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Satietin, a blood-borne anorectic glycoprotein, as the 
putative rate-limiting satiety signal in the negative feed- 
back of food intake 
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Summary 

Satietin, a 50,000 dalton anorectic glycoprotein, was isolated from human serum. 
Its isoelectric point is 7.0. It contains 14-15 % amino acids and 70-75 % carbohy- 
drates. Its biological activity survives digestion with proteases and boiling. 

Satietin is a highly potent  anorectie substance. The intra-eerebroventrieular 
administration of  10-20 ~g satietin suppresses food intake in rats during the first day 
of feeding after deprivation of  food for 96 hours to half of the amount  eaten by 
untreated controls (IDs0). The onset of the effect can be detected within 30 minutes, 
the peak effect is reached within an hour. The effect lasts 24-30 hours. 

Satietin acts both in intravenous and subcutaneous administration (IDs0 = 
0.5-0.75 mg/kg) in rats deprived of food for 96 hours. The peak effect is reached 
within an hour and lasts for 24 hours. 

In contrast to the anorectie drugs in clinical use and to the endogenous anoreetie 
substances (like choleeystokinin and caleitonin) satietin proved to be highly selec- 
tive in suppressing food intake. 

Since satietin is widely distributed in the world of vertebrates, its concentration 
in the blood is amazingly high, its site of effect is in the central nervous system and 
it induces satiety without having any other detectable central or peripheral effect, 
the hypothesis was forwarded that satietin may play the role of a rate l imiting 
blood-borne satiety signal in the negative feed-back of food intake, i.e., serving as 
the essential chemical  link connecting the gastrointestinal tract and the brain in the 
regulation of feeding. 

Zusammenfassung 

Satietin ist ein stark anorektiseh wirksames Glykoprotein, das aus dem mensehli- 
chert Serum isoliert wurde und ein Molekulargewicht yon 50 000 Dalton aufweist. 
Sein isoelektrischer Punkt  liegt bei 7,0. Satietin enth~lt 10-15 % Aminos~uren und 
70-75 % Kohlenhydrate.  Seine biologisehe Aktivit~it widersteht der Wirkung yon 
Proteasen und einer Hitzeinaktivierung. 

Naeh intrazerebroventrikul/irer Gabe yon 10-20 ~g Satietin vermindert  dieses bei 
Ratten, die 96 Stunden nicht gef~ittert wurden, die Nahrungsaufnahme w~hrend 
des ersten Tages der Ffitterung auf die Hfilfte unbehandel ter  Kontrollen (IDs0). Die 
Wirkung tritt innerhalb yon 30 Minuten ein und erreicht nach einer Stunde ihr 
Maximum. Die Wirkungsdauer betr~gt 24-30 Stunden. 
812 
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Satietin wirkt sowohl intravenbs als auch subkutan verabreicht (IDs0 = 0,5-0,75 
rng/kg) bei Ratten, die 96 Stunden gefastet haben. Der maximale Effekt ist inner- 
halb einer Stunde erreicht und dauert tiber 24 Stunden an. Im Gegensatz zu 
anorektisch wirksamen Medikamenten und endogenen Substanzen wie Cholezy- 
stokinin und Kalzitonin besitzt Satietin eine hohe Selektivitfit auf die Nahrungsauf- 
nahme. 

Satietin wurde bei vielen Vertebraten nachgewiesen, weist eine hohe Blutkon- 
zentration auf und entfaltet seine Wirkung auf das Appetitzentrum ohne sonstige 
zentral bzw. periphervenbs nachweisbare Wirkungen. Es wurde daher die Hypo- 
these aufgestellt, dab Satietin ein Blut-Sattigungssignal mit einer entscheidenden 
Rolle in der negativen Rtickkoppelung der Nahrungsaufnahme darstellt. 

Key words: satietin, regulation of feeding, anorectic glycoprotein, anorexia 

Introduction 

The  p reva lence  of  obes i ty  and  its recogni t ion  as a ser ious p red i spos ing  
fac tor  to i l l-health and  mor ta l i ty  increased  a t ten t ion  to pha rmaco log i c  and  
o the r  t ypes  of  t r ea tmen t ,  bu t  the  long- te rm resul ts  in 2-3 year  fol low-up 
s tudies  were  no t  cons ide red  to be  very  impress ive .  The re  is still a desper -  
ate  need  to p rov ide  a solut ion to the  p r o b l e m  of obesi ty.  

P h e n y l i s o p r o p y l a m i n e  ( amphe tamine )  was  the  first  d rug  used  as an 
an t iobes i ty  agent .  N a t h a n s o n  m e n t i o n e d  in 1937 tha t  a m p h e t a m i n e  
r educes  b o d y  weight ,  and  the  first  clinical trials were  p e r f o r m e d  a decade  
later  by  Harr i s  et al. in 1947, and  in 1948 by  Will iams and  his coworkers .  

A s  dur ing  the  1950's cons ide rab le  ev idence  a c c u m u l a t e d  showing  the  
s ignif icant  de le te r ious  effect  of  ove rwe igh t  on health,  increas ing  a t t en t ion  
has  been  devo ted  to anorex igen ic  agents .  The  excess ive  side effects  and  
h igh  abuse  poten t ia l  of  a m p h e t a m i n e  ca ta lysed  the  search  for safer  com-  
pounds .  

In  the  pas t  decade  i m p o r t a n t  s tudies  analyzed which  n e u r o t r a n s m i t t e r  
func t ions  are d e t e r m i n a n t  in the  regula t ion  of h u n g e r  and  satiety. 

I t  was  d e m o n s t r a t e d  in d i f ferent  species  tha t  no radrena l ine  (Grossman ,  
1960) and  adrena l ine  (Grossman ,  1964) could  eleci t  feeding r e sponse  in 
ve ry  low doses  w h e n  injected th rough  chronic  cannulas  di rect ly  into the  
bra ins  of  sa t ia ted  animals .  G r o s s m a n ' s  f indings  founded  the  idea that  a 
no radrene rg ic  and/or  adrenerg ic  m e c h a n i s m  s t imula ted  feeding  behavior .  
On the  o ther  hand,  smal l  doses  of  a m p h e t a m i n e  which  re lease  p r imar i ly  
noradrena l ine ,  s t rongly  inhibi t  food intake.  This  speaks  in favour  of  the  
ma jo r  role  of  no radrena l ine  in the  anorec t ic  effect  of  smal l  and  m e d i u m  
doses  of  a m p h e t a m i n e .  

The re  is, however ,  a second,  se ro ton in -media ted  sat iety sy s t em in the  
brain.  This  s y s t e m  is faci l i tated by  those  a m p h e t a m i n e  der iva t ives  wh ich  
are ha logena ted  in the  para-  and/or  meta -pos i t ion  and  are highly select ive 
and  po t en t  re leasers  of  serotonin.  Of  the anorec t ics  in med ic ina l  p rac t ice  
f en f lu ramine  is the  typica l  d rug  which  acts t h rough  this m e c h a n i s m  
(Blundell ,  1977). 

The  analys is  of  the  m o d e  of  act ion of  var ious  anorect ic  d rugs  p roved  to 
be  ve ry  useful  in revea l ing  the neu rochem i ca l  basis  of  the  phys io logica l  
sat ie ty m e c h a n i s m s .  Mazindol,  which  is the  first d rug  in t he rapy  lacking 
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the  p h e n y l i s o p r o p y l  backbone ,  s eems  to be  a good tool for learn ing  m o r e  
a b o u t  d o p a m i n e - m e d i a t e d  satiety. Mazindol  s eems  to exer t  its anorec t ic  
effect  by  ac t iva t ing  select ively a dopamine rg i c  m e c h a n i s m  (Kruk  and  
Zarr indas t ,  1976). 

As the  anorec t ic  d rugs  in medic ina l  p rac t ice  act  by  re leas ing e i ther  
ca t echo lamines  or se ro ton in  in the  brain, and  because  any  of  the  b iogenic  
amines  re leased  by  an anorec t ic  d rug  is involved  in di f ferent  funct ions  in 
the  b ra in  and  in the  pe r iphery ,  none  of  the  anorec t ics  inhibi t  food in take  
select ively.  

The  p re sen t  s tate  of  anorec t ic  d rug  t h e r a p y  calls for  new s t ra tegies  in the  
t r e a t m e n t  of  obesi ty .  

Dur ing  the  last  decade  a n u m b e r  of  e n d o g e n o u s  subs tances ,  ma in ly  
pept ides ,  we re  r epo r t ed  to decrease  food in take  in animals .  This  n e w  line 
of  research  s tar ted  wi th  the  p a p e r  of  G ibbs  et  al. in 1973 who  desc r ibed  
tha t  cho lecys tok in in  (CCK) decreases  food in take  in rats. Before  this 
obse rva t ion  only g lucagon  (1957), the  p ros tag land ins  (1964) and  en terogas-  
t ron  (1967) were  c la imed to possess  a food in take  suppres s ing  effect. Tab le  
1 shows  the  var ie ty  of  e n d o g e n o u s  subs tances ,  mos t l y  k n o w n  pep t ide  
h o r m o n e s ,  recognized  as hav ing  a food in take  suppres s ing  effect. The  
inc reased  in teres t  in this field is clearly s h o w n  by  the  table,  as 12 of the  16 
i tems  on the  list were  pub l i shed  dur ing  the  last  five years.  

Of  the  c o m p o u n d s  l is ted in table  1 calc i tonin  is the  m o s t  po t en t  anorec-  
tic s u b s t a n c e  wi th  the  longes t  dura t ion  of effect. Because  of its specif ic  
h o r m o n a l  effect,  however ,  its long- te rm use  as an an t iobes i ty  d rug  is out  of  
the  quest ion.  

N o n e  of  the  e n d o g e n o u s  subs t ances  specif ied in table  1 had  p rov ided  a 
real  a d v a n t a g e  over  the  anorec t ic  d rugs  in clinical pract ice.  

In  1979 we desc r ibed  the  p re sence  of  an anorec t ic  subs tance ,  n a m e d  
satietin,  in h u m a n  s e r u m  which,  in cont ras t  to the  anorect ic  d rugs  in 
clinical use  and  to the  e n d o g e n o u s  anorect ic  subs tances ,  p roved  to be  
h ighly  specif ic  in inh ib i t ing  food in take  (Knoll, 1979, 1980, 1982a, b, c). 

Table 1. List of endogenous anorectic substances in the chronological order of the 
recognition of their effect on feeding (satietin is omitted). 

1957 
1964 
1967 
1973 
1977 

1978 
1979 

1981 
1982 

Glucagon (Schulman et al.) 
PGE and PGF2~ (Horton) 
Enterogastron (Schally et al.) 
Cholecystokinin (Gibbs et al.) 
Thyrotropin releasing hormone (Vijayan and McCann) 
Beta-endorphin---~Naloxone (Grandison and Guidotti) 
Pancreatic polypeptide (Malaisse-Lagae et al.) 
pGlu-His-GlyOH (Reichelt et al.) 
Somatostatin (Letter et al.) 
Bombesin (Gibbs et al.) 
Calcitonin (Freed et al.) 
Insulin (Woods et al.) 
Vasoactive intestinal peptide (Woods et al.) 
Corticotropin releasing hormone (Morley and Levine) 
2-Deoxytetronate (Oemura et al.) 
Neurotensin (Hoebel et al.) 
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The  isolation o f  satietin f rom h u m a n  serum,  and the chemical  na ture  o f  the 
subs tance  

Figure 1 shows the isolation procedure of satietin from human serum. 
Satietin is a glycoprotein with a molecular weight of 50,000 dalton. Its 

isoelectric point is 7.0. It contains 14-15 % amino acids and 70-75 % car- 
bohydrates.  Its biological activity survives digestion with proteases (tryp- 
sin, chymotrypsin,  and carboxypeptidase) and boiling (Knoll, 1979, 1980, 
1982a, b, c, Nagy et al., 1982, 1983). 

The h o m o g e n e i t y  of satietin was proved by polyacrylamide gelelec- 
trophoresis in the presence of sodium dodecyl sulfate (SDS), gradient gel 
electrophoresis in slab gel and analytical isoelectric focusing. 

Satietin is identically stained with ninhydrin and periodic acid-Schiff 
reagents indicating the glycoprotein nature of the substance. 

The following amino acids, expressed in per cent, were detected in 
satietin: 
Asp. 1.21; Thr 0.66; Ser 0.71; Glu 1.87; Pro 0.45; Gly 0.42; Ala 1.58; Cys 0.13; 
Val 0.55; Met 0.12; Ile 0.26; Leu 0.90; Tyr 0.31; Phe  0.44; Hys 3.79; His 0.15; 
Arg 0.49. Total: 14.04 %. 

Mannose, galactose, glucose, and glucosamine are the detected carbohy- 
drate components.  

Freeze-dried satietin is a white, easily water-soluble and stable amor- 
phous powder. 

Sat ie t in  in the s e rum o f  d i f ferent  m a m m a l s  and in pou l t r y  blood 

Satietin was found to be present in the serum of all species of rodents, 
such as mouse, different strains of rats (Wistar, Long Evans, CFY, SHR), 
guinea pig and rabbit, which were selected for examination (Knoll, 1980). 

Satietin was also detected in bovine and horse sera, which were taken as 
examples of the ungulates, and further in the serum of the cat and dog, 
representing the order of carnivora (Knoll, 1980). 

As we were able to obtain a few liters of goose serum we selected this 
species belonging to the order of anseriformes to check the presence of 
satietin in avian blood. We found an anorectic substance in goose serum 
which was gelchromatographieally indistinguishable from the active sub- 
stance prepared from the sera of mammals (Knoll, 1982c). 

The isolation of satietins detected in horse, cattle and goose sera is in 
progress. According to preliminary observations these satietins seem to be 
closely related glycoproteins but  not  identical with each other or with 
human serum satietin. 

The anorect ic  e f f ec t  o f  satietin 

Satietin proved to be a highly potent  anorectic substance which inhib- 
ited food intake dose-dependently in rats deprived of food for 96 hours. 
Table 2 shows the dose-dependent and long-lasting suppression of food 
intake in hungry rats by satietin isolated from human serum. 

A biological assay for measuring satietin activity in units was developed. 
The unit is equivalent to the anorexigenie activity of the amount  of a 
satietin sample which, when given intra-cerebroventrieularly,  decreases 
the c h o w  pellet c o n s u m p t i o n  of rats deprived of food for 96 hours during 
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the  first  day  of feeding f rom 24.04 + 0.76 g to 10 g. With h igher  intra- 
ce reb roven t r i cu la r  doses  of  sat iet in (2-3 units/rat)  the  24 h c o n s u m p t i o n  of  
the  fas t ing rats  can be  r educed  to 3-5 g and  the  an imals  begin  to eat  on the  
second  day  of  feeding only. The  sat iet in s am p le  the  effect  of  wh ich  is 

3 liters of human plasma 

ultrafi l trated on Amicon UM-10 membrane 

1 
2 l i t e r  uitrafi ltrate 

concentrated to 60 ml and 
precipitated with 55% trichloroacetic acid 
centrifugation at 30,O00xg for 30 rain 

I 
f I 

supernatant pellet (discarded) 
I 

JI. 

chromatography on Sephadex G-15 
column (5xgOcm) 

I 
t 

active fractions inactive tractions 
at void volume (500-600 ml) (discarded) 

I 
. l  

chromatograpVhy on Bio-GeL P-2 
column (2.5x90cm) 

I 

active fractions inactive fractions 

at void volume (130-180ml) (discarded) 
I | 

affinity chromatography on Con A-Sepharose 
column (l.?x 37cm) 

I 
active fractions inactive fractions 

(bound on the column) (discarded) 
I 

chromatograph~ �9 on Bio-Gel P-2 
column (2.Sxg0cm) 

I , , ,  

1 1 
homogeneous active fractions inactive fractions 

at void volume (discarded) 

Fig. 1. Flow sheet of the isolation procedure of satietin. 
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Table 2. An example of the bioassay of a highly purified satietin sample by 
measuring its dose-dependent anorectie effect in rats deprived of food for 96 hours. 

Treatment  ~l/rat Food intake mean _+ S.E.M. 
gfl h g/24 h 

Saline 20 7.58 23.92 
+O.63 +0.99 

ttg/rat Satietin activity 
expressed in 
units 

Satietin 2.5 5.58 19.02 0.25 
+_0.79 +_0.87 

5 4.90* 13.18 0.50 
_+0.68 +_0.69 

7.5 3.88* 12.15" 0.75 
_+0.92 +_1.19 

10 1.88"* 9.82** 1.00 
�9 +0.41 +0.87 

20 0.62** 6.51"* 2.00 
+_O.28 +_0.94 

40 0.78** 3.22** 4.00 
+_0.34 +_1.29 

Rats were deprived of food for 96 hours. Water was supplied ad libitum. 
The satietin sample was prepared from human  serum. Satietin dissolved in saline 
was injected in a volume of 20 ~d/rat intra-cerebroventricularly into the lateral 
ventricle one hour before feeding. Each dose was tested on 16 rats. The consump- 
t ion of chow pellets (g) during the first hour of feeding (g/1 h) and for 24 hours (g/24 h) 
is shown in the table. 
Statistics: Student 's  t-test for two means 
* p < 0.05, ** p < 0.001 

s h o w n  i n  t ab l e  2 c o n t a i n e d ,  a c c o r d i n g  to t he  d e f i n i t i o n  of t he  a r b i t r a r y  
un i t ,  100 u n i t s / m g  ac t iv i ty .  

S a t i e t i n  exe r t s  a d o s e - d e p e n d e n t  ano rec t i c  effect  i n  ra ts  b o t h  o n  
i n t r a v e n o u s  a n d  on  s u b c u t a n e o u s  a d m i n i s t r a t i o n .  T h e  i n t r a - c e r e b r o v e n -  
t r i c u l a r  a d m i n i s t r a t i o n  of  10 ~g sa t i e t in  s u p p r e s s e s  food  i n t a k e  in  ra ts  
d u r i n g  t he  f irst  day  of  f e e d i n g  af ter  d e p r i v a t i o n  of  food for 96 h o u r s  to ha l f  
of  the  a m o u n t  e a t e n  b y  u n t r e a t e d  con t ro l s  (IDs0). The  o n s e t  of  t he  effect  
c a n  be  d e t e c t e d  w i t h i n  30 m i n u t e s ,  t he  p e a k  effect  is r e a c h e d  w i t h i n  a n  
hour .  T h e  effect  las ts  24-30 hours .  F o l l o w i n g  i n t r a v e n o u s  a d m i n i s t r a t i o n ,  
t he  IDs0 of  s a t i e t i n  was  f o u n d  to b e  0.5-0.75 m g / k g  in  rats  d e p r i v e d  of  food  
for  96 hours .  T h e  p e a k  effect  was  r e a c h e d  w i t h i n  a n  h o u r  a n d  l a s t ed  for 24 
hou r s .  

Mos t  of  the  b io log ica l  i n f o r m a t i o n  o n  sa t i e t in  s t e m s  f r o m  in t ra -ce re -  
b r o v e n t r i c u l a r  a d m i n i s t r a t i o n  of  the  s u b s t a n c e .  T h e  d i f f i cu l t i es  i n v o l v e d  
in  t he  i so l a t i on  of  s a t i e t i n  h a v e  so far  r e s t r i c t ed  t he  p a r e n t e r a l  a d m i n i s t r a -  
t i o n  of  h i g h l y  p u r i f i e d  m a t e r i a l  a n d  p e r m i t  v i r t u a l l y  o n l y  the  in t ra -ce re -  
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broven t r i cu la r  appl ica t ion  of  pu re  satietin. For  the  s a m e  reasons  the  long- 
t e r m  anorec t ic  ef f ic iency of  sat iet in also r ema ins  to be proved.  

Table  3 shows  the  u n c h a n g e d  eff ic iency of two consecu t ive  doses  of  
h o m o g e n e o u s  sat iet in in a g roup  of  no rma l ly  fed rats. The  effect  of  the  first  
dose  of  sat ie t in  las ted a b o u t  48 hours  and  the  food c o n s u m p t i o n  r e tu rned  
to n o r m a l  on the  3rd day  af ter  the  in t ra -ce rebroven t r i cu la r  in ject ion of  
satietin.  The re  was  no sign of  r ebound .  The  in tens i ty  and  the t ime  course  
of  effect  o f  the  second  dose  of sat iet in were  ident ical  wi th  tha t  of  the  first  
dose.  Food  c o n s u m p t i o n  was  severe ly  dep res sed  for  48 hours  af ter  the  
in jec t ion of  satietin,  bu t  no s ignif icant  d i f ference  in the  3rd day ' s  con- 
s u m p t i o n  was  to be  observed.  Food  c o n s u m t i o n  again  r ema ined  no rma l  
on the  consecu t ive  days.  

These  e x p e r i m e n t s  induce  the  hope  tha t  in spi te  of  the  long-las t ing 
anorec t ic  effect  of  satietin,  the  con t inuous  admin is t ra t ion  of  the  subs t ance  
will not  change  the  onse t  and  offset  of  its anorect ic  effect  and it will no t  
in ter fere  wi th  the  no rm a l  e n d o g e n o u s  regula t ion  of food intake.  To find 
out, however ,  i f  this  h o p e  is wel l -grounded,  an a b u n d a n t  s u p p l y  of  sat iet in 
is needed  to p e r f o r m  the  necessa ry  long- te rm exper imen t s .  

The food intake suppressing effect of satietin in comparison with 
endogenous anorectic substances 

Endogenous substances with anorectic effect were compiled in table I. 
Calcitonin is the only endogenous substance which needs careful analysis 
in relation to satietin, as it is as potent as satietin in suppressing food 
intake in rats deprived of food for 96 hours, whereas all other endogenous 
substances reported to have anorectic effect are ineffective in animals 
with such an intensive hunger drive. Calcitonin has its specific hormonal 
effect and it inhibits bone resorption by altering osteoclastic and osteo- 
cytic activity. Considering its high potency in influencing calcium meta- 
bolism, which is in harmony with the very low physiological concentra- 
tions (70-120 picogram/mD of this hormone, it inhibits food intake in 
relatively high amounts only. The reduction of feeding in rats by calcito- 
nin is evidently secondary to its inhibition of calcium uptake into 
hypothalamic nerves, as was shown recently by Levine and Morley (1981). 
Even if it lacks the selectivity of satietin, its potential role as a blood-borne 
satiety signal needs consideration. If we take into account that the satietin 
concentration in human serum is over 2 ~g/ml, the difference on a weight 
basis is about 20,000 and on a molecular basis (50,000 versus 3,600) about 
1,500. The intra-cerebroventricular efficacy of calcitonin on a weight basis 
is about I0 times higher than that of satietin, but satietin is a 13.88 times 
bigger molecule. Thus, the two peptides can be taken to be roughly 
equally active as anorectic agents. 

Comparing the anorectic activities and the blood concentrations of 
satietin and calcitonin one can hardly believe that calcitonin takes a 
prominent part in the physiological regulation of feeding as a blood-borne 
satiety signal when we have in our blood an anorexigenic glycoprotein, 
satietin, in a molar concentration at least 1,500 times higher, which is at 
least as potent as ca]citonin in suppressing food intake and is in addition 
much more selective. Thus calcitonin's effect as a blood-signal must be 
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negligible compared  with tha t  of  satietin. However ,  as calci tonin is also 
released in the  brain, it might  be involved in the physiological  regulat ion 
of  feeding  as a locally act ing h o r m o n e  in the hypotha lamus .  

The food in take  suppress ing  ef fect  o f  satietin in comparison with anorec- 
tic drugs 

The  anoreet ie  effect  of  satietin is different  f rom any type  of  the anorect ic  
drugs. The  first impor tan t  d i f ference is in the dura t ion  of  the effect. Single 
doses of  amphe tamine ,  fenf luramine  and mazindol  have no significant  
inf luence  on  the 24-hour consumpt ion  in rats after  96 hours  of  food 
depr iva t ion  because  their  anorect ic  effect  lasts only  4-5 hours. 

The  anorect ic  effect  of  amphe t amine  and mazindol  which  act via the  
release of  ca techolamines  is cons iderably  weakened  in rats p re t rea ted  
with a lpha-methylpara tyros ine  (alpha-MT), which  inhibits  the  synthesis  of  
the  ca techolamines  whereas  the effect  of  satietin remains  una l te red  in the 
alpha-MT pre t rea ted  animals (Knoll, 1979, 1980, 1982a). 

The  anorect ic  effect  of  fenf luramine  was p reven ted  by  lesioning the  
med ian  and dorsal  r aphe  (Knoll, B. et al., 1982), whereas  the  effect  of  
satietin remained  una l te red  in the les ioned rats. 

The  t ime course  of  the  effect  of satietin in compar i son  with that  of  
amphe tamine ,  fenf luramine  and calci tonin was s tudied in an eatometer .  
Blundel l  found  dif ferences  in the anoreet ic  effect  of amphe tamine  and 
fenf lu ramine  by  analysing the  mic ros t ruc tu re  of  eating, and conc luded  
that  a m p h e t a m i n e  which  activates ca techolaminergic  t ransmiss ion  acts as 
a suppressor  of  the  onse t  of eating, whereas  fenf luramine  facilitates sat iety 
(for review see Blundel l  and La tham,  1982). 

By  measur ing  the  t ime f rom the  beginning  of  the  ex p e r im en t  to the 
c o n s u m p t i o n  of  the  first bite in rats fol lowing 24-hour starvation, we were  
able to cor robora te  the  f inding of  BlundelL A m p h e t a m i n e  (1 mg/kg, s.c.) 
s ignif icantly e x t e n d e d  the  la tency t ime of  the beginning of eating, whereas  
fenf iu ramine  (3 mg/kg, s.c.), satietin (4 mg/kg, s.c.) and calci tonin (10 MRC 
units/kg, s.c.) all in jected 30 minutes  before  feeding, did not  change  the  
onset  of  eat ing (Knoll, 1982b, 1982c, S~ndor  and Knoll, to be published).  

Figure  2 shows the typical  curves  for fenf luramine  and amphe tamine .  
The  two doses  were  selected to be equ ipo ten t  in inhibi t ing the total 
c o n s u m p t i o n  of  food dur ing  one hour  of  feeding in rats depr ived  of  food 
for 24 hours.  It  is evident  f rom this figure that  fenf luramine  is less active in 
inhibi t ing food intake in the first 15 minutes  than  amphe tamine .  The  
amphe tamine - t r ea t ed  rats eat equal ly  small amounts  of  food dur ing  
the four  consecu t ive  quar ters  of  the  one-hour  feeding period,  while  fen- 
f lu ramine  blocks  eat ing comple te ly  dur ing  the second half  of  the feeding 
period.  F igure  3 shows that  bo th  satietin and calci tonin act similarly to 
fenf iuramine,  ne i ther  being very  active in inhibi t ing food co n su m p t io n  
dur ing  the  first 15-min per iod of feeding, bu t  later on a comple te  suppres-  
sion of  feeding was to be observed.  For  compar i son  the t ime s t ruc ture  of  
food intake u n d e r  the  inf luence  of amphe tamine  is also shown in the 
figure. 

These  expe r imen t s  speak in favour  of  the  assumpt ion  that  satietin acts 
by  facili tating satiety. In this respec t  fenf luramine  acts similarly, bu t  there  
is an impor t an t  d i f ference in the mechan i sm  of act ion be tween  the  two 
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sal ine 
I - I I  fenflurominel3mg/kg s.c.) 
C]--C] amphetamine(lmg/kg s.c.) 

~,. 

u'~ 3" 

1's 3'0 s 6'0 r.i .  
Fig. 2. T h e  t i m e  c o u r s e  of  t h e  e f fec t  of  f e n f l u r a m i n e  a n d  a m p h e t a m i n e  in  c o m p a r i -  
s o n  to s a l ine - t r ea t ed  ra t s  d e p r i v e d  of  food  for  24 hours .  M e a s u r e m e n t s  we re  per-  
f o r m e d  in  a n  e a t o m e t e r .  B o t h  s u b s t a n c e s  we re  a d m i n i s t e r e d  s u b c u t a n e o u s l y  30 m i n  
be fo re  feed ing .  

subs tances ,  as the  anorec t ic  effect  of  f en f lu ramine  is p r e v e n t e d  by  the  
les ioning  of  the  r a p h e  sys tem,  whereas  tha t  of  sat iet in r ema ins  una l t e red  
in the  les ioned animals .  

To i l lust ra te  the  anorec t ic  p o t e n c y  of sat iet in in c o m p a r i s o n  wi th  anorec-  
tic drugs,  the  relat ive p o t e n c y  of  sat iet in to f en f lu ramine  in rats  dep r ived  
of  food for  96 hour s  was  evaluated.  In  c o m p a r i s o n  wi th  satietin,  fen- 
f l u ramine  is shor t  acting. Only the  c o n s u m p t i o n s  in the  first  hour  are 
comparab le .  The  c o m p o u n d s  were  admin i s t e r ed  in t ra -cerebrovent r icu-  
lar ly 1 h o u r  before  feeding.  A b o u t  50 pg fenf lu ramine  was  found  to be  
equ iva len t  to 20 pg satietin.  Cons ider ing  the  molecu la r  weigh ts  (50,000 
ve r sus  181) sat iet in p roved  to be  690 t imes  m o r e  po ten t  than  fenf lu ramine  

e-Osa t ie t in  (lmg/'kg s.c.) 
O-Ocalc i ton in  (lOU/kg s.c.} 
0-([) amphetamine (lmg/l<g s.c. } 

4 -  

E 3" 
t~ 

r~ 
O 1" 

-1/ , 

Fig. 3. T h e  t i m e  c o u r s e  o f  t h e  e f fec t  of  sa t i e t in  in  c o m p a r i s o n  to t h a t  of  c a l c i t o n i n  
a n d  a m p h e t a m i n e  in  ra t s  d e p r i v e d  of  food  for  24 hours .  S u b s t a n c e s  we re  a d m i n i s -  
t e r ed  s u b c u t a n e o u s l y  30 m i n  be fo re  feeding .  
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in s u p p r e s s i n g  food in take  in h u n g r y  rats  w h e n  g iven  in t ra -cerebroven-  
tr icularly.  By  c o m p a r i n g  the  relat ive activit ies at in t ravenous  adminis t ra -  
t ion we  found  that ,  on  a mo lecu la r  basis,  sat iet in was  at least  500 t imes  
m o r e  po t en t  t han  f en f lu ramine  in inhibi t ing the  f i rs t -hour  c o n s u m p t i o n  of 
food in rats  dep r ived  of  food for 96 hours.  

The se lec t iv i ty  o f  the anorect ic  e f fec t  o f  satietin 

The  anorec t ie  d rugs  in med ic ina l  prac t ice  act  by  releasing e i ther  
ca t eeho lamines  or serotonin,  and  becaus e  any  of the  b iogenie  amines  
re leased  by  an anorect ic  d rug  is involved  in di f ferent  funct ions  in the  bra in  
and  in the  per iphery ,  none  of  the  anorect ics  inhibi t  food in take  selectively.  
The  lack of  se lect ivi ty  leads to a n u m b e r  of  side effects  and  anorec t ie  
d rugs  are ma in ly  cons ide red  to be  shor t - t e rm ad juvants  in a m o r e  c o m p l e x  
t h e r a p y  of  obes i ty  inc luding  calorie restr ict ion,  appropr i a t e  exerc i se  and  
psycholog ica l  suppor t .  

The  poten t ia l  med ic ina l  use  of  any  of  the  e n d o g e n o u s  subs t ances  l is ted 
in table  1 as anorec t ic  agents  is out  of  the  quest ion,  as all of  t h e m  have  
characterist ic  physio logica l  activi t ies exer ted  in m u c h  lower  t han  anorec-  
tic concent ra t ions .  

Sat ie t in  seems  to be  at p r e sen t  the  only k n o w n  e n d o g e n o u s  s u b s t a n c e  
wh ich  does  not  exer t  any  not iceable  cent ra l  or per iphera l  effect  in the  
anorec t ic  dose  range.  

Table  4 s u m m a r i z e s  the  effects  o fequ ianorec t i c  doses  of  satietin,  calcito- 
nin, a m p h e t a m i n e  and  fen f lu ramine  on the  behav io r  of  rats  in a ba t t e ry  of  
tests.  Fenf lu ramine ,  in the  anoree t ie  dose, was  found  to be  a s t rong  
inhib i tor  in all the  tests  s tudied.  I t  dec reased  locomot ion  in the  open  field, 
s t rongly  in te r fe red  wi th  uncond i t i oned  avo idance  react ions,  inhib i ted  the  
d e v e l o p m e n t  of  cond i t ioned  ref lexes,  b locked  learning and  re ten t ion  in 
one-way  and  two-way  avo idance  sys tems ,  inhib i ted  the  recall  of  a previ-  
ously  f i rmly  deve loped  condi t ioned  r e s pons e  and  comple t e ly  inhib i ted  
copu la to ry  behav io r  in ma le  rats. In  con t ras t  to fenf luramine ,  
a m p h e t a m i n e  was  s t imula to ry  in the  tes ts  and  faci l i tated pe r fo rmances .  
The  anorec t ic  dose  of  calc i tonin  inhibi ted  the  acquis i t ion  of  a cond i t ioned  
ref lex in a one-way  avo idance  s y s t e m  and  b locked  the recall  of  a f i rmly  
es tab l i shed  cond i t ioned  response ,  however ,  in three  o ther  tests  it left  the  
ra t ' s  p e r f o r m a n c e s  unchanged .  Sat ie t in  was  ineffect ive in all tests.  

Tab le  5 c o m p a r e s  the  effects  of  satietin, ealcitonin,  a m p h e t a m i n e  and  
fen f lu ramine  on the  me tabo l i c  rate,  b o d y  t e m p e r a t u r e  and  b lood  pressure .  
Again,  none  of  these  p a r a m e t e r s  were  inf luenced by  a dose  of  sat iet in 
wh ich  b locked  food in take  in the  rat  comple te ly .  

Tha t  sat iet in is h ighly  select ive in supp re s s ing  food c o n s u m p t i o n  is 
fu r ther  s u p p o r t e d  by  the  f inding tha t  the  in t ra -ee rebroven t r i cu la r  
admin i s t r a t ion  of  1-2 uni ts  of  sat iet in into the  lateral  ventr icle ,  which  
exer t s  a s t rong  anorec t ic  effect,  has  no effect  on the  wa te r  in take  of  rats. 
F igure  4 shows  an  example .  G r o u p s  of  rats  were  depr ived  of  wa te r  for  23 h 
and in jec ted  in t ra -ee rebroven t r i cu la r ly  1 h before  wa te r  s u p p l y  wi th  
sat iet in (0.25, 0.5, 1 and  2 U) and  calc i tonin  (0.125, 0.25, 0.5 and  1 U), 
respect ive ly .  The  cont ro l  grould was  t rea ted  wi th  saline, 20 ~l/animal. 
Water  was  g iven  at  the  end  of the  24-h depr iva t ion  per iod and  its c o n s u m p -  
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0 10 20 /*0 80z SATIETIN o 
(~r animo~) 

0.125 0.25 0.5 I U CALCITONIN ~, 

Fig. 4. Effect of satietin and calcitonin on the water  intake of rats in the  first 4 hours 
after 23 h water  deprivation.  7 rats are in each group. Satietin and calcitonin were 
injected into the lateral ventr icle in the 22nd hour of water  deprivation. 

t i o n  w a s  m e a s u r e d  for  4 h. T h e  a n i m a l s  w e r e  s t a r v i n g  d u r i n g  t h e  e x p e r i -  
m e n t .  N o n e  o f  t h e  s a t i e t i n  d o s e s  c a u s e d  a n y  s i g n i f i c a n t  c h a n g e  c o m p a r e d  
to  t h e  c o n t r o l s ,  w h i l e  1 M R C  u n i t  o f  c a l c i t o n i n  d e c r e a s e d  w a t e r  i n t a k e  
s i g n i f i c a n t l y  (p < 0.01). 

S a t i e t i n  d i d  n o t  c h a n g e  t h e  w a t e r  i n t a k e  in  r a t s  d e p r i v e d  o f  f o o d  for  96 
h o u r s  a n d  s u p p l i e d  w i t h  w a t e r  a d  l i b i t u m ,  as  s h o w n  in  t a b l e  6. I t  c a n  b e  
s e e n  f r o m  t h e  d a t a  in  t a b l e  6 t h a t  r a t s  f ed  w i t h  s t a n d a r d  c h o w  p e l l e t s  n e e d ,  
b e c a u s e  o f  t h e  d r y  food ,  a h i g h  a m o u n t  o f  w a t e r  for  c o n s u m i n g  t h e  pe l l e t s .  
D u r i n g  t h e  96-h s t a r v a t i o n  p e r i o d  t h e  w a t e r  c o n s u m p t i o n  o f  t h e  r a t s  
d e c r e a s e s  to  t h e i r  e s s e n t i a l  n e e d ,  w h i c h  is  a b o u t  6-8  m l  da i ly .  I n  c o n t r a s t  to  
s a t i e t i n ,  a m p h e t a m i n e  (5 m g / k g  s u b c u t a n e o u s l y  e v e r y  5 h o u r )  d o u b l e d  t h e  
w a t e r  i n t a k e  o f  r a t s  (12.38 _+ 1.92 m l  v e r s u s  6.45 + 0.83 ml)  u n d e r  t h e  s a m e  
e x p e r i m e n t a l  c i r c u m s t a n c e s .  

We h a v e  a l so  d e m o n s t r a t e d ,  b y  u s i n g  t h e  ' c o n d i t i o n e d  a v e r s i o n '  p a r a -  
d i g m  o f  G a r c i a  et  al.  (1974), t h a t  s a t i e t in ,  e v e n  in  h i g h e r  t h a n  a n o r e c t i c  
d o s e ,  d i d  n o t  e l i c i t  a v e r s i o n  to  f o o d  ( S ~ n d o r  a n d  Kno l l ,  1982), i.e., i t  i s  a r ea l  
a n o r e c t i c  agen t .  

Table 6. Ineffect iveness of satietin on the water  intake of rats  deprived of  food for 
96 h. N = 20. Intra-cerebroventr icular  administrat ion.  

Trea tment  Dose Water intake (ml) + S.E.M. 

Before After  starvation After 
starva- (days) feeding 
tion 1. 2. 3. 4. 

Without  - 37.4 13.75 12.95 8.35 6.45 35.9 
+1.66 +2.0 _1.18 +0.79 +0.83 +2.79 

Saline* 201# 32.28 15.7 i0.0 7.0 6.6 38.9 
animal  +1.08 +_2.12  +_0.89  +_0.63 +0.94 +1.15 

Satietin* 80 ~g/ 33.75 13.05 12.1 9.6 6.2 37.8 
animal  _+1.48 +_1.31 _+1.18  +0.89 _+0.88  +1.29 

* Injected in the morning of the 4th day's  starvation. 
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The  in t ra-cerebrovent r icu lar  adminis t ra t ion  of  satietin did not  change  
the b lood sugar, insulin and glucagon levels in the blood ei ther  in nor- 
really fed rats or in rats depr ived  of  food for 96 hours.  Amphe tamine ,  given 
in t ra-cerebroventr icular ly ,  did not  change  the measu red  parameters  in 
normal ly  fed animals bu t  significantly increased the se rum insulin level in 
food-depr ived  rats (Gyarmat i  et al., 1982). 

Amphe tamine ,  which  is a po ten t  releaser  of  noradrenal ine ,  exer ts  a 
n u m b e r  of  per iphera l  effects  and is highly poten t  on isolated organs 
possess ing noradrenerg ic  t ransmiss ion  machinery .  We checked  the effect  
of  satiet in on  the per fused  central  ear ar tery of the rabbit ,  on the  pulmo-  
nary  ar tery  strip of  the rabbi t  and on the isolated nict i tat ing m e m b r a n e  of  
the  cat, in which  less than  1 ~tg/ml amphe t amin e  s t rongly potent ia tes  the  
response  of  the vascular  smooth  muscle  to nerve  st imulation.  Even  very  
high doses  of  satietin p roved  to be comple te ly  ineffect ive in these  tests 
(Knoll, 1982b, 1982c). 

We tes ted  the  effect  of satietin in acutely spinalized rats by  measur ing  
the  cont rac t ion  of  the m. tibialis anter ior  to h ind  paw st imulation.  Seroto-  
nin is k n o w n  to be  involved in the  spinal reflex, and fenf luramine  in i.v. 
doses, even  lower than  the anorect ic  dose level, increases the  cont rac t ions  
of  the  m. tibialis anter ior  to s t imulat ion by  enhancing  the activity of  the  
serotonergic  l ink in the  reflex. Satiet in proved  to be comple te ly  ineffect ive 
even  whe n  given in t ravenous ly  in a m u c h  h igher  than  anoreet ic  dose  
(Knoll, 1982b, c). 

The  effect  of satietin was also invest igated in isolated organs (longitudi- 
nal musc le  strip of  the  guinea pig ileum, mo u se  vas deferens  and cat 
splenic strip) which  are used  for tes t ing opiate agonists and antagonists .  
Sat iet in did not  exer t  any  effect  in these  tests and failed to inf luence  the 
effect  of  opiate  agonists.  

The puta t ive  role o f  satietin in the regulation o f  food in take  

Put t ing  all the  data together ,  the  work ing  hypothes i s  visualized in f igure 
5 is forwarded.  

Consider ing tha t  satietin is widely  d is t r ibuted  in the wor ld  of  verte-  
brates,  tha t  its concent ra t ion  in the blood is amazingly high, its site of  
effect  is in the  central  nervous  sys tem and that  it induces  sat iety wi thou t  
having any  o ther  detectable  central and per ipheral  effect, the  hypothes i s  is 
fo rwarded  that  i t  m a y  p lay  the role o f  a rate-limiting, blood-borne, sat iety  
signal in the negat ive  feed-back o f  food intake, i.e., serving as the essential 
chemical  l ink  connect ing  the gastrointestinal tract and the brain in the 
regulation o f  feeding. 

The  amazing selectivi ty of  satietin might  be expla ined  by  the assump- 
t ion that  neurons  exis t  in the  brain wi th  highly specific satietin receptors  
and func t ion  as a 'sat iety center ' .  If, because  of  the  h igh satietin concentra-  
t ion in the blood, these  receptors  are sa turated with satietin, food intake is 
comple te ly  inhibi ted,  and we have the subject ive feeling of  fullness, and 
possibly even  an avers ion for food. Sat iet in might  be l iberated f rom 
inact ive b inding  by  special  signals. Regulator(s) of the l iberat ion of  phy-  
siologically active satietin m a y  play  impor tan t  roles in satiation and  there  
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Fig. 5. Scheme visualizing the hypothesis that, satietin, a blood-borne substance, 
plays the role of a rate-limiting satiety signal in the negative feed-back of food 
intake. 

is also a place for short term satiety signal(s) originating from the gastroin- 
testinal tract. 

That satietin circulates in the blood in an inactive form is strongly 
supported by the finding that, whereas with the material prepared by the 
method without the step of trichloroacetic precipitation (Knoll, 1982c), the 
peak effect was reached 5 h after the intra-cerebroventricular injection of 
the sample, the trichloroacetic acid precipitation of albumin before gel 
chromatographic separation, see figure 1, yielded preparations with a 
short (30 rain) onset of the effect. 

Digestion of food and the emptying of the gastrointestinal tract may lead 
to a gradual decrease of active satietin in the blood, thus the satietin 
concentrat ion in the brain, too, is step by step decreasing, leading to the 
inactivation of the 'satiety center' and to the progressively intensive feel- 
ing of hunger as visualized in figure 5. 

If  satietin were the blood-borne rate-limiting satiety signal in the nega- 
tive feed-back of food intake this would have eagerly expected theoretical 
and practical consequences�9 Theoretically it would mean a decisive step 
forward in the elucidation of the biogrammar of feeding. From a practical 
point of view, an unhoped for new opportunity had presented itself for 
influencing food intake. According to the hypothesis, hunger is termi- 
nated by the liberation of physiologically active satietin in the blood and 
eating an appropriate amount  of food leads to this change. As the brain 
should be satiated by satietin, if we could learn to raise, to a sufficient 
extent, the blood level of the satiety signal by exogenous manipulation, we 
could terminate the feeling of hunger by avoiding the natural route: filling 
the gastrointestinal tract. We may thus have the option to terminate 
hunger drive either by the natural way, eating, or artificially by increasing 
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t h e  s a t i e t i n  c o n c e n t r a t i o n  in  the  b l o o d  e x o g e n o u s l y .  To  get  to the  b o t t o m  
of th i s  p o s s i b i l i t y  is one  of  the  m a i n  s u b j e c t s  of o u r  research .  
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