0.624±0.012 0.615±0.009 0.621±0.005
Glucose oxidation (glmin) 0.248±0.019 0.253±0.022 0.234±0.012 0.229±0.017
Glucose storage (g/min) 0.375±0.011 0.372±0.029 0.383±0.020 0.391±0.019
A Energy expenditure (kcal/min) 0.13±0.02 0.13±0.02 0.09±0.01 0.06±0.02
Energy cost of glucose storage (keallg) 0.35±0.06 0.39±0.09 0.23±0.04 0.17±0.05
Thermic effect of glucose-insulin (%) 5.5±0.7 5.4±0.9 3.7±0.6 2.9±0.8
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version of glucose to glycogen, which requires four rather than
two ATP moles per mole ofglucose. This would, at most, increase
the obligatory cost of glucose storage by - 10%, if we assume
that all hepatic glycogen deposition was the result of synthesis
via C3-compounds. Whether the sympathetic nervous system
modulates gluconeogenesis remains to be investigated.

If no obligatory and facultative thermogenic defects were
apparent in the obese subjects, how do the present results relate
to previous observations from our laboratory (4-6) and others
(7-9), showing a decreased thermogenesis in response to the
ingestion of glucose and/or a meal? Since glucose uptake is de-
layed in obese and diabetic subjects, the measurement of the
thermic effect of glucose over short periods of, for example, 3 h
could be a confounding factor, as the thermic effect is rarely
terminated by the end of short intervals. Indeed, a recent study
has shown that the tendency to a reduced thermic effect of food
over the first 3 h following a meal was inversed during the next
3 h when obese and lean subjects were compared ( 13). Golay et
al. (5) attempted to overcome this problem by correcting for the
glucose in the glucose space at 3 h after 100 g glucose ingestion.
However, even after this correction, a decreased thermic effect
was apparent in obese subjects with insulin resistance or insulin
deficiency.

The present study with intravenous glucose-insulin infusions
shows that the thermic effect of glucose is related to its rate of
uptake by the tissues. An insulin-sensitive lean subject has a
glucose metabolism of -7 mg/kg. min during the infusion of
1 mU/kg. min insulin (14, 17, 32). Jacot et al. (33) found that
glucose oxidation is saturated at -3 mg/kg. min, whereas glu-
cose storage continues to increase. Thus of the 7 mg/kg. min
glucose metabolized, -4 mg/kg. min are directed towards stor-
age, mainly as glycogen. Under similar conditions, an obese or
diabetic subject has a lower overall rate of glucose metabolism,
of the order of 2-5 mg/kg. min (14, 26). Thus, the fate of most
of the infused glucose needed to maintain euglycemia can be
accounted for by "on-line" oxidation, leaving only a small
amount for the energy requiring process of storage. Conse-
quently, it would not be surprising to find a smaller thermic
effect ofglucose in these patients and possibly this could explain
the decreased thermic effect of ingested glucose, even after cor-
rection for the glucose that had accumulated in the glucose space
3 h after its ingestion (5).

When the impairment of glucose uptake due to insulin re-
sistance in obese subjects is overcome by infusing sufficient
amounts of insulin, the thermogenic response to glucose is similar
to that observed in lean individuals. This finding does not, how-
ever, exclude a reduced thermogenic response to glucose in obe-
sity, but indicates that when glucose storage is matched by cor-
recting the effect of insulin resistance, there is no intrinsic defect
in the energetic cost of glucose disposal in obese individuals.
Whether insulin per se has a thermogenic effect as suggested by
Bogardus et al. (34) needs further investigation.

The present study emphasizes the relationship between the
rate of glucose uptake and the corresponding thermogenic re-
sponse. An elevated rate ofglucose uptake favors glucose storage
as muscle glycogen (33), an energy-requiring process, whereas a
low rate of uptake allows, most of the administered glucose to
be oxidized "on line," with the economy ofthe cost for glycogen
synthesis. This mechanism may partially explain the reduced
thermic effect of glucose observed in obese individuals with in-
sulin resistance when glucose is administered either parenterally
(14) or orally (4, 5). Even though the present study clarifies the

mechanism ofthe decreased thermic effect ofglucose in obesity,
it does not provide insight into the pathogenesis ofobesity itself;
this question warrants further investigation.

The results of the present study suggest that the defect in the
thermic effect of glucose observed in obese subjects, as conven-
tionally measured, is due to the greater insulin resistance, lower
glucose uptake, and decreased rate of glucose storage in these
subjects.
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