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Summary. We designed the present study to clarify whether 
the development of nephropathy was accelerated by a com- 
bination of hypertension and non-insulin-dependent diabe- 
tes. Spontaneously hypertensive rats with non-insulin-depen- 
dent diabetes induced by neonatal streptozotocin treatment 
(25.0-75.0 mg/kg) were separated into severely or mildly dia- 
betic groups according to their non-fasting plasma glucose 
levels at 12 weeks of age and the findings were compared 
with the data on a control group treated with citrate buffer 
alone. The natural courses of urinary excretion rate of total 
protein, the molecular composition by sodium dodecyl sul- 
fate polyacrylamide gel electrophoresis with laser desitome- 
ter and N-acetyl-fl-D-glucosaminidase were measured in the 
three groups from 12 weeks until 36 weeks of age. Total uri- 
nary protein in the control group decreased with age (p< 
0.05), while in the mildly diabetic group changes were nil; in 
the severely diabetic group, however, the excretion rates of 
total urinary protein and high molecular weight protein con- 
sistently and progressively increased with age (p< 0.05). The 

low molecular weight protein continuously decreased with 
age in the mildly diabetic and control groups (p< 0.05), while 
in the severely diabetic group there was no decrease after 
28 weeks of age. The urina~ N-acetyl-fl-D-glucosaminidase 
markedly increased (p<0.05) in the severely diabetic group 
throughout the period compared with findings in the control 
group, but drastically decreased (p< 0.05) in the mildly dia- 
betic group with age. There were significant correlations be- 
tween the mean glycosylated haemoglobin levels and all the 
urinary parameters measured (p<0.05). These observations 
suggest that development of nephropathy is accelerated by 
the glycaemic level in hypertensive rats. This new model 
should be appropriate for studying the combined effects of 
hypertension and diabetes mellitus on the kidney. 
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Hypertension is often associated with diabetes mellitus 
and is a prominent  accelerating factor for established 
diabetic nephropathy [1-4]. Whether  a combination of  
hypertension and diabetes mellitus accelerates the de- 
velopment of  nephropathy remains controversial [5-6]. 

We recently developed a new model of  non-insulin- 
dependent  diabetes mellitus in spontaneously hyper- 
tensive rats (SHR) induced by neonatal  streptozotocin 
treatment [7-8]. The characteristics of  this model are as 
follows: (1)hypertension develops normally and is 
maintained as in the non-diabetic SHR;  (2) various de- 
grees of  hyperglycaemia can be achieved in the adult 
rats by altering the dose of  streptozotocin; (3) insulin 
injection is not required for long-term survival. Using 
this model,  we designed the present study to clarify the 
long-term combined effect of  hypertension and diabe- 
tes mellitus on the development  and progression of  
nephropathy,  as revealed by total urinary protein, 

the molecular  composit ion analysed by sodium do- 
decyl sulfate polyacrylamide gel electrophoresis with 
laser desitometer and N-acetyl-fl-D-glucosaminidase 
(NAG).  

Materials and methods 

Spontaneously hypertensive rats from an inbred colony in our labo- 
ratory were bred in specific pathogen-free conditions in the Kyushu 
University animal centre. They had free access to tap water and a 
standard chow diet containing 51.6% carbohydrate, 24.8% protein, 
7.0% minerals, 4.4% fat and 3.5% cellulose (Clea Japan Inc, Tokyo, 
Japan). 

Neonatal streptozotocin injection was carried out as previously 
reported [7]. Briefly, two-day-old malc SHR neonates were intraperi- 
toneally injected via a 27-gauge microsyringe with streptozotocin 
(Upjohn Co., Kalamazoo, Mich, USA) dissolved in 0.1 mol/1 citrate 
buffer pH 4.5. Doses of streptozotocin given were varied as 25.0, 
37.5, 50.0, 62.5 and 75.(I mg/kg, but the volume injected was the 
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same (4 txl/g body weight. Control rats were given an equivalent 
amount of citrate buffer alone. At 12 weeks of age, streptozotocin- 
treated rats were separated into mildly or severely diabetic groups 
according to their non-fasting plasma glucose level, i.e. 16.7 mmol/ l  
or more as severe and the below that level as mild. There were 8 con- 
trol rats, 8 mildly diabetic rats and 13 severely diabetic rats. All ani- 
mals were kept until 36 weeks of age; one mildly diabetic rat which 
died shortly before the final assessment at 36 weeks of age was ex- 
cluded. 

Measurements 

Blood for the determination of plasma glucose and glycosylated hae- 
moglobin was obtained by snipping the tail of fed rats every 8 weeks. 
Plasma glucose was determined by Beckman Glucose Analyser 2 
(Beckman Instrument, Fullerton, Calif, USA) and glycosylated hae- 
moglobin by aminophenyl boronic acid affinity chromatography 
(lsolab Inc, Akron, Ohio, USA). Systolic blood pressure was mea- 
sured in an unanaesthetised state by the indirect tail cuff method. 
Twenty-four h urine samples were obtained every 8 weeks, using a 
metabolic cage. Total urinary protein was measured by the Coomas- 
sic brilliant blue method (Ohtsuka Assay Laboratory, Tokushima, Ja- 
pan) and urinary NAG was measured by an enzymatic method 
(Shionogi Co, Tokyo, Japan). For analysis of the molecular composi- 
tion of total urinary protein, sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) was performed with a micro-slab 
gel using a Laemmli buffer system [9]. A discontinuous polyacryl- 
am• gradient was used to separate proteins in the range of 
9,000-100,000 molecular weight. Protein was stained with Coomas- 
sic brilliant blue. Each stored urine sample was mixed with an equal 
amount of sample buffer (2% sodium dodecyl sulfate, 0.025 mol/l  
"Iris and 0.192 mol/l  glycine). On the basis of total protein measure- 
ments, 10 l.tg protein per sample was loaded on each lane. Brom- 
phenyl blue was used as a tracking dye. The molecular weight was 
determined using SDS-PAGE molecular weight standards-low (Bio- 
Rad Laboratory, Richmond, Calif, USA). The stained polyacryl- 
am• gels were scanned using laser densitometer (Ultroscan XL 
222-001, LKB Instrument, Stockholm, Sweden). We defined the pro- 
tein as urinary albumin by its mobility compared with rat serum al- 
bumin. Proteins less than 32,000 dalton were defined as low molcu- 
lar weight (LMW) protein and those over or equal to albumin as 
high molecular weight (HMW) protein. Urine sampling was missed 
in one of 13 severely diabetic rats at 36 weeks of age. 

Statistical analysis 

Student's t-test and paired Student's t-test were used. The difference 
was considered significant when the p value was less than 0.05. Data 
are presented as the mean • SEM. 

Results 

Table 1 shows the changes of body weight, systolic 
blood pressure, urine volume, plasma glucose and gly- 
cosylated haemoglobin levels in SHR with mild or se- 
vere diabetes and control rats. Body weight in the mild- 
ly diabetic group was much the same as that in the 
control group while severely diabetic rats were signifi- 
cantly lighter than those in the other two groups (p< 
0.05). Systolic blood pressure was similar among the 
three groups. Urine volume was markedly increased in 
the severely diabetic group (p<0.05), as compared 
with findings in the other two groups. Plasma glucose 
levels in the mildly diabetic group were significantly 
higher than in the control group (p< 0.05) though there 
was a gradual decrease with age. The mean plasma 
glucose level in the severely diabetic rats ranged from 
18.2 mmol/l to 25.2 mmol/1, that of the mildly diabetic 
group ranged from 7.8 mmol/l to 13.0 mmol/1, and 
that of the control group from 5.8mmol/l to 
6.9 mmol/l. Changes in the glycosylated haemoglobin 
levels in the mildly and severely diabetic groups were 
compatible with those of the plasma glucose levels. 
The mean value of glycosylated haemoglobin at 
4 points (12, 20, 28 and 36 weeks) was 10.7+2.3% in 
the severely diabetic group, 6.7 +0.5% in the mildly 
diabetic group and 4.7 +_ 0.3% in the control group. 

Figure 1 shows serial changes in the urinary excre- 
tion rate of total protein during the observation period. 
Total urinary protein of the control group was 21.5_+ 

Table 1. Body weight, systolic blood pressure, urine volume, plasma glucose and glycosylated haemoglobin in spontaneously hypertensive rats 
with mild or severe diabetes 

Group (n) Age (weeks) 

12 20 28 36 

Body weight (g) 

Systolic blood pressure (mm Hg) 

Urine volume (ml/day) 

Plasma glucose (mmol/l) 

GHb (%) 

Control 8 250 • 321 • 348 • 346 + 9.7 
Mild DM 7 246 +_6.9 312 +_9.6 337 • 345 +12.8 
Severe DM 13 209 =1=4.9 '~ 261 +4.9 '~ 271 _+6.6 ~ 280 + 8.6 ~ 

Control 8 211 +-5 204 +-4 218 +-8 213 + 7 
Mild DM 7 210 •  208 +-5 210 +-7 228 + 8 
Severe DM 13 211 _+4 214 + 4  216 +5  226 • 7 

Control 8 l l  +-1.4 15 +-1.5 11 +-1.4 11 +_ 1.3 
Mild DM 7 28 ___9.8 15 • 15 __+1.2 15 • 1.5 
Severe DM 13 64 +8.8 ~' 53 +7.8 ~' 52 +7.8 ~' 41 • 7.if' 

Control 8 6.9 + 0.3 6.5 _+ 0.2 6.2_+ 0.2 5.8 • 0.2 
Mild DM 7 10.8 +- 1.1 ~ 13.0 • 1.2 :' 8.9 • 0.6 a 7.8 • 0.9 ~ 
Severe DM 13 24.7 • 0.9 ~ 25.2 • 1 .V 23.1 • 1.3 ~ 18.2 • 1.8 ~ 

Control 8 4.7 • 0.1 4.9 _ 0.2 4.5 + 0.3 4.7 + 0.2 
Mild DM 7 8.4+0.6" 7.4• a 5.9+0.2 ~ 5.2• 0.2 
Severe DM 13 11.5+0.7 ~ 12.0+0.5 ~ 10.4+0.7 a 8.8• 0.7 ~ 

Results are mean + SEM, DM: diabetes mellitus, G Hb: glycosylated haemoglobin. '~ p <  0.05 vs control 
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Fig. 1. Serial changes of total urinary protein. Diabetic rats were sep- 
arated into mildly or severely diabetic groups according to their non- 
fasting plasma glucose level at 12 weeks of age, namely 16.7 mmol/I 
or more as severe and the below that level as mild. �9 control group 
(n= 8), �9 mildly diabetic group (n= 7), �9 severely diabetic group 
(n=13). *p<0.05 (vs control group), **p<0.05 (vs at 12 weeks of 
age in each group) 
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Fig.3. Serial changes of urinary N-acetyl-/~-D-glucosaminidase 
(NAG). �9 control group (n=8), �9  diabetic group (n=7), 
�9 severely diabetic group (n=13). *p<0.05 (vs control group) 
**p<0.05 (vs at 12 weeks of age in each group) 
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Fig.2a and b. Serial changes of  urinary, high molecular weight 
(HMW) protein (a)and low molecular weight (LMW) protein (b). 
�9 control group (n= 8), �9 mildly diabetic group (n= 7), �9 severely 
diabetic group (n= 13). *p<0.05 (vs control group), **p<0.05 (vs at 
12 weeks of age in each group) 

1.7 mg/24 h at 12 weeks and gradually decreased to 
15.2+ 1.7 mg/24 h at 36 weeks (p< 0.05). In the mildly 
diabetic group, it was the same as the control group at 
12weeks (21.9+1.9 mg/24h)  but thereafter it re- 
mained fairly constant, and at 20 weeks and 36 weeks 
the difference became significant compared with the 
control group (p<0.05). On the other hand, in the 
severely diabetic group, it was 30.5_+1.7 mg/24 h at 
12 weeks, followed by a significant and progressive in- 
crease to 51 .9+8 .0mg/24h  at 36 weeks (p<0.05 vs 
12 weeks of age). The level was 1.5-fold higher at 
12 weeks and 3.6-fold higher at 36 weeks than that in 
control group respectively. 

Figure 2 shows serial changes in the urinary HMW 
and LMW proteins during the observation periods. 
Urinary HMW protein in the control group increased 
slightly but significantly from 0.2+0.1 mg/24h to 
5.4_+1.2mg/24h (p<0.05); in the mildly diabetic 
group it increased moderately and significantly from 
0.4_+0.2 mg/24 h to 10.5_+1.1 mg/24 h (p<0.05), 
while in the severely diabetic group it increased more 
progressively from 3.4_+ 0.7 mg/24 h to 28.5 _+ 
4.5 mg/24 h, especially after 20 weeks of age. On the 
other hand, the urinary LMW protein decreased signif- 
icantly in the control group from 21.1_+1.6 mg/24 h 
to 7 .0_+l . lmg/24h (p<0.05), and from 21.1_+ 
5.6 mg/24 h to 8.7 _+ 1.9 mg/24 h in the mildly diabetic 
group (p<0.05). There were similar findings in the se- 
verely diabetic group where urinary LMW protein de- 
creased from 12 weeks (27.8_+1.8 mg/24 h) until 
20 weeks of age (16.7_+7.8 mg/24 h) (p<0.05) but it 
did not decrease further after 28weeks (13.3_+ 
5.0 mg/24 h); rather, there was a slight increase with 
age. The level in the severely diabetic group at 
36weeks of age was 14.3_+2.3 mg/24h  (p<0.05 vs 
control group). 
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Fig.4a-d. Correlations between the 
mean glycosylated haemoglobin dur- 
ing the observation period and the to- 
tal urinary, protein (a: r=0.58, p<  
0.05), HMW protein (b: r=0.66, p<  
0.01) and LMW protein (c: r=0.47, 
p<0.05) and NAG (d: r=0.83, p<  
0.001) at 36 weeks of age. �9 control 
group (n = 8), O mildly diabetic group 
(n = 7) �9 severely diabetic group 
(n= 12) 

Figure 3 shows serial changes in the urinary excre- 
tion rate of NAG. Urinary NAG in the conrol group 
decreased gradually from 0.94+0.28 U/24 h to 0.09_+ 
0.02 U/24 h (p<0.01), and that of the mildly diabetic 
group decreased drastically from 5.45 + 1.38 U/24 h to 
0.35-+0.25 U/24 h (p<0.01), while that of the severely 
diabetic group was 5.14+0.73 U/24 h at 12 weeks and 
was sustained above 4.00 U/24 h during the following 
24 weeks. 

Figure 4 shows correlations among the urinary pa- 
rameters (4a: total protein, 4b: HMW protein, 4c: 
LMW protein and 4c: NAG) at 36 weeks of age and 
the mean glycosylated haemoglobin during the obser- 
vation period. Significant positive correlations were 
seen between the mean glycosylated haemoglobin and 
total urinary protein (r--0.58, p<0.05), urinary HMW 
protein (r=0.66, p<0.01), urinary LMW protein 
( r= 0.47, p<0.05) and NAG (r=0.83, p<0.001) respec- 
tively. 

Discussion 

Some experimental studies have been reported on the 
combined effects of hypertension and diabetes mellitus 
on the kidneys. Hashimoto noted a severely diabetic 
glomerulosclerosis in 18-month-old SHR with alloxan- 
induced short-term diabetes [10], and Mauer et al. 
demonstrated that the glomeruli of the unclipped kid- 
ney were severely affected compared with findings in 
the clipped kidney in a rat model of streptozotocin-in- 

duced diabetes with renovascular hypertension [11]. 
These models are not so appropriate for studying the 
effects of hypertension and diabetes mellitus on kid- 
neys, because the clipped kidney is not a good control 
and the diabetes induced by adult alloxan or streptozo- 
tocin treatment was so severe that few rats survived for 
a long time without insulin injection [5-6]. Therefore, 
our new model of non-insulin-dependent diabetes in 
SHR induced by neonatal streptozotocin treatment is 
more appropriate for studying renal damage by the 
long-term combination of hypertension and diabetes 
mellitus. 

We analysed the molecular composition of total 
urinary protein using sodium dodecyl sulfate polyac- 
rylamide gel electrophoresis with laser densitometer. 
Wiggins et al. showed that stored urinary albumin 
forms a polymer and some of the albumin appeared as 
high molecular weight protein in an analysis using so- 
dium dodecyl sulfate polyacrylamide gel electrophore- 
sis, when the sample was analysed under non-reducing 
conditions [12]. Therefore, we defined the protein with 
a molecular weight over or equal to albumin as the 
HMW protein. It is generally accepted that the appear- 
ance of HMW protein in the urine means organic 
damage to the glomerular basement membrane [13]. 
Inomata et al. reported that the high molecular weight 
protein dominant urine was present according to the 
severity of the diabetic complications and that low mo- 
lecular weight protein dominant urine was seen in the 
early stages of diabetic nephropathy [14]. 



M. Wakisaka et al.: Nephropathy in rat with non-insulin-dependent diabetes 295 

In the present study, marked increases in total uri- 
nary protein and urinary HMW protein were clearly 
evident in the severely diabetic SHR. These increases 
could not be explained by only one of the chronic ef- 
fects of hypertension and hyperglycaemia. Feld et al. 
showed that total urinary protein of non-diabetic SH R 
decreased from 9 weeks until 33 weeks of age and in- 
creased after 45 weeks of age with glomerular lesions 
such as hyalinisation and pericapsular fibrosis. Fur- 
thermore, they pointed out that urinary albumin and 
globulins of non-diabetic SHR increased and urinary 
low molecular weight protein decreased after 13 weeks 
of age [15]. Urinary proteins of our control group 
changed in the same manner. The early decrease in 
LMW protein in the control group may be explained 
by the effect of maturation of the animal and the grad- 
ual increase of urinary HMW protein in the control 
group may be explained by the damage of filtration 
barrier induced by hypertension [15]. According to the 
chronic effect of hyperglycaemia on nephropathy, 
Rasch showed that diabetic female Wistar rats had a 
significantly greater (about: 2.5-fold of control rats) 
urinary albumin excretion and mildly significant mor- 
phological changes such as an increase of basement 
membrane thickness and mesangial lesions after 
24 weeks of diabetes, as compared to the control group 
[16]. Weil et al. noted a mild increase of mesangial ma- 
trix in ultrastructural studies on streptozotocin-diabetic 
rats after 12 weeks of diabetes [17]. Our SHR with se- 
vere diabetes had a higher excretion rate of HMW pro- 
tein (about 6-fold that of control rats) than that expect- 
ed in rats with diabetes only [5, 16]. The marked 
increase in urinary HMW protein in the severely dia- 
betic rats might derive from organic glomerular base- 
ment membrane damage by the combined effects of 
hyperglycaemia and hypertension. 

Renal damage in SHR with adult streptozotocin 
diabetes has been reported. Bank et al. reported that 
total urinary protein was not increased in diabetic 
SHR compared with that in non-diabetic SHR [6]. 
Cooper et al., however, reported that diabetic SHR had 
higher levels of proteinuria did the non-diabetic SHR, 
diabetic Wistar Kyoto rats or non-diabetic Wistar Kyo- 
to rats during an observation period of 24 weeks [5]. 
Our data on the severely diabetic group and control 
group are compatible with those of Cooper et al. ex- 
cept that total urinary protein and HMW protein in 
our severely diabetic group were significantly higher 
than those of the control group even 12 weeks after the 
streptozotocin injection. This may be because the dia- 
betic state in Cooper's study was so severe that the 
blood pressure might have fallen markedly at 16 weeks 
after streptozotocin injection and the animals could 
not survive. 

The hyperfiltration theory concerning initiation 
and progression of diabetic nephropathy suggests that 
the glomerular transcapillary hydraulic pressure gra- 
dient and the renal plasma flow are increased in dia- 

betic patients and that these changes might be respon- 
sible for albuminuria and mesangial expansion and 
clinical diabetic nephropathy [18]. On the other hand, 
Meyer et al. noted an increased glomerular transcapil- 
lary hydraulic pressure gradient in hypertensive rats 
[19]. Renal ablation which produces hyperfiltration of 
the remnant kidney leads to a severe non-selective pro- 
teinuria and organic renal damage in the SH R, as com- 
pared to findings in those treated with antihypertensive 
drugs [20]. Earlier development of nephropathy in our 
hypertensive and diabetic rats might be due to acceler- 
ation of the glomerular hyperfiltration by the combina- 
tion of hyperglycaemia and hypertension. 

The urinary excretion of NAG, a lysosomal enzyme 
of the proximal tubule of the kidney, has been shown 
to increase not only in diabetic patients but in hyper- 
tensive ones [21-24], and the rise in urinary NAG sug- 
gests organic damage of the renal proximal tubule or 
the effect of hyperglycaemia on the renal tubules [24]. 
Urinary LMW protein increases in the presence of re- 
nal proximal tubular damage. The urinary NAG and 
LMW proteins in the severely diabetic group remained 
high, particularly after 28 weeks of age, irrespective to 
the gradual decrease in glycaemic level. Weil et al. not- 
ed the degenerative changes in the proximal tubules of 
streptozotocin-diabetic rats after 12 weeks of diabetes 
[17] and Sasser et al. noted the tubular basement mem- 
brane thickening after 20 weeks of diabetes [25]. Some 
of the increases in urinary NAG and LMW protein in 
the severely diabetic group at 36 weeks of age might 
derive from organic proximal tubular damage induced 
by the combined injurious effects of hyperglycaemia 
and hypertension as well as the increase in urinary 
HMW protein by the glomerular basement membrane 
damage. In contrast with these findings in severly dia- 
betic rats, urinary NAG excretion continuously de- 
creased with age in control rats as well as the urinary 
LMW protein probably associated with maturation. 
On the other hand, the rise in urinary NAG at the early 
stage in mildly diabetic rats was marked and the de- 
crease over the observation period was drastic. The 
level at the early stage might be maximally elevated, 
probably due to the combined effects of hypergly- 
caemia and the immaturity of proximal tubule and 
other unknown mechanisms. Further study will be 
needed. 

The present study shows that the combination of 
hypertension and hyperglycaemia accelerated not only 
the progression of the established nephropathy but al- 
so the early development of nephropathy itself. The 
more severe hyperglycaemia and the higher mean gly- 
cosylated haemoglobin during the observation period 
would be associated with the more severe nephropathy 
seen in the SHR. Therefore, glycaemic control is essen- 
tial to prevent the early development of nephrophathy 
in diabetic patients with hypertension. 
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