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Animal models with genetic or experimentally-pro- 
duced obesity are numerous. The abnormalities 
reported in these models vary from one animal type 
to another [1, 2]. However, whether rats or mice 
made obese by lesions of the ventromedial 
hypothalarnus, or genetic obese rats or mice are con- 
sidered, analogous pathological traits can be 
observed. Obesity, in man and in animals [1] is often 
associated with glucose intolerance. Such abnormal 
glucose handling is almost invariably accompanied by 
hyperinsulinaemia [3], a paradoxical situation that 
indicates the existence of a state of resistance to insu- 
lin. Obesity has been shown to be a progressive con- 
dition that comprises two main phases: an early one 
without insulin resistance, a later one in which insulin 
resistance is apparent. The overall changes observed 
in this syndrome are schematized by Figure 1. 

Early Phase of Obesity 

When considering the early phase of obesity, that is 
the actual accumulation of fat, two main organs must 
be discussed: the liver and adipose tissue (Figure 1). 

Livers of various obese animals synthesize too 
much triglycerides and secrete too much of these as 
very low density lipoproteins (VLDL); they oxidize 
little fatty acid; the imbalance between lipid synthesis 
and lipid oxidation results in fat infiltration of the 
hepatic parenchyma; simultaneously hepatic glucose 
output is decreased [4--6]. The B cells of obese ani- 
mals oversecrete insulin, but the hepatic clearance of 
insulin is decreased when the concentration of insulin 
in the portal vein is raised, so that more insulin 
reaches peripheral tissues, and hyperinsulinaemia 
ensues [7]. 

During this phase of the syndrome, adipose tissue 
of obese animals is characterized by enhanced in situ 

lipogenesis and enhanced capacity to take up cir- 
culating VLDL, with a resulting increase in the size 
of the triglyceride-overloaded adipocytes [1, 6, 8, 9]. 

Most of the abnormalities of liver and adipose 
tissue metabolism mentioned above can be ascribed 
to hyperinsulinaemia (the possible origin of which is 
discussed below) since, first, they can be reversed 
toward or to normal by decreasing circulating levels 
of insulin [1] and, second, their occurrence is con- 
comitant with the development of the hyperin- 
sulinaemia [10]. Thus, during the early phase of 
obesity, liver and adipose tissue are basically normal 
tissues that are simply overstimulated by insulin. The 
same seems to apply to muscle although, as sum- 
marized in Fig. 1, the evolution toward the "later" 
phase occurs very rapidly in this tissue [1]. At the 
early phase of obesity, hyperinsulinaemia is still mod- 
erate, receptor changes and insulin resistance (as 
described below) being slight or absent [11]. 

Late Phase of Obesity 

At a later phase of the syndrome, the time of appear- 
ance of which varies from species to species, hyperin- 
sulinaemia becomes much more pronounced. 
Moreover, a state of insulin resistance is now appa- 
rent [1, 10, 11]. In vivo, such an insulin resistant state 
can be best demonstrated by the failure of exoge- 
nously administered insulin to lower blood glucose 
[1]. In vitro, the resistant state is detected principally 
in skeletal muscle and adipose tissue (much less in 
the liver) and is evidenced by the partial or total 
failure of in vitro added insulin to influence glucose 
metabolism of these tissues. 

When considering insulin resistance, it should be 
recalled that insulin receptors are continuously 
synthesized and degraded [12]. A variety of factors 
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Fig. 1. Schematic representation of the 
progressive appearance of abnormalities in 
animal obesity syndromes. The duration (t) 
needed to lead insulinemia (IRI), glycemia 
(G), insulin receptor number of target tis- 
sues (R), liver (L), adipose tissue (AT), and 
muscle (M) to their final pathological state is 
quite variable. Hyperinsulinaemia is one of 
the earliest abnormalities detected, and 
probably plays a major role in producing 
most of the abnormalities depicted here. 
Muscle is the tissue which evolves most 
rapidly toward an insulin resistant state. 
Ultimately, all metabolic pathways of glu- 
cose in muscle become less insulin sensitive 
and responsive (see text). Heavy arrows 
(except in 5) indicate pathways that are 
increased, dotted ones pathways that are 
decreased when compared to normal con- 
trols. G = Glucose; FA = Fatty acids; KB 
= Ketone bodies; TG = Triglycerides; 
VLDL = very low density lipoproteins 

regulate the concentration of insulin receptors. The 
main one appears to be the insulin concentration 
itself. Thus, it has been shown that during exposure 
to insulin in vitro, the number of insulin receptors of 
cultured transformed lymphocytes [13] or cultured 
hepatocytes [14] decreases. This decrease is depen- 
dent on the duration of exposure to the hormone, in 
addition to its concentration. Moreover, insulin 
receptor number can be reversed to normal after 
removal of the hormone from the medium [13, 14]. 
This ~so-called "down-regulation" of receptor 
number by increasing insulin concentrations and its 
disappearence upon removal of insulin are complex 
phenomena that seem to involve both degradation of 
the receptor upon binding of the hormone as well as 

receptor synthesis following insulin withdrawal [12]. 
It is noteworthy that the receptors "down-regulated" 
by the excess of insulin retain their normal physiolo- 
gical characteristics [12]. 

Due to the above considerations, it is of interest 
to observe that obese-hyperinsulinaemic animals, 
which have several similarities with obese humans, 
are characterized by a decrease in the number of the 
receptors in all target tissues, i. e., in liver [15], adi- 
pose tissue [16], and muscle [17]. Moreover, the 
decrease in receptor number is related to the degree 
of hyperinsulinaemia (see Figure 1) and returns 
toward or to normal when the hyperinsulinaemia of 
obese animals is corrected [1]. Thus, in obese ani- 
mals, the "down-regulation" of insulin receptors and 
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its reversal appear to be identical to that observed in 
the in vitro systems mentioned above. 

Due to the observation of decreased insulin 
receptor number in obese animals, it was initially 
thought that this change was principally responsible 
for the overall insulin resistant state. However, the 
situation is more complex than originally anticipated 
and is not identical in all target tissues of insulin. 

Insulin Resistance in the Liver 
during Late Phase of  Obesity 

The usual decrease in insulin receptor number occurs 
in hepatocytes of obese animals. However, because 
of the probable existence of "spare" receptors 1, 
enough insulin binding sites may remain available to 
permit continuation of the overstimulation of lipid 
synthesis pathways by hyperinsulinaemia, as found 
during the early phase of the syndrome (Fig. 1). 
Thus, these pathways do not become insulin resistant 
[1]. At this phase of the syndrome, the clearance of 
insulin by the liver is further reduced, thereby 
increasing peripheral hyperinsulinaemia [7]. There 
are some data available which suggest that livers now 
stop responding to an increased glucose load by a 
rapid decrease in gluconeogenesis and activation of 
glycogen synthesis [19], while the administration of 
small doses of insulin to obese humans fails to nor- 
mally suppress hepatic glucose output as it does in 
normal non-obese individuals [20]. These observa- 
tions suggest that insulin resistance may exist for at 
leastsome hepatic pathways that contribute to 
hyperglycaemia (Fig. 1). 

Insulin Resistance in Muscle 
during Late Phase of  Obesity 

The muscle mass is responsible for the largest part of 
glucose utilization in vivo. It is therefore of interest to 
investigate insulin resistance of this tissue in obese 
animal models, all the more as, for obvious practical 
reasons, muscle cannot be easily studied in humans. 
Insulin binding to skeletal muscles of obese animals is 
decreased when compared to lean controls [21, 22]. 
With regard to this finding two remarks should be 
made: a) normal muscle has "spare" receptors; b) 
although the number of receptors in the muscle of 
obese animals is invariably decreased when com- 
pared to lean controls, its magnitude varies from 
species to species and is in the range of 20-30 to 
50-60% [21, 22]. As mentioned above, insulin 

1 It should be recalled at this point that a tissue has "spare" recep- 
tors when the occupation of only a fraction of them by insulin is 
required to elicit full metabolic activation by the hormone [18] 
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Fig. 2. Schematic representation of the relationship between insu- 
lin-stimulated pathways of glucose metabolism in muscle (similar 
data are obtained in adipose tissue) and the concentrations of 
insulin added in vitro. Curve I: normal insulin response. Curve II: 
Shift to the right of the insulin dose-response curve, with normal 
stimulation at supramaximal concentration of the hormone. This 
indicates decreased insulin sensitivity of the tissue. Curve III: Shift 
to the right of the insulin dose-response curve with, in addition, 
very poor stimulation even at supramaximal concentration of the 
hormone. This indicates decreased insulin sensitivity and respon- 
siveness of the tissue 

resistance was initially attributed primarily to 
decreased insulin binding. Subsequently, it was 
realized that such decreased insulin binding was not 
sufficient to explain the overall state of resistance, 
and that additional defects distal to the insulin recep- 
tor complexes had to exist. The emergence of such a 
more complex view of insulin resistance in obesity is 
based on many experiments schematized by Fig. 2. 
Using this particular figure, two types of abnor- 
malities of glucose metabolism are observed in mus- 
cles of obese animals: a) the presence of a shift to the 
right of the insulin dose response curve, although 
maximal stimulation can be elicited when supramaxi- 
mal hormone concentrations are used (Fig. 2, Curve 
II), indicating the existence of a decreased sensitivity 
of muscle to insulin; b) the failure of even supra- 
maximal concentrations of insulin to produce maxi- 
mal metabolic stimulation (Figure 2, Curve III), 
demonstrating that a decreased responsiveness of 
muscle to the hormone is present [21, 22]. 

As with the overall obesity syndrome (Fig. 1), 
insulin resistance of muscles is a progressive 
phenomenon, the decrease in insulin sensitivity usu- 
ally preceding that in insulin responsiveness. How- 
ever, the rapidity of the evolution of the metabolic 
abnormalities may be such that the step of mere 
decrease in insulin sensitivity is missed, and only 
decreased insulin responsiveness is recorded [11, 21, 
22]. It should be emphasized that even when insulin 
binding to muscles of obese animals is decreased by 
as much as 60%, there are, theoretically, enough 
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Fig. 3. Schematic representation of the possible causes of hyperin- 
sulinaemia in obesity. I. Possible abnormal regulation of the islets 
of Langerhans by the CNS (e. g. hypothalarnus) that ultimately 
favours hypersecretion of insulin by the B cells. Such abnormal 
regulation may implicate, under certain conditions, the A (gluca- 
gon) and the D (somatostatin) cells as well, and be partly mediated 
by the vagus nerve. II. Possible abnormal regulation of the islets of 
Langerhans by the gut, c.g. via overproduction by the stomach 
and duodenum of GIP ("gastric inhibitory polypeptide"), an insu- 
lin secretagogue. III. Possible consequence of insulin resistance in 
target tissues which, via resulting hyperglycaemia, favours 
hypersecretion of insulin by the B cells. IV. Possible primary 
defect in the endocrine pancreas per se which, by unknown 
mechanisms, may favour hypersecretion of insulin by the B cells 

remaining binding sites to permit a maximal insulin 
response, since the latter has been shown to occur at 
low occupancy of total available receptors ("spare" 
receptors). Thus, the following conclusions can be 
made: a) the functional consequence of decreased 
receptor numbers in skeletal muscle with "spare" 
receptors is only a decrease in their sensitivity to 
insulin (i. e. higher concentrations of the hormone 
are necessary to elicit biological effects equal to those 
of normal tissues); b) the decrease in insulin binding 
(i. e. the decreased insulin receptor number) cannot 
explain the decrease in maximal hormonal effects 
because such decreased binding does not exceed the 
proportion of "spare" receptors. 

These considerations make it evident that some 
alteration(s) must occur beyond or apart from the 
insulin-receptor interaction and be responsible for 
the decreased insulin responsiveness. There are two 
obvious possibilities: a) an altered coupling between 
the insulin receptor complex and the effector system 
for one or several metabolic pathway(s) of glucose 
metabolism; b) intracellular abnormalities inhibitory 
to some pathways of glucose metabolism. Such 
intracellular defects have indeed been detected and 
may be multiple, as well as different from one target 
tissue to another [22, 23, 24]. 
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Insulin Resistance in Adipose Tissue 
during Late Phase of Obesfly 

Following the initial overstimulation by hyperin- 
sulinaemia (with resulting fat accumulation) adipose 
tissue also progresses towards a state of insulin resist- 
ance [11, 23, 24], (Figure 1). The changes observed 
in this tissue have been particularly well studied in 
humans [23] and have many features in common with 
those previously described for muscle. In essence, 
insulin resistance in adipose tissue can be sum- 
marized as follows: As normal adipose tissue has 
"spare" receptors [24-26], it follows that the 
observed decreased insulin binding of adipocytes is 
responsible only for the observed decrease in insulin 
sensitivity (see Figure 2). The superimposed decrease 
in maximal response to maximal concentrations of 
insulin detected in large, triglyceride-overloaded fat 
cells, must also, as in muscle, be attributed to 
intracellular defects responsible for the observed 
decreased fatty acid synthesis despite a normal acti- 
vation of the glucose transport system by insulin [23, 
24]. This "adaptive" limitation of fatty acid synthesis 
does not appear to completely prevent excessive fat 
accumulation (Figure 1). Thus, VLDL uptake 
remains increased due to a persisting hyperinsu- 
linaemia-mediated increase in lipoprotein lipase 
activity and glycerophosphate formation [1, 6, 27]. 

Possible Causes of Hyperinsulinaemia 

Hyperphagia and hyperinsulinaemia often occur in 
parallel in animal obesity syndromes, and one could 
hypothesize that hypersecretion of insulin is simply a 
consequence of hyperphagia. However, it has been 
shown that hyperinsulinaemia and obesity may 
develop independently from hyperphagia [28] and 
that hyperinsulinaemia is a major abnormality of 
both genetic or experimentally-produced animal 
obesity that ultimately contributes, as discussed 
above, to the establishment of insulin resistance [1]. 

Nevertheless, in obese humans as in animals, the 
primary cause of insulin over-secretion remains 
unknown, and the following possibilities can be pro- 
posed (Fig. 3): a) in obese humans, a primary insulin 
resistance in target tissues of insulin, with secondary 
hyperinsulinaemia and subsequent insulin resistance 
cannot be excluded. This possibility appears unlikely 
in animal models since hyperinsulinaemia is, if not 
the earliest, at least one of the earliest abnormalities 
detected [1, 10, 29] and appears to be responsible for 
most of the metabolic changes described in Fig. 1. b) 
It has been suggested that genetically obese animals 
have several hypothalamic abnormalities [30-32]. 
Also, acute lesions of the ventromedial hypothalamic 
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( V M H )  area  result, within minutes,  in hyper in-  
sul inaemia [33] tha t  persists thereaf ter  [4]. R e c e n t  
exper iments  carr ied out  in M H - l e s i o n e d  rats sug- 
gest  that  the CN S m a y  modu la t e  [33] the endocr ine  
pancreas  via the vagus nerve,  a l though  a factor,  pres-  
ent  in the lateral  hypo tha lamus ,  could be  ano ther  link 
be tween  the CNS and the pancreas  [34]. It  has 
fur ther  b e e n  observed  that  hyperact ivi ty  of  the vagus 
nerve  that  appears  to fol low lesions of the V M H  area 
results in a r educed  pancreat ic  somatos ta t in  release 
toge ther  with an increase in bo th  insulin and gluca- 
gon  secret ion [35, 36]. Thus,  the CNS (e. g. the  
hypotha lamus)  could part ly regulate  the A,  B and D 
cells of  the  pancreas  and /o r  the inter-relat ionships 
be tween  these ceils, a regula t ion that  could be  abnor-  
mal  in some  types of  obesi ty  syndromes ,  thereby 
leading to hyperinsul inaemia,  c) Hyper insu l inaemia  
of  obese  humans  has been  a t t r ibuted to an overact iv-  
ity of the entero- insular  axis and, in particular,  to  an 
exaggera ted  release f r o m  s tomach  and duodenum,  
fol lowing glucose, fat and amino acid ingestion, of  
the so-called gastric inhibi tory polypept ide  (GIP) ,  a 
fac tor  that  st imulates insulin release [37]. d) Finally, 
it has b e e n  p r o p o s e d  that  the p r imary  lesion leading 
to hyper insul inaemia  in some  types of obesities may  
be in the endocr ine  pancreas  per  se [38]. 

To  conclude,  it is obvious  that, for  the t ime being, 
no  clear origin can be p roposed  for  hyper in-  
sul inaemia of  obesi ty  syndromes.  Fur the rmore ,  when  
discovered,  it will p robab ly  vary  f rom species to 
species and  may  ul t imately p rove  to be a mult i facto-  
rial and progressive abnormal i ty  that  might  differ in 
the early and late phases  of the obesi ty  syndrome,  as 
is the case for  insulin resistance [39]. 
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