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Enalapril retards glomerular basement membrane thickening 
and albuminuria in the diabetic rat 
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Summary. This study has evaluated the effects of the angioten- 
sin converting enzyme inhibitor Enalapril on glomerular 
ultrastructure and albuminuria in normotensive and hyper- 
tensive diabetic rats. Streptozotocin-diabetes was induced in 
Wistar Kyoto and spontaneously hypertensive rats. Enalapril 
was administered in drinking water in diabetic normotensive, 
control hypertensive and diabetic hypertensive rats. Enalapril 
therapy prevented an increase in glomerular basement mem- 
brane thickness in diabetic normotensive, control hyperten- 
sive and diabetic hypertensive rats without any significant ef- 

fect on fractional mesangial volume. Enalapril decreased al- 
buminuria in diabetic normotensive, control hypertensive and 
diabetic hypertensive rats. Thus, enalapfil retards the develop- 
ment of glomerular basement membrane thickening and albu- 
minuria in the rat, in the presence or absence of hypertension. 
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Angiotensin converting enzyme (ACE) inhibitors 
have been shown to decrease a lbuminur ia  in 
hypertensive Type 1 ( insulin-dependent)  diabetic pa-  
tients with established nephropa thy  [1] as well as in 
normotensive  Type i diabetic patients with microalbu-  
minut ia  [2]. In exper imental  diabetes, the A C E  inhibi- 
tor, enalapril,  has been  shown to prevent  the 
deve lopment  of  a lbuminur ia  and  glomerulosclerosis in 
the streptozotocin (STZ) diabetic Munich-Wistar  rats 
[31. 

We have developed a model  combining genetic 
hyper tension with diabetes by  inducing STZ diabetes in 
the spontaneously  hypertensive rat (SHR) [4]. The 
diabetic S H R  model  develops a lbuminur ia  at a more  
rapid rate and has increased glomerular  basement  
membrane  thickness when compared  to normotensive  
Wistar Kyoto  (WKY) diabetic rats [4]. The diabetic 
W K Y  develops, when  compared  to the non-diabet ic  
WKY,  a five-fold increase in albuminuria,  increased 
fractional mesangial  vo lume and thicker g lomerular  
basement  membranes  after 32 weeks of  diabetes [4]. In  
prel iminary studies, we have repor ted that  the ACE in- 
hibitor, enalaptil ,  retards the deve lopment  of  a lbumin-  
uria in bo th  hypertensive and normotens ive  diabetic 
rats [5]. In the present  study, we have fol lowed animals 
for  32 weeks after induct ion of  diabetes and have evalu- 
ated the effects o f  A C E  inhibition on glomerular  ultra- 
structure. 

Materials and methods 

Male SHR (Okamoto) and normotensive WKY from our inbred stock 
weighing between 200 and 250 g, aged between 8 and 9 weeks, were 
injected intravenously with STZ according to a previously reported 
protocol [4]. In the normotensive WKY strain, all animals were in- 
jected with STZ and then randomised to receive either no treatment, 
or enalapril (Merck, Sharp & Dohme, Railway, NJ, USA) 35 mg/1 in 
drinking water. In the SHR strain, two thirds of the animals were in- 
jected with STZ and the remaining third served as non-diabetic, 
hypertensive controls. Both the diabetic and control SHR were then 
randomised to receive either no treatment or enalapril. Since control 
animals drink less than diabetic animals, the dose of enalapril was 
doubled to 70 mg/1 in drinking water for control SHR whereas 
diabetic SHR received 35 mg/1. 

All rats were caged in groups of four and fed a normal diet (GR 
2 + rat cubes, Clarke King and Co., Melbourne, Australia) containing 
20% protein. At 4-weekly intervals over the 32-week study period, ani- 
mals were weighed and blood-pressure was measured by indirect tail- 
cuff plethysmography in unanaesthetised, preheated rats. Serum glu- 
cose was measured by a glucose oxidase technique and urinary 
albumin excretion was measured by a coated tube radioimmunoassay 
as previously described [4]. Renal histology was assessed by quantita- 
tive histomorphometric methods [4] at the end of the 32-week study 
period after in vivo fixation of tissues by intra-arterial perfusion with 
2.5% glutaraldehyde. Glomerular basement membrane (GBM) thick- 
ness was measured by the orthogonal intercept method [4], glomerular 
volume was measured by light microscopy using a point counting 
method in which a minimum of 50 glomeruli were assessed per rat 
and mesangial expansion was assessed by calculation of the fractional 
mesangial volume as previously described [4]. In brief, mesangium 
was identified in electron micrographs by an independent observer 
(B. C.) and using a point counting method the percentage of glomeru- 
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Table 1. Weight, glycaemic control, albuminuria and glomerular ultrastructure 

327 

Body Serum Blood Album• Fractional Glomerular Total 
weight glucose pressure nuria mesangial volume mesangial 

volume volume 
(g) (mmol/1) (ram Hg) (mg/24 tl) (%) (p.m 3 x 103) (lxm 3 x 103) 

Diabet icWKY 7 315+14 24.9+2.0 135+2  2.5 12.5+0.6 700+ 44 84+_ 4 
Diabetic WKY + enalapril 5 310+_28 24.9+_2.0 125+3 a 0.7 a 12.1+1.6 627+- 34 77_+13 
Contro lSHR 7 432+- 7 6.6+-0.4 213+-3 27 14.!3+1.1 1025+ 86 138+_20 
Control SHR+enalapr i l  6 420+- 9 6.6+_0.6 185+4  c 4.5 c 13.3+-2.2 663+- 47 c 89_+16 b 
Diabetic SHR 8 302+-18 30.5+_2.5 200+_3 62 15.8+0.9 967+ 74 150_+10 
Diabetic S H R +  enalapril 8 284+22 24.9+2.5 148+5 d 20 d 16.2_+1.2 965+_101 151+_13 

WKY = Wistar Kyoto rat; S H R =  Spontaneously hypertensive rat 
a_p< 0.05 vs diabetic WKY; b_p< 0.05, e_p< 0.01 vs control SHR; d_p< 0.01 vs diabetic SHR 
Mean +- SEM are shown except for albuminuria where medians are shown. Data are shown at week 32 of the study period 

lar tuff occupied by mesangium was determined. Total mesangial vol- 
ume was calculated as the product of the mean glomerular volume 
and the fractional mesangial volume. Each light microscopy section 
was viewed by an independent observer (B. C.) to determine if there 
was evidence of glomerulosclerosis. 

and remained lower at all further time points. In control 
SHR, enalapril treatment was also associated with a sig- 
nificant decrease in albuminuria over the whole study 
period (p< 0.02). 

Statistical analysis 

Statistical analysis of variables was performed by analysis of variance 
with or without repeated measures using the Clear Lake Research 
ANOVA Program, Houston, Tex, USA. Albuminuria data were ana- 
lysed after logarithmic transformation. 

Results 

Weight, glycaemic control and blood-pressure (Table 1) 

All diabetic animals gained less weight than their nor- 
moglycaemic controls (p < 0.001). Enalapril therapy did 
not influence body weight in any of the groups. There 
was no significant difference in the degree of hypergly- 
caemia between the SHR and WKY strains or between 
untreated and enalapril treated rats. Enalapril therapy 
was associated with a significant reduction in blood- 
pressure over the whole study period in diabetic WKY, 
control SHR and diabetic SHR. 

Albuminuria 

In diabetic WKY, albuminuria began to increase after 
about 24 weeks of diabetes and reached a median of 
2.5 mg/24 h at week 32. This level was much lower than 
in both diabetic and control SHR. Nevertheless, in 
diabetic WKY, Enalapril prevented this increase in al- 
buminuria when compared to untreated rats (p < 0.02). 
In diabetic SHR, there was an exponential increase in 
albuminuria over the study period to 62 rag/24 h at 
week 32, which was significantly higher than in control 
SHR or diabetic WKY. Enalapril therapy in diabetic 
SHR was associated with the development of less albu- 
minuria than in untreated diabetic SHR (p< 0.001). A1- 
buminuria was lower in enalapril treated diabetic SHR 
than in untreated diabetic SHR from week 8 onwards 

Glomerular Ultrastructure 

Enalapril treatment decreased GBM thickness in 
diabetic WKY, in diabetic SHR and also in control 
SHR (all groups, p <  0.01) (Fig. 1). Enalapril therapy did 
not influence glomerular volume in diabetic WKY or 
diabetic SHR when compared to their appropriate 
group. Enalapril therapy significantly reduced glomer- 
ular volume in control SHR (p< 0.01). Treatment with 
enalapril did not alter fractional mesangial volume in 
either the diabetic strain or in control SHR. The effects 
of enalapril on total mesangial volume could be ex- 
plained by the changes in glomerular volume in the 
SHR strain. There was no evidence of glomeruloscle- 
rosis in any of the groups studied. 

Discussion 

This appears to be the first study to demonstrate that 
ACE inhibition prevents GBM thickening in ex- 
perimental diabetes. It appears that this effect of ACE 
inhibition is independent of the presence of genetic 
hypertension since prevention of GBM thickening was 
documented not only in the hypertensive but also in the 
normotensive, diabetic animals. Furthermore, the ef- 
fects of enalapril in preventing GBM thickening were 
also detected in the non-diabetic animals suggesting 
that this effect is not confined to diabetes. It is difficult 
to determine if the effects of enalapril on glomerular 
ultrastructure and albuminuria are related to specific ef- 
fects of the ACE inhibitor or to its action as a hypoten- 
sive agent, since enalapril decreased blood-pressure sig- 
nificantly in all groups including the normotensive, 
diabetic animals. The possibility needs to be considered 
that ACE inhibitors act not only by reducing systemic 
but also intraglomerular pressure (Poc) since ACE in- 
hibitors reduce PGc by preventing Angiotensin II medi- 



328 M. E. Cooper et al.: ACE inhibition and diabetic nephropathy in the rat 

200 - 

180 

I 
160 

140 

120 

100 
Diabetic WKY 

200-  

180-  

160" T 

140- 

120-  

100 
Control SHR 

200 - 

I 
180- 

160.  

140- 

120- 

100 
Diabetic SHR 

I 
Diabetic WKY 

+ Enalaprll 

m 
Control SHR 
+ Enalaprll 

* Fig.1. Glomerular base- 
B ment membrane thick- 

ness in nanometres (nm) 
is shown as mean + - 
SEM, *p< 0.01 vs ap- 
propriate untreated 
group 

Diabet ic  SHR 
+ Enalaprll 

ated efferent arteriolar vasoconstriction [3]. Since 
micropuncture studies were not performed in the pres- 
ent study, it is difficult to assess the state of intrarenal 
haemodynamics in the models described. In previous 
studies, diabetic SHR have had increased PGc when 
compared to diabetic WKY [6] and enalapril therapy in 
the normotensive Munich-Wistar diabetic rat has been 
shown to reduce PGc [3]. However, these changes in PGc 
were detected in insulin-treated diabetic rats and can- 
not be directly extrapolated to the non-insulin treated 
diabetic rats in the present study since micropuncture 
studies in non-insulin treated diabetic rats have in 
general normal or decreased Poc [7]. 

It has been suggested that capillary hydrostatic 
pressure is an important determinant of basement mem- 
brane thickness and that increases in intravascular 
pressure result in capillary distension with stimulation 
of basement membrane synthesis, increased vascular 
permeability and leakage of plasma constituents [8]. Di- 
rect effects of angiotensin II on the glomerular per- 
meability and filtration of proteins or effects of ACE in- 
hibitors on other vasoactive compounds such as kinins 
or prostaglandins also need to be considered as possible 
explanations for the effects of enalapril on both GBM 
thickening and urinary albumin excretion. 

ACE inhibition did not significantly influence frac- 
tional mesangial volume in diabetic WKY or SHR, or 
control SHR. ACE inhibitors do not reduce glomerular 

flow significantly in experimental diabetes [3]. If flow is 
an important determinant of mesangial expansion this 
would partly explain the failure of enalapril to in- 
fluence mesangial expansion. Another possibility is that 
metabolic rather than haemodynamic factors predomi- 
nate in diabetes related mesangial expansion. In the 
present study, enalapril therapy did not influence gly- 
caemic control. 

In experimental studies, preliminary reports indi- 
cate a possible specific benefit of ACE inhibitors on 
renal function and structure which may be specific to 
this class of antihypertensive agents [9, 10]. However, no 
direct comparisons have been performed with conven- 
tional hypotensive agents in man. 
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