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A new model of Type 2 (non-insulin-dependent) diabetes mellitus 
in spontaneously hypertensive rats: diabetes induced 
by neonatal streptozotocin treatment 
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Summary. This study was designed to develop an animal mod- 
el of Type 2 (non-insulin-dependent) diabetes with persistent 
hypertension. Male spontaneously hypertensive rats were 
treated with 25.0, 37.5, 50.0, 62.5 or 75.0 mg/kg of streptozoto- 
cin given intraperitoneally at 2 days of age and maintained for 
12 weeks. In the rats which received 50.0 mg/kg or more strep- 
tozotocin, overt hyperglycaemia gradually and consistently 
developed following incomplete recovery from an initial 
hyperglycaemia. Compared to vehicle-treated controls, body 
weight gain in these animals did not differ for the first 
8 weeks; thereafter, it was slightly but significantly (p < 0.05) 
reduced. The animals treated with 25.0 or 37.5 mg/kg strepto- 
zotocin developed mild to moderate hyperglycaemia, but their 

body weight gain was similar to controls. The relationships 
between streptozotocin dose and metabolic responses (plasma 
glucose, glycosylated haemoglobin, urinary glucose, food in- 
take, etc.) were clearly demonstrated. Systolic blood pressure 
rose with progressing age in both controls and streptozotocin- 
treated rats, irrespective of dosage or metabolic response. This 
new rat model of Type 2 diabetes associated with persistent 
hypertension may be useful in studying these combined ef- 
fects on small and large vessels. 

Key words: Hypertension, streptozotocin, animal model, 
spontaneously hypertensive rats, Type 2 (non-insulin-depen- 
dent) diabetes mellitus. 

Type 2 (non-insul in-dependent)  diabetes mellitus in hu- 
mans  is frequently accompan ied  with hyper tens ion [•]. 
This association is known to be  related to the obesity 
common ly  seen in Type 2 diabetes, and  is also consid- 
ered an impor tant  risk factor  for  cardio- and cerebro- 
vascular  diseases. In  addition, diabetic nephropa thy  
and  re t inopathy are accelerated in the presence of  hy- 
pertension,  a l though the exact effects o f  these combina-  
tions on small and large vessels are not  fully unders tood  
[1]. There  have been a few animal  models  of  diabetes 
and  hyper tens ion [2-4], but  a mode l  o f  Type 2 diabetes 
associated with hyper tension has not  been  established. 
Recently, Por tha  et al. [51 and Bonner-Weir  et al. [61 have 
developed  a new rat  model  o f  Type 2 diabetes which is 
experimental ly  induced by  neonatal  s treptozotocin 
(STZ) treatment.  Adopt ing  this model ,  we designed the 
present  study to develop a Type 2 diabetes-hypertension 
mode l  using spontaneous ly  hypertensive rats in which 
STZ was given 2 days after birth. The relationships be- 
tween STZ dosage and  the metabol ic  and  b lood  pres- 
sure changes were examined  at various intervals after 
STZ given for  12 weeks. 

Materials and methods 

Spontaneously hypertensive rats (SHR) were bred in specific patho- 
gen free condition in Kyushu University Animal Centre, where tem- 
perature (24 °C), humidity (60%), and lighting (on 08.00-20.00 hours) 
were well controlled. They had free access to tap water and standard 
chow diet. Two-day-old male SHR neonates were intraperitoneally 
injected through a 27-gauge microsyringe with STZ (Upjohn Co., 
Kalamazoo, Mich, USA) dissolved in 0.1 tool/1 citrate buffer, pH 4.5. 
Doses of STZ given were varied as 25.0, 37.5, 50.0, 62.5 and 75.0 mg/ 
kg, but the injection volume was the same (4 gl/g body weight). Con- 
trol rats received an equivalent amount (4 pMg) of citrate buffer with- 
out STZ (vehicle-treated). To prevent leaking of the solution, the 
injection site was glued with a strong adhesive agent, Aron Alpha A 
(Sankyo, Tokyo, Japan). The neonates were left with their own moth- 
er, and were weaned at 4 weeks of age. Litter size ranged from 3 to 8 
(6.2 _ 0.4, mean + SEM). 

Body weight was measured weekly until 12 weeks of age. Blood 
samples were obtained by cardiac puncture with a 28 gauge syringe at 
4 and 10days of age, and by snipping the tail in a fed state 
(18.00 hours) biweekly after 3 weeks until 12 weeks of age. Plasma glu- 
cose was measured by a Beckman Glucose Analyzer 2 (Beckman In- 
struments, Fullerton, Calif, USA). Blood pressure was measured in 
unanaesthetized state (15.00 to 18.00hours) by an indirect tail-cuff 
method biweekly after 5 weeks of age. At 12 weeks of age, each animal 
was put into a metabolic cage for 24 h and metabolic studies were per- 
formed; i.e. food and water intake, urine volume and urinary glucose 
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Fig. 1. Changes in plasma glucose 
levels in male spontaneously hyper- 
tensive rats treated with various 
doses of streptozotocin (STZ) at 
2 days of age. © = control (vehicle), 
• = 25.0 mg/kg of STZ, 
A =37.5 mg/kg, • = 50.0 mg/kg, 
[] = 62.5 mg/kg, • = 75.0 mg/kg. 
* ;p  <0.05, **;p <0.01, ***;p < 
0.001 vs. control. Results are ex- 
pressed as mean ___ SEM 

Table 1. Some characteristics of 12-week-old male spontaneously hypertensive rats (SHR) treated with various dosages of streptozotocin at 2 days 
of age 

Control Dose of streptozotocin (mg/kg) 

25.0 37.5 50.0 62.5 75.0 

n =  6 6 7 7 7 7 
Blood pressure (mmHg) 210 +_7 217 +5 202 _ 3 216 ± 6 210 ± 6 209 _+5 
Body weight(g) 243 +9  242 _ 8  246 ±10 214 + 3" 204 + 5 b 198 +4  c 
Plasma glucose (mmol/1) 6.8 + 0.4 7.7 + 0.7 13.3 ± 2.8 19.9 ± 2.2 b 23.8 + 1.8 c 28.5 -+ 0.5 c 
HbAlc(%) 4.5+0.2 5.4+0.2 a 8.5__- 0.9 a 11.6+ 1.0 a 11.8± 1.1 b 12.7+1.0 b 
Urinary glucose (g/day) 0 0 0.8 +__ 0.4 c 5.1 + 0.7 ° 5.7 _ 1.U 6.5 _+ 0.6 ° 
Food intake (g/day) 14.0 + 2.2 18.9 + 0.4 20.1 +_ 1.2 a 24.8 _+ 1.6 b 27.4___ 2.6 b 28.0 +_ 1.0 c 
Water intake (ml/day) 31 +4  33 ± 2  42 _+_ 4 82 +10 b 95 +17 a 100 +8  c 
Urine volume (ml/day) 11 ±2  11 +1 19 _ 2 a 55 + 88 68 +A4 u 72 +7  ~ 

Results are mean+ SEM. a p < 0.05; b p <0.0] ;c p <0.001 vs. control. HbAlc, glycosylated haemoglobin. Blood pressure was measured at 
11 weeks of age. Control rats received vehicle 

were determined. At this time, blood samples were also used for deter- 
mination of glycosylated haemoglobin (HbAlc) by aminophenyl- 
boronic acid affinity chromatography (Isolab Inc., Akron, Ohio, 
USA). 

Statistical analysis 

For statistical analysis, a two-tailed unpaired Student's t-test was 
used. The results were considered to be significant when p was tess 
than 0.05. The values are given as mean + SEM. 

Results 

Figure 1 shows serial changes of  plasma glucose in 
STZ-treated and control rats throughout the experi- 
mental course. At age 4 days, 2 days after STZ treat- 

ment, plasma glucose was elevated in all STZ-treated 
groups except the lowest dose group (25.0 mg/kg) com- 
pared to controls, and the glycaemic level was almost 
dependent on the STZ dose administered. At 10 days 
and 3 weeks of age, however, the elevated plasma glu- 
cose levels transiently fell but remained above controls 
in the groups of 62.5 and 75.0mg/kg of STZ. No 
changes were seen in the groups at smaller doses. At 
50.0 mg/kg and more of STZ, a small peak of plasma 
glucose was noticed at 4 weeks of age, followed by an- 
other slight fall in plasma glucose at age 6 weeks. Overt 
hyperglycaemia gradually developed after 8 weeks of 
age and continued up to 12 weeks in these animals. In 
the 37.5 mg/kg group, plasma glucose level was moder- 
ately high, approximately two-fold of controls through- 
out the experimental course. At 25.0 mg/kg of STZ, 
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however, plasma glucose was slightly but not signifi- 
cantly elevated compared with controls. 

Blood pressure rose with age in all rats, both con- 
trols and STZ-treated, regardless of dose; i.e., STZ had 
no effect on the development of hypertension in SHR. 
Systolic blood pressures of the highest dose STZ 
(75.0mg/kg) and control groups were 129+7 and 
136+2 at 5weeks, 159+4 and 162___7 at 7weeks, 
189 _+ 5 and 181 ___ 8 mmHg at 9 weeks respectively. Av- 
erage values for blood pressure at 11 weeks did not dif- 
fer between STZ-treated and control groups (Table 1). 

Body weight before STZ injection (i. e. 2 days of age) 
was similar among all STZ-treated groups and controls. 
From 4 days to 8 weeks of age, body weight increased 
consistently and did not differ among STZ-treated and 
control groups (167 ___ 5 g in 25.0 mg/kg, 187 _+ 9 g in 
37.5 mg/kg, 167 +_ 3 g in 50.0 mg/kg, 169 _+ 7 in 62.5 rag/ 
kg, 156_+1g in 75.0mg/kg vs 170+7g  in controls at 
8 weeks). After puberty, namely at age 8 weeks or older, 
however, the weight gain became smaller in groups 
treated with 50.0 mg/kg and more of STZ than that in 
those treated with lower dose or in control animals. At 
12 weeks of age average body weight was significantly 
different (p<0.05) between higher and lower dose- 
treated groups (Table 1), but a weight loss never oc- 
curred in any groups o f  STZ-treated animals. 

Metabolic resPonses at 12 weeks of age are summa- 
rized in Table 1. HbAlc increased significantly (p< 
0.05) even at 25.0 mg/kg of STZ compared to controls, 
and its increase was dose-dependent. Among groups 
with higher STZ doses (50.0, 62.5, and 75.0 mg/kg), the 
difference in plasma glucose was also significant (50.0 
vs. 75.0mg/kg of STZ; p <  0.01, 62.5 vs. 75.0mg/kg of 
STZ; p<0.05), but the difference in HbAtc did not 
reach statistical significance. Urinary glucose was de- 
tected in the group treated at 37.5 mg/kg, and markedly 
increased in groups treated with 50.0 mg/kg and more. 
Food intake, water intake and urine volume increased 
according to STZ dose. 

The mortality rate during the 12-week observation 
was 12% for STZ-treated rats and 14% for control rats, 
most of which died before weaning. 

Discussion 

A few rat models studying a combination of diabetes 
mellitus and hypertension have been reported. Koletsky 
[2] has developed a genetically obese variant of SHR 
which has mild .hyperglycaemia, marked hyperinsulin- 
emia associated with hyperplastic pancreatic islets, and 
hyperlipidemia. This model, however, may be likened 
to Cushing's disease rather than diabetes mellitus be- 
cause of hyperadrenocorticism [7]. On the other hand, 
some investigators [3, 41 have produced hypertension by 
clipping the renal artery in STZ-induced diabetic rats. 

However, this type of hypertension is rare in humans 
compared to essential hypertension. 

Chemically induced diabetes has been reported in 
SHR in which hypertension in resembles essential hy- 
pertension in humans. Hashimoto [8], who induced al- 
loxan diabetes in 10-week-old SHR and maintained 
them for 18months, has found lowering of systolic 
blood pressure after alloxan injection followed by a 
gradual rise to the control level, probably due to renal 
complications. Although plasma glucose was not mea- 
sured quantitatively, these animals lost body weight 
markedly. Similarly, Iams et al. [9] induced alloxan dia- 
betes in 5-month-old SHR. In their study, blood pres- 
sure fell markedly, and 52% of male and 80% of female 
rats died during the 8 weeks of observation because of 
severe diabetes. On the other hand, Somani et al. [10] 
gave various doses of STZ to 20- to 22-week-old male 
SHR. In those treated with 25.0 mg/kg STZ, moderate 
hyperglycaemia (plasma glucose; 12mmol/1) develop- 
ed without reduction of body weight, but blood pres- 
sure was significantly lowered compared to controls. 
When larger doses of STZ were given, weight loss, overt 
hyperglycaemia and the reduction of blood pressure oc- 
curred in all rats, with these changes being STZ dose- 
dependent. Diabetes induced by either STZ or alloxan 
has a depressor effect in adult SHR. Thus, animal mod- 
els of diabetes with persistent hypertension have been 
unavailable. 

By contrast, the present results demonstrate that 
neonatal STZ treatment does not disturb the develop- 
ment of hypertension in SHR. The reason why the tim- 
ing of STZ administration makes the difference in its ef- 
fects on blood pressure is unclear from our results. It 
may be related to differences in the development pat- 
tern of diabetes, i.e. diabetes appears very gradually in 
the neonatal model and abruptly in the adult one. This 
interesting observation needs further study to clarify the 
mechanism. 

In the present study the relationship between STZ 
dose and the metabolic responses was clearly demon- 
strated. When 50.0 mg/kg or more STZ was given, mod- 
erately severe diabetes developed at the age of 12 weeks. 
Even in those rats treated with the lowest dose of STZ 
(25.0 mg/kg), HbAlc was slightly but significantly high- 
er than that of controls. 

In this study less than 15% of the animals died dur- 
ing the observation period, mostly within 4weeks of 
age. The mortality was not directly related to STZ treat- 
ment, because its rate was substantially the same as that 
in control. 

In conclusion, we successfully produced an animal 
model of mild to severe Type 2 diabetes associated with 
genetic hypertension by administration of various doses 
of STZ in neonatal spontaneously hypertensive rats. 
This model may be useful particularly in studying the 
combined effects of hypertension and diabetes on large 
and small vessels of various organs. 
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