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Summary. The present study correlates the insulin resistance 
seen in the myocardium of rats with streptozotocin-induced 
non-insulin-dependent diabetes mellitus with insulin secre- 
tory defects, hyperglycaemia and disease duration. Two- 
day-old male Wistar rats were given a bolus injection of 
streptozotocin (0.09 mg/g body weight) which caused glu- 
cose intolerance when these animals reached adulthood. Al- 
though these rats developed a progressive resistance to the 
actions of insulin in the heart this did not correlate with the 
development of glucose intolerance. However, a correlation 

was seen with a shift in insulin secretory response from 
hyper- to hypo-secretion which developed between 6 and 
14 months of age. Moreover, this shift in secretory pattern 
can be associated with the onset of a cardiac mechanical mal- 
function. 

Key words: Glucose intolerance, insulin resistance, insulin 
secretion, cardiomyopathy, non-insulin-dependent diabetes 
mellitus. 

Non-insulin-dependent diabetes mellitus is characterized 
by defects in both pancreatic insulin secretion and periph- 
eral insulin action. Although it is generally accepted that 
these metabolic  abnormalities trigger the onset of non-in- 
sulin-dependent diabetes, the relationship between these 
metabolic abnormalities remains unclear. One problem in 
clarifying the role of each defect in the pathogenesis of 
non-insulin-dependent diabetes is that both metabolic 
parameters  improve in association with weight loss, sul- 
phonylurea therapy or insulin t reatment  [1-3]. Moreover,  
procedures such as the insulin clamp technique, which are 
useful to quantify insulin action are unable to adequately 
quantify the contribution of each parameter  [4-6]. 

To gain more information on the aetiology of non- 
insulin-dependent diabetes, animal models have been 
developed. One useful non-insulin-dependent diabetes 
model  can be induced by t rea tment  of neonatal  rats with 
streptozotocin [7, 8]. These animals quickly develop acute 
diabetes characterized by overt hyperglycaemia and re- 
duced pancreatic insulin stores. However,  the pancreas is 
able to partially regenerate and within 3-4 weeks basal 
glucose levels are normalized. As these animals age they 
slowly become glucose intolerant and insulin resistant [9]. 

Portha et al. [9] have proposed that the development  of 
peripheral  insulin resistance in these animals requires 
frank hyperglycaemia (200 % above control values) and 
hypoinsulinaemia (50% reduction). Yet, insulin resis- 

tance relative to cardiac glucose transport  has been noted 
in a milder form of the disease, but only after prolonged 
disease exposure [10]. In order to gain insight into the pa- 
thogenic progression towards insulin resistance, the effect 
of disease duration on glucose intolerance, insulin status 
and peripheral  insulin resistance was monitored.  

Materials and methods 

Non-insulin-dependent diabetes mellitus model. Two-day-old Wistar 
rats were injected i. p. with 0.09 mg of streptozotocin (the generous 
gift of Dr. A. Chang, The Upjohn Company, Kalamazoo, Mich., 
USA) per g of body weight. 

Glucose tolerance tests. Rats were fasted for 16 h after which time 
they were given an intraperitoneal injection of 2 g glucose per kg 
body weight. Blood samples were drawn from the tail immediately 
before the glucose challenge and 15, 60 and 120 rain thereafter. Plas- 
ma glucose concentrations were determined using a Beckman 2 Glu- 
cose Analyzer (Fullerton, Calif., USA). Serum insulin concentra- 
tions were determined using a Lineo Rat Insulin RIA Kit (Linco 
Research, Inc., St. Louis, Mo., USA). 

Heart perfusions. Hearts from non-insulin-dependent diabetic and 
non-diabetic rats were peffused on a typical isolated working heart 
apparatus with Krebs-Henseleit buffer containing 10 mmol/1 glu- 
cose and varying concentrations of insulin. After-load of the working 
heart apparatus was fixed at 110 cm water, while pre-load was either 
maintained at 15 c m  H20 or was varied over a range of 10 to 30 cm 
H20. All hearts were paced at 300 beats per rain. 
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Fig. 1A, B. Effect of duration of diabetes on glucose utilization and 
cardiac work of isolated, working rat heart. Hearts from 6- and 14- 
month-old non-insulin-dependent diabetic and non-diabetic rats 
were perfused with Krebs-Henseleit buffer containing 10 retool/1 
[3JH]-glucose and insulin varying from 0 to 9 U/1. Effluent was col- 
lected and glucose utilization determined from the rate of tritium 
appearance into water (A). Cardiac work of these same hearts was 
calculated from aortic pressure, aortic output and coronary flow 
determined by standard methods (B). Six-month-old non-diabetic 
(o----e); 6-month-old diabetic (o--o); 14-month-old non-diabetic 
(;  ;); 14-month-old diabetic (~--~) rats were studied. Data rep- 
resent mean +_ SEM of five hearts and are expressed as a percent 
increase over initial value after exposure to insulin. Asterisks de- 
note significant difference from age-matched non-diabetic control 
(p < 0.05) 

Glucose utilization. Glucose utilization was determined at varying 
perfusate insulin concentrations by collecting perfusate which had 
passed through the heart and measuring the [3H]-H20 content. The 
rate at which the heart promotes the formation of [3H]-H20 from 
[3-3H]-glucose is a measure of flux through the glyceraldehyde-3- 
phosphate dehydrogenase step [11]. 

Cardiac function. Typical pressure-cardiac work curves were gener- 
ated by varying pre-load over a range of 10-30 cm H20 and measur- 
ing aortic pressure, aortic output and coronary flow. Aortic pressure 
and output were obtained by placing a Statham P23 Gb pressure 
transducer and flowmeter, respectively, above the aorta. Left ven- 
tricular dP/dt was measured with a Statham P23 Gb pressure trans- 

ducer by inserting a 22 gauge needle through the ventricular wall. 
Coronary flow was quantitated by collecting the effluent exiting the 
pulmonary artery. Cardiac work was calculated from cardiac output 
(sum of aortic output and coronary flow) and aortic pressure as 
described previously [12, 13]. 

Statistical analysis 

Differences between diabetic and their age-matched control rats 
were evaluated by Student's t-test. Analysis of variance was used to 
detect changes in cardiac metabolism and mechanical function. The 
Student-Newman-Keuls multiple range test was performed to estab- 
lish significant differences (p < 0.05). 

Results 

To establish that insulin resistance was present in the 
myocardium of these rats glucose utilization was exam- 
ined as a function of perfusate insulin concentration. In 
the non-diabetic animals, at both 6 and 14 months of age, 
glucose utilization increased progressively to a value of 
approximately 80 % over a range of 0 to 9 units per litre of 
insulin (Fig. 1 A). In the 6-month-old diabetic animal simi- 
lar increases in glucose utilization were achieved with this 
range of insulin concentrations. By contrast, in the 14- 
month-old diabetic animal, elevations of insulin led to sig- 
nificantly decreased response that reached a peak of only 
20 % increase at the maximal concentration of insulin. In- 
sulin-mediated changes in contractile function paralleled 
the alterations in glucose metabolism. Maximal stimula- 
tion of cardiac work by insulin was about 30 % in the 
hearts of the 6-month-old diabetic, 6-month-old non- 
diabetic and 14-month-old non-diabetic rats, but only 
about 10 % in the 14-month-old diabetic heart (Fig. 1B). 
Therefore, a resistance to insulin had developed in the 
myocardium of these animals by 14 months. 

The relationship between insulin resistance and secre- 
tion was examined in 6- and 14-month-old diabetic and 
control animals administered glucose tolerance tests. 
Both sets of animals were injected i.p. with a bolus of 
2 g/kg body weight glucose (Figs. 2 and 3). This produced 
a prolonged hyperglycaemia in the diabetic animals, how- 
ever, glucose values of the control animals returned to 
near normal by 2 h. By comparison, when insulin secre- 
tion in these animals was determined, the 6-month-old 
diabetic rats were actually hyperinsulinaemic compared 
to control rats 15 min after glucose inj ection. Insulin levels 
in both the control and diabetic animals returned to near 
normal values by 2 h even though the diabetic animals 
were markedly hyperglycaemic. In contrast to these find- 
ings 14-month-old diabetic animals were hypoinsulin- 
aemic compared to age-matched control animals at all 
time points after glucose injection. Therefore, the devel- 
opment of insulin resistance in the myocardium can be 
correlated temporally with the shift that we see from 
hyper- to hypo-insulin secretion in response to a glucose 
challenge. 

To determine whether these changes in insulin secre- 
tion and action can be associated with changes in heart 
function, we generated typical pressure cardiac work rela- 
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Fig.2. A Plasma glucose concentrations in response to an intraperi- 
toneal glucose challenge (2 g glucose/kg body weight) in 6-month- 
old streptozotocin-treated (SZ; n = 5, o----o) and control (n = 5, 
= =) Wistar rats following a 16-h fast. Values represent the mean 
_+ SEM (*p < 0.05). B Plasma insulin concentrations in response to 
an intraperitoneal glucose challenge in 6-month-old streptozotocin- 
treated (SZ; n = 5, o----o) and control (n = 5, -" "-) Wistar rats fol- 
lowing a 16-h fast. Values represent the mean _+ SEM (*p < 0.05) 
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Fig.& A Plasma glucose concentrations in response to an intraperi- 
toneal glucose challenge (2 g glucose/kg body weight) in 14-month- 
old streptozotocin-treated (SZ; n 7 5, A---A) and control (n = 5, 
; ;)  Wistar rats following a 16-h fast. Values represent the mean 
_+ SEM (* p < 0.05). B Plasma insulin concentrations in response to 
an intraperitoneal glucose challenge in 14-month-old streptozo- 
tocin-treated (SZ; n = 5, A--A) and control (n = 5, -~ z) Wistar rats 
following a 16-h fast. Values represent the mean _+ SEM (*p < 0.05) 

tionships by varying pre- load over  the range of  10 to 30 cm 
of water  (Fig. 4). Stepwise increases in pre- load led to pro-  
gressive increases in cardiac work  in all the animals exam- 
ined. In  the 6-month-o ld  diabetic and 6- and 14-month-old 
control  animals, there  were  no differences in the curves 
generated.  However ,  in the 14-month-old  diabetic ani- 
mals cardiac work  was significantly depressed at all pre-  
load values examined in compar i son  to all the o ther  three  
groups. Bo th  + dP/dt  (a measure  of  contractili ty) and 
-dP/dt (a measure  of  cardiac relaxation) were al tered in 
the 14-month-old  diabetic rat. While + dP/dt  of  the 
14-month-old non-diabet ic  rat  was 2820 + 140 cm H20/s,  
the age-matched  diabetic animals showed a value of  
2380 + 110 cm H20/s.  Cor responding  values for -dP/dt 
were 2410 + 80 and 2010 + 100 cm H20/s  for 14-month-old 
non-diabet ic  and diabetic rats, respectively. No  differen- 
ces in ei ther  + dP/dt  or  -dP/dt were  no ted  in the 6-month-  
old non-diabet ic  and diabetic rats; + dP/dt was 2480 + 50 
and 2450 + 40 cm H20/s  in non-diabet ic  and diabetic rats, 
respectively, while -dP/dt was 2450 + 40 and 2360 + 70 cm 
H20/s  in the same two groups. Thus,  cardiac funct ion is 
normal  in the 6-month-o ld  diabetic rat but  is marked ly  de- 

pressed by 14 months  indicating that  the changes in car- 
diac funct ion follow the alterations in insulin act ion and 
secretion. 

D i s c u s s i o n  

Since the initial reports  by Por tha  et al. [7] and Weir et al. 
[8] of  the s t reptozotocin- induced neonata l  mode l  of  non- 
insul in-dependent  diabetes,  a variety of  investigations 
have shown that  insulin resistance develops in per ipheral  
tissues [10, 14-17] including our  own work  with the hear t  
[10]. The present  study has a t t empted  to delineate the 
factors involved in insulin resistance by examining the 
tempora l  association be tween  the deve lopment  of  hypo-  
insulinaemia and impaired insulin-stimulated glucose 
utilization in the heart.  We found  that  insulin-stimulated 
glucose utilization was normal  in the 6-month-old  diabetic 
animals but  was marked ly  defective in the 14-month-  
old diabetic animals. A l though  bo th  the 6- and 14-month-  
old animals were marked ly  glucose intolerant,  the 6- 
month-o ld  animals actually had an enhanced  insulin 
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l~ig.4. Effect of non-insulin-dependent diabetes on myocardial con- 
tractile function. Hearts from rats which were 6-month-old non- 
diabetic ( H ) ,  6-month-old diabetic (r 14-month-old non- 
diabetic ( .  _,) and 14-month-old diabetic (~--~) were perfused on 
a working heart apparatus. Myocardial function was evaluated at 
varying pre-load by determining cardiac work. Values represent 
means + SEM of five hearts. (*p < 0.05) 

secretory response to the glucose challenge. In contrast, 
the 14-month-old animals had a blunted insulin response 
to glucose. Portha et al. [9] observed progressive degrees 
of insulin resistance and glucose intolerance in female 
Wistar rats administered streptozotocin 0, 2 and 5 days 
after birth. Their  studies revealed a narrow window be- 
tween development  of overt hyperglycaemia and hypo- 
insulinaemia and milder degrees of dysfunction. Three  
important  differences existed between their protocol and 
ours. First, their rats were t reated with 80 mg/kg strepto- 
zotocin and ours with 90 mg/kg streptozotocin. Second, 
we used male Wistar rats and they used female Wistar rats. 
Finally, glucose tolerance and insulin response were 
measured at a much earlier t ime in their study than ours. 
Since strain and the time of streptozotocin administration 
have a profound influence on the final status of the ani- 
mal, it is not surprising that sex and dosage also affect in- 
sulin status. The present  model  adds an interesting vari- 
ation to the neonatal  model  because the transition in 
insulin secretory profile over t ime is reminiscent of that 
seen in the progression of human non-insulin-dependent 
diabetes [4, 5]. 

Previously, Portha et al. [16] found in clamp studies 
that insulin resistance developed in 10-week-old animals 
which had received a streptozotocin t reatment  protocol 
that produced frank hyperglycaemia and hypoinsulin- 
aemia (80 mg/kg in 5-day-old neonates).  Subsequently, 
they repor ted that protocols that caused milder basal hy- 
poinsulinaemia and very mild hyperglycaemia actually in- 
creased responsiveness to insulin in 3- to 5-month-old rats 
[18]. They concluded that hypoinsulinaemia causes insu- 
lin resistance. The present  work shows that even in mild 
conditions where basal hyperglycaemia does not develop 
and only glucose intolerance is found, insulin resistance 
can be detected after prolonged periods [9]. Thus, this 
work agrees with the basic tenant  of the Portha group in 
that hypoinsulinaemia causes insulin resistance but it also 

shows that insulin resistance can develop under milder 
conditions, in which only a defect in insulin secretion 
rather than basal hypoinsulinaemia is seen. A similar 
correlation between at tenuated insulin secretion and in- 
sulin resistance has been repor ted for adipocytes [14]. In 
that study, as in ours, basal insulin levels were not severely 
depressed. In contrast, Portha and colleagues [18,19] have 
reported that they found diminished insulin secretion 
does not cause insulin resistance in hepatocytes of 3- to 
5-month-old animals. However,  based on the results of 
our study it is conceivable that sufficient time was not 
allowed for the hepatocytes to progress into insulin resis- 
tance. It seems likely that there may  be heterogeneity in 
the development  of insulin resistance in peripheral  tis- 
sues, with adipocytes and skeletal muscle becoming re- 
fractory to insulin much faster than the liver or heart  
under similar conditions. 

A final important  observation that resulted f rom this 
study is that cardiac dysfunction correlated more  closely 
with the insulin secretory defect rather  than hypergly- 
caemia. This would suggest that the cardiomyopathy that 
occurs in these animals is not the result of glucose toxicity 
but rather  a p rob lem relating to the direct action of insulin 
on the heart. In support  of this notion is our finding that 
myoinositol levels in the diabetic heart  do not correlate 
with sorbitol concentrations (unpublished observations). 
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