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Serotonergic neuronal networks are important for food intake and body weight regulation. Dexfenfluramine (dF), a serotonin
releaser and reuptake inhibitor, was used to investigate changes in food intake, body weight development, energy expenditure,
respiratory quotient, and substrate oxidation rates for 12 days. Rats, which had been made obese by early postnatal overfeed-
ing, received an energy-controlled mash diet and water ad lib and were intraperitoneally injected daily with either saline, 5 or
10 mg dF/kg. Compared to controls, food intake, body weight development, and energy expenditure were decreased in a
dose-dependent manner, especially during the first 6 days. Lipid oxidation was increased while oxidation of carbohydrates
was decreased. Pair-feeding experiments over 2 days revealed that this was not solely a result of diminished food intake but
also an additional metabolic effect of dF, different from its anorectic effect. At the end of these experiments, plasma glucose
and liver glycogen were unchanged after dF, but plasma free fatty acids were significantly decreased. Insulin-sensitivity was
probably improved, indicated by decreased insulin levels and increases in muscle glycogen contents and activities of muscle
pyruvate kinase. Liver-glutaminé and contents of valine, leucine, and isoleucine in the muscle were significantly decreased after
dF-treatment, the latter indicating a diminished proteolysis. The plasma tryptophan/large neutral amino acids ratio of the dF-rats
was unchanged but that of the paired-fed rats was changed, despite similar changes in food intake. It is concluded that both
increased oxidation of endogenous fat and reduced food intake could mediate the body weight reducing effect of dF.
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A MULTITUDE of different and integrated mechanisms exist of this drug produced no significant side effects, it was intro-
for the regulation of food intake and energy metabolism. duced in clinical treatment of obesity (10).

These consist of central and peripheral neuronal networks as Various animal models have been developed to study cen-
well as hormonal and metabolic signals derived from various tral or peripheral processes leading to hunger or satiety (for
organs (1-4). Recently, our knowledge has been increased an overview see Refs, 11 and 12). However, the metabolic
about some central neuronal processes, especially those lo- processes leading to body weight reduction after dF treatment
cated within the hypothalamus for the regulation of eating are rather unclear. Levitsky et al. (13) reported an enhanced
behavior (5). Above all, there is increasing interest in hypo- thermic effect of feeding after dF-treatment. Lupien et al. (14)
thalamic neurones with serotonergic (5-HT) transmission. and Rothwell and LeFeuvre (15) found a significant increase
These neurons can be stimulated effectively by dexfenflura- in the thermogenic activity of brown adipose tissue indicated
mine (dF), a 5-HT releaser and reuptake inhibitor (6). Appli- by an increased GDP-binding to mitochondria from this tissue
cation of this drug has been shown to reduce food intake, to after acute dF treatment, while McCormack et al. (16) have
diminish craving for carbohydrate- or fat-enriched meals, and demonstrated that dF maintained the thermogenic activity of
to spare protein consumption (7-9). Because the application brown adipose tissue that was decreased in their pair-fed ani-
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mals. With regard to substrate utilization, Geelen (17) re-
ported an insulin-like effect of dF on isolated hepatocytes,
consisting of an activation of glycogenesis and inhibition of
gluconeogenesis and fatty acid oxidation. In isolated muscle
cells, an insulin-permissive effect was found (18). Even et al.
(19, 20) found an enhanced release and utilization of free
fatty acids and/or an enhancement of metabolic rate during
spontaneous locomotor activity after application of dF to nor-
mal rats, and postulated the so-called “lipostatic, ischymetric
mechanism” for body weight reduction.

The aim of this study was to assess metabolic processes and
metabolite patterns that may be changed under dF treatment
and to clarify whether these changes are simply a consequence
of reduced food intake after dF application or whether they
are primary metabolic effects of dF-initiating satiety. For this
purpose, we used male rats that had been made obese by
postnatal overnutrition (PNO-rat) after reduction of nest size.
According to Widdowson (21) the reduced nest size induces
overnutrition in the preweaning period and leads to long-
lasting obesity. The metabolic processes studied were the oxi-
dation rates of carbohydrate, fat, and protein measured by
indirect calorimetry. The metabolites included liver and mus-
cle glycogen as well as plasma glucose and free fatty acids.
Because amino acid profiles are a good indicator of metabolic
changes (22-24) and are important neurotransmitter precur-
sors, their concentrations in plasma, liver, and muscle were
also investigated.

In addition, food intake, body weight development, and
energy expenditure of obese rats receiving an energy-con-
trolled mash diet and water ad lib were investigated. These
experiments were compared with pair-feeding studies to assess
the differences, if any, between the pharmacological effects of
dF and the consequences of reduced food intake only.

MATERIALS AND METHODS
Animals

For all experiments male, obese Wistar rats (250 g) were
used. Rats had been made obese by postnatal overfeeding
(PNO). To this end, litters of 8~12 pups were used only. On
the day of delivery the pups were randomly distributed in such
a way that one group of mother animals got 12, and the other
group only 2 male pups per nest (large and small sizes). After
weaning at 28 days, the young animals from the large and
small nests were maintained singly in cages. Then they had
free access to food and water. Whereas usually our normal
rats achieved the desired body weight of about 250 g during
the 10th week after delivery, our PNO-rats had already
achieved this during their 7th week after delivery. Beginning
with our experiments, the animals were housed in single cages
at 25°C on a 12 h light/dark cycle beginning with the light
phase at 6.00 a.m. The rats obtained an energy-controlled (800
kJ/kg®”/d) mash diet (Altromin, Lage/Westf., Germany),
which was equivalent to 1.2 times their maintenance energy
requirement (composition of the commercial diet (weight%):
carbohydrate 50.5, fat 4.0, protein 19.0, fiber 6.0, ash 7.0,
and water 13.5; brutto energy: 21.75 kJ/g; metabolizable en-
ergy: 12.3 kJ/g). This allowed growth but prevented great
differences in body weight development. The corresponding
food amount was presented to each rat after these had been
injected with either saline or dexfenfluramine. The rats had
free access to drinking water.

Dexfenfluramine Treatment

Twelve animals were divided into three groups, each with
four rats, and received IP injections of either 5, 10 mg dF/kg/d
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or saline for 12 days, 2 h before the dark phase began. dF was
kindly donated by Servier (Courbevoie, France). At the end of
the 12 experimental periods, after caloric studies had been
finished, rats were killed by decapitation after they had been
anesthesized with hexobarbital (dissolved in saline). There
were no visible signs of postinjection excitement. Blood was
collected and liver and thigh muscle were removed. Before
removing the liver any remaining blood was washed out via
the vena cava with 10 ml saline.

Assays

Plasma-glucose, liver and muscle glycogen, and activities
of liver and muscle pyruvate kinase (at 37°C) were measured
by standard procedures (25). Free amino acids were deter-
mined by RP-HPLC (chromatography system by Waters
Chromatography, Div. of Millipore, Milford, MA) using pre-
column derivatization with o-phthalaldehyde and fluorescence
detection as described by Algermissen et al. (26). The “Max-
ima 820” software (Waters Chromatography, Div. of Milli-
pore, Milford, MA) was used for the estimation of amino acid
concentrations. Insulin concentration was determined using
an radioimmunoassay (Diagnostic Product Corp., Los Angeles,
CA, USA).

Indirect Calorimetry

Apparatus. To estimate the respiratory quotient (RQ) and
energy expenditure (EE), four rats from each group were
placed in an open circuit calorimeter for 23 h at Experimental
Days 1, 2, 5, 6, 11, and 12. Within the calorimeter rats had
access to food and water. The oxygen concentration in the
outflowing air was measured paramagnetically with a “Permo-
lyt 2” analyser and the CO, concentration by infrared absorp-
tion with an “Infralyt 4” analyser (both analysers from Junka-
lor, Dessau, Germany). Air and catalytically burned alcohol
were used for calibration purposes. All electrical signals from
the six different channels (four for animals, two for calibra-
tion) were monitored and received by a “unit 575/AMM 2”
(Keithley Instruments GmbH, Miinchen, Germany) and a
computer (IBM.PC-AT 386 SX). To calculate RQ, EE, resting
metabolic rate (RMR), and locomotor activity (LA), the
spreadsheet program “Quattro Pro 4.0” (Borland Inc., Langen,
Germany) was used.

Calculation of LA. Assuming that the animals rest at least
once every 2 h and that such a rest is long enough to be
recorded in the EE values, a value of locomotor activity (LA)
can be calculated by defining a curve between the EE minima
in periods of 2 h. The difference between the EE curve and the
minimum curve is taken as the LA (for detailed information
cf. Ref. 27).

Statistics. For each animal EE, LA, and oxidation rates of
fat, carbohydrate, and protein were summarized over 24 h and
only the means and standard deviations of these values of each
experimental group are presented in the figures and result
tables. In contrast to that, all data points of the RQ values
obtained for one animal over 24 h were averaged and only the
means of the various animals of one group, including standard
deviations, are expressed in the figures and result tables. Gen-
erally, statistical analyses of all data (including data of the
assays) were carried out using the U-test (Mann-Whitney-
Wilcoxon) or (if indicated) Wilcoxon’s matched-pairs signed
rank tests.

RESULTS

Controlled Feeding

Food intake and body weight development. 1t is generally
accepted that dF exerts its effect on body weight mainly



CHANGES IN ENERGY METABOLISM

through the reduction of food intake and by changing food
preferences (12). We used food intake and body weight devel-
opment to control the effectiveness of dF in relation to the
doses applied.

After injection of dF on the first day (Fig. 1, upper panel)
the treated rats reduced their food intake dose-dependently
from 795 + 3 kJ/kg"™ (saline-injected controls) to 435 +
191 kJ/kg®” (p < 0.005) and 329 + 101 kI/kg®™ (p <
0.005) for 5 and 10 mg dF/kg, respectively. Even after 2 days,
both dF-treated groups showed an increase in their food in-
take reaching nearly control values on the fourth day. But,
compared to control animals, rats treated with 10 mg dF/kg
showed a significantly lower food intake after a 12 day treat-
ment. dF-Treatment led also to a body weight reduction (— 10
g) during the first 3 days for both dF doses used. Then there
was an increase in body weight with the same rate for both
dF-treated groups. After 7 days this process seemed to be
faster for rats treated with 10 mg/kg®” compared to rats in-
jected with the lower dose, but the difference was not statisti-
cally significant. Nevertheless, body weights of dF-treated rats
were always lower compared to control animals.

Energy metabolism. Changes in food intake and body
weight development should be accompanied by changes in
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FIG. 1. Effect of dexfenfluramine on food intake and body weight
development of male PNO-rats. Animals received an energy-
controlled mash diet and were injected with either various doses of
dexfenfluramine or saline (control) for 12 days as described in the
methods section. Data are expressed as mean values of six animals.
Values of the dF-treated rats indicated by a letter are significantly
different compared to control values. All data within the shaded areas
have the same significance value.
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energy expenditure and nutrient oxidation rates. We hoped to
elucidate whether or not dF initially effected nutrient oxida-
tion rates that could in turn lead to the above-mentioned
changes in food preferences. To study this, calorimetric esti-
mation was carried out.

As can be seen in Table 1, all dF-rats showed decreased
energy expenditure (EE). This effect was marked for both
dF-treated groups and was clearly dose-dependent during the
first few days. At the end of the experiment the differences
between the doses used became smaller, but EE-values of rats
treated with 10 mg dF/kg remained significantly lower than
controls.

In addition, all dF-rats showed a marked reduction of their
RQ-values in a dose-dependent manner during the first two
days of treatment (Table 1), with the greatest reduction being
displayed by the highest dF-concentration (from about 0.92
for controls to 0.78 for 10 mg dF/kg, p < 0.001). Derived
from these data an increase of fatty acid oxidation rates from
3.92 to about 12.95 g/kg"™/d (p < 0.001) was found corre-
sponding to a decrease of carbohydrate oxidation from about
34.00 to 8.60 g/kg"™/d (p < 0.001). This effect became
smaller in the following days, but was detectable even after 12
days. The protein oxidation in all groups, estimated by the
measurement of N-excretion in the urine during 24 h, was
significantly reduced during the first 2 days (from about
4.8 g/kg"”/d for controls to about 2.8 g/kg""/d for 10 mg
dF/kg, p < 0.001), but was practically unchanged from the
5th day on.

Finally, it should be mentioned that during the experimen-
tal time saline-injected control rats showed a decrease of both
energy expenditure and fat oxidation rate and for this trend
degrees of determination of 68.9% and 69.0% were found for
EE and fat oxidation rate, respectively.

Pair-Feeding Experiments

The changes in EE, RQ, and substrate oxidation after ap-
plication of dexfenfluramine could be interpreted in different
ways: they could be simply the consequence of the reduced
food intake of the animals due to the satieting properties of
dF, or they could be the expression of metabolic effects of dF
per se, in addition to, or combined with the anorectic effect of
the drug.

To evaluate these alternatives, in a second study, pair-
feeding experiments combined with indirect calorimetric mea-
surements were performed. To this end, PNO-rats (245 + 5 g)
were again housed singly in metabolic cages and were treated
as outlined in Table 2.

Energy metabolism. Table 3 summarizes the daily changes
of the measured variables during the pair-feeding experiment.
The dF-treatment reduced the energy intake by about 45%
compared to the day preceeding the experimental period. This
reduction in food intake was therefore in the same range as
that which was achieved in the aforementioned 12 day study.
There was also a reduction in energy expenditure but these
changes didn’t reach any value of significance.

Within the P-dF group a notable reduction in 24 h RQ and
daily carbohydrate oxidation, and an increase in fat oxidation
were found, especially on the first experimental day. Within
the P-P group a similar trend was observed. Contrary to the
P-dF group the reduction in the oxidation of amino acids
reached statistical significance in the P-P group, possibly due
to the significantly higher amino acid oxidation rate of this
group on the day preceeding the experimental period com-
pared to that of the P-dF group on the same day.

Between both groups it is evident that on the first experi-
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TABLE 1

ENERGY EXPENDITURE, RQ AND NUTRIENT OXIDATION LEVELS OVER 24 H OF OBESE RATS TREATED WITH
VARYING DOSES OF DEXFENFLURAMINE OR SALINE OVER 12 DAYS

dF-Treatment Group [mg/kg] Day i Day 2 Day § Day 6 Day 11 Day 12
Energy expenditure [kJ/kg"”]

Saline 849.2 + 3.11 857.6 + 28.4 8348 + 464 867.2 + 13.0 766.6 + 16.2 7929 + 2.5

5 754.1 + 58.3* 730.8 + 63.9° 789.5 + 28.6 823.3 + 482 769.7 + 1.2 782.7 = 18.1

10 723.8 + 35.2° 697.8 £ 35.1° 754.4 + 10.3* 757.8 + 33.9* 702.7 + 19.7° 704.8 + 16.0°
RQ-values

Saline 0.923 + 0.001 0.934 + 0.009 0.92 =+ 0.007 0.936 + 0.016 0.934 + 0.028 0.958 + 0.006

5 0.798 + 0.046* 0.811 + 0.061* 0.902 + 0.007* 0.923 + 0.013 0.922 + 0.018 0.933 + 0.017*

10 0.775 + 0.028* 0.792 + 0.016* 0.886 + 0.008" 0.895 + 0.018* 0.898 + 0.019 0.905 + 0.023*
Protein oxidation [g/kg*"’}

Saline 4.76 + 0.22 5.26 + 1.03 5.25 + 0.35 4.74 + 0.31 5.99 + 0.64 6.56 + 0.45

5 2.82 + 0.65% 3.69 + 1.59 4.42 + 0.26° 5.37 + 0.95 6.01 + 0.70 6.26 + 0.93

10 2.75 + 0.08° 3.55 + 0.42° 4.57 £ 0.51 5.35 + 0.88 5.06 + 1.01 5.48 + 1.18
Fat oxidation [g/kg®"]

Saline 3.92 + 0.01 2.97 + 0.48 3.85 £ 0.88 3.10 + 1.36 2.27 + 2.04 0.67 £ 0.53

5 11.91 + 2.14* 10.30 + 3.27% 5.00 + 0.48° 3.49 + 0.80 3.08 + 1.41 2.32 + 1.30

10 1295 + 1.37* 11.18 + 0.78° 5.70 + 0.63° 4.83 + 1.14° 434 + 1.18° 3.78 + 1.62°
CHO oxidation [g/kg"”]

Saline 34.0 + 0.1 36.0 + 0.6 328 £ 1.0 36.9 + 2.0 31.7 £ 3.0 36.2 + 0.9

5 12.6 + 7.8° 14.0 = 9.5° 28.5 + 1.4° 32.8 + 3.7 30.0 + 2.5 322 £ 3.0

10 8.6 + 4.6" 10.3 + 2.6° 24.8 + 0.9° 26.1 + 3.5° 24.4 + 3.1° 25.3 + 3.3*

All data given as means + SD, n = 4. °p < 0.05 (relative to control values of the same day).

mental day the RQ and the carbohydrate oxidation were much
more reduced and the fat oxidation was much more increased
in the P-dF group than in the P-P group. Compared to the
P-P group, the oxidation of amino acids was also lower in the

TABLE 2
DESIGN OF THE PAIR-FEEDING EXPERIMENTS

Day P-C P-dF P-P

0 calorimetry calorimetry calorimetry
(saline-injected) (saline-injected) (saline-injected)

1 calorimetry calorimetry calorimetry
(saline-injected) (dF-injected) (saline-injected)

2 sacrificed calorimetry calorimetry
(dF-injected) {(saline-injected)

3 sacrificed sacrificed

P-C: saline-injected control rats, not pair-fed; P-dF: dF-treated
rats, 10 mg dF/kg; P-P: pair-fed parallels to P-dF rats, saline in-
jected. For each group, n = 4.

Rats of all groups were acclimatized to experimental conditions
by being placed in the calorimeter 24 h before starting the experi-
ment (Day 0) and receiving an energy controlled mash diet (800
kJ/kg"™) and injections of saline. The same amount of energy was
given to P-C and P-dF rats on the experimental days. P-P rats were
only fed the amount of food consumed by P-dF rats (54 and 59% of
the amount presented to P-dF rats on Days 1 and 2, respectively).
Experiments (P-C, P-dF, and P-P) were performed in consecutive
experimental periods. Food presentation, injections, and sampling
of organs after the rats had been decapitated were performed as
described in the method section.

P-dF group but this difference didn’t reach any significance.
It was obvious that these changes in energy metabolism were
not only a consequence of the central anorectic effect of dF
but also an additional metabolic effect of dF.

All the calorimetric data mentioned above are mean daily
figures. Taking into consideration that food intake, RQ-
values, and energy expenditure are dependent on circadian
rhythm as well as the halflife of dF, Fig. 2 displays the time-
dependence of energy expenditure, EE (upper panel), and RQ
(lower panel) with 10 mg dF/kg during this pair-feeding exper-
iment on the first experimental day.

The P-dF group showed a prompt decrease in EE immedi-
ately after injection of dF and rats nearly remained at this
lower value until the end of this experimental day. This effect
was accompanied by a decreased locomotor activity, possibly
due to the reduced food intake.

A contrary picture was obtained with the P-P group (Fig.
2). During the early night time, these rats showed the same
increasing values of EE and locomotor activity compared to
those of the P-C animals, but after they had eaten the re-
stricted diet these animals reduced their EE and locomotor
activity to values lower than that of P-C rats and, especially,
that of P-dF animals.

Looking at the RQ-values, injection of 10 mg dF/kg led to
a prompt decrease of RQ-values of the P-dF group from about
0.95 to 0.75, and remained at this level for nearly 12 h. In
the morning an increase of RQ-values to control-levels was
observed. P-P animals showed contrary results: as long as the
restricted energy supply was available the RQ-values were the
same as for controls but, after the restricted diet had been
eaten the RQ-values decreased to 0.75 indicating the beginning
of a fasting period and enhanced fatty acid oxidation. These
daily and dF-induced changes have to be taken into account
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TABLE 3

ENERGY INTAKE (EI), ENERGY EXPENDITURE (EE), EE FOR LOCOMOTION (LA), RQ AND SUBSTRATE
OXIDATION OF dF-INJECTED RATS (P-dF) AND THEIR SALINE INJECTED PAIR-FED PARALLELS (P-P)

Wilcoxon-test:
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Untreated Day Preceeding Treated 1st
P-dF, 10 mg dF/kg Exp. Period (0) Exp. Day (1) 2ndExp.Day (2 p(O)/(1)  pOV/(Q)
El kJ/kg®™ x d) 763 + 27 428 + 115 473 + 94 < 0.05 < 0.05
EE kI/kg"™ x d) 834 + 43 798 + 56 792 + 68 NS NS
LA (kI/kg™™ x d) 129 + 22 97 + 15 133 + 16 <0.05 NS
RQ 0.889 + 0.034 0.807 + 0.006°> 0.838 + 0.030 <0.05 <0.05
CHO-Oxid. (@/kg®” x d) 28.48 + 4.69 14.15 & 1.53  19.12 + 5.23 <0.05 <0.05
Fat-Oxid. 2/kg®” x d) 5.89 + 2.75 11.36 + 0.52¢ 9.26 + 2.01 <0.05 <0.05
AA-Oxid. (8/kg"™ x d) 4.90 + 0.81° 3.83 + 0.37 4.08 + 0.52 NS NS
Day Preceeding
P-P, saline Exp. Period (0) 1st Exp. Day (1) 2nd Exp. Day (2) p©0)/(1) p0)/(2)
EI (kI/kg®™ x d) 738 + 38 424 + 113 473 + 94 <0.05 <0.05
EE kI/kg®™ x d) 848 + 34 779 + 26 759 + 33 <0.05 <0.05
LA kI/kg®™ x d) 126 + 13 113 + 13 115 + 13 NS NS
RQ 0.907 + 0.063 0.854 + 0.024° 0.832 + 0.021 <0.05 <0.05
CHO-Oxid. (g/kg"” x d) 31.45 + 1.20 22.55 + 3.99°  18.62 + 4.23 <0.05 <0.05
Fat-Oxid. @/kg®" x d) 4.43 1 0.58 7.42 + 1.76° 8.47 + 1.15 <0.05 <0.05
AA-Oxid. ®/ke™™ x d) 5.90 + 0.37° 4.32 + 1.08 472 £ 0.72 <0.05 <0.05

All data are given as mean + SD, n = 4.

Within each column, values with same superscripts differ significantly at p < 0.05 level (U-test).

when states of metabolism and metabolites are studied at de-
fined time points.

Plasma glucose and free fatty acids, and glycogen contents
of liver and muscle. The changes in nutrient oxidation rates
derived from the calorimetric data should also be followed by
changes in some metabolite patterns. To do this, rats of all
groups (P-C, P-dF and P-P) were killed immediately after
calorimetric estimation was completed (15:00) and blood and
livers were removed for metabolite analysis.

As shown in Table 4, the plasma glucose levels after a
2-day treatment with dF were not different from P-C rats. P-P
animals showed a decrease in their plasma glucose levels from
9.93 (P-C) to 9.05 mmol/1 (not significant), possibly in re-
sponse to their fasting situation. The changes in liver glycogen
contents were more pronounced. Whereas P-dF groups didn’t
show changes in their glycogen contents, P-P animals dis-
played drastically reduced liver glycogen (6.72 mg/g wet
weight for P-P and 38.67 mg/g wet weight for P-C). Muscle
glycogen contents were rather increased after dF-treatment,
whereas P-P animals didn’t show any changes. Plasma-free
fatty acids were significantly decreased after dF-treatment,
but were unchanged in the P-P group. Additionally, the insu-
lin levels were reduced in both P-dF and P-P groups. Whereas
the activity of pyruvate kinase (PK), a main glycolytic enzyme,
was significantly decreased in livers of these groups, PK-
activities in muscles were highly increased.

Free amino acids in plasma, liver, and muscle. The differ-
ent effects relating to carbohydrate and lipid metabolism dis-
played by our control- and paired-feeding experiments could
have some influences on protein turnover. A main link be-
tween carbohydrate and protein turnover is given by the free
amino acid pool in the various organs. On the other hand,
according to the concept of Fernstrdom and Wurtmann (26,
28), a carbohydrate-rich meal results in an insulin-stimulated

uptake of large neutral amino acids (LNAAs) into the muscle
leading to an increase of plasma TRP/LNAA-ratio. This is
discussed as a condition of enhanced TRP-uptake into the
brain and therefore activated 5-HT synthesis. At least this
increase in 5-HT concentration results in a reduction in food
intake and carbohydrate consumption. We analyzed the free
amino acid profile changes in plasma, liver, and muscle of the
same groups of animals as tested above.

Compared to the P-C animals, the P-dF rats didn’t show
any changes in plasma-free amino acids, and therefore the
TRP/LNAA ratio was also unchanged (Table 5). On the other
hand, all free amino acid concentrations were significantly
increased in the plasma of P-P rats, and this increase was most
considerable for the non-essential amino acids. Because the
increase in the concentrations of LNAA was greater than for
TRP, the TRP/LNAA-ratio showed a slight but not signifi-
cant decrease in P-P animals.

With regard to the changes of free amino acids in the liver
(Table 6) the picture was different and less drastic: compared
to P-C, both P-dF and P-P groups showed decreases of SER,
GLY, THR, VAL, PHE, ILE, and LYS. In addition, levels of
ALA and LEU were diminished for P-P rats. GLN-levels of
untreated PNO-rats (P-C rats) were higher compared with
levels found in normal, non-obese rats (data not shown), but
these higher levels were normalized after dF-treatment. In
contrast to that, there was a further, significant increase of
GLN-content in P-P rats compared to P-C animals.

In skeletal muscle (Table 7) ILE and LEU levels were de-
creased after dF-treatment (from 88 + 16 and 160 + 62
nmol/mg w.w. for P-Cratsto 59 + 12 and 105 + 14 nmol/mg
w.w. (p < 0.05) for P-dF rats). P-P rats didn’t show changes
of ILE (76 + 7 nmol/mg w.w.) but LEU (333 + 67 nmol/g
w.w.) was highly increased. All the other muscle free amino
acids levels were unchanged.



554

700

EE [kJ/kg*0,75/d]

~ darkphase

500 T T
16.00 18.00 20.00 22.00 00.00 02.00 04.00 08.00 03.00 10.00 12.00 14.00

1,00

0,96
0,90
D oes

0,76
S
0,70 T T s T T
16.00 18.00 20.00 22.00 00.00 02.00 04.00 06.00 08.00 10.00 12.00 14.00
time

PL —P-dF—P-P |

FIG. 2. Energy expenditure (EE) and respiratory quotient (RQ) of
male rats treated as outlined in Table 2. P-dF animals were injected
with 10 dF mg/kg. All animals were injected at 16.00. Data are ex-
pressed as mean values of four animals over a 24 h period on the first
day of treatment. Energy expenditure of the P-dF rats was signifi-
cantly different relative to P-P rats between 22.00 and 2.00 and be-
tween 12.00 and 14.00 (p < 0.05). The difference of RQ values be-
tween these two groups was significant between 20.00 and 5.00 and
between 12.00 and 14.00 (p < 0.05).

DISCUSSION

Based on these results the following conclusions have been
drawn: (a) dose-dependent reduction in food intake, body
weight, energy expenditure, and RQ occur; (b) dF-mediated
metabolic effects on nutrient oxidation rates are independent
of its anorectic effects; (c) the decline in energy expenditure
with increased fat oxidation rate could promote body weight
reduction; (d) insulin sensitivity remains improved, especially
in skeletal muscle; and (e) there is further evidence for the
protein-sparing effect of dF during body weight reduction,
because plasma, liver, and muscle amino acids were nearly
unchanged after dF-treatment.

The reduction in food intake after application of dF was
clearly dose dependent and biphasic with respect to the dura-
tion of dF-treatment. At both doses, 5 and 10 mg dF/kg, there
was a strong decrease in food intake during the first 2 days of
treatment. After 3 days the food intake of both dF-groups
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returned to higher values. Nevertheless, rats treated with 10
mg dF/kg displayed a significantly reduced food intake (about
~10%) after a 12-day treatment. The tolerance developed to
the anorectic effect of dF has been described by others (30-
34). 1t could be a consequence of either reduced central 5-HT
receptor numbers (6), reduced hypothalamic 5-HT release, es-
pecially during long-term treatment with high dF-doses (33),
or an induction of contraregulatory processes in different
brain areas (34). The reduced food intake led to a decrease in
body weight in both dF-groups. After 4 days this was followed
by a resumption of weight gain and this development seemed
to be faster for rats treated with 10 mg dF/kg, but the differ-
ence to the group treated with the lower dF-dose was not
statistically significant. Nevertheless, both groups reflected
lower body weight at the end compared to controls (e.g., — 20
and — 10 g for 5 and 10 mg dF/kg, respectively).

Our calorimetric data did not indicate any enhancement of
a thermogenic response after dF-treatment as reported by oth-
ers (13-16). On the contrary, and corresponding with our re-
sults after application of dF to normal, nonobese rats (35),
energy expenditure was almost consistently reduced for groups
treated with 5 or 10 mg dF/kg (Table 1). On the other hand
daily energy expenditure did not reflect the distinct initial re-
duction of energy intake of these rats, indicating that endoge-
nous reserves had to be used as fuel. This is confirmed by the
fat oxidations rates of the first two experimental days calcu-
lated from the RQ-values of the indirect calorimetric measure-
ments. At both doses used (5 and 10 mg dF/kg) fat oxidation
rates were significantly different from the saline-injected con-
trol group. As usual the increased fat oxidation was combined
with a reduced oxidation of carbohydrates. Protein oxidation
was significantly decreased during the first days. One explana-
tion for the reduced energy expenditure of dF-treated rats
could be the high rate of fatty acid oxidation induced by dF.
Increased intracellular levels of free fatty acids can lead to a
partial inactivation of the mitochondrial ATP/ADP translo-
case, especially in the liver (36,37). The following diminished
cytosolic ATP-supply could result in a lowered rate of some
synthetic processes, for example triglyceride synthesis (30).
The reduced energy expenditure could also be a consequence
of a slight sedative effect of dF (38). On the other hand, the
different development of feeding bevavior and metabolism
with increasing dF doses (the least food intake and body
weight with the lower dF dose but highest lipid oxidation rate
with the highest dose used) indicate that different 5-HT pools
(central and peripheral) could be affected by dF.

To prove whether such dF-induced effects were the conse-
quence of reduced food intake or were due to metabolic
changes, pair-feeding experiments were performed. These ex-
periments clearly demonstrated that under similar reduced
food-intake conditions additional metabolic effects of dF
could be measured (Table 3). When compared with the P-P
group the P-dF group revealed greater reductions in RQ and
in the rate of carbohydrate oxidation whereas fat oxidation
was more stimulated over 24 h. At the first pair-feeding day,
the differences in these values between both groups were al-
ways significant (p < 0.05). These findings are similar to
what was reported by Even et al. (19,20), thus clarifying that
the dF-induced effects on fat and carbohydrate oxidation are
not simply a consequence of the reduced food intake but are
additionally of metabolic origin.

Further analysis of the paired feeding data (Fig. 2) revealed
that P-dF and P-P rats displayed contrary courses of 24 h
energy expenditure and RQ.
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TABLE 4

PLASMA-GLUCOSE, LIVER AND MUSCLE GLYCOGEN, FREE
FATTY ACIDS, INSULIN AND ACTIVITIES OF LIVER AND
MUSCLE PYRUVATE KINASE OF PNO-RATS FED AN ENERGY
CONTROLLED DIET* AND RECEIVING INJECTIONS OF SALINE
(P-C) AND OF PAIR-FEDt RATS INJECTED WITH EITHER
10 mg dF/kg (P-dF) OR SALINE (P-P)

P-C P-dF P-P
Glucose 9.93 + 1.10 9.70 + 1.06 9.05 + 0.50
Glycogen-Liver 38.67 + 9.08 34.57 + 13.01 6.72 + 3.85°
Glycogen-Muscle 489 + 0381 582 + 0.75 4.46 £ 0.20
FFA 0.178 + 0.039 0.093 + 0.012° 0.182 =+ 0.036
Insulin 173.12 + 35.11 77.19 + 3.61° 80.15 + 8.87*
PK-Liver 11.56 + 0.86 7.60 + 0.80° 6.40 + 1.70°
PK-Muscle 74.60 + 10.54 112.50 + 21.80"° 147.20 + 32.40°

*controlled diet: 800 kJ/kg®"*/day.

**pair-fed: 430 kJ/kg""/day.

Glucose: plasma-glucose in mmol/l as x + SD, n = 4; glycogen: liver and
muscle glycogen in mg/g wet weight as x + SD, n = 4; FFA: free fatty acids in
mmol/]l as x £ SD, n = 4; insulin: plasma-insulin in mU/l as x + SD, n = 4;

PK: pyruvate kinase in U/gw.w.asx + SD, n = 4,

ip < 0.05 (relative to P-C).

Energy expenditure of the P-P rats was high during the
first 12 h and this was accompanied by high RQ-values, re-
flecting high carbohydrate oxidation and indicating that food
had been consumed. Having eaten their restricted diet, energy
expenditure and RQ declined, reflecting the beginning of a
fasting period. Fluctuations in energy expenditure were also
reduced — a sign of reduced locomotor activity.

P-dF rats displayed practically the opposite time course to
the P-P rats with the exception that energy expenditure at the
end of the experimental day did not reach control value, The

TABLE 5

PLASMA AMINO ACID VALUES AND TRP/LNAA-RATIO
OF RATS TREATED AS IN TABLE 4

AA P-C P-dF PP
GLU 107.7 + 15.8 1229 + 14.5 240.0 + 87.6°
SER 142.7 + 25.1 118.9 + 12.7 266.6 + 73.7°
GLN 505.2 + 47.9 565.7 + 161.3 1270.1 + 181.7°
HIS 330+ 6.1 46.0 £ 11.6 90.5 + 23.1°
THR 124.4 + 52.6 116.1 + 16.9 206.7 + 57.4°
ARG 119.3 + 42.1 144.6 + 149 229.6 + S8.1°
ALA 304.5 + 50.2 2922 + 71.2 533.8 + 129.0°
TYR 426 + 11.4 79.5 =+ 31.2 153.2 + 28.0°
TRP 60.7 + 13.3 69.9 + 10.1 83.3 + 21.4°
MET 30.3 + 4.7 37.8 + 49 54,1 £+ 9.2°
VAL 128.6 + 33.0 1404 + 222 190.7 £ 41.6*
PHE 353+ 7.5 369 + 6.2 62.6 + 13.8°
ILE 61.0 + 14.7 68.7 + 16.6 103.7 + 17.2°
LEU 97.6 £ 209 117.6 + 129 163.1 + 30.0°
ORN 377 £ 8.4 46.1 + 2.7 59.1 + 16.7°
LYS 273.4 = 73.8 228.3 + 61.5 3533 + 353.1°
TRP/LNAA 0.167 =+ 0.023 0.159 + 0.017 0.123 + 0.021

Concentrations are given in nmol/mlasx + SD, n = 4.
p < 0.05 (relative to P-C).

main contrast with the P-P rats is the prompt decrease of the
RQ values and practically no greater fluctuations in energy
expenditure after the application of dF. It seems that the acti-
vation of lipid oxidation is a pure effect of dF, mediated
through the activation of some sympathetic neurons (4). It
indicates an activation of short-term regulation processes and
it can be inferred that this prompt stimulation of lipid oxida-
tion may be itself responsible for, or at least contribute to, the
initiation of the reduction in food intake.

Some metabolite patterns were studied at the end of the
experiments in P-C, P-dF, and P-P rats. This allowed us to
compare rats after acute treatment with dF (P-dF) to rats that
were caloric restricted (P-P) or received an energy-controlled
diet (P-C).

TABLE 6

AMINO ACID PATTERNS OF LIVERS OF
RATS TREATED AS IN TABLE 4

AA P-C P-dF P-P

GLU 923+ 84 890 %251 935 99°
SER 235+ 66 171+ 24 129+ 32°
GLN 3340 + 259 2251 + 355° 4445 + 965°
GLY 1518 + 186 1231 + 177 1141  116°

THR 142 + 41 91 x+ 10° 87 + 18
ARG 1424 + 362 1039 + 204 1350 + 431
ALA 1927 + 185 1791 + 318 1228 + 261°
VAL 165 + 38 115 + 112 98 + 24°
PHE 52+ 14 4+ 7 30+ 6
ILE 92 + 22 M1+ 9 58 + 13*°
LEU 149 + 40 145 + 16 103 + 12°
LYS 331 + 40 167 + 47 149 + 30°

Concentrations are given in nmol/mg w.w. as
x + SD,n = 4.
ip < 0.05 (relative to P-C).
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TABLE 7

AMINO ACID PATTERNS OF MUSCLE OF
RATS TREATED AS IN TABLE 4

AA P-C P-dF P-P

ASP  132% 34 112+ 38 107+ 32
GLU 901 = 274 752+ 129 770 % 151
ASN 155+ 25 143 % 25 180 + 25
SER 354+ 69 381+ 45 482+ 77
GLN 2517 + 608 2644 + 166 3070 + 255
HIS 181+ 45 206+ 16 209+ 46
GLY 2407 + 1060 2853 + 761 2185 + 84
CIT 204+ 35 193+ 16 227 % 25
THR 331+ 120 356+ 67 339 % 59
ARG 192 43 217+ S50 205+ 35
ALA 1464 + 346 1147 + 195 1316 + 81
TYR 238+ 38 274+ 69 299 + 69
TRP Ur 4 27z | 235+ 3
MET 50+ 8 45+ 8 56+ 8
VAL 194+ 37 156+ 23 159 + §°
PHE 70+ 20 41+ 6 55+ I8
ILE 8+ 16 59+ 12 76+ 7
LEU 160+ 62 105+ 14 333 % 67°
LYS 322+ 136 346 + 105 298 + 69

Concentrations are given in nmol/g w.w.inx + SD,
n = 4.
*p < 0.05 (relative to P-C).

Generally all metabolite data from paired feeding experiments
with dF should be carefully considered because dF treatment
resulted in the animals changing their feeding pattern: P-dF
rats seemed to be in the middle of their feeding cycle when
sacrificed, in comparison to the P-P rats who were in a postab-
sorptive state. But, despite these considerations there are some
interesting differences in metabolite patterns between the P-dF
and P-P groups.

Metabolite data showed that the P-P group was nearly
depleted of liver glycogen, whereas, for the P-dF and P-C
groups, liver glycogen was in the normal range. In accordance
with this, P-P rats had the lowest blood glucose level of the
three groups. This could be expected because, about 14 h after
dF application, the energy expenditure and the RQ of the dF
rats began to increase, indicating locomotor activity and food
intake, whereas the P-P rats were inactive because food con-
sumption had already taken place (Fig. 2). But, it seems also
probable that the conservation of glycogen stores by dF treat-
ment could be another contributing factor. Additional experi-
ments in which rats had been treated in the same way (pair-
feeding experiment) but were killed in the early morning (6.00)
did not show any changes of liver glycogen of P-dF rats de-
spite strongly reduced values of RQ and food intake, but the
plasma free fatty acids were reduced to the same extent as has
been observed at the end of the pair-feeding experiment (liver
glycogen: P-C rats, 42.93 + 9.99 mg/g.w.w., P-dF rats 34.66
+ 13.60 mg/g.w.w., n.s.; free fatty acids: P-C rats, 0.194 +
0.05 mmol/l, P-dF rats 0.085 + 0.006 mmol/I, p < 0.05,
n = 4).

Surprisingly, insulin levels in both Groups P-dF and P-P
were decreased to nearly the same level after 2 days despite
the different nutritional state of the rats at the end of the
experiment. Therefore, this development could be rather a
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consequence of reduced overall food intake than of pharma-
cological origin. Additionally there should be an improvement
of insulin sensitivity in these rats indicated by decreased insu-
lin levels and increased muscle glycogen contents which has
been reported by others (30,39,40). The decreased PK-activity
in livers but increased activity of this important regulating
glycoltic enzyme in muscles of both P-dF and P-P rats reflects
a possible shift in glycolytic activity from liver to muscle. On
the other hand, this could also be a consequence of enhanced
insulin sensitivity (muscle) or activated lipid oxidation (liver).

In this connection it must be explicitly mentioned that any
influence of the hexobarbital anesthesia on metabolite concen-
trations (e.g., those of glucose and free fatty acids in plasma),
can be excluded, because hexobarbital-injected and unanesth-
esized control rats showed no differences for these parame-
ters.

During periods of spontaneous physical activity both P-P
and P-dF rats behaved similarly with respect to energy expen-
diture and glucose and fatty acid oxidation rates. Even et al.
(19,20) reported that dF increased the energy expenditure and
the rate of glucose oxidation during periods of enhanced loco-
motor activity compared to pair-fed rats. We cannot confirm
these findings. Probably, this contributed to the fact that dur-
ing our calorimetric estimation body weight of rats (250 g) and
room temperature (25°C) were different from that used by
Even et al. (19,20) with 350 g rats and 29°C, respectively.

It has been postulated that under appropriate experimental
conditions there is a moderate increase in protein intake with-
out activation of proteolysis after application of dF (the so-
called protein sparing effect, [41]). The altered free amino
acid patterns of plasma, liver, and muscle found in our experi-
ments could confirm this hypothesis to some extent. Whereas
plasma amino acids did not show any changes in the P-dF
group, all amino acids were highly increased in the P-P group,
indicating enhanced proteolysis (42). The TRP/LNAA ratio
was unchanged after dF-treatment and comparable to that of
untreated control rats (P-C group). In contrast, this ratio was
rather decreased in the P-P group, giving the possibility of
diminished TRP-uptake into the brain, and hence diminished
serotonin synthesis in some critical brain areas (ventromedial
hypothalamus) that could in turn lead to hunger signalling
(concept of Fernstrém and Wurtman [28,29]).

The situation in the liver is more complex. Interestingly,
untreated contro] rats (P-C) showed higher GLN levels than
normal, non-obese rats (35) but these levels were normalized
after dF, whereas these were further increased in the P-P
group. This could be an indication of a shift in ammonia
metabolism between urea synthesis or GLN production. On
the other hand, GLN has an anabolic effect within liver me-
tabolism (43), and therefore this effect could be diminished
after dF.

Finally, the sum of branched chain amino acids within the
muscle was significantly decreased after dF-treatment, a sign
of diminished proteolysis. This ties in well with the fact of
diminished N-excretion of dF-rats during our calorimetric ex-
periments. On the other hand, branched chain amino acids
were highly increased in the P-P group, especially for LEU,
indicating proteolysis, possibly due to the beginning hunger
situation. Again, measurements of free amino acids of plasma,
liver, and muscle of dF-treated rats in the early morning (6.00)
and therefore in a metabolic state comparable to P-P rats at
the end of experiment, also did not show any changes com-
pared to P-C rats (data not shown).

All these data indicate that the metabolic changes during
reduction of RQ and energy expenditure after dF treatment
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are somewhat different compared to metabolic changes ob-
served at rats during development of a hunger situation (P-P
rats). During the feeding of a carbohydrate-rich diet as in our
experiments, dF-treatment exerts not only a protein-sparing
but also a carbohydrate-sparing effect (reduction of both car-
bohydrate uptake and its oxidative metabolism).

In conclusion, the results of this study confirm that dF
(and hence serotonin) activates lipid oxidation in addition to
its anorectic effect. Serotonergic stimulation decreased carbo-
hydrate oxidation without effecting plasma glucose and liver
glycogen levels but there are some indications of improved
insulin-sensitivity in the muscle. Protein oxidation was dimin-
ished. The prompt increase in fat oxidation rates coupled with
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a decline in energy expenditure could mediate the body weight
reducing effect of dF. Due to enhanced lipid oxidation after
dF-treatment, an activation or modulation of some adrenergic
neurons, especially in liver and white adipose tissue, should be
included into the mechanism of dF-action.

ACKNOWLEDGEMENTS

The skillful technical assistance of Karin Schaller, Carola Plaue,
and Sylvia Schéffler is greatfully acknowledged. This work was sup-
ported by a grant from the Deutsche Forschungsgemeinschaft (No-
230/1-1) and by the Institut de Recherches Internationales SERVIER
(Courbevoie, France).

REFERENCES

1. Blundeli, J. Pharmacological approaches to appetite suppression.
Trends Pharmacol. Sci. 12:149-157; 1991.

2. Shimazu, T.; Ogasawara, S. Effects of hypothalamic stimulation
on gluconeogenesis and glycolysis in rat liver. Am. J. Physiol.
228:1787-1793; 1975.

3. Niijima, A. Neuronal mechanism in the control of blood glucose
concentration. J. Nutr. 119:833-840; 1989.

4. Scheurink, A. J. W_; Steffens, A. B. Central and peripheral con-
trol of sympathoadrenal activity and energy metabolism in rats.
Physiol. Behav. 48:909-920; 1990.

5. Bray, G. Nutrient balance: New insight into obesity. Int. J. Obes.
11(Suppl. 3):83-95; 1987.

6. Garattini, S.; Mennini, T.; Bendotti, C.; Invernizzi, R.; Samanin,
R. Neurochemical mechanism of action of drugs which modify
feeding via the serotoninergic system. Appetite 7(Suppl):15-38;
1986.

7. Wurtman, J.; Wurtman, R. Fenfluramin and fluoxetine spare
protein consumption while suppressing caloric intake by rats. Sci-
ence 198:178-180; 1977.

8. Wurtman, J.; Wurtman, R. Drugs that enhance central serotoner-
gic transmission diminish selective carbohyhydrate consumption
by rats. Life Sci. 24:823-826; 1980.

9. Shor-Posner, G.; Grinker, J. A.; Marinescu, C.; Brown, O.; Lei-
bowitz, S.F. Hypothalamic serotonin in the control of meal pat-
terns and macronutrient selection. Brain Res. Bull. 17:663-671;
1986.

10. Guy-Grand, B.; Apfelbaum, M.; Crepaldi, G.; Gries, A.; Le-
febvre, P. ; Turner, P. International trial of long-term dexfenflur-
amine in obesity. Lancet ii:1142-1145; 1989.

11. Garratini, S.; Bizzi, A.; Caccia, S.; Mennini, T. Progress report
on the anorectic effects of dexfenfluramine, fluoxetine and sertra-
line. Int. J. Obes. 16(Suppl. 3):S43-S50; 1992.

12. Rowland, N. E.; Carlton, J. Dexfenfluramine: Effects on food
intake in various animal models. Clin. Neuropharm. 11(Suppl.
1):33-50; 1988.

13. Levitsky, D. A.; Schuster, J. A.; Stallone, D. D.; Strupp, B. J.
Modulation of the thermic effect of food by fenfluramine. Int. J.
Obes. 10:169-173; 1986.

14. Lupien, J. R.; Tokunaga, K.; Kemnitz, J. W.; Groos, E.; Bray,
G. A. Lateral hypothalamic lesions and fenfluramine increase
thermogenesis in brown adipose tissue. Am. J. Physiol. 251:
R1221-R1227; 1986.

15. Rothwell, N. J.; LeFeuvre, R. A. Thermogenesis, brown adipose
tissue and dexfenfluramine inanimal studies. Int. J. Obes. 16(Suppl.
3):S67-S71; 1992,

16. McCormack, J. G.; Dean, H. G.; Jennings, G. J.; Blundell, J. E.
Effect of chronic low doses of d-fenfluramine on weight gain and
caloric intake, brown adipose tissue thermogenic parameters and
brain neurotransmitter content in rats fed chow or palatable diets.
Int. J. Obes. 13:625-633; 1989.

17. Geelen, M. J. H. Effects of fenfluramine on hepatic intermediary
metabolism. Biochem. Pharm. 32:3321-3324; 1983.

18. Sasson, S.; Kunievsky, B.; Nathan, C.; Cerasi, E. On the role of

S-hydroxytryptamine in the peripheral action of fenfluramine:
Studies with the isolated rat soleus muscle. Biochem. Pharm. 39:
965-968; 1990.

19. Even, P.; Nicolaidis, S. Metabolic mechanism of the anorectic
and leptogenic effects of the serotonin agonist fenfluramine. Ap-
petite 7(Suppl.):141-163; 1986.

20. Even, P.; Coulaud, H.; Nicolaidis, S. Lipostatic and ischymetric
mechanisms originate dexfenfluramine-induced anorexia. Phar-
macol. Biochem. Behav. 30:89-99; 1988.

21. Widdowson, E. M. Rearing rats in large and small groups. Proc.
Nutr. Soc. 39:302; 1980.

22. Felig, P. Amino acid metabolism in man. Ann. Rev. Biochem.
44:933-955; 1975.

23. Gianotti, M.; Roca, P.; Palou, A. The effects of cafeteria diet
induced obesity on rat blood amino acid compartmentation.
Arch. Int. Physiol. Biochem. 98:155-161; 1990.

24, Serra, F.; Johnston, J.; Carnie, J.; Palou, A. Altered blood
amino acid distribution in genetically obese mice. Biochim. Bio-
phys. Acta 1097:289-292; 1991.

25. Bergmeyer, H. U. Methods of enzymatic analysis. 3rd ed. Wein-
heim: Verlag Chemie; 1983.

26. Algermissen, B.; Niindel, M.; Riedel, E. Analytik von Amino-
sduren mit Fluoreszenz-HPL.C. GIT Fachzeitschrift fiir das La-
boratorium 33:783-790; 1989.

27. Frenz, U.; Aust, L; Noack, R. Calculating energy utilisation fac-
tors and locomotor activity from calorimetric measurements.
Thermochim. Acta 251:271-281; 1995.

28. Fernstrom, J. D.; Wurtman, R. J. Brain serotonin content: In-
crease following ingestion of carbohydrate diet. Science 174:
1023-1024; 1971.

29. Fernstrom, J. D.; Wurtman, R. J. Brain serotonin content: Phys-
iological regulation by plasmaneutral amino acids. Science 178:
414-416; 1972.

30. Brindley, D. N.; Saxton, J.; Shahidullah, H.; Armstrong, M.
Possible relationships between changes in body weight set-point
and stress metabolism after treating rats chronically with d-
fenfluramine. Biochem. Pharm, 34:1265-1271; 1985.

31. Rozen, R.; Fumeron, F.; Betoulle, D.; Baigts, F.; Mandenoff,
A.; Fricker, J.; Apfelbaum, M. Permanent administration of d-
fenfluramine in rats: paradoxical effects. Clin. Neuropharm.
11(Suppl. 1):105-112; 1988.

32. Levitsky, D. A.; Troiano, R. Metabolic consequences of fenflura-
mine for the control of body weight. Am. J. Clin. Nutr. 55(Suppl.
1):167S8-172S; 1992.

33. Schaechter, J. D.; Wurtman, R. J. Effect of chronic d-fenflura-
mine administration on rat hypothalamic serotonin levels and re-
lease. Life Sci. 44:265-271; 1989.

34. Rowland, N. E.; Carlton, J. Tolerance to fenfluramine anorexia:
Fact or fiction? Appetite 7(Suppl):71-83; 1986.

35. Boschmann, M.; Frenz, U.; Noack, R.; Aust, L.; Murphy, C.
Energy metabolism and metabolite patterns of rats after the appli-
cation of dexfenfluramine. Int. J. Obes. 18:235-242; 1994.

36. Schonfeld, P.; Schild, L.; Kunz, W. Long-chain fatty acids act as



558

37.

38.
39.

protonophoretic uncouplers of oxidative phosphorylation in rat
liver mitochondria. Biochim. Biophys. Acta 977:266-272; 1989.
Skulachev, V. Fatty acid circuit as a physiological mechanism of
uncoupling of oxidative phosphorylation. FEBS Lett. 294:158-
162; 1991.

Rowland, N. E.; Carlton, J. Neurobiology of an anorectic drug:
Fenfluramine. Prog. Neurobiol. 27:13-62; 1986.

Andersen, P. H.; Richelsen, B.; Bak, J.; Schmitz, O.; Sorensen,
N. S.; Lavielle, R.; Pedersen, O. Influence of short-term dexfen-
fluramine therapy on glucose and lipid metabolism in obese non-
diabetic patients. Acta Endocrinol. 128:251-258; 1993.

. Greco, A. V.; Mingrone, G.; Tataranni, P. A.; Raguso, C.; De-

41.

42.

43.

BOSCHMANN ET AL.

gaetano, A.; Tacchino, R. M.; Lavielle, R.; Ghirlanda, G. Turn-
over and oxidation rates of plasma free fatty acids in obese pa-
tients treated with dexfenfluramine. Ann. Nutr. Metab, 37:237-
244; 1993.

Leibowitz, S. F. The role of serotonin in eating disorders. Drugs
39:33-48; 1990.

Frexes-Steed, M.; Lacy, D. B.; Collins, J.; Abumrad, N. N. Role
of leucine and other amino acids in regulating protein metabolism
in vivo. Am. J. Physiol. 262:E925-E935; 1992.

Smith, R. J. Glutamine metabolism and its physiological impor-
tance. J. Parenter. Enter. Nutr. 14:540-S44; 1990.



