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Summary. Following the intravenous injection of 
streptozotocin into rats, postprandial hyper- 
glycaemia was sustained from 24 hours over a sub- 
sequent period of some weeks and the rats were glu- 
cose intolerant. When streptozotocin was similarly 
injected into pertussis-sensitized or hydrocortisone- 
treated rats, the postprandial hyperglycaemia ob- 
served at 24 hours did not persist, but showed 
a progressive decline until near normoglycaemia was 
obtained a week later. These animals manifested 
normal glucose tolerance one week after strep- 
tozotocin. Thus, a spontaneous recovery from strep- 
tozotocin-induced diabetes occurred under these 
conditions. This spontaneous recovery from diabetes 
was associated with hyperinsulinaemia in the fed 
state. 
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Streptozotocin produces diabetes in laboratory ani- 
mals through the destruction of the pancreatic beta- 
cells. The diabetogenic activity of streptozotocin, 
however, is known to be modified by several agents; 
e.g., nicotinamide interferes with the development 
of diabetes by preventing streptozotocin-induced re- 
duction in the pyridine nucleotide content of the 
pancreatic islets [1-3]. Other agents such as diazox- 
ide [4] and adrenergic blockers [5] also produce re- 
sistance to streptozotocin. 

During the course of recent studies with pertus- 
sis-sensitized rats [6], it was noticed that diabetes in- 
duced by streptozotocin in the pertussis rats was as 
severe as that in non-pertussis rats for two days, but 

became milder until normoglycaemia in the fed state 
was found after one week. Since the pertussis-sen- 
sitized rats are characterized by a strong insulin se- 
cretory response to various stimuli via the activation 
of beta-adrenergic receptors [7], the observed at- 
tenuation of diabetes appears to suggest an impor- 
tant role of insulin secretory activity or of adrenergic 
functions in the induction or prevention of postpran- 
dial hyperglycaemia. This is considered in the pre- 
sent paper. 

Materials and Methods 

Male rats of the Wistar-derived strain, weighing 
180-250 g, were used. In experiments in which 
periodical changes in blood glucose and plasma in- 
sulin were studied following streptozotocin injec- 
tion, streptozotocin (5 mg per 100 g body wt), fresh- 
ly dissolved in citrate buffer (pH 4.5, 0.1 tool/l), was 
injected intravenously into fasted rats (after a 20-h 
fast) at 10:00 a.m. Tail vein blood samples (0.1 ml 
each) were withdrawn to be analyzed for glucose [8] 
and for immunoreactive insulin [9] at 2, 4, 6 and 10 
h in the fasted state, and then 1, 3, and 7 days later 
at 10:00 hours while fed ad libitum. 

Oral glucose tolerance tests were carried out by 
feeding a glucose solution (a 20% solution, 1 ml per 
100 g body wt) into 20-h fasted rats through 
a stomach tube. Blood samples were taken for 
analysis of blood glucose at 15, 30, 60 and 90 rain 
after the glucose loado 

Pertussis-sensitized rats were prepared by a sin- 
gle injection of Bordetella pertussis vaccine in- 
traperitoneally (2 x 101~ organisms per 100 g body 
wt) [6, 7]. They were used 3 days later. Hydrocor- 
tisone acetate (2.5 mg per 100 g body wt) was in- 
jected subcutaneously 24 h and 3 h before the injec- 
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Fig. L Blood glucose level in control, pertussis-sensitized and 
hydrocortisone-treated rats after the injection of streptozotocin 
(STZ). �9 control, �9 hydrocortisone-treated, �9 pertussis-sen- 
sitized. Mean values and SEM are given with numbers of obser- 
vations in parentheses in this and following figures 
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Fig. 2. Plasma insulin level in control, pertussis-sensitized and 
hydrocortisone-treated rats after the injection of streptozotocin 
(STZ). See legends to Figure i for explanation of symbols 

tion of streptozotocin. Adrenalectomized rats were 
used one week after surgical extirpation of the ad- 
renal glands by a dorsal approach. Acidotic rats 
were prepared by feeding 0.5 mol/l NH4C1 , as de- 
scribed previously [10]. 

The dose (per 100 g body wt), route and time 
(min before streptozotocin) of injections of various 
drugs into 20-h fasted rats were as follows. Insulin: 
50 m units, subcutaneously, 6 injections at 2 h inter- 
vals (the first injection, 30 min before strep- 
tozotocin); glibenclamide: 50 ~tg, intraperitoneally, 
6 injections (at the same time as insulin); pro- 
pranolol: 3 mg, intraperitoneally, 30 rain; atropine: 
100 ~tg, intraperitoneally, 30 rnin; norepinephrine: 

100 Ixg, intraperitoneally, 30 min; epinephrine: 50 
~tg, intraperitoneally, 30 min; nicotinamide: 25 mg, 
intraperitoneally, 15 min. 

Streptozotocin was obtained from two sources. 
A gift (lot No. l1837-GGS-22B) from Upjohn 
Company through the courtesy of Dr. W.E. Dulin 
was used in most of the experiments. Some experi- 
ments were carried out in the later part of this study 
with the preparation synthesized and donated by 
Dr. M. Yajima in Kakenyaku Kako Co., Ltd., Shiga, 
Japan. Sources of other reagents were: bovine 
crystalline insulin, Eli Lilly and Co. (Lot No. 
615-D63-5) through the courtesy of Drs. O.K. 
Behrens and W.N. Shaw; glibenclamide, Yama- 
nouch Pharmaceutical Co., Tokyo; propranolol, 
Ohtsuka Pharmaceutical Co., Tokushima; epineph- 
rine tartrate, Merck; norepinephrine, atropine, hy- 
drocortisone and nicotinamide, Sigma Chemical Co. 

The difference between the means of blood glu- 
cose or plasma insulin was determined by Student's 
t test [11]; differences were considered to be signifi- 
cant for p < 0.05. 

Results 

Blood Glucose and Plasma Immunoreactive Insulin 
Levels in Normal, Pertussis-sensitized and 
Hydrocortisone-Treated Rats after the Injection 
of Streptozotocin 

In accord with previous reports [12, 13], the injec- 
tion of streptozotocin into rats induced hyper- 
glycaemia over the first 4 h, hypoglycaemia at 10 
h and permanent hyperglycaemia after 24 h (Fig. 1). 
Fig. 2 shows that the hypoglycaemia observed at 10 
h was associated with hyperinsulinaemia. 

When pertussis-sensitized rats were submitted to 
the same treatment with streptozotocin, there was 
a similar glycaemic change over the period of 24 h, 
but the hyperglycaemia occurring on the next day 
did not persist; the postprandial blood glucose level 
fell progressively toward the normal level in the fol- 
lowing 6 days (Fig. 1). The fasting insulin level was 
3-fold higher in pertussis rats than in control rats 
(Fig. 2). Even after streptozotocin injection, the 
plasma insulin concentration was higher in pertussis 
rats than in control rats; the progressive recovery 
from hyperglycaemia from the first to 7th day in 
pertussis rats was associated with maintenance of 
a plasma insulin level twice as high as in control rats. 

Figures 1 and 2 show also the effect of strep- 
tozotocin on hydrocortisone-treated rats. Following 
streptozotocin, hydrocortisone-treated rats exhibited 
a similar triphasic glycaemic pattern, with the first 
peak of much larger magnitude. As in pertussis rats, 
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the second hyperglycaemic phase was not perma- 
nent, but showed a progressive decline until near 
normoglycaemic levels were attained after 7 days. 
The plasma concentration of insulin was much high- 
er in hydrocortisone-treated rats than in non-treated 
rats through the entire course of the experiment 
(Fig. 2). 

Oral Glucose Tolerance Tests 7 Days 
after Streptozotocin in Pertussis-sensitized 
or Hydrocortisone-Treated Rats 

Oral glucose tolerance tests were carried out 7 days 
after streptozotocin. Diabetes induced by 5 mg of 
streptozotocin per 100 g body wt was so mild that 
there was no significant difference in the fasting 
level of blood glucose between streptozotocin- 
treated and non-treated rats. The oral load of glu- 
cose caused a much more severe hyperglycaemia in 
streptozotocin-treated rats than in untreated rats (p 
< 0.01, Fig. 3). In the case of pertussis-sensitized or 
hydrocortisone-treated rats injected with strep- 
tozotocin, there was less hyperglycaemia over the 90 
minutes following the glucose load, than 'in the con- 
trol streptozotocin-diabetic rats. The blood glucose 
level at 15 and 30 minutes was only slightly higher 
than, and at 60 and 90 minutes essentially the same 
as, that in normal rats. 

Thus, it is likely that pertussis-sensitized or hy- 
drocortisone-treated rats had recovered from strep- 
tozotocin diabetes in 7 days. 

Development of  Streptozotocin Diabetes 
under Various Conditions 

Rats were submitted to various treatments which 
might exert an influence on the pancreatic cells in 
such a manner as to be possibly inducible by pertus- 
sis sensitization or hydrocortisone therapy. Periodi- 
cal changes of the blood concentration of glucose 
over 7 days after streptozotocin injection into these 
treated rats are summarized in Table 1. It is seen 
that induction of acidosis, adrenalectomy, repeated 
injections of insulin or glibenclamide and a single 
injection of propranolol, atropine or norepinephrine 
were essentially without effect on development of 
streptozotocin-induced postprandial hyperglycae- 
mia, though some of these treatments caused mod- 
ification of the early changes in the blood glucose 
level up to 10 hours after streptozotocin. Nor were 
propranolol and adrenalectomy effective in modify- 
ing the pertussis- or hydrocortisone-induced spon- 
taneous recovery from streptozotocin diabetes in 
7 days. No hyperglycaemia developed, even in the 
first day of streptozotocin injection in nicotinamide- 
treated rats. 

The only treatment that caused, like pertussis 
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Fig. 3. Blood glucose level after oral glucose load. Glucose solu- 
tion (Glc) was force-fed into fasted rats as shown by an arrow. (3: 
control rats not reated with streptozotocin. Solid symbols show 
the blood glucose level in streptozotocin-treated rats. They were 
used 7 days after the injection of streptozotocin. 0:  control, 
�9 hydrocortisone-treated, III pertussis-sensitized 

sensitization and hydrocortisone therapy, spontane- 
ous recovery from streptozotocin hyperglycaemia 
was a single injection of epinephrine plus pro- 
pranolol. The re  was a progressive decline of the 
blood glucose level over 7 days in the rats receiving 
epinephrine plus propranolol; the blood glucose 
concentration 7 days after streptozotocin (146 +__ 13 
mg/100 ml) was significantly lower than the value 
on the first day (229 _+ 49) and than the value in the 
control diabetic rats on the same day (375 + 24). 

Plasma concentrations of insulin in the rats 
treated with epinephrine plus propranolol are re- 
corded in Table 2 in comparison with the insulin 
concentrations in the control, acidotic, insulin-in- 
jected and glibenclamide-injected rats. Plasma insu- 
lin concentrations 1, 3, 5 and 7 days after strep- 
tozotocin were significantly higher in the rats treated 
with epinephrine plus propranolol than in controls. 
This contrasts with the failure of other treatments 
(induction of acidosis, injection of insulin or gliben- 
clamide) to cause significant hyperinsulinaemia du- 
ring the same period. 

Postprandial normoglycaemia observed in rats 
treated with epinephrine plus propranolol on the 7th 
day of streptozotocin injection may reflect a recov- 
ery from streptozotocin diabetes, because glucose 
intolerance induced by streptozotocin was no longer 
observable in these rats (Table 3). In contrast, 
neither induction of acidosis nor injection of 
glibenclamide resulted in amelioration of strep- 
tozotocin-induced glucose intolerance. 
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Table 1. Blood glucose level after injection of streptozotocin. Experiments were carded out as described in Materials and Methods. Data  
in this and following tables are the mean + SEM with number  of observations in parentheses 

Treatment  (n) Hours after streptozotocin Days after streptozotocin 
0 2 4 6 10 1 3 5 

(mg glucose/100 ml blood) 
None (control) (4) 8 1 + 3  1 2 9 •  1 3 8 + 4  9 0 •  43 •  3 7 1 •  10 
Acidotic (4) 7 0 •  113 •  1 4 7 •  1 0 9 •  5 3 •  1 3 8 2 •  13 
Insulin (4) 83 • 3 76 • 6 a 52 • 2 ~ 45 • 2 a 19 + 2 ab 406 + 18 
Glibenclamide(4)  8 2 •  7 3 •  ~ 1 0 0 •  a 7 4 •  4 3 •  375 •  
Propranolo l (4)  75 •  123 • 10 1 9 2 •  11 a163 •  ~ 53 + 1 353 • 12 
Propranolol + pertussis (4) 93 • 3 a 106 • 8 a 165 • 11 126 • 6 ~ 41 • 6 365 • 27 
Propranolol + hydrocortisone (4) 102 • 4 ~ 198 • 17 a282 • 6" 178 • 10 a 134 • 16 ~ 372 + 11 
Adrena lec tomy(4)  5 8 •  P 6 9 •  a 83 •  a 7 8 •  5 •  ab 2 9 8 •  
Adrenalectomy § hydrocortisone (4) 91 + 3 151 • 15 200 ___ 21 a 141 • 9" 96 • 4 a 356 • 16 
Atropine (4) 7 8 + 5  1 2 7 •  10 145 •  1 0 4 •  
Epinephrine + Propranolol (4) 56 • 3 ~ 114 + 8 136 • 1 122 • 
Nicotinamide (2) 63 118 121 130 

354 • 11 341 • 11 335 • 24 
349 • 10 341 • 16 324 + 21 
402 • 21 354 • 13 394 • 21 
354 + 14 335 + 13 350 • 16 
317 • 27 290 • 39 292 • 38 
228 • 33 a 193 • 50 a 152 • 27 a 
290 • 31 163 + 42 a 131 • 19 a 
3 2 6 _ _ 6  3 3 4 •  16 3 1 7 •  16 
2 7 2 •  2 1 0 • 1 7 7  ~ 

3 5 4 •  3 7 6 •  17 3 3 6 •  16 2 8 9 •  12 283 •  
12 78 • 6 a 229 • 49 a 193 • 40 ~ 178 • 36 ~ 146 + 13 a 

129 130 127 125 131 

" Difference from the corresponding value of control rats is significant (p < 0.05) 
b Glucose was injected intravenously upon hypoglycaemic shock 

Table 2. Plasma insulin level after injection of streptozotocin. Experimental  conditions are the same as in Table 1 

Treatment  (n) Hours after streptozotocin Days after streptozotocin 
0 2 4 6 10 1 3 5 7 

(~unit insul in /ml  of plasma) 
None (control) (4) 2 1 •  25 •  3 1 •  3 2 •  3 5 2 •  3 2 + _ 6  2 7 •  23 •  2 5 •  
Acidotic (4) 3 7 •  11 3 6 •  10 5 7 +  10 a 6 9 •  a 63 •  2 7 •  1 1 •  1" 15 •  1 4 •  
Insulin (4) 1 3 + 3  8 9 •  19 a 115 • 8 a 176 • 23a 86 _+ 24 ~ 1 8 •  1 6 •  2 0 •  3 2 •  
Gl ibenclamide(4)  11 • 1 a 2 1 •  1 1 4 •  1 a 25 +_ 1 7 6 •  22 •  15 •  2 0 •  2 8 •  
Epinephrine + propranolol (4) 7 • I a 9 • 1" 16 • 3 a 23 __ 7 43 • 6 80 • 15 a 55 • 4 a 88 • 11" 68 • 13 a 

The difference from the corresponding value of control rats is significant (p < 0.05) 

Table 3. Glucose tolerance pattern before and after streptozoto- 
cin. Glucose tolerance test was carried out as described in Mate-  
rials and Methods.  Streptozotocin was injected 7 days before ex- 
periment  

Treat-  Minutes after glucose load 
ment  (n) 

0 15 30 60 90 

Before streptozotocin 
None 80 • 6 
(normal) (4) 
After streptozotocin 
None 89 • 7 
(control) (6) 
Aci-  92 • 5 
dotic (4) 
Gliben- 
clam• (4) 
Epi - 
nephrine + 
pro-  
pranolol (4) 

(mg glucose/100 ml of blood) 

1 3 9 •  1 5 9 •  I 1 5 5 _  1 132_+5 

220 _-_ 28a291 + 28a326 + 31a267 + 38 a 

218 • 7 a 299 • 7 a 332 + 10 a293 + 16 a 

97 + 16 209 • 27a275 • 30~317 • 26a279 • 3 P  

71 •  b 1 4 6 •  13 b 1 8 3 •  b 1 8 7 •  b 1 6 7 •  b 

a Statistically significant is the difference from the normal rats 
not treated with streptozotocin (p < 0.05) 
b Statistically significant is the difference from the control rats 
(p < 0.05) 

Discussion 

The present results clearly show that a unique tran- 
sient diabetes develops following the administration 
of streptozotocin to rats pretreated with pertussis 
vaccine or hydrocortisone. In these animals, post- 
prandial hyperglycaemia observed on the day after 
streptozotocin injection did not persist, and an al- 
most normal nonfasting concentration of blood glu- 
cose and a normal glucose tolerance were observed 
after 7 days. This pattern is distinct from that ob- 
served in nicotinamide-treated rats in which no 
hyperglycaemia develops, even in the period im- 
mediately after streptozotocin. It is very likely, 
therefore, that different mechanisms underlie these 
two types of streptozotocin resistance. In this re- 
gard, pertussis- or hydrocortisone-treated rats re- 
semble new-born rats, which also exhibit a rapid and 
spontaneous recovery from streptozotocin diabetes 
[141. 

Severity of diabetes is known to depend on the 
dose of streptozotocin [13, 15, 16]. Diabetes in- 
duced by streptozotocin at the dose employed here 
was so mild that an overnight fast resulted in nor- 
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moglycaemia despite an impaired glucose tolerance 
(Fig. 3). When the dose of streptozotocin was furth- 
er increased, more severe diabetes developed with 
a marked hyperglycaemia even after prolonged fast- 
ing. Our unpublished observations show that there 
was no spontaneous recovery from such a severe 
diabetes even in pertussis-sensitized or hydrocor- 
tisone-treated rats. Thus, the degree of recovery is 
dependent on the severity of diabetes, in accordance 
with Portha et al. [14]. 

Pertussis-sensitized or hydrocortisone-treated 
rats are characterized by predominance of beta-ad- 
renergic functions [6, 7, 10]. An involvement of en- 
hanced beta-adrenergic activities in the spontaneous 
recovery from streptozotodn diabetes seems unlike- 
ly. The results in Table 1 indicate that beta-block- 
ade, induced by propranolol, failed to prevent the 
progressive decline of postprandial hyperglycaemia 
over 7 days after streptozotocin injection to pertus- 
sis- or hydrocortisone-treated rats. Moreover, aci- 
dotic rats in which beta-adrenergic functions are 
somewhat increased [10] were not ~esistant to strep- 
tozotocin diabetes. On the contrary, a combined ad- 
ministration of a beta-blocking agent with epi- 
nephrine, like pertussis sensitization and hydrocor- 
tisone therapy, rendered the streptozotocin-induced 
postprandial hyperglycaemia of short duration. It is 
unlikely, therefore, that a particular adrenergic 
function is directly responsible for the spontaneous 
recovery from streptozotocin diabetes. 

More insulin was secreted in response to strep- 
tozotocin from the pancreas of pertussis-sensitized 
or hydrocortisone-treated rats than from the pan- 
creas of control rats (Fig. 2). A possible role of 
hyperinsulinaemia in causing a short-lived strep- 
tozotocin diabetes, however, is unlikely, because 
postprandial hyperglycaemia persisted even in the 
rats receiving repeated injections of insulin or 
glibenclamide immediately before and after the 
streptozotocin treatment. Conversely, a marked 
hypoinsulinaemia was induced by the treatment of 
rats with epinephrine plus propranolol (Table 2). 
Hypoinsulinaemia alone, however, may not play an 
important role in inducing the spontaneous recovery 
from streptozotocin diabetes in these rats, since 
neither adrenalectomy nor the injection of atropine 
or propranolol alone affected the duration of strep- 
tozotocin diabetes (Table 1) despite an early (up to 
6 hours after streptozotocin) development of 
hypoinsulinaemia to a similar extent under these 
conditions (data not shown). 

Thus, the mechanism by which mild diabetes in- 
duced by a lower dose of streptozotocin failed to 
persist in pertussis-sensitized or hydrocortisone- 
treated rats still remains to be elucidated, like the 
mechanism for the streptozotocin resistance induced 
by diazoxide [4, 17], which is currently a matter of 
debate. 
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