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Central nervous system and peripheral abnormalities: 
clues to the understanding of obesity and NIDDM 
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Summary To study the impact on glucose handling of 
the observed hyperinsulinaemia and hypercorticism 
of the genetically obese fa/fa rats, simplified animal 
models were used. In the first model, normal rats 
were exposed to hyperinsulinaemia for 4 days and 
compared to saline-infused controls. At the end of 
this experimental period, the acute effect of insulin 
was assessed during euglycaemic-hyperinsulinaemic 
clamps. White adipose tissue lipogenic activity was 
much more insulin responsive in the "insulinized" 
than in the control groups. Conversely muscles from 
"insulinized" rats became insulin resistant. Such di- 
vergent consequences of prior "insulinization" on 
white adipose tissue and muscle were corroborated 
by similar divergent changes in glucose transporter 
(GLUT 4) m R N A  and protein levels in these respec- 
tive tissues. In the second model, normal rats were ex- 
posed to stress levels of corticosterone for 2 days. This 
resulted in an insulin resistance of all muscle types 
that was due to an increased glucose-fatty acid cycle, 
without measurable alteration of the GLUT 4 sys- 

tern. In genetically obese (fa/fa) rats, local cerebral 
glucose utilization was decreased compared to lean 
controls. This could be the reason for adaptive 
changes leading to increased levels in their hypotha- 
lamic neuropeptide Y levels and median eminence 
corticotropin-releasing-factor. Thus, in a third model, 
neuropeptide Y was administered intracerebroventri- 
cularly to normal rats for 7 days. This produced hyper- 
insulinaemia, hypercorticosteronaemia, as well as 
most of the metabolic changes observed in the geneti- 
cally obese fa/fa rats, including muscle insulin resis- 
tance. These data together suggest that the aetiology 
of obesity-insulin resistance of genetically obese ro- 
dents has to be searched within the brain, not periph- 
erally. [Diabetologia (1994) 37 [Suppl 2]: S 169-S 178] 

Key words Hyperinsulinaemia, hypercorticosteron- 
aemia, glucose and lipid handling, Neuropeptide Y, 
corticotropin-releasing factor, autonomic nervous 
system, insulin resistance, lipogenesis, local cerebral 
glucose utilization. 

The concept that obesity syndromes in animals, at 
least in some, are due to central nervous system ab- 
normalities, originates from the observation that le- 
sions of the ventromediat hypothalamic area (VMH) 
in normal rats p roduce  hormonal and metabolic dis- 
orders that are similar to those observed in genetical- 
ly obese rodents [1-34]. From this research, summar- 
ized inTable 1, it was concluded for both animal mod- 
els of obesity (i.e. hypothalamic obesity obtained by 
lesion of the VMH or genetic obesity), that the main 
initial defect(s) appeared to be an abnormal central 
nervous system regulation of the autonomic nervous 
system. It was striking to observe, in particular, that 
hyperinsulinaemia both in genetically preobese rats 
or in acutely VMH-lesioned rats occurred early and 
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was a vagus-nerve mediated process [3, 7, 14-16, 20]. 
During the course of many studies carried out in the 
genetically obese (fa/fa) rat, hyperinsulinaemia was 
thought, albeit indirectly, to play a role in several of 
the abnormalities observed. Thus, the impact of hy- 
perinsulinaemia on some of these alterations was in- 
vestigated, using a simplified animal model [35]. 

Hyperinsulinaemia imposed on normal rats 

To mimick a state of hyperinsulinaemia, awake nor- 
mal rats were infused with insulin for 4 days via mini- 
pumps ("insulinization"), and compared to saline-in- 
fused rats. Euglycaemia of the "insulinized" animals 
was maintained by a superimposed infusion of glu- 
cose [35]. The in vivo glucose uptake by individual tis- 
sues was then measured during euglycaemic-hyperin- 
sulinaemic clamps [36] using the 2-deoxy-[1-3H]-I> 
glucose technique [37]. The rat was killed and the 
parametrial white adipose tissue and different mus- 
cles (e.g. the tibialis) were removed and their con- 
tent in 2-deoxy-[1-3H]-glucose 6-phosphate (an in- 
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Table 1. Main disorders common to hypothalamic lesioned 
rats and genetically obese (fa/fa) rats 

1. Increase food intake (not always) 

2. Hyperinsulinaemia-hyperglucagonaemia of early onset 
and vagus nerve mediated (present even in the absence of 
hyperphagia) 

3. Decreased energy dissipation as heat of early onset and 
mediated by decreased sympathetic efferent(s) 

4. For adipose tissue glucose uptake and lipogenesis there- 
from: evolution from a state of initial insulin over-respon- 
siveness to a later phase of insulin resistance. Insulin resis- 
tance usually does not bear on the adipose tissue lipopro- 
tein lipase-mediated process responsible for circulating 
triglyceride uptake. This process remains insulin over-re- 
sponsive 

5. For muscles: evolution from a transient state of insulin 
over-responsiveness to a state of insulin resistance 

6. For hepatic glucose production: evolution from a state of 
normal insulin responsiveness to a state of insulin resis- 
tance 

7. Overactive liver and adipose tissue lipogenic activities that 
do not frequently become insulin resistant 

8. Defects no. 1, 2, 3, 4, 7 are responsible for the occurrence of 
obesity 

9. Defects no. 5 and 6 are responsible for a glucose intoler- 
ance of varying degree, initially associated with hyperinsu- 
linaemia 

10. Endocrine pancreas secretory failure with relative or ab- 
solute decrease in insulin output, long-term kidney and 
ocular complications, thus evolution toward NIDDM 

Based on [1-34, 57] 

dex of glucose uptake and phosphorylation) was de- 
termined. The mean steady-state insulinaemia values 
achieved during the clamps were about 1000 ~U/ml 
for both controls and "insulinized"rats [35, 38] These 
values of insulinaemia enabled the study of tissue re- 
sponsiveness (i.e. maximal response) to the hor- 
mone. Other rats were killed at the end of the same 
treatments (saline-infused control vs "insulinized", 
rats) and the parametrial white adipose tissue and 
the tibialis were removed for measurements of insu- 
lin responsive glucose transporter (GLUT 4) mRNA 
and GLUT 4 protein levels. Arbitrary units refer to 
optical density ratio of GLUT 4 mRNA over actin 
mRNA. Immunodetection and quantification of glu- 
cose transporters were carried out with a monoclo- 
nal GLUT 4 antibody [35, 38-40]. 

In additional experiments, lipid synthesis was 
studied in saline-infused control or "insulinized" 
rats, again during euglycaemic-hyperinsulinaemic 
clamps, via the incorporation of 3H, from 3H20 given 
as a bolus, into lipids of white adipose tissue and liver 
[35, 38 I. 

As can be seen by Figure 1, the glucose utilization 
index of white adipose tissue (i.e. the acute tissue re- 
sponsiveness of this process to insulin) was much 
higher in rats previously "insulinized" for 4 days 
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than in saline-infused controls. This was accompa- 
nied by an increase (in the "insulinized" group rela- 
tive to controls) in the abundance of mRNA coding 
for the insulin-responsive glucose transporter GLUT 
4 and by an increase in the amount of GLUT 4 pro- 
tein, as further depicted by Figure 1 [35, 40]. 

In marked contrast, the insulin-stimulated glucose 
utilization index (2-deoxy-n-glucose uptake) of five 
muscles of different fibre composition, that of tibialis 
for example, was much lower in the "insulinized" 
group than in controls. This was accompanied by a 
decrease in the abundance of tibialis GLUT 4 
mRNA and GLUT 4 protein levels (Fig. 1) [35, 38, 
40]. 

As shown by the data in Table 2, it was further ob- 
served that the stimulation of lipogenesis produced 
by insulin during the clamps was higher in the liver 
from "insulinized" rats than in that from saline-in- 
fused controls. Similar results were obtained for 
white adipose tissue lipogenesis of "insulinized" rats 
compared to that of saline-infused controls. These ob- 
servations were in keeping with the increase in body 
weight and total inguinal fat pad weight of "insuli- 
nized" rats compared to controls (Table 2) [35]. 

Data accrued from such experiments on control 
and "insulinized" rats show that hyperinsulinaemia 
per se produces divergent changes in glucose trans- 
port and glucose transporter mRNA in white adi- 
pose tissue and muscles that are accompanied, al- 
though not always for muscles, by analogous changes 
in the corresponding glucose transporter protein 
[40]. This also indicates that, by mechanisms yet to 
be determined, hyperinsulinaemia up-regulates the 
adipose tissue glucose transport and transporter sys- 
tem, while down-regulating those of muscles. This fa- 
vours the view that a state of hyperinsulinaemia, 
even of short duration, can be one of the driving 
forces responsible for increased white adipose tissue 
(and liver) metabolic activity, ultimately leading to 
obesity, together with producing muscle insulin resis- 
tance (Fig. 1, Table 2) [35]. A hyperinsulinaemia of 4 
days does not, however, bring about insulin resis- 
tance of the hepatic glucose production process [35]. 

The data just summarized may explain why a state 
of increased insulin responsiveness of some metabol- 
ic pathways in certain tissues (i.e. liver and adipose 
tissue lipogenesis), together with a state of insulin re- 
sistance of others (e.g. muscles) often coincide in ani- 
mal models of hyperinsulinaemia and obesity [6, 22- 
24, 29]. 

A feature of genetically obese animals, the obese 
(fa/fa) rat in particular, is non-detectable hypoglycae- 
mia, despite early and subsequently sustained hyper- 
insulinaemia [15, 20]. This could be partly attributed 
to the early occurrence of muscle insulin resistance 
[29, 33]. In addition, as insulin is a powerful hor- 
mone, it was hypothesized that hypoglycaemic ef- 
fects of hyperinsulinaemia could be prevented by a 
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Fig.lA, B. Effects of a 4-day insulin- 
administration (2 U/day) together 
with a glucose infusion to maintain 
euglycaemia in normal rats 
(,,insulinized,, rats) on the acute effect 
of insulin on glucose uptake by white 
adipose tissue (A) and tibialis (B) 
measured during euglycaemic-hyper- 
insulinaemic clamps associated with 
the 2-deoxy-n-glucose technique (left 
panels). At the end of another 4-day 
experimental period, the same tissues 
were removed from another series of 
animals for measurements of the insu- 
lin-responsive GLUT 4 mRNA and 
protein levels (middle and right pa- 
nels; saline-infused controls: D; "in- 
sulinized" rats: []. Mean of 5-6 ex- 
periments + SEM, all differences 
p < 0.01 [35, 38, 40] 

prevailing adaptive activation of the hypothalamo-pi- 
tuitary-adrenal (HPA) axis [41]. Concomitant to 
these data the H P A  was hypothesized to be responsi- 
ble for muscle insulin resistance. 

Indeed, it was found that genetically obese (fa/fa) 
rats had increased adrenocorticotropic hormone 
(ACTH)  and/or corticosterone output following var- 
ious forms of stress (e.g. immobilization) [41, 42]; 
greater 24-h urinary corticosterone output  [43], and 
higher than normal plasma corticosterone levels (ac- 
companying those of insulin) during a meal (unpub- 
lished observation). It has been estimated that geneti- 
cally obese rodents are exposed, on a daily basis, to 
plasma concentrations of corticosterone at least 
twice that of their lean littermates [43-45]. Thus, 
obese animal models have an overactive HPA axis 
with resulting hypercort icosteronaemia [41-45]. 

Hypercorticosteronaemia imposed on normal rats 

Experiments with a similar paradigm were carried 
out with corticosterone. This was studied by impos- 
ing normal rats for 2 days to stress levels of the hor- 
mone by the subcutaneous route. Euglycaemic hyper- 
insulinaemic clamps and in vivo insulin-stimulated 
glucose utilization index (using the labelled 2-deoxy- 
glucose method)  of individual tissues were then mea- 
sured as described above with subsequent  detection 
of GLUT-4 m R N A  and protein, by Northern and 
Western blot analysis [46]. 

Corticosterone administration for 2 days resulted 
in stress levels of the hormone of about  500-600 ng/ 
ml. Increased plasma non-esterified fatty acid 
(NEFA) levels were also observed (controls: 
0.36 + 0.5; corticosterone administration: 1.04 + 0.10, 

p < 0.001). The glucose infusion rate necessary to 
maintain euglycaemia during the clamp was 50 % 
lower in corticosterone-administered rats than in 
controls, predominantly due to decreased insulin-sti- 
mulated total glucose utilization and to partial lack 
of inhibition of hepatic glucose production process. 

As illustrated by Figure 2, (red gastrocnemius) in- 
sulin-stimulated glucose utilization index was mark- 
edly decreased by 2-day corticosterone administra- 
tion. In fact this occurred in all of the eight muscles 
studied (mean decrease: 62 + 6 %) indicating that all 
muscles became insulin resistant, whatever their fi- 
bre composition [46]. 

Somewhat  surprisingly, muscle G L U T  4 m R N A  
and protein levels were either unchanged or in- 
creased by corticosterone administration [46, 47]. 
Glycogen content was also increased by corticoster- 
one administration in seven out of the eight muscles 

Table 2. Effects of imposed hyperinsulinaemia to normal rats 
("insulinization") on lipid handling 

Groups De novo lipogenesis 
of rats Liver adipose tissue 

Body Fat pad 
weight gain weight 
(g) (g) 

(~g-atoms/h �9 g-~) 

Controls 5.2 + 0.5 1.8 + 0.5 58.1 +_ 4.8 56.2 + 11.3 
"Insulinized" 9.8 + 1.4 a 2.8 + 0.P 89.6 + 7.7 ~ 133.8 + 27.9 a 

Hyperinsulinaemia was imposed to normal rats via subcuta- 
neously implanted minipumps delivering the hormone for 4 
days, while maintaining euglycaemia by a superimposed glu- 
cose infusion. Controls were saline-infused. At the end of the 
4 experimental days the measurements were made. De novo li- 
pogenesis was assessed by incorporation of 3H, from 3H20, into 
long chain fatty acids during euglycaemic-hyperinsulinaemic 
clamps. Mean + SEM of 5-7 experiments, ap at least < 0.05 [35] 
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Fig.2. Effects of a 2-day corticosterone administration to nor- 
mal rats (to reach stress levels of the hormone) on the acute ef- 
fect of insulin on glucose uptake by a skeletal muscle measured 
during euglycaemic-hyperinsulinaemic clamps associated with 
the 2-deoxy-D-glucose technique (untreated control rats: ~ ;  
corticosterone administered rats: I ) .  The corticosterone ef- 
fect seen was prevented by Etomoxir  treatment (an inhibitor 
of fatty acid oxidation) given during the 2-day corticosterone 
administration (control rats Etomoxir  administered: D;  corti- 
costerone + Etomoxir  administered rats: ~ ) .  Mean + SEM of 
4-8 experiments (control vs corticosterone administration, 
p < 0.05). Similar results were obtained in several muscles of 
different fibre composition [46] 

studied (by 21 to 110 %), a finding that was compati- 
ble with an increased glucose fatty acid (Randle) cy- 
cle related to high rates of corticosterone-induced li- 
polysis in adipose tissue with subsequent increases in 
NEFA release. It was striking to observe that NEFA 
levels were high in corticosterone-administered rats 
and did not decrease during the euglycaemic-hyper- 
insulinaemic clamp as they did in control rats [46]. 

Evidence of a possible effect of increased NEFA 
oxidation on glucose metabolism (and hence on mus- 
cle insulin resistance elicited by corticosterone ad- 
ministration) was investigated in control and corti- 
costerone-administered rats treated with Etomoxir, 
an inhibitor of fatty acid oxidation. As further shown 
by Figure 2, Etomoxir treatment prevented the corti- 
costerone-induced decrease in insulin-stimulated glu- 
cose utilization index of the gastrocnemius muscle 
which was representative of all muscles studied. Eto- 
moxir treatment had no or little effect on muscles ob- 
tained from control rats. Glycogen accumulation ob- 
served in most muscles following corticosterone ad- 
ministration was also prevented by Etomoxir treat- 
ment  [46]. 

Taken together, these results demonstrate that in- 
creased lipid oxidation is responsible for glucocorti- 
coid-induced muscle insulin resistance. It thus seems 
likely that an excessive NEFA oxidation induces 
muscle insulin resistance at the level of glucose up- 
take by altering glucose transport, either via an in- 
creased glucose fatty acid cycle as proposed by Ran- 
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dle et al. [48], or via the alterations of glucose trans- 
porter translocation and/or activation. At this point 
we suggested that animal obesity was associated with 
hyperinsulinaemia, with the likely consequences 
summarized in Figure 1 and Table 2, together with 
and perhaps reinforced by moderate hypercortico- 
steronaemia and its metabolic consequences (Fig. 2). 
We thus searched for a potential link between hyper- 
insulinaemia, hypercorticosteronaemia and muscle 
insulin resistance. 

Intracerebro-ventricular administration 
of neuropeptide Y to normal rats 

Neuropeptide Y was considered as a prime candidate 
in this link for the following reasons: NPY is a 36 ami- 
no-acid peptide initially isolated from pig brain. It is 
named "Y" for the single-letter code identifying the 
tyrosine residues found at the C- and N-terminals, as 
well as at three other positions in the molecule. Most 
of the metabolic effects of NPY appear to be medi- 
ated via the hypothalamic area [49]. NPY adminis- 
tered intracerebro-ventricularly (i.c.v.) has been 
shown by others to be a potent stimulator of food in- 
take in normal rats [49]. It produces obesity when ad- 
ministered for several days [50]. Acute central NPY 
administration to normal rats has also been shown to 
increase plasma insulin levels, thought to be medi- 
ated via the vagus nerve [51, 52] and to inhibit the 
thermogenic capacity of brown adipose tissue [53], a 
sympathetic nerve mediated process. 

Studies by this and other laboratories have shown 
that hypothalamic NPY m R N A  and NPY protein con- 
tent are increased in genetically obese rodents [54, 55], 
animals which have increased food intake, plasma in- 
sulin levels, hepatic and adipose tissue lipogenic activ- 
ities, alongside decreased energy dissipation [24]. 

The aim of subsequent studies was to investigate 
whether a chronic (7-day duration) i. c.v. administra- 
tion of NPY to normal rats would result in hormonal 
and metabolic defects similar to those of genetically 
obese fa/fa rats. The impact of i. c.v. NPY in the ab- 
sence of hyperphagia (pair-feeding experiments) on 
hormone output, as well as glucose and lipid han- 
dling by liver, muscles and adipose tissue was also in- 
vestigated to establish the NPY-induced changes 
that were not linked to hyperphagia [56]. 

In all experimental groups, animals treated with 
i. c.v. NPY received 10 ~g/day of the peptide. In the 
first experimental group, control and i. c.v NPY-admi- 
nistered animals were allowed to eat ad libitum 
throughout the 7-day experimental period. In the sec- 
ond group, animals were allowed to eat ad libitum for 
the first 3 days after the treatment. Subsequently, 
NPY-treated rats were pair-fed to vehicle-treated 
control animals for the remaining 4 days of NPY ad- 
ministration. This enabled diagnosis of successful 
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�9 ** p < 0.001 [56] 
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Table 3. Effects of 7-day intracerebro-veutricular NPY admin- 
istration to normal rats on peripheral metabolism 

1. Liver lipogenesis: increased 
2. Liver acetyl CoA carboxylase activity: increased 
3. Adipose tissue lipogenesis: increased 
4. Glucose uptake by adipose tissue: increased 
5. Adipose tissue acetyl CoA carboxylase activity: increased 
6. Adipose tissue lipoprotein lipase activity: increased 
7. Circulating triglycerides: increased 
8. Muscle glucose utilization (several muscles of different fi- 

bre composition): decreased by mechanisms involving an 
increased glucose-fatty acid cycle, with normal GLUT 4 
mRNA and GLUT 4 protein levels 

These alterations are observed, sometimes to different extent 
for some parameters, whether the animals are fed ad libitum 
or pair-fed. This underlies a role of NPY per se in producing 
the effects summarized. These data complete the i. c. v. NPY ef- 
fects shown by Figures 3 and 4 [56, 58] 

NPY adminis t ra t ion as seen by an initial increase in 
food intake,  then  ruling out  hyperphagia  as a compli- 
cating factor  in in terpre ta t ion of results [56]. 

As shown by Figure 3, basal plasma insulin levels 
were marked ly  e levated in NPY-trea ted  groups, what-  
ever the feeding condit ions used. Morning  plasma 
cort icosterone levels were also found to be increased 
in bo th  the ad l ibitum fed and the pair-fed NPY-trea- 
ted animals compared  to their  respective controls. 
Thus, high concentra t ions  of NPY in the brain of  nor- 
mal  animals produces two major  al terat ions that  are 
present  in genetically obese rodents,  namely  hyperin-  
sul inaemia and hypercor t icos teronaemia  [56]. The 
lat ter  effects of i. c. v. NPY adminis t ra t ion on hyperin-  
sul inaemia are possibly med ia ted  via the para-sympa- 
thet ic  nervous system, and via the s t imulat ion of  corti- 
cotropin-releasing factor  (CRF)  for hypercort icoster-  
onaemia ,  as has previously been  suggested with 
acute experiments  (referred m in [56]). 

Moreover ,  the present  s tudy contr ibutes to sup- 
port  the existence of funct ional  relationships be- 
tween  NPY and insulin, whereby  central  NPY stimu- 
lates insulin release. As insulin down-regulates  cen- 
tral N P Y  levels in normal  rats, this regulat ion would 
be abnormal  in genetically obese (fa/fa) rats, thereby 
explaining their  e levated hypotha lamic  levels of the 
pept ide  [49, 54, 55, others  referred in 56]. 

I t  has been  men t ioned  above that  the genetically 
obese fa/fa rat  as well as other  genetic models  of obe- 
sity in rodents  are character ized by hyperphagia ,  hy- 
perinsul inaemia,  increased liver and adipose tissue li- 
pogenic activities, varying degrees of insulin resis- 
tance,  and of  hypercort icism, together  with de- 
creased energy expendi ture  [24, 25, 41, 57]. It is there-  
fore of interest  to note  that  m a n y  of the ho rmona l  
and metabol ic  defects of the genetically obese ro- 
dents  were mimicked,  in the present  study, by the 
chronic i.c.v, adminis t ra t ion of NPY to ad l ibitum 
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Fig. 5. Local cerebral glucose uptake 
(measured by the labelled 2-deoxy-D- 
glucose method of Sokoloff) of adult 
lean (left) and genetically obese (right) 
fa/fa rats. Each representation has the 
same calibration scale to allow direct 
comparison of the colour-coded autora- 
diographs. Mean of 5-6 rats per group, 
with at least 6 measurements for each 
brain area. Local cerebral glucose up- 
take is expressed as ~mol/100 g .min -1 
[61] 

fed or pair-fed normal  rats [56]. Thus, as shown by 
Figure 4, i. c. v. NPY administrat ion to normal  rats re- 
sulted in increases in liver and white adipose tissue 
de novo lipogenesis. Also shown in Figure 4, such in- 
creases were greatest in the NPY-treated group hav- 
ing the highest availability of substrates, i.e. the ad li- 
b i tum fed group [56]. Fur ther  measurements  were 
made  in i. c.v. NPY-administered animals, with preli- 
minary results summarized by Table 3. It was ob- 
served that  i.c.v. NPY-treated normal  rats, whether  
fed ad libitum or pair-fed, were characterized by in- 
creased liver and white adipose tissue lipogenic activ- 
ity, together  with concomitant  muscle insulin resis- 
tance (Table 3) [56, 58]. 

It is important  to realize that  the hormonal  and 
metabolic changes brought  about by i. c.v. NPY ad- 
ministration to normal  rats can be observed in the ab- 
sence of hyperphagia [56, 58]. This indicates the exis- 
tence of genuine NPY effects within the brain, that  
are able to modify the peripheral  homeostasis. The 
routes suggested above for these NPY-induced pe- 
ripheral changes (concomitant  increase in the effer- 
ent parasympathet ic  and/or HPA axis activities) actu- 
ally remain to be demonstrated.  NPY-induced hyper- 
phagia would, by increasing substrate availability, be 
only an aggravating factor rather than a necessary 
one in the establishment of the alterations described 
in this study (Figs. 3, 4, Table 3). This may also be the 
case in genetically obese rodents, in which the 
NPY'ergic system in the hypothalamus is reportedly 
overactive and could be responsible for several fea- 
tures of such an obesity syndrome [cited in 56]. 

Hypothalamic NPY levels in genetically obese rodents 

We posed the question as to why genetically obese ro- 
dents had high levels of hypothalamic NPY [54, 55], 
and high CRF levels responsible for the overactive 
HPA axis ment ioned  above [42]. We were particular- 
ly struck by the observations of others that rats 
placed in situations of transient energy lack, such as 
fasting [59] were characterized by increased hypotha- 
lamic NPY levels. This was considered as an adapta- 
tive mechanism enabling the animal to obtain food 
(NPY-induced hyperphagia) and to store energy 
when nutrients became available (NPY-induced hy- 
perinsulinaemia and concomitant  increased lipoge- 
nesis). It is also noteworthy that  the HPA axis could 
be triggered by central hypoglycaemia [60]. 

Local cerebral glucose utilization in lean 
and genetically obese rats 

It was further considered whether  the high central 
NPY and CRF levels of genetically obese animals 
could be the result of some central lack in energy sub- 
strates. To test this posssibility, lean and genetically 
obese animals received an i.v. bolus injection of a 
trace amount  of 14C-2-deoxy-D-glucose. After  45 min 
they were killed, their brain removed,  sliced and au- 
toradiographed to measure  the amount  of labelled 2- 
deoxy-D-glucose taken up by specific brain regions 
(an index of local cerebral glucose utilization), using 
a quantitative autoradiographic me thod  [61]. 
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Fig. 6. Moderate decrease in cerebral glucose utilization would 
result in increased brain NPY and CRF levels, concomitantly 
producing dysfunctions of the brain regions mentioned. NPY 
might modulate the autonomic nervous system with resulting 
hyperinsulinaemia, as well as (together with CRF) the HPA 
axis, with resulting hypercorticosteronaemia. Hyperinsulin-. 
aemia is responsible for the occurrence of obesity and muscle 
insulin resistance (see Fig. l, Table 2). Hypercorticosteron- 
aemia is also responsible for insulin resistance (see Fig. 2), al- 
beit by mechanisms different from those brought about by 
hyperinsulinaemia. CNS, central nervous system; ANS, auto- 
nomic nervous system 

The main observations were that glucose utiliza- 
tion of all grey matter  brain regions studied in the ge- 
netically obese (fa/fa) rats was decreased when com- 
pared to that of lean rats, although the extent of this 
decrease was not uniform, as shown by Figure 5 [61]. 

The areas that had the greatest decrease in cere- 
bral glucose utilization were associated with four spe- 
cific systems of the brain: the limbic region related, in 
particular, to behavioural regulation, arousal during a 
meal, as well as regulation of the HPA axis; the tha- 
lamic region, related in particular, to taste percep- 
tion and learning; the hypothalamic region, whose 
nuclei regulate the autonomic nervous system, feed- 
ing, various endocrine systems, including the HPA 
axis; as well as the autonomic nervous system [61]. 

Despite their novelty, the present findings cannot 
yet be explained on a clear pathophysiological basis. 
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They strongly suggest, however, that in the genetical- 
ly obese fa/fa rat syndrome, all brain regions, crucial 
ones known to be of importance in the obesity syn- 
drome in particular, may be inadequately supplied 
by the primary brain fuel, glucose. This could be one 
of the causes for increased central levels of both 
NPY and CRF. 

Conclusions 

The data summarized in Figures 1-5 and Tables 1-3, 
at present and until the protein(s) for which the fa 
gene is encoding are discovered can be schematized 
by the flow chart proposed in Figure 6. 

Genetic, or environmental  alterations, or both 
would produce a decrease in cerebral glucose utiliza- 
tion. Environmental  alterations may be moderate  as 
obese rats display no sign of cerebroglucopenia - but 
may be the reason why hypothalamic NPY and CRF 
levels are increased in genetically obese rodents. De- 
creased cerebral glucose utilization (partly compen- 
sated for by increased cerebral lactate utilization, un- 
published observation) is most prominent  in the lim- 
bic, thalamic and hypothalamic regions, and is likely 
to produce abnormalities of the respective functions 
of these areas. Increased efferent parasympathetic 
and decreased sympathetic activities of the obese an- 
imal could be elicited by the increased hypothalamic 
NPY levels, with resulting hyperinsulinaemia (and 
hyperglucagonaemia). Hyperinsulinaemia would be 
responsible for both obesity and muscle insulin resis- 
tance (Fig. 1, Table 2). Increased central CRF would 
result in hypercorticosteronaemia. The latter, prob- 
ably in concert with hyperglucagonaemia [20] could 
be responsible for the insulin resistance of the he- 
patic glucose production [46]. It also produces, as 
shown by Figure 2, muscle insulin resistance by mech- 
anisms different from those brought about by hy- 
perinsulinaemia [46]. 

If the abnormalities proposed in Figure 6 apply, at 
least in part, to some types of human obesity, it may 
be appreciated why a decrease in body weight and 
amelioration of insulin resistance cannot be main- 
tained on a long-term basis. The argument is that 
these abnormalities are present permanently, there- 
by being potentially ready at all times to favour ab- 
normal channeling of incoming nutrients. 

Acknowledgements. This work was supported by the Departe- 
ment of Education of the State of Geneva, (Geneva, Switzer- 
land), by Grant No 32.26 405.89 and former grants of the Swiss 
National Foundation (Berne, Switzerland), by grants-in-aid of 
Eli Lilly and Company, (Indianapolis, Ind., USA), Nestl6 S.A. 
(Vevey, Switzerland), the ,,Institut de Recherches Internatio- 
nales Servier, I.R.I.S,, (Paris, France), the Foundation Ernst 
et Lucie Schmidheiny, (Geneva, Switzerland), the ,,Commis- 
sion pour l'encouragement de la recherche scientifique,, 
(Berne, Switzerland), the Foundation Lord Michelham of Hel- 
lingly, (Geneva, Switzerland). Recent work carried out and 



B. Jeanrenaud: Obesity and NIDDM in animal models 

summarized here has been performed in collaboration with E 
Rohner-Jeanrenaud, I. Cusin, R Doyle R. Vettor, N. Zarjev- 
ski, E Assimacopoulos-Jeannet, C. Guillaume-Gentil, O. Bchi- 
ni-Hooft van Huijsduijnen, J. Terrettaz, E. Bobbionni-Harsch. 
We would like to thank Ms. E Touabi and Ms. T. Besson for 
their efficient secretarial work; Ms. E. Theil, R Arboit, E Cali- 
fano, Ch. Barras and Mssrs. R Germann, A. Volery, D. Ch~te- 
lain for skillful technical assistance. 

References 

1. Karakash C, Assimacopoulos-Jeannet F, Jeanrenaud B 
(1976) An anomaly of insulin removal in perfused livers of 
obese-hyperglycemic (ob/ob) mice. J Clin Invest 57: 1117- 
1124 

2. Karakash C, Hustvedt BE, Lovo A, Le Marchand Y, Jean- 
renaud B (1977) Consequences of ventromedial hypothala- 
mic lesions on metabolism of perfused rat liver. Am J Phy- 
siol 232:E286-E293 

3. Rohner F, Dufour AC, Karakash C, Le Marchand Y, Ruf 
KB, Jeanrenaud B (1977) Immediate effect of lesion of the 
ventromedial hypothalamic area upon glucose-induced in- 
sulin secretion in anaesthetized rats. Diabetologia 13: 239- 
242 

4. Le Marchand Y, Freychet R Jeanrenaud B (1978) Longitu- 
dinal study on the establishment of insulin resistance in hy- 
pothalamic obese mice. Endocrinology 102:74-85 

5. Le Marchand-Brustel Y, Jeanrenaud B, Freychet P (1978) 
Insulin binding and effects in isolated soleus muscle of 
lean and obese mice. Am J Physiol 234:E348-E358 

6. Le Marchand-Brustel Y, Jeanrenaud B (1978) Pre- and 
postweaning studies on development of obesity in mdb/ 
mdb mice. Am J Physio1234:E568-E574 

7. Berthoud HR, Jeanrenaud B (1979) Acute hyperinsulin- 
emia and its reversal by vagotomy after lesions of the ven- 
tromedial hypothalamus in anesthetized rats. Endocrinolo- 
gy 105:146-151 

8. Crettaz M, Prentki M, Zaninetti D, Jeanrenaud B (1980) 
Insulin resistance in soleus muscle from obese Zucker rats. 
Involvement of several defective sites. Biochem J 186: 
525-534 

9. Rohner-Jeanrenaud F, Jeanrenaud B (1980) Consequences 
of ventromedial hypothalamic lesions upon insulin and glu- 
cagon secretion by subsequently isolated perfused pan- 
creases in the rat. J Clin Invest 65:902-910 

10. Rohner-Jeanrenaud F, Jeanrenaud B (1981) Possible invol- 
vement of the cholinergic system in hormonal secretion by 
the perfused pancreas from ventromedial-hypothalamic le- 
sioned rats. Diabetologia 20:217-222 

11. Seydoux J, Rohner-Jeanrenaud F, Assimacopoulos-Jeannet 
F, Jeanrenaud B, Girardier L (1981) Functional disconnec- 
tion of brown adipose tissue in hypothalamic obesity in 
rats. Pfltigers Arch 390:1-4 

12. Assimacopoulos-Jeannet F, Giacobino JP, Seydoux J, Gir- 
ardier L, Jeanrenaud B (1982) Alterations of brown adi- 
pose tissue in genetically obese (ob/ob) mice. II. Studies of 
beta-adrenergic receptors and fatty acid degradation. En- 
docrinology 110:439-443 

13. Seydoux J, Ricquier D, Rohner-Jeanrenaud F et al. (1982) 
Decreased guanine nucleotide binding and reduced 
equivalent production by brown adipose tissue in hypothal- 
amic obesity. Recovery after cold acclimation. FEBS Lett 
146:161-164 

14. Ionescu E, Rohner-Jeanrenaud F, Berthoud HR, Jeanre- 
naud B (1983) Increases in plasma insulin levels in re- 

S 177 

sponse to electrical stimulation of the dorsal motor nu- 
cleus of the vagus nerve. Endocrinology 112:904-910 

15. Rohner-Jeanrenaud F, Hochstrasser AC, Jeanrenaud B 
(1983) Hyperinsulinemia of preobese and obese fa/fa rats 
is partly vagus nerve mediated. Am J Physiol 244: E317- 
E322 

16. Rohner-Jeanrenaud F, Ionescu E, Jeanrenaud B (1983) The 
origins and role of efferent vagal nuclei in hyperinsulin- 
emia in hypothalamic and genetically obese rodents. J Au- 
ton Nerv Syst 9:173-184 

17. Zaninetti D, Crettaz M, Jeanrenaud B (1983) Dysregula- 
tion of glucose transport in hearts of genetically obese (fa / 
fa) rats. Diabetologia 25:525-529 

18. Rohner-Jeanrenaud F, Jeanrenaud B (1984) Oversecretion 
of glucagon by pancreases of ventromedial hypothalamic- 
lesioned rats: a re-evaluation of a controversial topic. Dia- 
betologia 27:535-539 

19. Niijima A, Rohner-Jeanrenaud F, Jeanrenaud B (1984) 
Role of ventromedial hypothalamus on sympathetic effer- 
ents of brown adipose tissue. Am J Physio1247:R650-R654 

20. Rohner-Jeanrenaud F, Jeanrenaud B (1985) Involvement 
of the cholinergic system in insulin and glucagon oversecre- 
tion of genetic preobesity. Endocrinology 116:830-834 

21. Ionescu E, Sauter JF, Jeanrenaud B (1985) Abnormal oral 
glucose tolerance in genetically obese (fa/fa) rats. Am J 
Physiol 248:E500-E506 

22. Guerre-Millo M, Lavau M, Horne JS, Wardzala LJ (1985) 
Proposed mechanism for increased insulin-mediated glu- 
cose transport in adipose cells from young, obese Zucker 
rats. Large intracellular pool of glucose transporters. J 
Biol Chem 260:2197-2201 

23. Debant A, Guerre-Millo M, Le Marchand-Brustel Y, Frey- 
chet P, Lavau M, van Obberghen E (1987) Insulin receptor 
kinase is hyperresponsive in adipocytes of young obese 
Zucker rats. Am J Physiol 252:E273-E278 

24. Jeanrenaud B, Halimi S, Van de Werve G (1985) Neuro-en- 
docrine disorders seen as triggers of the triad: obesity-insu- 
lin resistance-abnormal glucose tolerance. Diabetes Metab 
Rev 1:261-291 

25. Terrettaz J, Assimacopoulos-Jeannet F, Jeanrenaud B 
(1986) Severe hepatic and peripheral insulin resistance as 
evidenced by euglycemic clamps in genetically obese fa/fa 
rats. Endocrinology 118:674-678 

26. Pdnicaud L, Rohner-Jeanrenaud F, Jeanrenaud B (1986) In 
vivo metabolic changes as studied longitudinally after ven- 
tromedial hypothalamic lesions. Am J Physiol 250: E662- 
E668 

27. Rohner-Jeanrenaud F, Proietto J, Ionescu E, Jeanrenaud B 
(1986) Mechanism of abnormal oral glucose tolerance of 
genetically obese fa/fa rats. Diabetes 35:1350-1355 

28. Van de Werve G, Jeanrenaud B (1987) The onset of liver 
glycogen synthesis in fasted-refed lean and genetically 
obese (fa/fa) rats. Diabetologia 30:169-174 

29. P6nicaud L, Ferr6 R Terrettaz Je t  al. (1987) Development 
of obesity in Zucker rats. Early insulin resistance in mus- 
cles but normal sensitivity in white adipose tissue. Dia- 
betes 36:626-631 

30. Rohner-Jeanrenaud F, Jeanrenaud B (1988) Abnormal reg- 
ulation of pancreatic glucagon secretion in obese fa/fa rats. 
Diabetologia 31:235-240 

31. Dosso A, Rungger-Brandle E, Rohner-Jeanrenaud F et al. 
(1990) Ocular complications in the old and glucose-intoler- 
ant genetically obese (fa/fa) rat. Diabetologia 33:137-144 

32. Pdnicaud L, Ferr6 P, Assimacopoulos-Jeannet F et al. 
(1991) Increased gene expression of lipogenic enzymes 
and glucose transporter in white adipose tissue of suckling 
and weaned obese Zucker rats. Biochem J 279:303-308 



S 178 

33. Zarjevski N, Doyle R Jeanrenaud B (1992) Muscle insulin 
resistance may not be a primary etiological factor in the ge- 
netically obese fa/fa rat. Endocrinology 130:1564-1570 

34. Assimacopoulos-Jeannet F, Greco-Perotto R, Terrettaz J, 
Meier MK, Jeanrenaud B (1992) Effect of a/3-adrenergic 
agonist on glucose transport and insulin-responsive glu- 
cose transporters (GLUT4) in brown adipose tissue of con- 
trol and obese fa/fa rats. Eur J Physiol 421:52-58 

35. Cusin I, Terrettaz J, Rohner-Jeanrenaud F, Jeanrenaud B 
(1990) Metabolic consequences of hyperinsulinaemia im- 
posed on normal rats on glucose handling by white adipose 
tissue, muscles and liver. Biochem J 267:99-103 

36. Terrettaz J, Jeanrenaud B (1983) In vivo hepatic and per- 
ipheral insulin resistance in genetically obese (fa/fa) rats. 
Endocrinology 112:1346-1351 

37. Ferr6 R Leturque A, Burnol AF, P6nicaud L, Girard J 
(1985) A method to quantify glucose utilization in vivo in 
skeletal muscle and white adipose tissue of the anesthe- 
tized rat. Biochem J 228:103-110 

38. Cusin I, Terrettaz J, Rohner-Jeanrenaud F, Assimacopou- 
los-Jeannet F, Jeanrenaud B (1990) Aspects of the regula- 
tion of glucose transport in insulin-sensitive tissues in nor- 
mal conditions and in type-2 diabetes. Biochem Soc Trans 
18:1127-1130 

39. James DE, Brown R, Navarro J, Pilch PF (1988) Insulin- 
regulatable tissues express an unique insulin-sensitive glu- 
cose transport protein. Nature 333:183-185 

40. Cusin I, Terrettaz J, Rohner-Jeanrenaud F, Zarjevski N, As- 
simacopoulos-Jeannet F, Jeanrenaud B (1990) Hyperinsu- 
linemia increases the amount of GLUT4 mRNA in white 
adipose tissue and decreases that of muscles: a clue for in- 
creased fat depot and insulin resistance. Endocrinology 
127:3246-3248 

41. Guillaume-Gentil C, Rohner-Jeanrenaud F, Abramo F, 
Bestetti GE, Rossi GL, Jeanrenaud B (1990) Abnormal 
regulation of the hypothalamo-pituitary-adrenal axis in 
the genetically obese fa/fa rat. Endocrinology 126: 1873- 
1879 

42. Bestetti GE, Abramo F, Guillaume-Gentil C, Rohner- 
Jeanrenaud F, Jeanrenaud B, Rossi GL (1990) Changes in 
the hypothalamo-pituitary-adrenal axis of genetically 
obese fa/fa rats: a structural, immunocytochemical, and 
morphometrical study. Endocrinology 126:1880-1887 

43. Cunningham J J, Calles-Escandon J, Garrido F, Carr DB, 
Bode HH (1986) Hypercorticosteronuria and diminished 
pituitary responsiveness to corticotropin-releasing factor 
in obese Zucker rats. Endocrinology 118:98-101 

44. Coleman DL (1988) Classical diabetes models: past lessons 
and potential new therapies. In: Shafrir E, Renold AE 
(eds) Frontiers in diabetes research: lessons from animal 
diabetes II. John Libbey & Company, London Paris, pp 
253-256 

45. Herberg L (1988) Insulin resistance in abdominal and sub- 
cutaneous obesity: comparison of C57BL/6J ob/ob with 
New Zealand obese mice. In: Shafrir E, Renold AE (eds) 
Frontiers in diabetes research: lessons from animal dia- 
betes II. John Libbey & Company, London, Paris, pp 367- 
373 

46. Guillaume-Gentil C, Assimacopoulos-Jeannet F, Jeanre- 
naud B (1993) Involvement of non-esterified fatty acid oxi- 
dation in glucocorticoid-induced peripheral insulin resis- 
tance in vivo in rats. Diabetologia 36:899-906 

B. Jeanrenaud: Obesity and NIDDM in animal models 

47. Haber RS, Weinstein SP (1992) Role of glucose transpor- 
ters in glucocorticoid-induced insulin resistance. GLUT4 
isoform in rat skeletal muscle is not decreased by dexame- 
thasone. Diabetes 41:728-735 

48. Randle PJ, Hales CN, Garland PB, Newsholm EA (1963) 
The glucose fatty-acid cycle: its role in insulin sensitivity 
and the metabolic disturbances of diabetes mellitus. Lan- 
cet I: 785-789 

49. Williams G, McKibbin PE, McCarthy HD (1991) Hypo- 
thalamic regulatory peptides and the regulation of food in- 
take and energy balance: signals or noise? Proc Nutr Soc 
50:527-544 

50. Stanley BG, Kyrkouli SE, Lampert T, Leibowitz SF (1986) 
Neuropeptide Y chronically injected into hypothalamus: a 
powerful neurochemical inducer of hyperphagia and obesi- 
ty. Peptides 7:1189-1192 

51. Moltz JH, McDonald JK (1985) Neuropeptide Y: direct 
and indirect action on insulin secretion in the rat. Peptides 
6:1155-1159 

52. Dunbar JC, Ergene E, Barraco RA (1992) Neuropeptide Y 
stimulation of insulin secretion is mediated via the nucleus 
tractus-solitarius. Horm Metab Res 24:103-105 

53. Billington CJ, Briggs JE, Grace M, Levine AS (1991) Ef- 
fects of intracerebroventricular injection of neuropeptide 
Y on energy metabolism. Am J Physiol 260:R321-R327 

54. Beck B, Burlet A, Nicolas JR Burlet C (1990) Hypothal- 
amic neuropeptide Y (NPY) in obese Zucker rats: implica- 
tions in feeding and sexual behaviors. Physiol Behav 47: 
449-453 

55. Bchini-Hooft van Huijsduijnen O, Rohner-Jeanrenaud F, 
Jeanrenaud B (1993) Hypothalamic neuropeptide Y mes- 
senger ribonucleic acid levels in pre-obese and genetically 
obese (fa/fa) rats; potential regulation thereof by cortico- 
tropin-releasing factor. J Neuroendocrinol 5:381-386 

56. Zarjevski N, Cusin I, Vettor R, Rohner-Jeanrenaud F, Jean- 
renaud B (1993) Chronic intracerebroventricular neuro- 
peptide-Y administration to normal rats mimics hormonal 
and metabolic changes of obesity. Endocrinology 133: 
1753-1758 

57. Greco-Perotto R, Zaninetti D, Assimacopoulos-Jeannet F, 
Bobbioni E, Jeanrenaud B (1987) Stimulatory effect of 
cold adaptation on glucose utilization by brown adipose tis- 
sue. Relationship with changes in the glucose transporter 
system. J Biol Chem 262:7732-7736 

58. Zarjevski N, Cusin I, Vettor R, Rohner-Jeanrenaud F, Jean- 
renaud B (1994) Intracerebroventricular administration of 
neuropeptide Y to normal rats has divergent effects on glu- 
cose utilization by adipose tissue and skeletal muscle. Dia- 
betes 43:764-769 

59. Calza L, Giardino L, Battistini N e t  al. (1989) Increase of 
neuropeptide Y-like immunoreactivity in the paraventricu- 
lar nucleus of fasting rats. Neurosci Lett 104:99-104 

60. Molina PE, Eltayeb K, Hourani H et al. (1993) Hormonal 
and metabolic effects of neuroglucopenia. Brain Res 614: 
1-2 

61. Doyle R Rohner-Jeanrenaud F, Jeanrenaud B (1993) Local 
cerebral glucose utilization in brains of lean and genetically 
obese (fa/fa) rats. Am J Physiol 264:E29-E36 


