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Abstract—Rats were maintained on a corn oil diet and treated with D-fenfluramine at doses of 2.5 mg/
kg twice a day for 11 days or with 10 mg or 25 mg/kg once a day for 12 days. The lower dose of D-
fenfluramine produced no marked changes in body weight and after 11 days of treatment the weights
of the rats on average were only 2% lower than the controls. The food intake of these rats was only
decreased on the first day. The two higher doses of D-fenfluramine decreased the food consumption for
about 3 days but thereafter it was similar to that of the control rats. The body weight of these rats fell
on the first day, but after about four days the gain in body weight paralleled rather than approached
that of the control rats. Increasing the dose of D-fenfluramine progressively decreased the relative size
of the epididymal fat pad. At the end of the treatment period the rats were fed acutely with fructose
to increase the circulating concentrations of corticosterone and to stimulate triacylglycerol synthesis.
All three doses of D-fenfluramine decreased the concentration of circulating triacylglycerol after fructose
feeding. The 10 mg/kg dose also decreased the basal concentration of triacylglycerol. The two higher
doses of fenfluramine decreased the rises in the circulating concentrations of corticosterone, glycerol
and fatty acids that are produced by fructose feeding. The basal concentrations of these compounds in
the absence of fructose feeding were not significantly affected by the 10 mg/kg dose of D-fenfluramine.
The possible relationship between the effect of chronic treatment with p-fenfluramine in decreasing a
metabolic stress response and lipolysis is discussed relative to its hypotriglyceridaemic action and its

effect on body weight-set point. The results demonstrate that D-fenfluramine produced persistent changes
in metabolism at a time when the treated rats were growing at the same rate as the control rats and
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when they were eating similar quantities of food.

Fenfluramine was originally introduced as an ano-
rectic agent, and it has been widely used to treat
obesity. However, it has become evident that this
and related drugs have important metabolic effects
which may be independent of an action in decreasing
food intake. These include hypoglycaemic {1] and
hypolipidaemic effects [2] and an ability to improve
insulin sensitivity [2].

It has been proposed that these actions might be
brought about by a decrease in the release or action
of “stress” hormones, particularly glucocorticoids
[2]. These latter hormones antagonize the effects of
insulin on glycolysis, protein synthesis and the uptake
of glucose by some tissues. They promote the break-
down of protein, and amino acids and they stimulate
gluconeogenesis. However, in terms of energy depo-
sition they facilitate the action of insulin in stimu-
lating the synthesis of glycogen and fatty acids [3] in
the liver, and the activity of lipoprotein lipase in
adipose tissue [4]. Glucocorticoids also stimulate the
synthesis of triacylglycerols in the liver and their
secretion in very low density lipoproteins [for
reviews, see 5, 6]. This effect is thought to be facili-
tated by the action of glucocorticoids together with

cyclic AMP in increasing the rate of synthesis of
phosphatidate phosphohydrolase [6, 7]. This enzyme
is then activated and translocated to the membranes
on which triacylglycerol is synthesized in response to
an increased fatty acid availability which would arise
from lipolysis in adipose tissue in a stress condition
[8-10]. This mobilization of fatty acid and the
increase in the phosphohydrolase activity would be
prevented by a decrease in the release of stress
hormones and an increase in the availability and
effectiveness of insulin {6, 7].

There is some circumstantial evidence that fen-
fluramine may modify stress metabolism when
administered chronically and that this could con-
tribute to the antiobesity effect:

(a) Glucocorticoid-induced obesity in man is effec-
tively treated by fenfluramine [11, 12];

(b) Fenfluramine-like drugs may be more effective
in treating obesity in cases of overeating in which
stress or emotional factors play a major role {13].
This latter work involved the use of tail-pinch to
stimulate overeating in rats. Muscimol-induced
hyperphagia, which shows some analogies to the tail
pinch model is also inhibited by D-fenfluramine [14].
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(c) Feeding guinea pigs with ascorbate does not
affect the anorectic action of fenfluramine, but it
does decrease its hypolipidaemic action [15, 16].
Ascorbate accumulates in the adrenal gland [17, 18]
and it decreases the rate of steroid hormone synthesis
[19]. High concentrations of glucocorticoids are
found in the blood of scorbutic animals [17, 18] and
this could contribute to the hypertriglyceridaemia
and hypercholesterolaemia which also occurs [20];

(d) Drugs related to fenfluramine decrease the
ethanol-induced increase in circulating corti-
costerone in rats when it is administered chronically
[21,22]. This treatment also partially prevents the
effects of ethanol in increasing the activity of phos-
phatidate phosphohydrolase in the liver [21,23],
and in stimulating the synthesis and accumulation of
hepatic triacylglycerols [21, 24];

(e) Although human obesity is not normally associ-
ated with hypercortisolism, it has been shown that
post-obese women have an exaggerated cortisol out-
put and an impaired release of growth hormone
and prolactin during insulin-induced hypoglycaemia.
This suggests an altered hypothalamic control [25].
It may also be significant that D-fenfluramine antag-
onized the hyperphagic responses in rats after admin-
istering insulin and 2-deoxy-D-glucose [26]; '

(f) Many of the obese animal models exhibit high
concentrations of glucocorticoids and the obesity can
often be partly reversed by adrenalectomy [27, 28].

The present experiments were therefore designed
to investigate whether chronic administration of fen-
fluramine could decrease a metabolic stress response.
The D-isomer of fenfluramine was selected for this
work since it appears to be the more active compound
in the racemate [29, 30]. It was important that the
treatment with D-fenfluramine should be chronic
since in the short-term fenfluramine causes the
release of corticosterone in rats [31, 32] and it stimu-
lates lipolysis in adipose tissue [1, 2]. Furthermore,
it was necessary to dissociate the acute anorectic
effects of the drug from the long-term effects on
metabolism.

The experimental model chosen for this work was
the rat fed on a high fat diet. This exaggerates stress
responses compared to rats on high carbohydrate
diets and often produces insulin-insensitivity [see ref.
33]. The metabolic stress was induced by feeding an
acute load of fructose by stomach tube. This leads
to a rapid increase in circulating corticosterone, glu-
cose, glycerol and triacylglycerol without changing
insulin concentrations [33, 34] and it is particularly
pronounced when the rats are maintained on a diet
rich in corn oil [33]. It has been proposed that an
exaggerated corticosterone response could explain
why high fat diets enhance the effects of fructose
and ethanol in stimulating the secretion of very low
density lipoproteins or producing a fatty liver [33].
Fructose will also provide carbon atoms for the syn-
thesis of glucose as well as triacylglycerols.

MATERIALS AND METHODS

The sources of materials, animals and the pelleted
corn oil diet have been described previously [35].
This diet provided 48% of its energy from fat, 19%
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from protein and 33% from carbohydrate. Its effects
on the growth rates of rats, body composition, the
concentrations of some metabolites in blood and
brain, and the activities of some enzymes in liver,
heart and adipose tissue have already been described
[33, 35-37]. The methods of measurement were as
described in this previous work [35] except that tri-
acylglycerol was measured using a Triglyceride
GPO-PAP Test Combination Kit as supplied by
Boehringer Mannheim. The values for total glycerol
were then corrected by subtracting the free glycerol
as described previously [35]. D-Fenfluramine hydro-
chloride was supplied by Les Laboratoires Servier,
22 rue Garnier, 92200 Neuilly-sur-Seine, France.
Treatment of rats. Rats weighing 150-170 g were
placed in grid-bottomed cages (four rats per cage)
in a room that was maintained at about 22° and which
was lit from 0800 to 2000 hr. The rats were fed on a
41B diet {35] for 7 days. The food was then changed
to the pelieted corn oil diet [35]. After a further 7
days the rats were then injected intraperitoneally
with the appropriate concentration of D-fenfluramine
dissolved in 0.16 M sterile NaCl by using 2.5 ml of
this per kg of body wt. Control rats were injected
with the equivalent volume of sterile saline. The
injections were performed from 0800 to 1000 hr and
they were repeated each day. In the case of the rats
treated with 2.5 mg of D-fenfluramine per kg, the
injection was also repeated between 1600 and
1700 hr. On the morning of the final day of treatment
the rats were fed by stomach tube with 1.68 M fruc-
tose at a dose of 9.5g of fructose per kg [33, 34].
This was performed 2 hr after the last injection of D-
fenfluramine. The rats were then killed at the times
indicated and the blood was collected [33].

RESULTS

Effects of D-fenfluramine on weight gain and food
intake. The initial part of the work was to establish
appropriate doses of D-fenfluramine for the meta-
bolic studies and to treat the rats for long enough so
that food intake and body weight gain were restored.
The dose of 2.5 mg of D-fenfluramine per kg twice a
day produced no marked changes in body weight
gain and after 11 days of treatment the weights of
the treated rats were only 2% lower than the controls
i.e. 5g for a 250 g rat (Fig. 1a). This dose of D-
fenfluramine only depressed food intake slightly on
the first day.

A dose of 10mg of D-fenfluramine per kg did
produce a decrease in body weight that persisted
for 4 days (Fig. 1a). Thereafter, body weight gain
paralleled that of the control rats and it remained on
average about 6% lower than the controls. Food
intake was depressed for 2 days and after that it
approached that for the control rats so that the
intakes were not significantly different (Fig. 1b). The
highest dose of D-fenfluramine (25 mg/kg) produced
more dramatic changes in growth pattern and food
intake compared to the 10 mg/kg dose (Fig. 1).

Effect of D-fenfluramine on the epididymal fat pad
weights. The weights of the epididymal fat pads were
measured when the rats were killed. These are
expressed relative to the body weights of the rats
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Fig. 1. Effects of D-fenfluramine on the growth rates and the food intake of rats. Rats were injected
intraperitoneally with 2.5 mg/kg of D-fenfluramine twice a day (O; 12 rats), or once a day with 10 mg/
kg (A; 24 rats), or 25 mg/kg (A; 12 rats). Forty-eight control rats (@) were injected with the equivalent
volume of 0.16 M NaCl (see Materials and Methods section). The average growth rates (a) were
calculated relative to the weight of each rat which was taken immediately before the first injection. The
rats were housed four to a cage. The food intakes (b) are the averages for the cages for each group and
they are expressed relative to the weight of the rats in each cage. The corn oil diet had an estimated
metabolizable energy content of 17.1 MJ/kg [35]. Error bars have been omitted for the sake of simplicity.

(Table 1) to gain an impression of whether the treat-

ment with D-fenfluramine had altered the fat content
of the body. Increasing the dose of D-fenfluramine
progressively decreased the relative weight of the fat
pads.

Effects of D-fenfluramine on the concentrations of
circulating corticosterone, fatty acid, glucose, tri-
acylglycerol and glycerol in response to a fructose
load. The chronic treatment of rats with 10 mg of b-
fenfluramine per kg did not significantly modify the
initial increase in corticosterone concentrations, but
it did decrease the duration of the response (Fig.
2a). This effect was also seen at the 25 mg/kg dose
but not at the dose of 2.5 mg of D-fenfluramine per
kg twice a day (Table 2).

Table 1. Effect of various doses of D-fenfluramine on the
weights of epididymal fat pads in rats

Fat pad wt
Body wt
Treatment X 100
Control 1.21 +£0.19 (47)
2.5 mg of fenfluramine twice a day 1.13+£0.10 (11)
10 mg of fenfluramine once a day 1.00 £ 0.16 (24)*
25 mg of fenfluramine once a day 0.88 +0.17 (12)*

Rats were treated with D-fenfluramine for the time indi-
cated in Fig. 1 and the weight of the fat pads was determined
at the time when they were killed. Results are means +
S.D. (N).

* Indicates a significant difference from the control of
P < 0.001.

The two higher doses of D-fenfluramine also
decrease the rise in circulating fatty acids (Fig. 2b,
Table 2), but there were no significant differences
for the lowest dose of the drug (Table 2). Evidence
was also provided that all three doses of D-fen-
fluramine decreased the concentration of circulating
glycerol (Fig. 2, Table 2).

Treatment of the rats with D-fenfluramine did not
appear to alter the concentration of serum glucose
relative to that of the control rats at any of the doses
that were employed (Fig. 2, Table 2).

There was, however, an effect on the con-
centrations of circulating triacylglycerols. The initial
concentration of circulating triacylglycerol before
the fructose load was significantly lower in the rats
treated with 10 mg of fenfluramine per kg (Fig. 2d).
Similar hypotriglyceridaemic effects of fenfluramine
have been reported previously. They appear to result
from an inhibition of hepatic triacylglycerol synthesis
and VLDL secretion [see ref. 2 for details]. The
fructose load initially decreased the triacylgiycerol
concentration and then increased it (Fig. 2d) as
reported previously [33]. The subsequent increase in
the concentration of triacylglycerol was less than for
the controls for all of the groups of rats that were
treated with D-fenfluramine (Fig. 2d, Table 2).

DISCUSSION

Treatment of the rats with 10 or 25mg of D-
fenfluramine per kg produced a loss of body weight
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Fig. 2. Effect of p-fenfluramine on the serum concentrations of (a) corticosterone, (b) fatty acid, (c)
glucose, (d) triacylglycerols and (e) glycerol. Rats were injected once a day for 12 consecutive days with
10 mg of D-fenfluramine/kg (A) or with 0.16 M NaCl (@). Two hours after the last injection they were
fed by stomach tube with 9.5 g of fructose/kg and they were killed at the times indicated. Results are
expressed as means * S.D. for four rats per group, except for the control rats at 90 min where these
were results from three rats. The significance of the difference between the control and fenfluramine
groups which were treated within 8 min of each other were calculated by using an unpaired t test and
they are indicated as follows: A, P <0.05; B, P <0.02; C, P<0.01; and D, P < 0.005.

and an anorectic effect during the first day of treat-
ment. Food intake then approached that of the con-
trol rats and after about 4 days of daily treatment
the weight gains of the rats treated with 10 mg of D-
fenfluramine/kg paralleled that of the controls (Fig.
1). Similar effects have been observed by other inves-
tigators using longer treatment periods and a dose
of 20 mg of fenfluramine/kg [38]. The rats treated
with the higher dose of 25 mg of D-fenfluramine/
kg gained weight from days 2 to 12 of treatment.
However, the weight gain over this limited period
appeared to be slightly less than for the control rats
(Fig. 1a).

It has been suggested that the animals become
rapidly tolerant to fenfluramine since food intake
and weight gain is rapidly restored. However, if D-
fenfluramine were simply acting by decreasing food
intake then the rats should have regained their loss of
weight and the growth curves should have converged
with that of the control rats. This is in fact seen when
the fenfluramine treatment is stopped [38, 39]. It has
been proposed that fenfluramine persistently lowers
the body weight set-point, and that anorexia is secon-
dary to the weight suppressing effect [38-40]. The
return to normal appetite as expressed in absolute

terms [38], or relative to body weight (Fig. 1b) after
repeated dosing with fenfluramine, was not caused by
pharmacological tolerance. It presumably resulted
from a physiological and behavioural adaptation to
a lowered body weight [38,39]. The lower body
weight in the present animals was also accompanied
by a decrease in the relative weight of the epididymal
fat pad (Table 1).

The effects of D-fenfluramine and its metabolite
D-norfenfluramine on feeding behaviour are thought
to be mediated through their effects on 5-hydroxy-
tryptamine (5-HT) metabolism [41,42]. D-Fen-
fluramine probably acts by releasing 5-HT from
nerve endings, whereas D-norfenfluramine may have
a direct action on postsynaptic serotonin receptors.
Both of these effects acutely depress food intake
[41]. In the present experiments D-fenfluramine was
injected at the beginning of the light period.
Although D-fenfluramine has a #, of about 2.6 hr in
the rat, it is converted to D-norfenfluramine which
has a #, of approx. 12.5 hr [43]. This means that the
latter compound would still have been available at
the beginning of the dark period to modify feeding
behaviour when most of the food is normally con-
sumed by rats.
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Table 2. Effect of chronic administration of high and low doses of p-fenfluramine on the concentrations of circulating
corticosterone, fatty acids, glucose, triacylglycerols and glycerol in rats

Time after
Concentration fructose Fenfluramine
Treatment in serum feeding (min) Control treated Significance
(A) 25 mg of fenfluramine/  Corticosterone 90 1110 + 147 (4) 64571 (4) P <0.005
kg once a day for (nM) 120 1082 + 253 (4) 380 =263 (4) P <0.05
12 days 160 996 + 167 (3) 530 £ 183 (4) P <0.025
Fatty acids 90 821 +243(4) 57897 (4) n.s.
(uM) 120 851+ 146 (4) 730 = 110 (4) n.s.
160 786 = 120 (4) 604 =70 (4) P <0.05
Triacylglycerols 90 177046 (4) 090x0.10(4) P <0.02
(mM) 120 1.36+022(4) 0.81+022(4) P <0.02
160 1312017 (3) 0.78+029(4) P <0.05
Glycerol 90 212£27 (4) 172+73 (4) n.s.
(uM) 120 23+62 (4) 10927 (4 P <0.02
160 16622 (3) 142x22 (4) n.s.
(B) 2.5 mg of fenfluramine/  Triacylglycerol 50 0.80 £ 0.08 (4) 0.53 =0.08 (4) P <0.005
kg twice a day for (mM) 90 1.96 =0.48 (4) 1.18x0.32 (4) P <0.05
11 days 120 1.55+042(4) 098=x033(3) n.s.
Glycerol 50 164 £ 21 (4) 148 +22 (4) n.s.
(uM) 90 1684 (4) 133x27 (4) P <0.05
120 171 18 (4) 176 =27 (3) n.s.

Results are expressed as means = S.D. (N) and the significance of the difference between control and treated rats is

calculated as described in Fig. 2. n.s. = not significant. There were no significant differences from the controls for the
concentrations of glucose for the rats treated with 25 mg/kg of D-denfluramine, or for corticosterone, fatty acids and

glucose at the 2.5 mg/kg dose.

The other experiments that are reported in this
paper were performed to determine whether long-
term treatment with D-fenfluramine would produce
persistent changes in metabolism at a time when the
food intakes and the rates of weight gain of the rats
were similar to the controls. This was particularly
important since it was necessary to dissociate these
metabolic changes from the immediate effects of
food deprivation which in itself will modify the
metabolism of corticosterone, glucose and triacyl-
glycerol. Furthermore, the metabolic measurements
were made after feeding a standard meal of fructose
to all groups of rats.

In response to this metabolic load the control rats
exhibited a stress response as shown by the prolonged
release of corticosterone and the increase in cir-
culating concentrations of glycerol and fatty acids
(Fig. 2). This stress response was deliberately exag-
gerated by maintaining the rats on a diet rich in corn
oil [33]. The duration of this corticosterone response
was decreased in those rats that were treated with
the 10 and 25 mg/kg doses of D-fenfluramine (Fig. 2,
Table 2) which also significantly decreased body
weight (Fig. 1) and the relative weight of the epi-
didymal fat pad (Table 1). The corticosterone
response in these animals more closely resembles that
expected from rats fed on a high carbohydrate diet
[33]. The higher doses of D-fenfluramine also
decreased the rise in circulating fatty acid and glyc-
erol (Fig. 2, Table 2). The lowest dose of D-fen-
fluramine that had little effect on initial food intake
and the weight gain of the rats (Fig. 1) had no
significant effect on the duration of the cor-
ticosterone response after feeding fructose (Table
2). There was also no significant decrease in the
serum fatty acid concentrations, but there was an
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indication of a significant decrease in circulating
glycerol.

It is therefore difficult to be certain whether there
is always a direct relation between the action of
fenfluramine in decreasing a stress response and
lipolysis, and therefore preventing the increased
recirculation of fatty acids from the liver as tri-
acylglycerols. The concentrations of fatty acids and
glycerol in the blood are only indirect measurements
of lipolysis since they indicate the balance between
release into the blood and uptake by other tissues.
Corticosterone was used as a hormonal indicator of
stress rather than the catecholamines which change
very rapidly in concentration even when handling
the rats. It is not suggested that the direct effects of
corticosterone in stimulating the synthesis of hepatic
triacylglycerols would have been observed in the
present experiments. For instance, the glucocor-
ticoid-induced increase in phosphatidate phospo-
hydrolase activity takes about 4 hr before it becomes
evident [44]. The long-term effect of a fenfluramine-
like drug in partially preventing the corticosterone-
induced increase in the phoshohydrolase activity has
already been reported [21, 23]. Fenfluramine can,
however, inhibit triacylglycerol synthesis directly by
inhibiting the phosphohydrolase activity [see ref. 2
for details] and this could provide a further expla-
nation for the observed lowering of circulating tri-
acylglycerols in the present experiments. It should
be noted that these measurements were performed
between 120 and 420 min after the injection of D-
fenfluramine when significant concentrations of the
drug and its metabolites should have been present
in the blood [30, 43].

By contrast to the effect on the concentration
of circulating triacylglycerols fenfluramine did not
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significantly alter the concentration of glucose in the
blood after the fructose load test (Fig. 2, Table 2).
However, a related drug, benfluorex, did have this
effect (D. N. Brindley, unpublished work).

The chronic effect of D-fenfluramine in decreasing
the concentrations of corticosterone after the fruc-
tose test contrasts with its actions when administered
acutely. In the latter case fenfluramine [31, 32] rap-
idly increases the concentration of circulating cor-
ticosterone and produces a stress response [1,2].
This occurs when there is a marked anorectic effect
and weight loss (Fig. 1). The corticosterone release
is thought to be initiated by the release of 5-HT from
the hypothalamus [31, 32] which in turn causes the
production of corticoliberin and thereafter cortico-
tropin. After chronic administration D-fenfluramine
does not significantly increase the concentration of
circulating corticosterone and there is no evidence
for an increase in lipolysis (Fig. 2). Thus, with acute
and chronic fenfluramine-treatment there seems to
be an inverse relation between food intake and
weight gain, and the release of corticosterone in
response to a stress stimulus. This link may be pro-
vided by changes in 5-HT metabolism [2]. Alter-
natively, the altered body weight and fat content
(Fig. 1, Table 1), and presumably the change in body
weight set-point that is caused by D-fenfluramine
[38-40] could be associated with a decrease in stress
response. There was in fact a significant correlation
of P < 0.05 between the relative weights of the fat
pads and the corticosterone concentrations for all of
the rats that were killed 90 min after feeding with
fructose. This value was obtained from a Spearman
Rank Correlation analysis using a two-tailed test.
The equivalent level of significance for the rats killed
120 min after fructose feeding was P < 0.02.

The present work provides further evidence that
animals do not become tolerant to anorectic drugs
as has often been supposed. In particular, treating
rats chronically with D-fenfluramine produces a per-
sistent hypotriglyceridaemic effect (Fig. 2). The
higher doses of D-fenfluramine decreased body and
epidiymal fat pad weights and also lowered the stress
and lipolytic responses after a fructose load test. In
terms of relating these results to the treatment of
obesity, it must be emphasised that the present work
was performed with young rats that were growing
rapidly and which were not obese. However, if simi-
lar persistent changes in metabolism occur in adult
human beings then this could further justify the long-
term use of D-fenfluramine in treating obesity.
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