
Diabetologia 3, 230-237 (1967) 
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("Obese" and "New Zealand Obese") and Induced (Goldthioglucose) Obesity 

and Hyperglycemia, with Considerations on the Pathogenesis of the Spontaneous Syndrome* 
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Summary. 1. Insulin-lik e act ivi ty (ILA) and immuno- 
reactive insulin (Ii~I) of pancreatic extracts and of serum 
have been measured in lean and obese (obob) mice from 
the Jackson Memorial Laboratory in Bar I~Iarbor, Maine; 
in New Zealand obese mice; and in goldthioglueose-obese 
Swiss mice, and their lean controls. In all three types of 
mice the relative amounts of "suppressible" and "non- 
suppressible" insulin activities of serum have also been 
established. -- 2. l~ancreatie content of IRI in (obob) 
mice is much greater than in their lean sibblings at five 
months of age, but smaller at 5 weeks, whereas serum IRI 
and ILA of (obob) mice are greatly in excess of the same 
activities of serum from their lean littermates at both 
ages. It is suggested that increased peripheral demand for 
insulin preceeds increased insulin synthesis and storage in 
this type of obesity. -- 3. In all three strains of mice, 
obese or lean, the ratio of biologic to immunologic activity 
of pancreatic extracts was constant and close to unity. 
In serum, this ratio was also constant but approximately 
five times greater than unity. These findings do not 
support the notion that differences in insulin structure 
might account for differences in the biological activity of 
insulin in obese and non-obese animals; they are in 
keeping with the concept of a potentiation of serum 
insulin activity by some component of serum in all 
mice. -- 4. Approximately 90% of serum ILA in all three 
types of obese mice studied was suppressed in the pre- 
sence of anti-insulin serum, although the absolute levels 
of non-suppressible ILA were similar to those reported 
for other species. It is unlikely, therefore, that "bound" 
insulin accounts for a significant part of the increased ILA 
of serum of a~y of the three types of obese animals 
studied. -- 5. Present data support the concept of a 
marked tissue-bound muscular resistance to insulin 
action as an important, possibly primary pathogenetic 
feature in (obob) mice. A similar, but much less marked 
muscular resistance can be demonstrated in NZO mice, 
whereas muscular resistance to insulin action is totally 
absent in goldthioglucose obese Swiss mice after a 24 
hour fast. 

Mesure des activitgs insutiniques du pancrdas et du 
sgrum de souris pr~sentant une ob~sitd et une hyperglycemic 
spontandes ("obgse" et "obese de Nouvelle Zdlande") et in- 
duite ( aurothioglucose ) avec considgrations sur la pathogdn~se 
des syndromes spontan~s. 

Rdsumd. 1. L'aetivitd insulinique (ILA) et l ' insuline 
immunordactive (IgI) ont 6t@ dos@es dans des extraits 
paner@atiques et dans le s6rum de souris maigres et ob@ses 
(obob) provenant du Jackson Memorial Laboratory h Bar 
l-Iarbor, Maine; de souris ob~ses de l~louvelle Zdlande; et 
de souris albinos rendues ob@ses par l'aurothioglucose. 
Chez ces trois types de souris, les quantit@s relatives 
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d'aetivitg insulinique "supprimable" et "non suppri- 
mable" ont 6galement @t6 mesur@es dans le s6rum. -- 
2. Le conterm insulinique en I R I  du pancr6as des souris 
obob 6tait beaucoup plus 61ev6 que celui de leur fratrie 
maigre ~ l'gge de cinq mois, mais 6tait moindre k l'gge de 
cinq semaines. Par  contre, I ' IRI  et I ' ILA du s6rum des 
souris obob exc@daient de beaucoup ceux de leur fratrie 
maigre aux deux gges. I1 est sugg@r6 que la demande 
p6riph6rique augmeutge en insuline prgc~de la synth@se et 
le stockage insuliniques augment@s darts ee type d'ob6sit6. 

- -  3. Chez ces trois souehes de souris, qu'elles soient 
ob@ses ou maigres, le rapport des activit6s insuliniques 
biologiques et immunologiques des extraits pancr@atiques 
~tait constant  et approchait l'unit@. Darts le s@rurn, ce 
rapport  gtait ggalement constant mais il 6tait approxi- 
mat ivement  de cinq. Ces fairs sont en d6saccord avec l a  
notion que des diff@rences de structure de l ' insuline 
pourraient @tre la cause des activitgs biologiques insuli- 
niques diff@rcntes chez les animaux obgses et non obgses. 
Ils sont cependant en accord avee le concept d 'une 
potentialisation de l 'activit6 insulinique du sdrum par une 
substance s@rique pr@sente chez routes les souris. -- 
4. Approximativernent 90% de I ' ILA s@rique ehez les 
trois races de souris ob~ses 6tudides @taient supprimdes 
par la prdsence de s@rum anti-insuline, bien que les taux 
absolus d'ILA non supprimable soient semblables E ceux 
trouv@s dans d'autres esp~ces. Il est donc improbable 
que l'insuline "li@e', participe pour une part importante 
I'ILA sdrique accrue d'un des trois types d'anirnaux 
ob@ses @tudi6s. -- 5. Les r6sultats obtenus sont en accord 
avec le concept d'une r~sistance importante du tissu 
musculaire E l'aetion insulinique qui jouerait un rSle 
pathog@nique important, voire primordial, chez la souris 
obob. Une r@sistance musculaire similaire, bien que rnoins 
marqu@e, peut 6tre d@montr@e chez la souris ob@se de 
Nouvelle Z@lande. Par eontre, cette rdsistance musculaire 
k Faction insulinique est totalement absente chez la 
souris albinos rendue obese par l'aurothioglueose, 
apr@s un jeflne de 24 heurcs. 

Biologische und immunologische Bestimmung des 
Insulins in Pancreas und Serum vo~ Mi~usen mit spon- 
taner ("obese" und "New Zealand obese") und induzierter 
(Goldthiogtucose) ~ettsucht und Hyperglylcdmie. Betrach- 
tungen zur Pathogenese des spontan auftretenden Syndroms. 

Zusammenfassung. 1. Pankreas-Extrakte und  Seren 
yon normalen und fettsiichtigen ("obob") M/iusen der 
Jackson Memorial Laboratories, Bar Harbor, yon neu- 
seel~ndisehen fettsiiehtigen Mausen ("lqZO") und yon 
weiBen IVi/iusen, die naeh Injektion yon Goldthioglucose 
fettsiichtig geworden waren, wurden auf ihren Gehalt an 
insulinahniieher Aktivit~t ("ILA") und immunoreak- 
tivem Insulin ("Ii%r') untersueht. In den Seren aller drei 
St~mrne wurde der Anteil der gesamt-ILA bestirnmt, der 
rnit Antik6rpern gegen Insulin nieht unterdriickt wer- 
den kann. -- 2. Pankreas erwachsener "obob" enthalt 
rnehr, dasjenige junger enth/%It v(eniger IRI als Pankreas 
norrnalgewichtiger Tiere aus dem gleichen Wurf, woge- 
gen Serum der "obob" unabh/ingig vom Alter der Tiere 
rnehr Ii%I und ILA enth~lt als das der normalgewich- 
tigen. Es ist anzunehrnen, dab bei dieser Form gene- 
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tiseher Fettsucht die Zunahme des peripheren Insulin- 
bedarfs vor der Steigerung der Insulinsynthese und 
-Speieherung auftritt. -- 3. Bei allen drei M/iusest/immen, 
ob fettsiiehtig oder nicht, war das Verh/~]tnis yon ILA 
zu I RI  der Pankreasextrakte konstant und betrug 
ca. 1. Im Serum war das Verh/iltnis ebenfalls konstant, 
betrug aber ca. 5. Damit erseheint es unwahrseheinlieh, 
dab strukturelle Unterschiede der Insulinmolekiile 
einzelner Mgusest/~mme ffir Aktivit/itsuntersehiede des 
Hormons zwischen normalen und fettsiichtigen M/~usen 
verantwortlieh zu maehen sind. Dagegen ist alas Resultat 
im Einklang mit der 1VI6glichkeit einer Potenzierung der 
Aktivit/~t des Insulins dureh gewisse Serumproteine. -- 
4. In Gegenwart yon Antik6rpern gegen Insulin wurden 
ca. 90% der ILA dos Serums aller drei untersuehten M/~u- 
sest/~mme unterdriickt. Die absolute Konzentration nieht 
unterdriiekbarer ILA entsprach derjenigen, die bei ande- 
ren Species beschrieben wurde. Es ist deshalb nieht 

wahrseheinlieh, dab ein "gebundenes" Insulin fiir die 
ErhShung der Konzentration der ILA im Serum der 
untersuehten fettsilehtigen M/iuse verantwortlich ist. -- 
5. Die vorliegenden Resultate unterstiitzen die Annahme, 
dab eine gewebeeigene Insulinresistenz tier Muskulatur 
in der Pathogenese des "obob" Syndroms eine bedeutende 
Rolle spielt. Eine /~hnliche, nicht notwendigerweise 
gewebegebundene und schw~chere Insulinresistenz der 
Muskulatur lies sich aueh bei "IqZO" M~usen naehwei- 
sen, w~hrend die Muskulatur der dureh Goldthioglucose 
hyperphagiseh und fettsiichtig gemaehten weiBen M/~use 
normal insulinempfindlich blieb. 

Key-words: Spontaneous Diabetes, Genotype: C57BL/ 
6J-ob, Mutation: obese, New Zealand obese (NZO), Gold- 
thioglucose, Obesity: pathogenesis, Adipose tissue, Muscle, 
Resistance to insulin, Insulin in serum, Insulin in pan- 
creas, Non-suppresible ILA, ILA. 

Reports from this laboratory have suggested that  
a differential responsiveness of muscle and adipose 
tissue to the action of insulin might be involved in the 
pathogenesis of the obese hyperglycemic syndrome 
encountered in certain strains of genetically obese 
mice [22, 23]. Since "bound" insulin has been reported 
to affect glucose metabolism of muscle less than that 
of adipose tissue, and was thus considered to be in- 
volved in the production of diabetes associated with 
obesity in man [1], we have considered the question 
of the existence and possible pathogenetic importance 
of such a modified form of insulin in genetically obese 
and hyperglycemic mice. 

Obese mice ("obob") from the Jackson Memorial 
Laboratory colony in Bar Harbor [11] and New Zea- 
land obese mice ("NZ0")  [2] are known to exihibit 
increased levels of insulin-like activity (ILA) in serum 
[3, 21] and pancreas [21, 25], as measured by bioassay 
procedures. Elevated concentrations of immunoreac- 
tive insulin (IRI) have been reported in the serum of 
obese rats with surgical hypothalamie lesions [8]. 
Direct comparison of results obtained in these studies 
is difficult because the experiments were performed 
at different times and under different conditions, with 
at least three different assay procedures. 

In  the present study, an at tempt is made to com- 
pare serum insulin activity and pancreatic insulin 
content of two types of genetically obese mice with 
those of normal mice and of mice made obese by the 
injection of goldthioglucose. In  addition, the simul- 
taneous use of bioassay and immunoassay procedures 
on the same sample allowed for a tentative assesse- 
ment of "bound" insulin, since this activity has been 
reported neither to be suppressed in the presence of 
anti-insulin serum, nor to react with it, and cannot 
therefore be measured in the immunoassay procedure 
[1]. 

Materials and Methods 
Animals. New Zealand obese mice, derived from 

the original stock [2], arose from the inbred colony 
maintained in this laboratory. Bar Harbor obese mice 

(obob) and their lean littermates were purchased from 
the Jackson Memorial Laboratories, Bar Harbor, 
Maine, U.S.A. Swiss albino mice were obtained from 
S. Ivanovas, Kisslegg im Allg/~u, Germany at the age 
of three weeks. They were kept in the laboratory for 
two weeks before they were injected with goldthio- 
glucose (0.4 mg/g body wt. in 0.9~o saline, intraperi- 
toneally). Obese mice were used for experiments 4 
weeks after the injection, i.e. at the age of 9 weeks. 
Non-injected animals of the same shipment served 
as "lean Swiss" control mice. All animals were fed a 
commercially available mouse chow (Altromin R, 
Kunath, Aarau, Switzerland) supplemented with a 
mixture of oats and seeds. "Fed" animals had free 
access to food and water until the time of sacrifice, 
while food was removed 24 h beforehand in "fasted" 
mice. 

Samples. 6 animals of any given type were killed 
at the same time. They were decapitated with scissors 
without anesthesia and the blood of all 6 animals was 
pooled, left at room temperature for 2 hours, then 
centrifuged at 1500 x G for 20 minutes. The serum 
was divided into two samples for bioassay and im- 
munoassay, respectively, and stored at --20~ until 
the time of assay. Immediately after bleeding, the 
pancreas was carefully ,excised and homogenized in 
ice-cooled acid ethanol [19]. After storage overnight 
at 4~ the samples were centrifuged at 4~ and 1000 
X G for 20 minutes. The sediment was rehomogenized 
with acid ethanol and recentrifuged after further 
extraction at 4~ for 2 hr. The supernatant of the two 
extractions was pooled, well mixed, divided into two 
samples for immunoassay and bioassay and stored 
at--20~ until the time of assay. Each pancreas was 
extracted individually and assays were performed on 
individual extracts. 

Assay procedures. I~adioimmunoassays were carried 
out according to method C of HALES and ]~=~ANDLE [9] 
with reagents purchased from the I~adiochemical 
Centre, Amersham, England (Code IM 39). The method 
was modified as follows: the separation of bound and 
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free insulin was performed according to  IVIORG~t~ and  
LAz~n~ow [12], and the incubat ion volumes of insulin- 
binding reagent, labelled insulin and  of s t andard  or 
unknown sample were doubled [27]. No  mouse insulin 
was available as a standard.  Therefore pork  insulin, 
10 times recrystallized (Novo, Copenhagen) was used. 
I t  was observed tha t  the s tandard  curve obtained 
with this insulin is similar to t h a t  obta ined with serial 
dilutions of mouse pancreat ic  extracts  [27]. 

Bioassays were carried out  on ra t  epididymal 
adipose tissue using the routine procedure of this 
labora tory  [17, 20]. Assays with an index of precision 
(~) exceeding 0.25 were discarded. I n  bioassays carried 
out  in the presence of guinea pig anti-insulin serum 
it was ascertained t h a t  enough an t ibody  was present 
to suppress the ac t iv i ty  of an  amour  of crystalline 
insulin corresponding to or exceeding t h a t  of the I L A  
contained in the serum sample. 

Results 

I R I  in pancreas and serum. The main  characteristics 
of the different types  of mice used and  the correspond- 
ing values for pancreat ic  and  serum I R I  are indicated 
in Table 1. I n  each age group, obese animals of a given 

observed in pancreas of 5 week old mice of the Bar  
Harbor  strain were lower than  those of their lean 
l i t ter-mates or those found in other  animals with the 
exception of 18 days old NZO mice. This finding 
was confirmed by  histological examinat ion:  Aldehyde- 
thionine stained sections of pancreas of the 5 week 
old Bar  Harbor  obese mice were poorly granulated,  
whereas sections obtained from adul t  animals were 
ra ther  bet ter  granula ted  than  those of other  obese or 
lean mice (unpublished observation.) Fast ing for 24 
hours had  no significant effect on pancreat ic  insulin 
content  of adul t  ]Bar t t a rbo r  obese mice; in young  
animals it could no t  be tested for technical reasons. 
I n  N Z 0  mice, to ta l  pancreat ic  I R I  content  increases 
with age. However,  with the exception of the 5 months  
old animals, the results did not  significantly differ 
f rom those of lean Swiss or lean Bar  Harbor  mice. 
The results obtained in lean Swiss mice are comparable 
with those of lean Bar  Harbor  mice. I n  fed goldthio- 
glucose-obese mice, to ta l  as well as relative pancreatic 
I R I  content  is no t  significantly higher t han  in the 
control mice  of the same age. However,  after fasting, 
the difference between the two groups becomes signifi- 
cant. 

Table 1. I R I  in serum and pancreas of lean and obese mice 

Type of mouse Age Wtl  Serum glucose S Serum I R I  ~ 
g mg/100 ml gU/ml mU/mg 

Pancreas I I t P  

U/pancreas 

Swiss lean ~, fed 
Swiss lean c~, fasted ~ 

Bar Harbor lean ~, fed 
Bar Harbor obese ~, fed 
Bar Harbor lean g~, fed 
Bar Harbor lean 9, fasted 
Bar Harbor obese ~, fed 
Bar Harbor obese c~, fasted 
Bar Harbor obese g~, fed 
Bar I-Iarbor obese 9, fasted 

New Zealand obese d~, fed 
New Zealand obese c~, fed 
New Zealand obese c~, fed 

Swiss GTG-obese ~, fed 
Swiss GTG-obese ~, fasted 

9w 34.3 145 100 1.9 (0.14) 
9w 27.7 54 32.8 3.8 (0.47) 

5w 22.8 136 54.4 3.8 (0.40) 
5w 28.0 148 362 1.3 (0.14) 
5m 23.9 86 67.6 4.4 (0.30) 
5m 19.9 53 46.2 6.6 (0.70) 
5m 51.2 115 1480 12.4 (2.50) 
5m 49.4 100 180 18.1 (2.70) 
5m 54.8 128 960 16.7 (1.50) 
5m 51.1 92 266 17.1 (1.20) 

18d 9.1 173 28.8 6.5 (0.73) 
5w 28.9 162 107 2.9 (0.38) 
5m 57.2 220 142 5.1 (0.92) 

9w 58.4 2 2 4  410 3.2 (0.65) 
9w 48.0 71 60.8 7.6 (0.59) 

0.54 (0.047) 
0.66 (0.054) 

0.47 (0.038) 
0 . 2 0  ( 0 . 0 1 7 )  
0.66 (0.066) 
0.58 (0.063) 
2.65 (0.597) 
3.19 (0.338) 
3.32 (0.419) 
2.38 (0.201) 

0.20 (0.016) 
0.63 (0.111) 
1.39 (0.200) 

0.81 (0.129) 
1.71 (0.144) 

1 Weight indicated = mean of 6. 
Measurements done on pooled sera of 6 animals. 
Measurements done on extracts of individual pancreases; results ---- mean (SEM), n ---- 6. 
Fasted ~ 24 h. 

type  are significantly heavier t han  the lean control 
animals. All adul t  obese mice are of comparable  weight. 
Cleareut hyperglycemia  was only observed in NZO 
and  goldthioglucose obese Swiss mice, whereas Bar  
Ha rbo r  obese mice were only very  modera te ly  hyper-  
glycemic. 

I n  Bar  Harbor  obese mice pancreat ic  insulin con- 
tent ,  bo th  per uni t  wet weight  and per whole pancreas,  
increases with age. I n  adul t  animals it exceeds t h a t  
found in their lean l i t ter-mates as well as t ha t  of any  
other  type  of mice examined. However ,  the values 

The concentra t ion of serum I R I  of Bar  Harbor  
obese mice is increased 5 to 20 fold above control  
values at  all ages tested. Fast ing for 24 hours reduces 
the  hyperinsulinemia bu t  the concentrat ions remain 5 
to  6 t imes higher than  those of lean l i t ter-mates iden- 
t ically treated.  Note  t h a t  the serum concentra t ion 
at  5 weeks is elevated, even though  pancreat ic  I R I  
at  t ha t  t ime is low. The concentrat ion of I R I  in serum 
of 18 days  old NZO mice is similar to or lower than  
tha t  measured in lean Swiss or lean Bar  Harbor  mice; 
wit]a increasing age it increases to values slightly 
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higher t h a n  those of lean mice. However,  in  5 months  
old NZO mice var ia t ions  of concentra t ions  of I R I  in  
serum were observed tha t  were encountered with no 
other type  of mice: in  one pool of serum obta ined  
frbm seemingly identical  mice, in  which only se rum 
b u t  no t  pancreat ic  I R I  and  ILA were measured, the 
concent ra t ion  of I R I  was 775 #U/ml  and  therefore 
comparable wi th  t h a t  of Bar  Harbor  obese mice. I n  
Swiss mice the induc t ion  of obesi ty with hyperphagia  
was accompanied by  a significant rise of serum I R I  
concentrat ions to values 4 to 5 t imes greater t h a n  
those observed in  control  mice. Fas t ing  for 24 hours 
was followed by  a fall in  serum I R I  to values com- 
parable with those observed in  lean animals.  

Comparison between I R I  and I L A  in pancreas. 
Comparat ive  values of I R I  and  ILA obta ined  on 
extracts  of ind iv idua l  pancreas of the different types  
of mice used are shown in  Table 2. Despite the inevi- 

Table 2. Comparison of individual values for I L A  and I R I  
in pancreases of lean and obese mice 1 

Lean Swiss ILA It~I New Zealand obese 
ILA IRI 7.8 6.9 iLA IRI 
3.3 2.9 ~, =3.8  [ =4.6  2.0 4.4 
3.8 3.1 (0.72) (0.46) 3.4 5.9 
5.0 4.8 3.6 3.4 

---- 4.0 ~ = 3.6 Obese Bar Harbor 3.8 5.1 
4.0 3.2 
4.3 2.3 
4.3 3.0 
5.2 1.6 
5.5 5.9 
6.7 6.6 
6.8 6.1 
7.0 6.2 
7.5 10.8 
9.1 4.9 

0.5 1.0 
GTG-obese Swiss 1.4 1.1 

5.8 6.2 10.4 10.6 
7.8 8.6 12.6 14.6 
9.4 7.1 18.6 14.0 

=7.3  Y~ =7 .0  19.1 12.5 
19.5 19.4 

Lean Bar IIarbor 21.0 15.2 
1.6 4.3 27.0 17.8 
1.7 2.8 29.3 22.4 
2.7 3.5 29.8 20.8 ~ = 5 . 2  
3.2 5.0 31.3 21.7 (-0.52) 
3.6 5.1 36.0 28.4 
4.8 3.8 ~ =9.18 ,~ = 15.3 
5.0 5.7 (3.1) (2.2) 

f~ =4.95 
(0.6) 

All values in mU/mg wet wt pancreas. ILA and I R I  
were measured on aliquots of the same extraction sample 
in each instance. ~ = mean (S.E.M.). Values are listed ir- 
respective of age, sex or feeding state. 

table var iabi l i ty  due pr imar i ly  to the lesser precision 
of the bioassay procedure, the results obta ined  with 
the two assays are in  good agreement.  This is expressed 
in  the close checks between the mean  values of each 
group of assays and,  more precisely, in  the coefficients 
of correlation, which were significant to less t h a n  0.01 
in  each group. In  pancreas conta in ing normal  amount s  
of insul in,  values for I g I  are f requent ly  somewhat  
higher t h a n  those obta ined  by  bioassay, while the 
reverse is t rue  for pancreas with high insul in  conten t  
per un i t  wet weight. Regression lines calculated from 
the results shown in  Table  2 are shown in  Fig. 1. The 
results for Swiss mice are no t  indica ted  because of the 
l imited n u m b e r  of observations.  The slopes of the 
three lines are similar and  do not  differ significantly 
from the ideal line y = x. 

Bioassays in  the presence of an t i - insul in  serum 
were performed OD several pancreas extracts  of each 
type  of mouse. I n  M1 instances pancreat ic  I LA  was 
found to be completely suppressed by  insul in ant isera  
(data no t  shown). 

/ 

/ . 

F i g .  1. Q u a n t i t a t i v e  r e l a t i o n s h i p  b e t w e e n  I L A  (y) a n d  I g I  (x)  o f  p a n c r e a s  
o f  obese  m i c e .  

. . . . . . .  L e a n  B a r  H a r b o r :  y = 1 .25  x - -  2 
r = 0 , 7 9 p  < 0 ,01  (n  = 8 p a i r s  o f  v a l u e s ) .  

- -  = O b e s e  B a r  H a r b o r :  y =  1 , 3 2 x  - -  0 .4  
r = 0 .96  p <: 0 .01  (n  = 13 p a i r s  o f  v a l u e s ) .  

. . . . .  N e w  Z e a l a n d  obese :  r = 0 .49  p < 0 . 0 1  (n  = 14 p a i r s  of  v a l u e s ) .  

Table 3. Qantitative relationship between I L A  and I R I  in 
serum of obese mice 1 

T y p e  o f  m o u s e  I L A  I R I  l~a~io 3~ean  R a t i o s  
~ U / m l  t~U/ml  I L A / I R I  

Swiss lean 168 32.8 5.1 
360 100 3.6 
450 52.0 8.7 5.8 

Bar Harbor lean 90 46.2 1.9 
210 67.6 3.1 
510 54.0 9.4 4.8 

Bar t tarbor  obese 660 180 3.7 
750 266 2.8 

2200 960 2.3 
4600 362 12.7 
8500 1480 5:7 5.4 

New Zealand obese 100 28.8 3.5 
370 142 2.6 
720 107 6.7 

6600 775 8.5 5.3 

Swiss GTG-obese 350 60.8 5.8 
2700 410 6.6 
3870 547 7.1 6.5 

1 ILA and I R I  were measured on aliquots of the same 
serum pool in each instance. Values are Iisted irrespective 
of age, sex and feeding state. 

Comparison between I R I  and I L A  in serum. Results  
of experiments  where I R I  and  I LA  were determined 
on samples of the same serum pools are shown in  
Table 3 together  with the ind iv idua l  and  mean  ratios 
of I L A / I R I .  I n  contras t  to the results obta ined with 
pancreat ic  extracts,  the concent ra t ion  of serum I L A  
is consis tent ly higher t h a n  t ha t  of I R I .  Al though there 
is considerable var ia t ion  with respect to the ratios 
I L A / I R I  of indiv idual  serum pools, the mean  values 
for the 5 groups of lean and  obese mice are s tr ikingly 
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similar. Therefore, all values were plotted on the same 
graph and the comprehensive regression line for all 
results was calculated (Fig. 2). The slope of the result- 
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Fig.  2. Correlation between I L A  (y) and I R I  x) of serum of different types 
of lean and obese mace. 

y = 5.5x + 109; r = 0.87p < 0.01 
x = 8 Bar  h a r b o r  (lean and obese) 
O = 4 New Zealand obese (NZO) 
�9 = 6 Swiss mice (lean and GTG obese) 
. . . .  line o~ ident i ty ,  x = y 

of each type of animal were therefore assayed in the 
presence of anti-insulin serum. Due to the small 
amounts of serum available per pool, most of the bio- 
assays with anti-insulin serum had to be carried out at 
relatively high dilutions. In  these cases, all serum ILA 
turned out to be "suppressible" by antibodies, and 
only maximum values could be calculated for the con- 
centration of "non-suppressible" ILA, according to 
the dilutions used. In  three instances, however, it 
was possible to analyze pools at convenient dilutions, 
so as to obtain true values for "non-suppressible" ILA. 
These results are shown in Table 4 together with the 
concentrations of ILA and I R I  of the same sere. I t  is 
evident that  "non-suppressible" ILA can in no case 
account for the difference between ILA and I g I .  The 
relative contribution of "non-suppressible" ILA to 
total ILA is similar in all three types of obese mice 
examined and accounts for about 10% of totaI ILA. 

Discussion 

In  the studies reported on here we have attempted 
to obtain comparable values of both ILA and I R I  in 
serum and pancreas of three types of experimental 
obesity in mice, two of them genetic in origin. Our 
results confirm and extend the bioassay findings of 
WaENSH~LL et el. [25] and CH~ISTOPH~ et el., [3] in that  
pancreatic extracts and sere of Bar Harbor obese mice 
were found to contain significantly more immuno- 
reactive as well as biologically active insulin than those 
obtained from lean littermates. In  the case of serum, it is 
to be emphasized that  the elevation was a very striking 
one, with I R I  levels in serum from fed animals ranging 
from 5 to 20 times those observed in either lean Bar 

Table 4. Suppression of I L A  of serum of obese mice by anti-insulin serum 

Type of mouse Serum I t t I  Serum ILA Dilut ion used Not  suppressible I L A  Index  of  pre- 
(pools of 6) /~U]ml ~U/ml  /~U/ml % of  to ta l  ILA eision of assay 

Obese Bar Harbor (Sin) 1220 5350 1:6 360 6.7 0.18 
(Pool ~ ~- ~ 1:1) 

NewZealand obese (5m) 775 6600 1:12 480 7.3 0.16 

Swiss GTG-obese (9 w) 574 3875 1:8 320 8.4 0.09 

ing line is strikingly different from that  of the lines 
obtained with pancreatic extracts and from the ideal 
line y = x. I t  is practically identical with the line 
that  was also calculated from the results obtained 
with lean and obese Bar Harbor mice alone (not shown), 
thereby suggesting that  there is no striking difference 
between the serum insulins of these three types of mice 
with respect to their behavior in presence of insulin 
antiserum or their activity on rat adipose tissue. 

Because of the difference between pancreatic 
extracts and serum with respect to the quantitative 
relationship between ILA and IRI ,  attempts were 
made to determine whether the "excessive" ILA of 
serum represented "non-suppressible" ILA [5, 18] and 
thus possibly "bound" insulin [1]. A number of sere 

Harbor litter-mates or Swiss albino controls, while the 
corresponding differential for serum from fasting 
animals was 4 to 5 fold. Furthermore, this elevation 
could in no way be accounted for as a response to 
elevated blood glucose levels, since the differences in 
blood glucose were small and since the elevation was 
just as striking when corrected to a standard concen- 
tration of blood glucose. , 

While both serum I R I  and pancreatic I R I  of Bar 
Harbor obese mice increased with age, it is of interest 
to note that  in the 5 weelc old obese animals serum 
I R I  was significantly elevated in comparison with 
lean littermates, while pancreatic IRI ,  both per total 
pancreas and per unit wet weight of pancreas, was 
lower than that  of the lean littermates. This finding 
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suggests tha t  an increased peripheral demand for 
insulin existed in the 5 week old mice, and tha t  it was 
met  by  pancreatic insulin secretion, insulin biosyn- 
thesis, however, not being sufficient to allow for nor- 
mal storage. With increasing age, the peripheral de- 
mand for insulin, as expressed by  the high serum II~I 
relative to glucose concentration, persisted. However, 
insulin synthesis now appeared to have adapted, in 
tha t  large amounts of insulin were stored in the pan- 
creas as well. This apparent  capability for progressive 
adaptat ion to an increased peripheral demand is in 
striking contrast to the relatively rapid pancreatic 
exhaustion, in presence of increased peripheral de- 
mands, tha t  has been observed in other type s of mice 
where an initial period of obesity, eoexistant with 
moderate degrees of hyperglycemia and hyperinsulin- 
emia, is followed by  the development of true insulin 
deficiency [6, 10] ; or in the sand rat  [7] where a similar 
process of pancreatic exhaustion has been induced 
by a sudden increase in caloric intake. True pancreatic 
exhaustion and the development of frank ketotic dia- 
betes has not been described in Bar Harbor  obese mice, 
although the serum levels of ILA have been found to 
fall with age [3]. 

The results obtained with NZO mice agree well 
with the values reported by  SN~YD [21], although we 
have explored a much narrower age range. Both 
pancreatic and serum I R I  increased with age. In  
serum, considerable variation was observed with 
respect to I R I  and ILA. Although values only slightly 
higher than  normal were observed in some samples, 
I I~I  and ILA concentrations in others were comparable 
with those of Bar Harbor  obese mice. An assessment 
of the significance of this variability is not possible 
at  this time, but it is in agreement with the marked 
heterogeneity in an apparently homogeneous popula- 
tion of NZO mice with respect to glucose tolerance, as 
described by  CI~OF~OaD and DAws [4]. 

normal, but  returned to normal after 24 hr of fasting. 
The increase in pancreatic insulin content after fasting 
may  well be the expression of a temporary  persistence 
of enhanced insulin synthesis in the presence of dimi- 
nished release. 

In  relation to serum glucose concentration, all Bar 
Harbor  obese mice, some NZO mice, and the fed 
goldthioglucose-obese Swiss mice displayed striking 
relative hyperinsulinemia, and thus evidence for 
insulin resistance. Fasting abolished this resistance 
in the exogenous obesity of the goldthioglucose- 
treated Swiss mice, while tha t  of Bar Harbor  obese 
mice was decreased but  not abolished. Overall insulin 
resistance, as encountered in obese man as well as 
in various forms of experimental obesity, has often 
been at tr ibuted to a preferential insulin resistance of 
muscular tissue, while adipose tissue was thought  to 
remain sensitive to the hormone. Such a differential 
sensitivity to the action of insulin could account for 
the coexistence of obesity, hyperglycemia and hyper- 
insulinemia. While direct proof of such a pathogenetic 
mechanism is still lacking with respect to the human 
syndrome, experiments using a modification of the 
intraperitoneal assay of insulin effectiveness on dia- 
phragm muscle and epididymal adipose tissue [14, 15] 
have been performed on Bar Harbor  obese, NZO and 
goldthioglucose obese Swiss mice, and arc in accord 
with the existence of such a mechanism in the two 
genetic obese hyperglycemic syndromes tested [22, 23]. 
In  these experiments, the ratio "diaphragm~adipose 
tissue" ("D/AT") was chosen to express the activity 
of glucose incorporation into diaphragm muscle 
glycogen, relative to tha t  into adipose tissue lipids, 
both in the absence and in the presence of graded 
amounts of insulin. As seen from the data shown in 
Table 5, D/AT ratios remained extremely low at  all 
concentrations of insulin tested in Bar Harbor  obese 
mice, while D/AT ratios in goldthioglueose obese 

Table 5. Diaphragm~adipose tissue ratios of lean and obese mice 

Type  of  mouse  Insul in  (~U/ml  inject ion fluid) 
0 300 3000 10000 30000 

Lean Swiss 0.144-0.07 1.104-0.34 1.104-0.22 1.014-0.17 
(6) (5) (6) (6) 

Bar tIarbor 0.01 4- 0.003 0.01 4- 0.001 0.04 4- 0.01 0.06 4- 0.03 
obese (6) (6) (5) (4) 
New Zealand 0.03 4- 0.01 0.03 4- 0.01 0.34 4- 0.07 1.47 4- 0.25 
obese (5) (5) (5) (6) 
Swiss GTG-obese 0.084-0.04 0.984-0.27 1.604-0.14 2.004-0.2 

(4) (5) (6) (7) 

All values: mean 4- S.E.M. 0 = number of animals. All animals 8 weeks old, fasted 24 hours. 
t~rom [22]. 

0.08 • 0.02 
(5) 

In  fed, goIdthioglucose-obese Swiss mice, pancreatic 
insulin content was found to be comparable with tha t  
of fed control animMs. In  fasted animals, it was signi- 
ficantly greater than tha t  of the controls. Serum I g I  
of the fed animals was considerably increased above 

Swiss mice demonstrated a brisk response to insulin 
of both diaphragm and adipose tissue, and were 
indistinguishable from D/AT ratios seen in lean Swiss 
mice. Since these experiments were performed with 
fasted (24 hr) animals, the absence of resistance to 
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insulin in muscle of goldthioglucose obese mice is in 
agreement with the serum concentrations of ll~I or 
ILA and glucose in the fasted goldthioglucose-obese 
mice (Table 1). The D/AT ratios obtained in NZ0  mice 
suggest the existence of an insulin resistance of muscu- 
lar tissue which is less marked than in Bar Harbor 
obese animals and which is overcome by increasing 
concentrations of insulin in the injection fluid. 

These findings clearly establish the existence of 
a relative resistance to insulin of muscle over adipose 
tissue in the two genetic types of obesity examined 
here, when compared with the relative sensitivities 
of the two tissues in normal mice. Such a relative 
resistance to the action of insulin on muscle over 
adipose tissue, resulting in overall insulin resistance, 
could be the consequence of several mechanisms, of 
which we shall mention four: the presence of a "bound" 
form of insulin, necessitating the "release" of free 
insulin for effectiveness on muscle [1]; the presence of 
one or more circulating antagonists or inhibitors of 
insulin action, with greater inhibitory activity upon 
muscular tissue [16, 24, 26]; differential potentiation 
of insulin activity by serum protein resulting in greater 
activity of insulin upon adipose tissue [13]; or finally 
an intrinsic resistance to insulin of muscular tissue 
itself. 

The results reported here do not favour the possi- 
bility that  "bound" insulin contributes to the patho- 
genesis of the obese hyperglycemic syndrome exam- 
ined, since the suppression of more than 90% of total 
ILA of serum from these animals in the presence of 
anti-insulin serum does not fit the characteristics 
described for "bound" insulin [1]. Furthermore, it is 
of interest to note that  the ratio of immunologic to 
biologic activity of pancreatic insulin is close to unity 
and essentially identical for genetically obese, induced 
obese, or non-obese mice (Table 2, Fig. 1), thereby 
suggesting that  there is little or no immunologic or 
biologic difference between the extracted pancreatic 
insulins of these animals. 

In  Bar Harbor obese mice, we have previously 
established that  serum obtained from either obese 
or non-obese animals exerts no inhibitory effect upon 
the action of insulin on muscle after its intra-peritoneal 
injection into normal mice [22], suggesting that  the 
primary importance of a circulating antagonist or 
inhibitor of insulin action is unlikely. Since the most 
striking feature of the experiments briefly summarized 
in Table 5 is that  of an almost total absence of muscu- 
lar response to intra-peritoneally injected insulin in 
this syndrome, we presently feel that  the most likely 
contribution of insulin resistance to the pathogenesis 
of this obese hyperglycemic state is that  of a marked 
primary resistance of muscle toward the action of the 
hormone. Of course, the nature of this primary mus- 
cular anomaly is as yet unknown. Since the degree of 
the resistance increases with age, it may  be the result 
of the accumulation of a circulating inhibitor, or 
represent an intrinsic structural or metabolic anomaly. 

The marked overall insulin resistance of goldthio- 
glucose-obese Swiss mice in the fed state, its reversal 
by  fasting, and the absence of muscular resistance to 
intraperitoneally injected insulin after a 24 hour fast, 
do not suggest the participation in this resistance to 
insulin of an antagonist of the synalbumin type [24], 
which is not known to be sensitive to the feeding 
schedule. I t  is, however, entirely consistent with the 
hypothesis [26] that  feeding may give rise to the pro- 
duction of an insulin inhibitor capable of shifting 
caloric flux to storage rather than to immediate oxi- 
dative utilization, and that  this antagonist is lacking 
in fasted animals. 

Finally, it is noteworthy that  antibody suppressib- 
le serum ILA exceeded the concentration of II~I by 
a factor of four or five fold in all mice tested in the 
present study, and that  this factor was quite a con- 
stant one. This finding is consistent with the possibi- 
lity that  some serum component potentiates the 
activity of insulin secreted by both lean and obese 
mice, as has been reported for human serum [13]. 
However, since the degree of such an apparent and 
still hypothetical potentiation was similar, in the pre- 
sent studies, for lean and obese mice of all types used, 
a participation of this mechanism in the pathogenesis 
of any one of the three types of obesity under scrutiny, 
appears unlikely. The significance of this observation 
is as yet  unknown. 
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