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Summary We have previously shown that long-term 
administration of aminoguanidine, an inhibitor of ad- 
vanced glycosylation product formation, reduces the 
extent of experimental diabetic retinopathy in the rat 
by 85 %. In order to determine whether  the residual 
retinopathy that developed despite aminoguanidine 
was attributable to advanced glycation endproduct 
formation, a time-course study was performed in 
three different groups of male Wistar rats: non-dia- 
betic controls (NC), streptozotocin-diabetic controls 
(DC) and streptozotocin-diabetic rats treated with 
aminoguanidine HCL, 50 rag/100 ml drinking water 
(D-AG). Eyes were obtained at 24, 32, 44 and 
56 weeks of diabetes/treatment duration and mor- 
phologic evaluation was done on retinal digest prepa- 
rations. At  56 weeks, retinal basement membrane 
thickness was additionally measured. After  24 weeks 
of diabetes, the number of acellular capillaries was 
significantly elevated in DC (44.6 + 5.7/mm 2 of reti- 
nal area, NC 19.6 + 4.9; p < 0.001) and increased 
continuously over time (DC 56weeks 87.4+ 15.1; 
p < 0.001 vs DC 24 weeks). In contrast, acellular capil- 
laries in D - A G  increased over the first 24 weeks and 

then remained constant for the rest of the study (D- 
A G  24 weeks 35.7 + 5.18; p < 0.01 vs NC 24 weeks 
and NS vs DC 24 weeks; D - A G  56 weeks 42.0 + 6.20; 
p NS vs D - A G  24 weeks). Diabetes-associated peri- 
cyte loss (DC 24 weeks 2310 + 170/mm 2 of capillary 
area; NC 24 weeks 3120+190; p<0.001;  DC 
56 weeks 1570+230; NC 56 weeks 2960+50; 
p <0.001) was significantly prevented by amino- 
guanidine after diabetic-like changes over the initial 
24 weeks (D-AG 24 weeks 2450 + 75; p NS vs DC 
24 weeks; D-AG 56 weeks 2350 + 90; p < 0.001 vs DC 
56 weeks). At 56 weeks, aminoguanidine t reatment  
was associated with a 67.4 % reduction in retinal base- 
ment membrane thickening. This time-course study 
demonstrates that aminoguanidine prevents the pro- 
gression of experimental diabetic retinopathy, and 
suggests that non AG-inhibitable mechanisms are in- 
volved in the initial phase of diabetic retinopathy. 
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Diabetic retinopathy is the most common microvas- 
cular disease affecting virtually every patient who 
has insulin-dependent mellitus diabetes for 15 years 
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or longer [1]. Although the final clinical outcome 
greatly varies due to factors such as genetic determi- 
nants of individual susceptibility, hypertension and li- 
pid status, the severity of retinopathy is associated 
with the degree of chronic hyperglycaemia [2-4]. 
From experimental as well as from clinical studies, 
there is evidence that the glycaemic history of the 
pre-complication period preceding overt diabetic re- 
tinopathy is a major determinant of the clinical out- 
come, indicating the relevance of hyperglycaemic 
memory  in the pathogenesis of this complication [4- 
7]. The biochemical basis of this phenomenon may in- 
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volve  the  f o r m a t i o n  and  accumula t ion  of  a d v a n c e d  
g lyca t ion  p roduc t s  on  long- l ived ex t ra -  and  int racel-  
lular  molecules ,  leading to m a t r i x  crosslinks, a l t e red  
ce l l -mat r ix  in te rac t ion  and  D N A  d a m a g e  [8]. Thus, 
b a s e m e n t  m e m b r a n e  thickening,  a genera l ly  ob-  
se rved  f ea tu re  of  d iabet ic  vascula ture ,  could  resul t  
f r o m  vascular  wall  a d v a n c e d  g lyca t ion  e n d - p r o d u c t  
( A G E )  accumula t ion .  

In  suppor t  of  the  poss ib le  ro le  of  A G E s  in the  pa-  
thogenes is  o f  d iabet ic  re t inopathy ,  it has  b e e n  shown  
tha t  l o n g - t e r m  admin i s t r a t ion  of  aminoguan id ine ,  an 
inh ib i tor  o f  A G E  fo rma t ion ,  for  75 weeks  r educes  
the  ex ten t  of  e x p e r i m e n t a l  d iabe t ic  r e t i n o p a t h y  in 
the  ra t  b y  85 %.  This  effect  is p r e c e d e d  by  the  inhibi-  
t ion of  au to f luo re scence  a f t e r  24 weeks  [9]. 

In  o rde r  to  d e t e r m i n e  w h e t h e r  the  res idual  re t ino-  
p a t h y  was due  to A G E - f o r m a t i o n ,  a t ime  course  
s tudy was p e r f o r m e d  in th ree  d i f fe ren t  g roups  of  ra ts  
inves t igat ing the  effect  of  a m i n o g u a n i d i n e  t r e a t m e n t  
on  his tological  p a r a m e t e r s  of  r e t i n o p a t h y  including 
b a s e m e n t  m e m b r a n e  th ickening  in the  s t r ep tozo to -  
cin (STZ) -d i abe t i c  ra t  mode l .  

Materials and methods 

Animals. Male Wistar rats (strain SPF 71, Hoechst-AG, Frank- 
furt-Hoechst, Germany) weighing 200 _+ 2.6 g at the outset 
were used in this experiment. Diabetes was induced by iv injec- 
tion of streptozotocin (STZ, 60 mg/kg body weight; Sigma, 
Mtinchen, Germany). Rats were fed a regular laboratory ro- 
dent chow ad libitum and had free access to drinking water. 
Animals with blood glucose exceeding 15 mmol/1 at 3 weeks 
after STZ-injection received either no treatment or 50 mg/ 
100 ml drinking water aminoguandine-HCL (Riedel-de Haen, 
Hannover, Germany). Water consumption was identical in 
the treated and the untreated diabetic groups. 

Blood glucose, body weight and water consumption were 
checked biweekly and glycated haemoglobin (Glyc Affin 
GHb, Isolab, DRG, Marburg, Germany) was measured at the 
time of killing. 

Animals were killed at 24 weeks (non-diabetic rats (NC) 
n : 6, diabetic (DC) n = 5, diabetic treated (D-AG) n = 5), 
32 weeks (NC n = 5, DC n = 5, D-AG n = 6), 44 (NC n = 6, 
DC n = 6, D-AG n = 8) and 56 weeks of diabetes (NC n = 5, 
DC n = 8, D-AG n = 6). 

Retinal digest preparations. Retinae were obtained at the time 
points indicated above after enucleation of the eyes from the 
animals under deep anaesthesia and immediately fixed in 4 % 
buffered formalin. 

Retinal vascular preparations were performed using a pep- 
sin-trypsin digestion technique as previously described [9, 10]. 
Briefly, a combined pepsin (5 % pepsin in 0.2 % hydrochloric 
acid for 1.5 h) trypsin (2.5 % in 0.2 tool/1Tris for 15-30 min) di- 
gestion was used to isolate the retinal vasculature and the spe- 
cimen were stained with periodic acid Schiff (PAS). 

Acellular capillaries were quantitated by a modification of 
the method of Engerman and Kern [6]. Using a grid of 100 
fields, 10 microscopic fields covering a total area of 6.76 mm 2 
of retinal area were scored for the presence of acellular occlud- 
ed vessels (integration ocular Olympus/400 • magnification). 
Each field containing acellular capillary segments was record- 
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ed as positive, and values were normalized to mm 2 of retinal 
area. 

The total number of pericytes was counted in ten randomly- 
selected fields of the retina using an image analysing system 
(CUE 2; Olympus Opt. Inc., Hamburg, Germany). Differen- 
tiation of pericytes from endothelial cells was performed ac- 
cording to the criteria of Kuwabara and Cogan [11]. Pericyte 
identification was facilitated using a polyclonal anti-vitronec- 
tin antibody (rb 69, kindly provided by Klaus Preissner, Max- 
Planck-Institut, Bad Nauheim, Germany). 

The numbers of pericytes were normalized to the relative 
capillary density (numbers of cells per mm 2 of capillary area). 

Additionally, retinae were scored for the presence or ab- 
sence of microaneurysms. 

Electron microscopy. At 56 weeks, three additional animals of 
each group (NC, DC, D-AG) were anaesthetized by i.p. 
injection of pentobarbital and whole body perfusion via 
the left ventricle into the ascending aorta ligated with a knob 
cannula using 2 % glutardialdehyde in phosphate buffer (pH 
7.2, 0.135 mol) was performed. Eyes were removed after com- 
plete perfusion. Tissues were postfixed in phosphate-buffered 
1% osmium tetroxide, dehydrated through a series of graded 
ethanol and embedded in Spurr. Semi-thin sections were 
stained with methylene blue. Ultra-thin sections were mount- 
ed on 200 mesh Rb-coated copper grids, stained with uranyl 
acetate and lead citrate and viewed with a Philips EM 201 
transmission electron microscope [12]. Photomicrographs of 
ten randomly-selected capillaries of the inner nuclear layer 
were taken at a magnification of 14 500 x.  The width of the ret- 
inal capillary basement membrane thickness was measured ac- 
cording to the method of Siperstein, using an image analysing 
system (Video Plan, Kontron, Miinchen, Germany) [13]. Base- 
ment membrane proportions in the external circumference of 
pericytes and between pericytes and endothelial cells were ex- 
cluded from the examination. 

Light and transmission electron microscopic morphometry 
were performed by two observers blinded to the identity of 
the samples. 

Statistical analysis 
All parameters are given as mean + standard deviation. For 
statistical analysis, analysis of variance (ANOVA) and the Stu- 
dent-Newman-Keuls test was used [14]. 

Results 

Blood  glucose and  b o d y  weight  of  t r ea t ed  and  un- 
t r e a t ed  rats  we re  essent ial ly  ident ical  t h r o u g h o u t  the  
s tudy  with  a slight, bu t  stat ist ically significant,  differ- 
ence  b e t w e e n  a m i n o g u a n i d i n e - t r e a t e d  and  u n t r e a t e d  
d iabe t ic  rats  at the  end  of  the  study. H o w e v e r ,  A m a -  
dor i  p roduc t s  r e m a i n e d  ident ical  and  were  signifi- 
cant ly  d i f ferent  f r o m  n o r m a l  controls,  as we re  b lood  
glucose and  b o d y  weight  at each  t ime  po in t  (Fig. 1). 
M e a n  b lood  glucose  of  all m e a s u r e m e n t s  was 
25.73 ___ 1.74 mmol/1 in DC,  23.29 + 3.42 mmol/1 in D-  
A G  and  5.48 + 0.41 mmol/1 in NC. 

Re t ina l  m o r p h o l o g y  of non-d iabe t i c  rats  showed  
un i fo rm  capi l lary  width,  an  equa l  d is t r ibut ion of  ca- 
pi l lary cells and  only a few acel lular  capillaries.  The  
n u m b e r  of  per icytes  pe r  capi l lary  a rea  and  the  num-  
be r  of  acel lular  capil lar ies  did not  change  ove r  t ime,  
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indicating the absence of age-related retinal changes 
during the period studied. No microaneurysms were 
observed in the normal group. 

In contrast, retinae from untreated diabetic ani- 
mals progressively developed striking differences in 
their morphology compared to normal controls. Ex- 
tended fields with capillary irregularities, cell loss 
and capillary occlusions occurred. 

Quantitatively, after 24 weeks of diabetes, the 
number of acellular capillaries in D C  was 44.6 + 5.7 
(NC 24 weeks 19.6 + 4.9 in NC; p < 0.001) and in- 
creased continuously over time reaching 87.41 + 15.1 
after 56 weeks (p < 0.001 vs D C  24 weeks)(Fig.2 a). 
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Determined only in areas where capillary occlu- 
sions or severe irregularities were absent, chronic hy- 
perglycaemia induced a 47 % pericyte loss from 
2310+170 after 24 weeks to 1570+230 after 
56 weeks while NC had 3120 + 190 pericytes/mm 2 
after 24 weeks and 2960+100 after 56 weeks 
(p < 0.001 vs NC for each time point; Fig. 2 b). 
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Retinal capillaries of aminoguanidine-treated dia- 
betic animals were strikingly less affected despite 
exposure to identical levels of chronic hyperglycae- 
mia. Acellular capillaries in D-AG increased over 
the first 24weeks to 35.7+ 5.18 (p < 0,01 vs NC 
24 weeks) and then remained constant for the rest of 
the time points studied (D-AG 56 weeks 42 + 6.20; p 
NS vs D-AG 24 weeks, p < 0.001 vs DC 56 weeks; 
Fig.2 a). Aminoguanidine treatment significantly 
suppressed the progressive pericyte loss after initial 
diabetic like changes over the first 24 weeks (D-AG 
24 weeks 2450 + 75; p NS vs DC 24 weeks; D-AG 
56 weeks 2350+90; p<0,001 vs DC 56 weeks; 
Fig.2 b). 

A cumulative number of 14 out of 24 retinae 
(58.3 %) of the diabetic group was positive for at 
least one microaneurysm, the earliest being found 
after 32 weeks, whereas in aminoguanidine-treated 
animals only 2 of 25 rats (8 %) had developed such le- 
sions (p < 0.001). 

After 56 weeks of diabetes, a significant basement 
membrane thickening of the retinal capillaries was 
observed in the diabetic group compared to age-mat- 
ched non-diabetic rats: 199.8 + 55.2 nm vs 92.9 + 15.7 
nm (p < 0,001). Basement membrane thickening was 
significantly diminished by aminoguanidine treat- 
ment  (127.8 + 13.0 nm; p < 0,001 vs DC; Fig. 2 c). 

Discussion 

This study confirms that aminoguanidine prevents 
the progression of experimental diabetic retinopa- 
thy, The stabilizing effect of aminoguanidine on both 
pericyte loss and the formation of acellular capillar- 
ies at a level reached during the initial 24 weeks sug- 
gests either a two-component mechanism or a one- 
component  mechanism consisting of an early and a 
late phase. The initial component appears to be non- 
inhibitable by aminoguanidine, whereas the second 
or late component  does. 

These time-related characteristics are congruent 
with essential biochemical features of non-enzymatic 
glycation [15]. Glucose reacts rapidly with amino 
groups of proteins forming Amadori  products via re- 
versible intermediates (Schiff's base). These early 
glycation products reach an equilibrium over a peri- 
od of several weeks [16, 17]. The percentage of Ama- 
dori products as measured by HbA 1 in this study was 
elevated threefold in both diabetic groups irrespec- 
tive of the treatment compared to the non-diabetic 
controls. This agrees with the well-known fact that 
aminoguanidine has no lowering effect on Amadori  
products [18]. Functional and structural consequenc- 
es of early glycation on proteins have been extensive- 
ly studied. Some of these changes have been directly 
linked to the pathogenesis of diabetic microangiopa- 
thy [19]. 
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AGEs are formed from early products in the pres- 
ence of 02 through complex biochemical rearrange- 
ments involving highly reactive free radical interme- 
diates such as 3-deoxyglucosone [20-22]. It is also 
known that Amadori  products catalyse free radical 
formation which could subsequently cause direct tis- 
sue damage by oxidatively modified plasma constitu- 
ents such as lipids [23]. 

In one study, aminoguanidine lacking chelating, 
reducing or antioxidant properties likewise did not 
affect glycation levels but effectively inhibited gluc- 
oxidation product formation, autofluorescence and 
collagen crosslinking [22]. Therefore, one general 
mechanism - non-enzymatic glycation - consisting of 
two components - formation of Amadori  products 
and formation of AGEs - could underly the initia- 
tion of vascular changes in diabetic retinae. Amino- 
guanidine would intervene with the formation of 
AGEs at a point distal to the Amadori  product for- 
mation. 

The formation of AGEs is a function of time and 
glucose (Amadori-product) concentration. AGEs ir- 
reversibly accumulate on stable macromolecules 
forming cross-links and sequester proteins that are 
leaked through permeable vascular walls in diabetes 
leading to increased vascular wall thickness [24, 25]. 
Regular degradation mediated by AGE-receptor 
bearing macrophages is impaired because of reduced 
susceptibility of AGEs to enzymatic degradation 
which, in turn, leads to increased cytokine levels that 
may serve as additional growth-promoting signals 
[26, 27]. 

Finally, there is evidence from this study that vas- 
cular basement membrane thickening which is re- 
garded as the ultrastructural hallmark of diabetic mi- 
croangiopathy [28] is almost normalized by amino- 
guanidine treatment from a twofold increase in dia- 
betic rats indicating a predominant role for AGEs in 
the pathogenesis of basement membrane thickening. 
This suggests that basement membrane thickening is 
primarily due to AGE formation. 

Taken together, this study suggests that amino- 
guanidine treatment prevents the progression of ex- 
perimental diabetic retinopathy, and suggests that 
non-aminoguanidine-inhibitable mechanisms such as 
Amadori  products and reactive oxygen species are in- 
volved in the initial phase of diabetic retinopathy. 
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