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INTRODUCTION

Overweight is a serious predisposing factor to ill-health and mortality, and fat
phobia exists due to the present dominance of the lean body image in the
richer part of the world. These two recognitions have considerably increased
interest in pharmacologic and other strategies for the treatment of obesity.
Despite all efforts, however, none of the numerous anorectics marketed
during the last two decades have lived up to expectations in 2-3-year follow-
up studies. There is still a desperate need to provide a solution to the problem
of obesity. It was unexpectedly observed that a number of endogenous
substances, mainly peptides, with a well-known physiological spectrum, like
glucagon, insulin, cholecystokinin, calcitonin, etc., also inhibit food intake,
and that the satietins, a hitherto unknown family of «a,;-glycoproteins in
human and mammalian sera have potent and selective anorectic activity.
These observations represent the most promising new line of research. This
line intends to understand better the control of food intake, to clarify the
etiology of feeding-related pathologies, and to elaborate a more efficient
therapy for obesity.

MONOAMINERGIC TRANSMITTER MECHANISMS AND
CURRENT PHARMACOTHERAPY FOR OBESiTY

The classical demonstration by Hetherington & Ranson in 1940 (1) that lesion
of the ventromedial hypothalamus (VMH) in rats leads to hyperphagia, and
the brilliant experiments of Anand & Brobeck in 1951 (2) proving that the
lesioning of the lateral hypothalamus (LH) in rats and cats results in hypopha-
gia, led to the promulgation of the theory that feeding is regulated by a
“feeding center” in the LH and a “satiety center” in the VMH (3).
Another influence on our present knowledge about the regulation of feeding
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was Nathanson’s 1937 observation (5) that the sympathomimetic drug, am-
phetamine, introduced as a central stimulant by Prinzmetal & Bloomberg in
1935 (4), reduces body weight in humans. Its anorectic effect was clearly
proved in clinical trials by Harris et al in 1947 (6) and by Williams et al in
1948 (7).

Further studies revealed that the a-adrenergic receptor mechanism plays a
role in the stimulation of natural hunger. Leibowitz proposed that the stimula-
tory mechanism is mediated by adrenergic pathways that originate in the
midbrain and ascend through the perivenwricular region of the diencephalon
(8).

On the other hand, catecholamines and amphetamine, injected into the
hypothalamus of hungry animals, were found to suppress feeding behavior in
animals (8, 9). Both a- and B-receptor stimulants, as well as dopamine,
proved to be effective. Catecholaminergic mechanisms located in the LH,
which inhibit food intake, help to explain the anorectic effect of the phenyl-
isopropylamine relatives, which act primarily as releasers of noradrenaline. It
now seems highly probable that ascending noradrenergic pathways that pass
through the hypothalamus serve a satiety function in the intact animal, as the
injection of 6-hydroxy-dopamine into the ventral noradrenergic bundle in the
midbrain was found to induce hyperphagia (10). Small doses of amphetamine
that release primarily noradrenaline strongly inhibit food intake. This speaks
in favor of the major role of noradrenaline in the anorectic effect of small and
medium doses of amphetamine, a view further supported by the fact that
pretreatment of the animals with a-methylparatyrosine, which blocks the
synthesis of noradrenaline, prevents the satiety effect of amphetamine (11).

Amphetamine differs only in one methyl group (attached to the a-carbon)
from B-phenylethylamine, an endogenous releaser of noradrenaline in the
brain. Noradrenaline was claimed to act as a physiological central nervous
stimulant (for reference, see 12) with a putative relation also to regulation of
feeding, as an inhibitor of food intake (13).

Whereas amphetamine and its many variants act as releasers of noradrena-
line, mazindol—an imidazol derivative and much weaker central nervous
stimulant than the amphetamines—exerts its anorectic effect by enhancing
mainly dopaminergic tone in the brain, inhibiting the reuptake of this amine.

There is, however, a second, serotonin-mediated satiety system in the
brain. This system is facilitated by those amphetamine derivatives halogen-
ated in the para- and/or meta-position; these are highly selective and potent
releasers of serotonin and inhibitors of the reuptake of this amine. Out of the
anorectics in medicinal practice, fenfluramine is the drug which typically acts
through this mechanism (14). The anorectic effect of fenfluramine remains
unchanged in animals pretreated with a-methylparatyrosine (11).

The role of monoaminergic mechanism in the control of feeding was
critically reviewed by Hoebel in 1977 (15) and by Leibowitz in 1980 (16).
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ANORECTIC EFFECT OF ENDOGENOUS PEPTIDES
AND THE HYPOTHESIS OF A SATIETY CASCADE

The restricted therapeutic value of the different types of anorectic drugs in
clinical practice focused the attention on the hitherto unexplored details of the
biogrammar of feeding. The recognition of the anorectic effect of known
endogenous substances and above all the discovery of hitherto unknown
endogenous anorectic compounds represent the most promising new strategy
to approach feeding-related pathologies.

This new line of research started with the paper by Gibbs, Young & Smith
(17) who reported that cholecystokinin (CCK) decreased food intake in rats.
Also the synthetic octapeptide (CCK-OP) and decapeptide, caerulein, have a
food intake suppressing effect (18). CCK, released by ingesta entering the
intestine, might play the role of an intestinal satiety signal under normal
feeding conditions and may act as a short-term satiety agent. This view is
substantially supported by a number of observations in different animals (17,
19-22). Even the possibility that cholecystokinin octapeptide, known to be
released in the brain (23), may act as a physiological suppressor of feeding
was proposed by Della-Ferra & Baile (24) on the basis of the long-lasting
anorectic effect of continuous lateral cerebroventricular injections of CCK-OP
in sheep. Knoll (11) was unablc to detect the suppression of food intake in rats
deprived of food for 96 hr in response to intracerebroventricular administra-
tion of a single huge dose of CCK-OP; thus, the possibility that the continuous
administration of the octapeptide might exert an effect through the release of
calcitonin in the brain deserves attention. CCK and bombesin stimulate the
release of calcitonin from the thyroid gland after meals, and calcitonin is a
highly potent, long-lasting suppressor of food intake. This was discovered by
Freed et al in 1979 (25) and corroborated by others (26-28). Highly specific
calcitonin receptors exist in the brain (29) and this peptide is also released in
brain tissue, so an involvement of calcitonin in the physiological regulation of
feeding, by acting locally on the hypothalamic control of food intake, cannot
be excluded. It has to be considered, however, that in comparison to the
physiological concentrations of calcitonin, relatively high amounts are needed
for inhibiting food intake. It was shown by Levine and Morley (28) that the
anorectic effect of calcitonin is secondary to its inhibition of calcium uptake
into hypothalamic neurons.

Gibbs et al (30) also reported on bombesin, a tetradecapeptide, originally
isolated from amphibian skin (31), a potent releaser of gastrin and CCK, and a
highly potent stimulant of intestinal, gallbladder, urinary tract, and uterine
smooth muscle. Bombesin suppressed food intake in rats in a way similar to
CCK. As bombesin-like immunoactivity is widely distributed in mammalian
organs, including the brain, and is present in large quantities in the gastric
mucosa, Gibbs et al (30) assumed that it may act as a gastric satiety signal.
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Besides CCK, bombesin, and calcitonin, a number of known peptides were
reported to suppress feeding behavior, among them thyrotropin releasing
hormone (TRH) (32) and its metabolite, histidyl prolin diketopiperazine (33),
corticotropin releasing hormone (34), neurotensin (35), somatostatin (36),
enterogastrone (37), pancreatic polypeptide (38) and vasoactive intestinal
peptide (39).

A TRH analogue, pGlu-His-GlyOH, claimed to have potent anorectic
effect, was extracted from the urine of anorexia nervosa patients by Reichelt
et al (40) and seemed at first to open an interesting new line of research.
Intravenous and intracerebroventricular administration of high doses of this
tripeptide did not, however, influence food intake in rats deprived of food for
96 hr (11). Nance and co-workers using the experimental conditions described
by Reichelt et al were also unable to establish the anorexogenic potency of
pGlu-His-GlyOH (41).

Among the endogenous peptides related to feeding, glucagon and insulin
are of special importance. Both were reported to suppress feeding and to be
released from the pancreas following food stimulation in the small intestine.

That glucagon inhibits food intake in humans (42, 43) and rats (44) was
observed in early studies and explained as the consequence of hepatic gly-
cogenolysis. Also hepatic-portal infusion of glucagon was reported to de-
crease feeding in rats (45).

Insulin is present in the cerebrospinal fluid (CSF) in dogs (46) and humans
(47). Obese humans have higher insulin levels, and it was proposed that CSF
insulin serves as an adiposity-signal (48). Insulin is also claimed to play the
role of a satiety hormone (49). Chronic insulin infusion was found to suppress
food intake and body weight gain in rats (50). In baboons chronic in-
tracerebroventricular infusion of insulin also reduced food intake and body
weight (51).

Free fatty acid metabolites, 2-deoxytetronate (2-DTA), 3-deoxytetronate
(3-DTA), and 3-deoxypentonate (3-DPA) were found to be present in the
blood of rats during various fasting stages and were proposed to contribute to
satiation (52, 53). After one short application of 2-DTA, into the third
cerebral ventricule in normal rats at 1 wmol concentration, food intake was
continuously suppressed for 24 hr; 3-DPA clicited food intake; and their
effects are claimed to be mediated through the glucose-sensitive neurons in
the lateral hypothalamic area (54).

The intracerebroventricular administration of PGE, and PGF; also suppres-
sed food intake in several feeding models; this was shown first in cats by
Horton in 1964 (55) and was corroborated by many others in different species
(28, 56-58).

The number of known endogenous substances which have been proved (at
least under appropriate experimental circumstances) to inhibit food intake is
rapidly increasing. However, neuropeptide-Y is the only substance described
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in the literature which, when given intracerebroventricularly, stimulates food
and water intake (59-61).

Out of numerous known endogenous peptides with anorectic activity, CCK
and calcitonin seem to be the most important ones from the point of view of
the regulation of feeding.

Gibbs et al proposed the hypothesis that CCK is primarily responsible for
postprandial satiety. Since the blood-brain barrier is almost impermeable for
CCK and abdominal vagotomy abolished the satiety effect of the peptide, the
anorectic effect of CCK is clearly vagally mediated. The same is true for
glucagon and somatostatin, whereas bombesin acts via a nonvagal mech-
anism. While CCK in very small doses (8 pmg/kg) inhibits food intake without
interfering with water intake, the latter is inhibited only with higher doses of
CCK. In different species (mouse, rat, monkey, and human), CCK disrupted
the normal behavioral sequence that characterizes satiety. It also terminated
sham feeding and elicited the behavioral sequence of satiety in food-deprived
rats, which do not satiate spontaneously (for review see 62). All these data
speak in favor of the assumption that CCK might be the most important
gastrointestinal satiety signal. Of the endogenous substances possessing an-
orectic activity, calcitonin is the most potent and has the longest duration of
action. CCK evidently cannot play the role of a blood-borne satiety signal, but
is such a role also unlikely for calcitonin? This question will be treated in the
next section.

The multiplicity of endogenous substances and systems related to the
regulation of feeding and the extremely high complexity of the factors in-
fluencing hunger and appetite led to the widespread view that a single satiety
signal playing a rate-limiting role in the termination of feeding is unlikely. As
Morley & Levine expressed it, “the modemn day Sir Galahads seeking the
single Holy Grail to cure obesity may well search in vain” (63).

Morley et al tried to integrate almost all substances and systems involved in
feeding regulation in a mechanism called the satiety cascade (64). In contrast
to their firm dismissal of the Holy Grail of Satiety, they suggest an unknown
“major inhibitory substance” as the centrally acting main satiety signal in the
medial hypothalamus. Their “proposals” that either protaglandins or calcito-
nin gene related peptide may play this role are evidently unfounded, and the
authors themselves are not entirely serious about them. An unknown sub-
stance of extremely high importance is unquestionably missing in the satiety
cascade. This point is the subject of the next section.

A BLOOD-BORNE, RATE-LIMITING SATIETY SIGNAL
WITH POTENT SELECTIVE ANORECTIC ACTIVITY

Deprivation of food leads to deficiencies. Essential nutrients run low, energy
stores diminish, etc. The longer the duration of food deprivation, the more
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marked are these changes. The intensity of that specific kind of central
excitatory state, which we call the hunger drive, is within reasonable time
limits proportional to the duration of food deprivation. This is the physiolog-
ical mechanism which determines that the animal will be ready to surmount
every obstacle, even if life is in the balance, to seize its food (for review, see
65).

The relation between the duration of food deprivation and the intensity of
the specific central excitatory state, i.e. the hunger drive, is shown in Figure
1. This figure shows the phenomenon of essential importance for further
research. In the rats deprived of food for 132 hr, feeding for 30 min decreased
the intensity of the hunger drive from 6.2 to 2.8 units. During this short
period, clearly, neither the energy stores nor the amount of the essential
nutrients in the organism changed. A time-consuming complex process of
digestion and resorption is the sine qua non for restoring the deficits caused by
the long-lasting food deprivation. This means that the brain is sated before the
process to replenish the deficits in the organism starts to operate. Thus, the
ingestion of food appropriate in quality and quantity may lead to an immediate
activation of a rate-limiting satiety signal in the blood, which terminates the
hunger drive (for review see 66).
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Figure I The gradual increase of the intensity of the hunger drive in rats during 132-hr-long
starvation and its extinction within a short period of feeding. The intensity of the hunger drive
was expressed in units according to a method based on the assessment of the spontaneous motility
of starving rats in an open field (see Ref. 65, Chap. 11). The experiment was performed with a
group of 20 rats weighing 200-250 gr before starvation and supplied with water ad libitum. Chow
pellets were offered for 30 min after 132-hr-long starvation.
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This hypothesis initiated the search for a substance which (a) easily pene-
trates across the blood-brain barrier, (b) is active by intracerebroventricular
administration, (c) is present in detectable amounts in the blood of different
species, and (d) can block the hunger drive at its peak intensity, i.e. inhibits
food intake in rats deprived of food for 96 hr.

Such a substance in human serum was detected in 1977 and named satietin
(11, 67). Satietin was isolated from human plasma and identified as a
previously unknown a;-glycoprotein. As the substance envisioned was
thought to be a smaller molecule, the procedure started with the ultrafiltration
of human plasma through an Amicon UM 10 flat membrane, to eliminate the
serum constituents with molecules larger than 10 kd. Satietin activity was
found in the filtrate, but it was soon realized that the molecular size of the
substance responsible for the potent and long-lasting anorectic activity was
over 50 kd, i.e. satietin passed through the Amicon UM 10 membrane in a
paradoxical manner. This first step of the isolation procedure separated
satietin from the serum constituents larger than 10 kd.

A second step helpful for separating satietin from a great number of
contaminating constituents depended on its resistance to trichloroacetic acid
(TCA). With the aid of TCA most of the higher molecular weight proteins and
peptides that accompany satietin in the ultrafiltrate could be percipitated. The
isolation procedure was then followed by two steps of gelchromatography
(using Sephadex G 15 and Bio-Gel P-2 columns), continued with affinity
chromatography on Con-A-Sepharose column, and finished by a last desalting
step on Bio-Gel P-2 column (68-74).

Satietin was found to be an a;-glycoprotein with a molecular size of 64 kd.
An unusually high carbohydrate content (70-75%) and a protein content of
14-15 wt % was described for satietin (75-77).

Two anomalic carbohydrate constitutents, rhamnose and glucose, were
detected in satietin. Human serum contains a high number of glycoproteins,
i.e. proteins containing covalently linked carbohydrates. The pentose in all
the glycoproteins in human serum described in the literature is fucose. In
striking contrast to the known glycoproteins in human serum, the pentose
constituent in satietin is rhamnose. The hexoses found in the glycoproteins in
human serum are mannose and galactose, exclusively. Satietin contains three
hexoses: mannose, galactose, and glucose. The apparently highly individual
carbohydrate composition in satietin hints at the specific nature of this gly-
coprotein (75, 76).

Further studies revealed the presence in human serum of a close relative to
satietin, named satietin-D. This serum constituent was detected unexpectedly
when human serum was filtered, not through the Amicon UM 10 flat mem-
brane, but through an Amicon hollow fiber concentration system operated
with an Amicon high-performance hollow fiber cartridge with a nominal
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cutoff of 10 kd. Satietin unexpectedly did nct pass through this membrane.
From the filtrate, however, another «,-glycoprotein, with an action similar to
satietin, was isolated. This substance, named satietin-D, proved to be a
glycoprotein with a molecular size of 43-45 kd. The carbohydrate content in
satietin-D was described as 55-60%, and the protein content was 20.5 wt %.
Satietin-D, like satietin, showed resistance towards TCA. The carbohydrate
constituents—rhamnose, mannose, galactose, and glucose—found in satietin-
D were the same as those in satietin (78—82).

When the isolation procedures described for satietin and satietin-D, respec-
tively, were used, about 10 mg/liter was the total amount of the two glycopro-
teins extracted from human serum. Considering that the amount of protein
containing covalently bound carbohydrate is over 20 g/liter in human serum,
the satietins represent a trace fraction of glycoproteins only. This explains
why the satietins remained undiscovered until specific biological activity
revealed their presence in the serum (for review see 75).

Hypothesis of the relation of the anorectic effect of satietin-D to the
a,-glycoprotein was substantially supported by a series of experiments using
immunological methods. Anti-satietin-D 1gG from rabbit serum was isolated
for these experiments by ion-exchange chromatography, and the anti-satietin-
D 1gG was coupled to an activated AH-sepharose 4B gel column. Then
semi-purified satietin-D was loaded onto this column. Anti-satietin-D
absorbed satietin-D during this procedure, and the bound satietin-D was
desorbed with ammonium rhodanide. The desorbed substance gave a typical
one-band reaction with satietin-D antiserum. The substance was found to be a
41-kd glycoprotein containing rhamnose, glucose, mannose, and galactose
that retained its characteristic long-lasting anorectic effect in rats deprived of
food for 96 hr (75, 83). Whether the large molecule serves only as a vehicle
for a smaller active molecule, which is then released in the brain by a hitherto
unknown mechanism is a question that remains for the time being un-
answered. In this case, however, the linkage between such a biologically
active small molecule and the glycoprotein must be extremely stable and
specific as it survives different steps of purification. Anyway, further research
is needed to learn whether the whole glycoprotein molecule, a part of it, or a
small entity coupled with the glycoprotein is responsible for the biological
activity.

Satietin activity was demonstrated in the serum of mammals belonging to
different orders. Of the rodents, mouse, different strains of rats, guinea pig,
and rabbit were taken as examples. Cattle and horse represented the un-
gulates; cat and dog, the order of carnivora. Satietin was also detected in
avian blood. Goose serum was used as an example of the order of an-
seriformes. According to preliminary observations, satietins found in the sera
of different animal species are closely related glycoproteins, but they are not
identical with each other or with human satietin (for review see 75).
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The first paper on satietin (11) showed that the anorectic effect of the
almost unpurified material reached its peak within 5 hr when given in-
tracerebroventricularly. In contrast, the inhibition of food intake developed
with short latency at the intravenous route of administration of this prepara-
tion, and the peak effect was reached within 1 hr. As soon as it was realized
that TCA leaves satietin activity unchanged, and TCA precipitation of pro-
teins before gel chromatographic purification of satietin was introduced,
samples were produced which inhibited feeding with a rapid onset when given
intracerebroventricularly. This suggested that in its native form satietin in
human serum is coupled with a carrier protein precipitated by TCA (for
review see 75).

Satietin proved to be a highly potent anorectic substance which inhibited
food intake in a dose dependent way in rats deprived of food for 96 hr. A
biological assay for measuring satietin activity in units was developed. One
unit of activity was defined for satietin as the amount which, when given
intracerebroventricularly, decreased the chow pellet consumption of rats de-
prived of food for 96 hr during the first day of feeding from 24.04+0.76 g to
10 g. With higher intracerebroventricular doses of satietin (2-3 units/rat), the
24-hr consumption of the fasting rats could be reduced to 3-5 g, and the
animals began to eat more on the second day of feeding only. With the highest
grade of purification, satietin preparations reached 100 units/mg activity (68,
70, T1).

Satietin and satietin-D were found on a weight basis to be approximately
equally potent anorectic substances in the rat at intracerebroventricular, in-
travenous, or subcutaneous administration. Independent of the route of ad-
ministration, the peak effect was reached within 1 hr, and the inhibition of
food intake lasted over 24 hr (74, 84, 85).

Because the supply of material is scant, most of the biological information
on satietin and satietin-D stems from the intracerebroventricular administra-
tion of these substances. For the same reason the anorectic effect of satietins
during long-term administration remains to be studied.

Table 1 shows the unchanged efficiency of two consecutive doses of highly
purified satictin sample in a group of normally fed rats. The effect of the first
dose of satietin lasted about 48 hr, and the food consumption returned to
normal on the third day after intracerebroventricular injection of satietin.
There was no sign of rebound. The intensity and the time course of effect of
the second dose of satietin were identical with that of the first. Food consump-
tion was severely depressed during the 48 hr after the injection of satietin, but
no significant difference in the third day consumption was to be observed.
Food consumption again remained normal on the consecutive days.

A recent review on the satietins (75) emphasized that though it was
fortunate to detect the anorectic effect of human satietins in the rat, they are
alien substances in this species. Thus. no conclusion can be drawn from the
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Table 1 Unchanged efficiency of two consecutive doses of satietin and the lack of rebound in normally fed rats®®

Days 1 2 3 4 5 6 7 8 9 10 11

12

Daily food consumption (g)  26.2 T 6.89° 14.8¢ 274 252 242 T 4.5¢ 132° 218 266 29.2

satietin satietin

27.4

® Statistics: Student’s ¢ test for two means.

®n = 12; 40 pg satietin was injected intracerebroventricularly into the lateral ventricle (right and left side)
¢ Significant; p < 0.001

(A highly purified satietin sample containing 100 units/mg was used in the experiment.)

96¢
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unexpectedly long offset of their effect with regard to the nature and mech-
anism of action of satietin and satietin-D in humans. As different animal
species seem to possess their own characteristic satietins, only the analysis of
the effects of satietin isolated from rat serum may reveal the role of this
glycoprotein family in the regulation of food intake in the rat.

Physiological, pharmacological, and behavioral studies unequivocally sup-
port the view that what is primarily regulated in the brain is satiety (86-88).
According to the satietin hypothesis of the regulation of feeding (for review
see 75), the ingestion of the appropriate amount of proper food liberates an
amount of satietin in the blood that fully activates the satiety center. That in
turn, like a brake, keeps the feeding center inhibited. This state in the brain
was thought to be experienced subjectively as the feeling of fullness. The
hypothesis further postulates that, following the last meal, as time passes the
satietin concentration in the appropriate brain area continuously decreases. In
proportion to this natural and unavoidable process of elimination, the satiety
center gradually tends toward the resting state. That is, the brake is released,
the feeding center is disinhibited, and this state in the brain is thought to be
experienced subjectively as the feeling of hunger, the intensity of which is
proportional to the duration of food deprivation.

Physiological considerations speak in favor of the assumption that the
satietins act through a satiety mechanism. As the essential mechanism of
action of an anorectic compound, i.e. whether it acts via feeding or satiety,
can be resolved by analyzing the substance-induced changes in the micro-
structure of eating, the effect of satietin in comparison to amphetamine and
fenfluramine was studied in this respect (74, 89).

Blundell et al (90) demonstrated that amphetamine, which inhibits a feed-
ing mechanism, significantly prolonged in rats the time elapsed before taking
the first tablet in an eatometer, whereas fenfluramine, which acts by stimulat-
ing a satiety mechanism, left this latency unchanged. In the satietin-treated
rats, although this difference was not statistically significant, there was a
tendency for taking the first tablet after a shorter latency, indicating that this
endogenous substance activates a satiety mechanism (for review see 75).

In another series of experiments, the microstructure of eating was analyzed
in three groups of rats deprived of food for 24 hr by measuring the number of
tablets eaten in the eatometer during four consecutive 15 min periods, during
which one group was under the influence of amphetamine, fenfluramine, and
satietin, respectively. The doses of all three drugs were equianorectic. In the
first 15-min period, food consumption after amphetamine injection was signi-
ficantly lower than it was for groups treated with fenfluramine and satietin. As
the doses given were equianorectic, amphetamine-treated animals ate signifi-
cantly more in the third and fourth 15 min periods of the eating session than
did the fenfluramine and satietin treated ones. Fenfluramine and satietin
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treated animals ate similar amounts of food during the four 15 min periods of
the eating session. These data further supported the conclusion that satietin
acts via a satiety mechanism (89).

It is well known that fenfluramine-induced satiety is related to the
serotonergic system. For the lesioning of serotonergic neurons through
coagulation of their cells in the medial and dorsal raphe system leads to the
loss of fenfluramine’s effect on feeding. Satietin, however, remained fully
active in the raphe-lesioned animals (91).

Because satietin acted on feeding, as did fenfluramine, via a satiety mech-
anism, the effect of these two substances on serotonergic transmission was
compared by measuring the contraction of the m. tibialis following stimula-
tion of the hind paw in acutely spinalized rats. Serotonin is known to be
involved in this spinal reflex. Fenfluramine in doses even lower than the
anorectic dose level, increases the contractions of the m. tibialis anterior to
stimulation by enhancing the activity of the serotonergic link in the reflex.
Satietin proved to have no effect on the contractions even when given
intravenously in a much higher than anorectic dose.

That amphetamine and mazindol act through a catecholaminergic transmit-
ter is clearly shown by the antagonism of the anorectic effect of these drugs in
rats pretreated with a-methyl-paratyrosine, which blocks the synthesis of the
catecholamines. The anorectic effect of the satietins remains unchanged in
a-methylparatyrosine-treated rats. Thus, the mechanism of action of the
anorectic effect of satietin is different from the amphetamine-type anorexia,
as well as, from the fenfluramine-type satiety (for review see 75).

During the last decade a number of investigators have studied the relation-
ship between opioid peptides and feeding. Several lines of investigation seem
to support the idea that opioid peptides are also involved in the highly
complex chain of events forming the biochemical basis of hunger drive. In
1977 Grandison & Guidotti demonstrated that injections of the GABA agonist
muscimol and of the potent endogenous opioid peptide S-endorphin into the
medial hypothalamus stimulate food intake (92). These effects are an-
tagonized by naloxone (93). In 1978 Margules et al found that genetically
obese mice and rats have higher concentrations of $-endorphin in the hypoph-
ysis and plasma than do their leaner littermates (94). Fasting was found to be
associated with decrease in hypothalamic S-endorphin (95). In agreement
with these findings, exogenous as well as endogenous opiate receptor agonists
were observed to stimulate food and water intake (96-98), and opiate an-
tagonists proved to possess anorectic potency in animal species as well as in
humans (99-106). To check the possible relation between satietin and opiate
receptors, the effect of satietin was investigated on isolated organs (longitu-
dinal muscle strip of the guinea pig ileum, mouse vas deferens, and cat
splenic strip) used for testing opiate agonists and antagonists. Satietin did not
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exert any effect in these tests, and it failed to influence the effect of opiate
agonists (70, 71).

The anorectic drugs used today in medicinal practice act via
catecholaminergic or serotonergic transmission, and because these transmitter
mechanisms are involved in a great number of different functions in the brain
and in the periphery, none of the anorectics inhibit food intake selectively.
The lack of selectivity leads to a number of side effects. Anorectic drugs are
mainly considered to be short-term adjuvants in a more complex therapy of
obesity including calorie-restriction, appropriate exercize, and psychological
support.

As mentioned previously, a number of well-known endogenous substances,
mainly peptides, also suppress food intake. Nine peptides, the most relevant
ones, are listed in Table 2, together with their main effects in the physiolog-
ical dose range. As much higher doses are usually needed for the suppression
of food intake, the anorectic effect of these endogenous peptides is more of
theoretical than of practical interest.

The satietin family of peptides represents, for the time being, the only
group that seems to suppress food intake without having any noticeable
central and peripheral effect in the anorectic dose range.

Table 3 summarizes the effects of equianorectic doses of satietin, calcito-
nin, amphetamine, and fenfluramine on the behavior of rats in a battery of
tests. Fenfluramine, in the anorectic dose, was found to be a strong inhibitor
in all the tests studied. It decreased locomotion in the open field, strongly
interfered with unconditioned avoidance reactions, inhibited the development
of conditioned reflexes, blocked leaming and retention in one-way and two-
way avoidance systems, inhibited the recall of previously firmly developed
conditioned response, and completely inhibited copulatory behavior in male
rats. In contrast to fenfluramine, amphetamine was stimulatory in the tests
and facilitated performances. The anorectic dose of calcitonin inhibited the
acquisition of a conditioned reflex in a one-way avoidance system, blocked
the recall of a firmly established conditioned response, and left the rat’s
performances in three other tests unchanged. Satietin was ineffective in all
tests.

Table 4 compares the effects of satietin, calcitonin, amphetamine, and
fenfluramine on the metabolic rate, body temperature, and blood pressure.
Again, none of the parameters were influenced by a dose of satietin, which
blocked food intake in rat completely.

Quite recently B. Knoll and coworkers (115) demonstrated that satietin-D
was also ineffective in the same battery of behavioral tests.

That satietin is highly selective to suppress food consumption is further
supported by the finding that the intracerebroventricular administration of 1-2
units of satietin into the lateral ventricle, which exerts a strong anorectic
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Table 2 Most important endogenous peptides which, besides their known physiological roles, also suppress food intake

Described to have

Does the substance in-

hibit food intake in

Name of the food intake suppress- rats deprived of food
peptide Physiological significance ing effect in Year Chemical nature for 96 hours?
Glucagon Hormone of fuel mobilization 1957 3,5 kd polypeptide No
Cholecystokinin Produces contraction of the gall blad- 1973 3.9 kd polypeptide No
der and relaxation of the sphincter
of Oddi
TRH Thyrotropin-releasing hormone 1977 L-pyroglutamyl-L- No
histidyl-L-prolin
amide
Insulin Hormone of fuel storage 1979 6 kd polypeptide No
Bombesin Releaser of gastrin 1979 tetradecapeptide No
Calcitonin Hypocalcemic hormone inhibits bone 1979 3.6 kd polypeptide Yes
resorption by altering osteoclastic
and osteocytic activity
Somatostatin Inhibits secretion of growth hor- 1979 tetradecapeptide No
mone. Inhibits the release of in-
sulin and glucagon
Vasoactive intes- Vasodilator and pancreatic secreta- 1981 3 kd polypeptide No
tinal gogue
polypeptide
Neurotensin Increases secretion of ACTH, gon- 1982 tridecapeptide No

datropins and glucagon. Decreases
secretion of insulin

09z
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Table 3 Comparison of the effects of satietin, calcitonin, amphetamine, and fenfluramine on the behavior of rats in a battery of tests®®

Sat- Calcitonin, Amphetamine, Fenfluramine,
Number of rats ietin, i.c.v. iv. i.c.v. Method
i.c.v.
Locomotor activity 10 none none strong facilitation  strong inhibition  open field
One-way avoidance 10 none none strong facilitation  strong inhibition = modified jump-
ing test (107)
Two-way avoidance 12 none none facilitation inhibition shuttle-box
One-way conditioning 10 none strong in-  strong facilitation  strong inhibition  screening test 1
hibition (108)
Consolidated conditioned reflex 6 none inhibition  none strong inhibition  jumping test
(109)
Male copulatory behavior 13 none — facilitation inhibition (110)

* All compounds were administered in the dose equianorectic with satietin (usually 1-2 units), either intracerebroventricularly (icv) or intravenously (iv).
® Satietin was isolated from human serum. For methodological and other details, see Refs. 111 and 112.

Table 4 Comparison of the effects of satietin, calcitonin, amphetamine, and fenfluramine on metabolic rate, body temperature, and
blood pressure in the rat*®

Satietin  Calcitonin Amphetamine Fenfluramine Method
Metabolic rate none significant increase (39%) significant increase (97%) none Issekutz & Issekutz (113)
Body temperature  none slight, statistically in- slight, statistically in- none continuous  measurement
significant elevation significant elevation of rectal temperature
Blood pressure none none significant increase slight decrease ~ Via the carotid artery

* All compounds were administered intracerebroventricularly in doses equianorectic with the dose of satietin. Satietin prepared from human serum was used
in the experiments.
® For methodological and other details, see Ref. 114,
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effect, has no effect on the water intake of rats (for review see 75). In a series
of experiments, the effects of satietin and calcitonin on the water intake of
water-deprived rats were compared. Administration of satietin left water
intake unchanged, whereas 1 MRC unit of calcitonin decreased it significantly
(116). Satietin did not change the water intake in rats deprived of food for 96
hr but supplied with water ad libitum. In contrast to satietin, amphetamine
doubled the water intake of rats under the same experimental circumstances
(5). ~/

In a series of experiments the influence of food deprivation on the blood
levels of glucose, insulin, and glucagon in rats was studied. The rats deprived
of food for 96 hr maintained normal glucosc and glucagon levels. The blood
concentration of insulin, however, dropped from 232.02+23.93 pmol/l to
12.48+0.7 in the fasting animals. The intracerebroventricular administration
of satietin did not change the blood sugar, insulin, and glucagon levels in the
blood either in normally fed rats or in rats deprived of food for 96 hr.
Amphetamine treatment increased the insulin concentration in the blood of
food deprived rats from 11.37 to 73.47 pmol/l without altering the blood
levels of glucose and glucagon (117). Because an intracerebroventricular dose
of satietin, which suppressed food intake significantly for more than 24 hr,
did not induce any significant change in the blood levels of glucose, insulin,
and glucagon in both normally fed and food deprived animals, it was con-
cluded that the anorectic effect of satietin is unrelated to carbohydrate
metabolism (for review see 75).

The findings show that satietins are highly potent and selectively acting
endogenous anorectics widely distributed in the world of vertebrates; reason-
able amounts of these glycoproteins are present in human blood; the site of
effect of these substances is in the central nervous system; and they inhibit
food intake via the activation of a satiety mechanism. The hypothesis was thus
put forward that the satietin family may play the role of a rate-limiting, blood
borne satiety-signal system in the negative feedback of food intake. That is, it
may serve as the essential link in the regulation of feeding connecting the
gastrointestinal tract and the brain via the blood stream (71).

Calcitonin, like the satietins, suppresses food intake in rats deprived of
food for 96 hr, whereas all other endogenous substances reported to have an
anorectic effect are ineffective in animals with such an intense hunger drive.
Calcitonin has its specific hormonal effect; it inhibits bone resorption by
altering osteoclastic and osteocytic activity. Considering the high potency of
calcitonin in influencing calcium metabolism, in harmony with the very low
physiological concentrations (70-120 picogram/ml) of this hormone, it in-
hibits food intake in a relatively high amount only. The reduction of feeding
in rats by calcitonin is evidently secondary to its inhibition of calcium uptake
into hypothalamic nerves; this was shown by Levine & Morley (28), as
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mentioned previously. Even if calcitonin is lacking the selectivity of satietin,
its potential role as a blood-borne satiety signal needs consideration. The
satietins were calculated to be present in human blood in about 4500 times
greater molecular concentration than calcitonin, whereas their anorectic
potency, on a molecular basis, proved to be approximately equal (for review
see 75). These facts preclude the possibility that calcitonin connects via the
blood stream the gastrointestinal tract with the areas in the brain that regulate
feeding. According to our present knowledge satietins are, no doubt, the best
by far for this role. However, as calcitonin is also released in the brain, it
might be involved in the physiological regulation of feeding as a locally acting
hormone in the hypothalamus.

The hypothesis that satietins play the role of satiety signals of crucial
importance in the negative feedback of food intake imperatively raises the
question of the possible relationship between the satietins and feeding-related
pathologies.

The first, and until now the only paper in this direction was an attempt by
Harmath, Barna & Knoll to investigate satietin-D in the blood of obese versus
normal weight humans (83). The presence of satietin-D with satietin-D
antiserum in 72 obese persons with no detectable illness and in 19 normal
weight healthy volunteers was tested. The electrophoretogram of the serum of
the 19 healthy volunteers with normal weight mixed with satietin-D antiserum
was highly characteristic. Satietin-D antibodies precipitated satietin-D in
these sera in the form of a diffuse band. Remarkable changes in satietin-D
were found in 14 out of 72 sera taken from the obese persons. The absence of
satietin-D was found in five cases, a deficiency in the satietin-D content in
three cases, a changed mobility of satietin-D in five cases, and a deficiency
coupled with changed mobility in one case. All in all, in this first preliminary
series of experiments, conspicuous changes in satietin-D in one fifth of the
otherwise healthy obese persons were observed.

DIRECTIONS FOR FUTURE RESEARCH

An obvious interpretation of these data would be that in a part of the obese
patients overeating is related to the hypofunction of the satiety system. The
prerequisites, however, for the formulation of the attractive hypothesis that
hypo- and hyperfunction of the satiety system may play an etiological role in
feeding related pathologies are numerous: the exact chemical nature of the
satietins has to be clarified; methods measuring their blood concentrations
with high accuracy must be developed; the pathways of their synthesis and

* metabolism need to be discovered; and last, but not least, the specific binding

sites for the satietins and their location in the brain have to be identified and
characterized.
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