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Summary — The intake of nutrients is known to increase energy expenditure. Measured thermic
effects of nutrient are 0-3% for fat, 5-10% for carbohydrates and 20-30% for proteins. Stimulation of
adenosine triphosphate (ATP) hydrolysis during intestinal absorption, initial metabolic steps and nutri-
ent storage are responsible for this food thermic effect. The autonomic nervous system modulates
the thermic effect of nutrients. Parasympathetic muscarinic antagonists reduce the thermic effect of orally
administered nutrients, most likely by delaying gastric emptying and decreasing the amount of nutrient
storage. Antagonists of the beta-adrenoreceptors decrease the thermic effect of glucose. The part of
glucose induced thermogenesis which is eliminated by beta-adrenergic antagonists has been called ‘fac-
ultative thermogenesis’ and takes place, at least in part, in skeletal muscle. Insulin-induced stimulation
of muscle sympathetic nerve activity may be invoived in this facultative thermogenesis. The thermic effect
of food is reduced in obese, insulin-resistant patients. The effect of thermogenesis represents about
50-150 kcal/day in such patients, and can explain only a minor part of their excess body weight.
Defective thermogenesis may, however, contribute to weight gain, or impair weight loss in such
patients.

energy expenditure / sympathetic nervous system / parasympathetic nervous system / obesity

Résumé — Effet thermique des aliments et activité nerveuse sympathique chez I'homme.
L’administration de nutriments augmente les dépenses énergétiques de l'individu. L’effet thermique des
graisses est de 0-3 %, celui des hydrates de carbone de 5-10 % et celui des protéines de 20-30 %.
Cet effet thermique des aliments dépend principalement de I'hydrolyse d’ATP lors de leur absorption
intestinale, de leur métabolisme ou de leur stockage. Le systeme nerveux autonome module l'effet ther-
mique des aliments. Les antagonistes du systéme nerveux parasympathique (muscarinique) dimi-
nuent l'effet thermique des aliments en retardant la vidange gastrique et réduisant la quantité d'aliments
stockée dans l'organisme. Les antagonistes -adrénergiques diminuent I'effet thermique du glucose
en abolissant la thermogenése dite facultative. La stimulation par l'insuline de l'activité nerveuse sym-
pathique musculaire pourrait jouer un réle dans cette thermogenése facultative. L’effet thermique des
aliments est diminué chez les patients obéses résistant a l'insuline. Cette diminution ne peut a elle seule
expliquer la prise pondérale, mais peut contribuer a la difficulté qu'ont certains patients a perdre du poids.

dépense énergétique / systéme nerveux sympathique / systéme nerveux parasympathique /
obésité
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THERMIC EFFECT OF FOOD

It has long been recognized that oral or par-
enteral administration of nutrients in healthy
individuals is associated with a stimulation of
energy expenditure. This increase over
baseline of energy expenditure associated
with feeding is referred to as the thermic
effect of food (TEF). In humans, the mea-
surement of energy expenditure is most fre-
quently performed using indirect calorimetry
(Jéquier and Felber, 1987). With this tech-
nique, the thermic effect of a nutrient or of a
mixture of nutrients can be calculated in two
different ways: either a bolus of the nutri-
ent is administered orally or intravenously,
and the energy expenditure is monitored
until the nutrient has been absorbed and
disposed of completely and energy expen-
diture has returned to baseline values. In
these conditions, the thermic effect of the
nutrient (expressed as a percentage of its
energy content) can be expressed as the
incremental area above baseline of energy
expenditure divided by the energy content of
the nutrient administered; or the nutrient
can be administered continuously (either
parenterally or enterally) until steady states
in both energy expenditure and the plasma
concentrations of the nutrient administered
and of its metabolites are aftained. In these
conditions, the thermic effect of the nutrient
can be expressed as the difference between
energy expenditure observed after its admin-
istration and basal energy expenditure,
divided by the rate of nutrient energy admin-
istered (Acheson, 1993).

Measured TEF are 5 to 10% of the
caloric content of carbohydrates adminis-
tered, 0 to 3% of that of lipids and 20 to 30%
of that of proteins or amino acids (Flatt,
1978; Ravussin et al, 1983; Thiébaud et al,
1983a,b; Tappy and Jéquier, 1993). In
healthy subjects over a 24 h period, TEF
represents about 10% of the total amount
of energy expended (Ravussin et al, 1986).

MECHANISMS RESPONSIBLE FOR
THE THERMIC EFFECT OF FOOD

In rodents, energy expenditure can be dra-
matically increased by exposure to cold or
carbohydrate overfeeding. In these condi-
tions, the animals oxidize large amounts of
fat and glucose in brown adipose cells
(Himms-Hagen, 1995). These cells form a
specialized thermoregulatory organ, in which
oxidative phosphorylation can be uncou-
pled and nutrients oxidized to release heat
without synthesis of adenosine triphosphate
(ATP). This uncoupling of oxidative phos-
phorylation in brown adipose tissue of
rodents can be triggered by the activation
of the sympathetic nervous system.
Although brown adipose tissue is present
in normal newborn humans and in human
adults under special circumstances (such
as pheochromocytoma), there is no con-
clusive evidence that the brown adipose tis-
sue plays an important role in the control of
TEF in normal human adults (Astrup, 1986;
Brundin and Wahren, 1991). Rather, it
appears that TEF in adult humans is related
to the stimulation of energy-requiring pro-
cesses during the postprandial period. The
intestinal absorption of nutrients, the initial
steps of their metabolism and the storage
of the absorbed, but not immediately oxi-
dized nutrients, all require ATP hydrolysis,
and therefore consume a certain amount of
energy. As illustrated in figure 1, the net
amount of energy provided by a nutrient
which can be used by the organism to pro-
duce mechanical or chemical work is there-
fore equal to the total amount of ATP
molecules synthesized upon oxidation of
the nutrient minus the amount of ATP which
has been hydrolyzed in the initial steps of
the metabolism of the nutrient. Conse-
quently, the ratio of ATP used in initial
metabolic steps to ATP made upon com-
plete oxidation of the rutrient can provide
an index of the thermic effect of the nutri-
ent. Furthermore, the amount of ATP
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Fig 1. The thermic effect of a nutrient is related to the number of adenosine triphosphate (ATP)
used in the initial steps of its metabolism. ADP: adenosine diphosphate. b: Total ATP synthesis =
total energy expenditure; a: ATP used for activation or storage of A to A*; b—a: net ATP available
for energy-requiring processes; thermic effect of A is proportional to a/b.

hydrolyzed when a given nutrient is metab-
olized varies according to the metabolic
pathway used by the nutrient. Figure 2 illus-
trates the differences in initial ATP hydroly-
sis and the thermic effect of carbohydrate
according to the metabolic pathway fol-
lowed. After oral feeding, glucose is
absorbed together with sodium in the duo-
denum using an energy-requiring transporter
protein (SGLT1). One mol of ATP is
hydrolyzed during absorption of 3 mol of
glucose. To account for the energy cost of
intestinal enzyme synthesis and gut motility,
it is usually considered that 0.5 mol ATP
are used for absorption of 1 mol glucose
(Flatt, 1978). In this process, 0.5 mol
ATP/mol glucose is hydrolyzed. Subse-
quently, glucose oxidation and glycogen
deposition will be the major fates of
absorbed glucose. A third pathway of glu-
cose disposal is de novo lipogenesis. This
latter process is of little importance quanti-

tatively in humans unless there is marked
carbohydrate overfeeding (Hellerstein et al,
1991; Schwarz et al, 1995). In the initial
steps of glucose oxidation, 2 mol ATP are
hydrolyzed per mol glucose, one for the
phosphorylation to glucose-6 phosphate and
the other for phosphorylation of fructose-6
phosphate to fructose-1,6 diphosphate. On
the other side of the balance, complete oxi-
dation of fructose-1,6-diphosphate yields 38
mol of ATP synthesized from adenosine
diphosphate (ADP). Therefore, the thermic
effect of the directly oxidized glucose can
be calculated as (2.5 mol ATP used)/(38
mol ATP gained) = 6.6% (fig 2). The
expected increase in energy expenditure
associated with direct glucose oxidation,
however, is considerably less than this value
because oxidation of exogenous glucose
replaces oxidation of endogenous glucose
issued from hepatic glycogen hydrolysis,
which also requires hydrolysis of ATP for its

ATP used in the initial steps

Fig 2. Both glucose and
fructose yield 38 adeno-
sine triphosphate (ATP)
synthesized from 38
adenosine diphosphate
(ADP) upon complete
oxidation. The number of
ATP used prior to oxida-
tion varies, however,
according to the sugar
considered and to the
metabolic pathway fol-
lowed prior to its oxida-
tion, resulting in variable
thermic effects.

exogenous glucose

exogenous fructose

exogenous glucose

exogenous glucose —— glycogen —» triose-P

of carbohydrate metabolisimn

_— triose-P -2ATP (iv)
-2.5 ATP (oral)

E— triose-P -3ATP (iv)
-3.5 ATP (oral)

—— glycogen -2ATP (iv)
-2.5 ATP (oral)

-3.5ATP (muscle)
-4.5 ATP (liver)
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metabolism. Compared to the thermic effect
of 75 g oral glucose (6.5%), the thermic
effect of fructose is substantially higher
(10.2%) (Tappy et al, 1986). This is
explained by the fact that fructose
metabolism requires the hydrolysis of one
additional ATP for the phosphorylation of
glyceraldehyde, which accounts for the
increased thermic effect of this sugar (Tappy
and Jéquier, 1993) (fig 2).

When glucose is converted into glyco-
gen, 2.5 mol ATP are also consumed,
0.5 mol for glucose absorption, 1 mol for
glucose-6 phosphate synthesis and 1 mol
for regeneration of uridine diphosphate
(UDP) to uridine triphosphate (UTP) after
uridyl diphospho-glucose synthesis. The
thermic effect of glycogen synthesis from
exogenous glucose is therefore about 2.5/38
= 6.6%. If glucose is released thereafter
from muscle glycogen to be oxidized within
the muscle, another mole of ATP will be
required for the synthesis of fructose-1,6
diphosphate and the overall thermic effect
will be 3.5/38 = 9.2%. If glycogenolysis
occurs in the liver and glucose is released
into the systemic circulation, 2 additional
moles of glucose will be hydrolyzed for the
synthesis of fructose-1,6 diphosphate, bring-
ing the thermic effect to about 11%.

It can be seen then, that the amount of
ATP used in metabolism can vary dramati-
cally according to the metabolic pathway
used. Changes in the rate of utilization of
the endogenous substrate and the activa-
tion of energy requiring processes, such as
glycogen synthesis, are believed to be
responsible for the TEF.

ROLE OF THE AUTONOMIC NERVOUS
SYSTEM IN TEF

A large number of studies have demon-
strated that TEF can be modulated by phar-
macological agents acting on the autonomic
nervous system. Inhibition of the parasym-

pathetic muscarinic receptors decreases
the thermic effect of oral (Nacht et al, 1987),
but not intravenous (Deriaz et al, 1989), glu-
cose. This effect has been ascribed to a
decreased glycogen synthesis due to a
delay in gastric emptying and slower car-
bohydrate absorption (Schneeberger et al,
1991).

The beta-adrenergic receptors blockade
decreases the thermic effect induced by
infusions of glucose + insulin (Acheson et al,
1983). This part of the TEF of intravenous
glucose which can be suppressed by beta-
adrenergic antagonists has been called “fac-
ultative thermogenesis’ (Acheson et al,
1984). Activation by the sympathetic ner-
vous system of energy-requiring processes,
such as the Cori cycle (Kusaka and Ui,
1977) and the lipolysis-reesterification of
free fatty acids (Wolfe et al, 1987; Breiten-
stein et al, 1990), is likely to be involved in
this facultative portion of TEF. However, it
was shown that a 2 week treatment with
beta-adrenergic antogonists did not alter
the overall energy expenditure of healthy
humans (Acheson et al, 1988). This sug-
gested that the facultative thermogenesis
of intravenous glucose may be related to
sustained increases in plasma insulin con-
centrations.

The role of insulin per se in glucose-
induced thermogenesis has been investi-
gated in several studies. Interestingly, insulin
infusion has been reported to stimulate the
sympathetic nervous system as demon-
strated by an increase in plasma cate-
cholamine concentrations (Rowe et al,
1981). More recently, it has been observed
in healthy humans through in vivo microneu-
rography of the lateral peroneal nerve that
insulin specifically stimulates the sympa-
thetic nerve fibers targeted to skeletal mus-
cle (Anderson et al, 1991). This stimulation
of muscle sympathetic nerve activity by
insulin may be responsible for part of the
facultative TEF, which has been suggested
to take part predominantly in muscle (Astrup
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et al, 1985). The relationship between the
insulin-induced activation of the sympathetic
nervous system in skeletal muscle and fac-
ultative thermogenesis remains far from
being clearly demonstrated. Fructose admin-
istered either orally (Tappy et al, 1986) or
intravenously (Schwarz et al, 1992)
markedly stimulates energy expenditure.
Moreover, a substantial portion of this fruc-
tose thermic effect can be inhibited by beta-
adrenergic antagonists (Tappy et al, 1986;
Schwarz et al, 1992). Fructose administered
intravenously, however, does not elicit an
increase in sympathetic muscle activity (Vol-
lenweider et al, 1993}, suggesting that other
mechanisms are involved in the facultative
thermogenesis of this sugar. In addition, the
activation of muscle sympathetic activity by
a lower body negative pressure (Brown et al,
1966; Scherrer et al, 1988) fails to stimu-
late basal energy expenditure (Tappy et al,
1995). This suggests that sympathetic mus-
cle activity per se is not thermogenic. inter-
actions between actions of insulin and the
sympathetic nervous system in muscle may
be postulated to modify facultative, glucose-
induced thermogenesis.

TEF IN OBESITY

TEF has been extensively studied in the
context of the pathogenesis of obesity. Sev-
eral studies initially reported that the ther-
mic effect of glucose is decreased in obese
patients (reviewed in Tappy et al, 1991).
Furthermore, it was observed that glucose-
induced thermogenesis is further depressed
is post-obese patients (Schutz et al, 1984b).
These results suggest that a defect in TEF
may contribute to a positive energy balance
and weight gain in pre-obese individuals.
Other studies, however, markedly moder-
ated these early conclusions. First, it was
observed that a decreased TEF was not
present in every obese patient. In fact, the

studies that reported a normal TEF in obese
patients are almost as common as those in
which a decreased TEF was observed
(D’Alessio et al, 1988). Second, it was noted
that the decreased TEF of obese patients
was observed after glucose feeding but not
after fructose (Simonson et al, 1988) or
amino acid administration (Tappy et al,
1993). Furthermore, the decrease in glu-
cose-induced thermogenesis, when present
in obese patients, was related to insulin
resistance. During euglycemic, hyperinsu-
linemic clamps, overinfusion of insulin in
obese subjects resulted in an overall glu-
cose disposal similar to that observed in
lean subjects and normalized glucose-
induced thermogenesis (Ravussin et al,
1985). Third, it was realized that the
decreased TEF in obese patients repre-
sented only about 50-150 kcal/day (Schutz
et al, 1984a). Individuals who gain weight
increase bhoth their fat mass and lean body
mass. As a consequence of this increased
body mass and fat-free mass, it can be esti-
mated that 24 h energy expenditure
increases by 20-25 kcal for each kg body
weight gained due to an increase in both
basal energy expenditure and the energy
expended in physical activity (Ravussin et al,
1986; Owen, 1988). As a consequence, the
decreased TEF of obese patients can
account for a gain of 2—8 kg, which is far
less than the excess body weight of many
obese individuals. This suggests that a
defective TEF cannot be held as the major
cause of weight gain in obese patients. It
may nevertheless contribute to weight gain
or the relapse of obesity after weight loss
in some obese subjects.
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