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Secondary intervention with aminoguanidine retards the
progression of diabetic retinopathy in the rat model
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Summary Primary prevention with aminoguanidine —
an inhibitor of advanced glycation end product
(AGE) formation — has been successfully employed
to prevent diabetic retinopathy in the rat. However,
it is unknown whether inhibition of AGE formation
is still effective in a secondary intervention strategy.
The present study addresses this question by compar-
ing secondary intervention with aminoguanidine with
syngeneic islet transplantation in the rat model. After
6 months of diabetes, one group was treated with
aminoguanidine (50 mg/100 ml drinking water;
D-AG) while another group received syngeneic
transplantation of collagenase-ficoll isolated islets by
intraportal injection (Tx). After an additional
4 months, both groups were compared to a normal
(NC 10) and diabetic (DC 10) control group. Retinal
autofluorescence was increased 2.5-fold after
6 months and increased 3.7-fold after 10 months of
diabetes (p < 0.001). Aminoguanidine and islet Tx re-
tarded the further accumulation of autofluorescence

equally (p <0.001 vs DC 10), although the values
were higher than those observed in DC at 6 months
(p <0.001). Diabetes was associated with a 2.7-fold
increase in acellular capillaries after 6 months and a
4.1-fold increase after 10 months. Treatment with
aminoguanidine or islet Tx reduced but did not com-
pletely attenuate the progression of vascular occlu-
sion (p <0.001 vs DC 10; D-AG vs DC 6, p <0.05;
Tx vs DC 6, p <0.01). Both treatments reduced en-
dothelial proliferation (22.4% after 10 months;
p <0.001) and completely arrested pericyte dropout
(40 % after 10 months; p < 0.001).

These data demonstrate that aminoguanidine is as
effective as islet transplantation in retarding the pro-
gression of diabetic retinopathy in a secondary pre-
vention setting. [Diabetologia (1995) 38: 656-660]
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Diabetic retinopathy affects almost every insulin-de-
pendent diabetic (IDDM) patient and a majority of
patients with non-insulin-dependent diabetes melli-
tus (NIDDM) with a disease duration of more than
15 years [1, 2]. Background retinopathy leads to the
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development of proliferations in 60 % of IDDM pa-
tients [3] which is the major cause of blindness in the
adult population of western countries [4]. Experi-
mental and clinical studies have demonstrated the
causal relationship between the cumulative history
of glycaemia and the development of retinopathy [5,
6]. Animal studies using aminoguanidine — an inhibi-
tor of hyperglycaemia-derived advanced glycation
end product (AGE) formation — have shown that ex-
perimental diabetic retinopathy can be prevented by
the inhibition of AGE formation [7, 8]. However, it
is not known whether aminoguanidine would be ef-
fective in a secondary strategy. We studied this ques-
tion in an established rat model of experimental dia-
betic retinopathy in comparison to secondary res-
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toration of near-normoglycaemia by islet transplanta-
tion, and found secondary treatment with aminogua-
nidine to be as effective as islet transplantation in re-
tarding the progression of experimental diabetic reti-
nopathy.

Materials and methods

Animals. Male Lewis rats (Han.Lew, Zentralinstitut fiir Ver-
suchstierkunde, Hannover, Germany) weighing 200-250 g at
the outset were used in this experiment. Diabetes was induced
by i.v. injection of streptozotocin (STZ, 65 mg/kg body weight;
Boehringer Mannheim, Mannheim, Germany). Only animals
with blood glucose exceeding 15 mmol/l at 1 week after STZ-
injection were included into the diabetic groups. All rats were
fed a regular laboratory rodent chow (Altromin, Lage, Ger-
many) ad libitum and had free access to drinking water.

Blood glucose (glucose oxidase method) and body weight
were monitored at regular intervals. After 6 months of con-
stant hyperglycaemia, animals were randomly assigned to re-
ceive either 50 mg/100 ml drinking water aminoguandine-
HCL (Riedel-de Haen, Hannover, Germany) (D-AG) or in-
traportal islet transplantation (Tx) (see below) or no treat-
ment (DC). A non-diabetic (NC 6) and diabetic (DC 6) group
were killed and the eyes removed for examination. Water con-
sumption was identical in the aminoguanidine-treated and the
untreated diabetic group.

Glycated haemoglobin (Glyc Affin GHb, Isolab, DRG,
Marburg, Germany) was measured in each group at the time
of killing.

Islet transplantation. Islet transplantation was performed using
the method of Lacy and Kostianovsky [9]. Briefly, the donor
pancreas (non-diabetic Lewis rat) was digested with 10 ml col-
lagenase (0.02 %) via the ductus choledochus, separated from
the surrounding small gut and incubated for 45 min at 37 °C.
Before centrifugation (30 min, 900 g) against a Ficoll gradient
(Sigma, Heidelberg, Germany), the digest was homogenized
by whirling on a vortex for 15 s and washed twice in ice-cold
Hanks’ solution (Gibco, Eckenstein, Germany). A total of ap-
proximately 1000 freshly isolated islets was given intraportally
in the anaesthesized animal.

After 10 months (ie. after 4 months of treatment), un-
treated diabetic rats (DC 10), their age-matched non-djabetic
counterparts (NC 10) and diabetic rats treated with aminogua-
nidine (D-AG) or islet transplantation (Tx) were killed.

The time course of the study is given in Figure 1.

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 {7, 10].
Briefly, a combined pepsin (5 % pepsin in 0.2 % hydrochloric
acid for 1.5 h) trypsin (2.5 % in 0.2 mol/l Tris for 15-30 min) di-
gestion was used to isolate the retinal vasculature and the spec-
imens were stained with periodic acid Schiff. Retinal auto-
fluorescence was measured in unstained digest preparations
according to a previously published method [7, 8].

Acellular capillaries were quantitated by a modification of
the method of Engerman and Kern [11]. Using a grid of 100
fields, 10 microscopic fields covering a total area of 6.76 mm?
of retinal area were scored for the presence of acellular occlud-
ed vessels (integration ocular Olympus/400 x ). Each field con-
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Fig.1. Schematic of the study design. Non-diabetic (C—7) and
diabetic rats (mm) were killed after 6 and 10 months respective-
ly. Treatments with aminoguanidine (D-AG) and islet trans-
plantation (Islet Tx) were started after 6 months of diabetes
(mmm) and continued for 4 months (Ez)

taining acellular capillary segments was recorded as positive,
and values were normalized to mm? of retinal area.

The total number of endothelial cells and pericytes (aver-
age approximately 170 cells per retina) was counted in 10 ran-
domly selected fields of the retina using an image analysing
system (CUE 2; Olympus Opt. Inc., Hamburg, Germany). Dif-
ferentiation of pericytes from endothelial cells was performed
according to the criteria of Kuwabara and Cogan [10]. Peri-
cyte identification was facilitated using a polyclonal anti-vitro-
nectin antibody (rb 69, kindly provided by Klaus Preissner,
Max-Planck-Institut, Bad Nauheim, Germany). The numbers
of each cell type were normalized to the relative capillary den-
sity (numbers of cells per mm? of capillary area).

One retina per animal was used for morphometric evalua-
tion. Morphometry was performed with the identity of the
samples remaining unknown.

Statistical analysis

All parameters are given as mean + SD unless otherwise stat-
ed. One-way analysis of variance was performed, followed by
Bonferroni-t-tests to correct for multiple comparisons and as-
sign differences to individual groups where overall signifi-
cance (p < 0.05) was attained.

Results

STZ-induced diabetes resulted in stable hyperglycae-
mia (Fig.2) and progressive weight loss as well as in
an almost threefold increase in Amadori product for-
mation (Table 1). Aminoguanidine that was given
from month 6 to month 10 (D-AG) did not alter the
level of Amadori products (HbA,). Plasma amino-
guanidine levels were 18.64 +2.98 ug/ml in the D-
AG group. Islet transplantation, performed after
6 months of diabetes, was accompanied by signifi-
cantly improved glucose and Amadori product levels
(blood glucose and HbA, Tx vs DC 10 p < 0.001, re-
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Table 1. Body weight and glycaemic control of non-diabetic,
diabetic and treated diabetic rats

n  body weight HbA, Aminoguanidine
(®) (%) (ug/ml)
NCe6 7 390%39 53+0.50 -
NC10 6 494148 531052 -
DC6 11 275+21¢° 13.5+1.56 -
DC10 6 255+35° 1501700 —
D-AG 6 204+16° 14.6 £0.85° 18.64 £2.98
Tx 11 405 +34%4 6.7 £1.10%%° ~

NC 6, non-diabetic after 6 months; NC 10, non-diabetic after
10 months; DC 6, diabetic after 6 months; DC 10, diabetic
after 10 months; D-AG, diabetic rats, treated with aminoguani-
dine; Tx, diabetic rats, treated with islet transplantation. Re-
sults are shown as mean = SD. 2p <0.001 vs NC 6; p < 0.001
vs NC 10; °p < 0.01 vs NC 10; %p < 0.001 vs DC 10; ¢p < 0.05 vs
NC 10. Differences of HbA, between DC 6, DC 10 and D-
AG were not significant. Plasma aminoguanidine concentra-
tions were measured according to the method of Beaven et al.
(12]

spectively) and a significant weight gain (Tx vs DC 10
p <0.001), although not completely normalized
(HbA,; Tx vs NC 10 p < 0.05; blood glucose and body
weight Tx vs NC 10 p < 0.01, respectively).

Increased retinal vascular autofluorescence was
predominantly observed at the branching sites of pre-
capillary arterioles of diabetic animals and, to some
extent, in treated diabetic rats (Fig.3). The location
was identical to those published previously [7].

Autofluorescence quantitation revealed an almost
2.5-fold increase of fluorescent AGEs in DC 6 and a
further rise after 10 months of untreated diabetes.
Secondary intervention with aminoguanidine largely
attenuated the further accumulation of fluorescent
AGEs in the retina (DC 10 641 £20 AU vs D-AG
467 £ 8; p <0.001). Secondary islet transplantation
reduced fluorescent AGEs by the same amount (Tx
478 £26; p vs DC 10<0.001; Tx vs D-AG p ns;
Fig.4). Compared with the levels of AGEs after
6 months (DC 6), AGEs in both treatment groups
were significantly elevated (D-AG and Tx, p < 0.001
vs DC 6) (Fig.4).

Retinae from diabetic rats showed a 2.7-fold in-
crease in acellular capillaries after 6 months and a
4.1 fold increase after 10 months compared to age-
matched NC (DC 6 vs NC 6 and DC 10 vs NC 10
p <0.001). Both forms of treatment significantly re-
duced the progression of acellular capillaries to the
same degree (D-AG 64.4+9.6 (mean+ SEM) and
Tx 71+£3.9 vs DC 10 101 £7.5; p <0.001 for each
comparison; D-AG vs DC 6 51 £2.1; p < 0.05; Tx vs
DC6p<0.01) (Fig.5).

Determined exclusively in arecas where capillary
occlusions or severe irregularities were absent, chron-
ic hyperglycaemia induced a 17.6 % increase in endo-
thelial cell numbers after 6 months (DC 6 2505 + 123
cellssmm? of capillary area vs NC 6 2130 99;
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Fig.2. Blood glucose in non-diabetic (), diabetic (W), diabet-
ic rats treated with aminoguanidine (A), and diabetic rats
treated with islet transplantation (A). Results are shown as
mean + SD

Fig.3 a-d. Photomicrographs of retinal arteriolar autofluores-
cence in corresponding fields of non-diabetic (a), diabetic (b),
aminoguanidine-treated diabetic (¢), and diabetic rats receiv-
ing islet transplantation {d). Original magnification 400 x
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Fig.4. Retinal autofluorescence (A.U., arbitrary units) of non-
diabetic, diabetic and treated diabetic rats, measured in corre-
sponding fields of arteriolar branching sites. Results are
shown as mean % SD. * p < 0.001 vs NC 6; °p < 0.001 vs NC 10;
* p <0.001 vs DC 6; *p < 0.001 vs DC 10
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Fig.5. Acellular capillaries of the groups studied. Results are
expressed as mean £ SEM. Additionally to symbols used in
Fig.1: *p < 0.05 vs DC 6; ¥p < 0.01 vs DC 6

p <0.001) and a 22.4 % increase after 10 months (DC
10 2560+161 cellssmm? vs NC 10 2090+ 115;
p <0.001). Aminoguanidine and islet Tx, both had a
slight but significant effect on endothelial prolifera-
tion (D-AG 2370+ 175; Tx 2380+ 119; p <0.05 vs
DC 10). The difference between the treatment
groups and untreated diabetic rats after 6 months
(DC 6) was also significant (p < 0.05).

The characteristic pericyte loss was 32.4 % after
6 months of chronic hyperglycaemia and almost
40 % after 10 months (NC 6 2130 + 80 cells/mm? of
capillary area vs DC 6 1440+ 165; p < 0.001; NC 10
1950+ 99 vs DC 10 1190 £118; p <0.001). Of inter-
est, secondary intervention with aminoguanidine and
islet Tx, both completely arrested the pericyte loss
(D-AG 1550+ 151, p<0.001 vs DC 10; Tx 1460 +
81, p<0.001 vs DC 10). No difference existed be-
tween DC 6 and the treatment groups.

Discussion

The results from this study indicate that secondary in-
hibition of AGE-accumulation can retard but not ar-
rest the progression of diabetic retinopathy in the rat
model to the same degree as syngeneic islet trans-
plantation. Concomitantly, both treatment forms
were shown to retard but not arrest further accumula-
tion of AGEs as indicated by the difference of the
treated groups with the untreated diabetic group
(DC 10). These data are consistent with a causal role
for AGEs in the pathogenesis of diabetic retinopa-
thy [13], and suggest that other hyperglycaemia-in-
duced mechanisms [14] inhibited by islet Tx may be
less important.

The mechanism by which aminoguanidine and is-
let Tx exert the beneficial effect on the retinal micro-
vasculature appears to be by lowering the levels of
AGEs [15] or their reactive precursors [16] either di-
rectly (aminoguanidine) or indirectly through the re-
constitution of near-normoglycaemia (islet Tx). Our
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study also confirms that AGEs that have formed can-
not be removed by secondary inhibition.

Continued progression of diabetic retinopathy
after correction of hyperglycaemia or inhibition of
AGE formation is consistent with previous descrip-
tions of hyperglycaemic memory [11, 17]. While the
biochemical basis has not been elucidated, it is consis-
tent with persistent damage by preformed AGE:s.

Similar data of secondary aminoguanidine treat-
ment in diabetic nephropathy have recently been re-
ported by Soulis-Liparota et al. [18]. In their experi-
mental design, rats were untreated for 16 weeks and
treated for the same time period in comparison to
normal and diabetic controls. Urinary albumin excre-
tion was intermediate between the normal and the
untreated diabetic group. In contrast to our findings,
diabetes-related increase in glomerular and tubular
fluorescence was completely prevented in the treat-
ed group. The measurement of autofluorescence
grossly underestimates the total amounts of AGEs
formed, at least in the kidney, since the majority of
AGEs is non-fluorescent [19]. Therefore, non-fluo-
rescent AGEs could have contributed to the incom-
plete suppression of albuminuria in these animals.

Several other properties of aminoguanidine have
been described to explain its beneficial effects on dia-
betic vascular complications such as the inhibition of
the polyol pathway or the correction of the vascular
flow by acting as an inhibitor of the inducible form
of the nitric oxide synthase (iNOS) [20, 21]. How-
ever, at concentrations used in our study, aminogua-
nidine does not have inhibitory effects on the polyol
pathway or the iNOS.

In conclusion, secondary intervention of experi-
mental diabetic retinopathy by AGE inhibition is
likely to have a beneficial effect on disease progres-
sion. Concomitant retardation of retinal autofluores-
cence and capillary occlusions, accompanied by a pre-
ventive effect on pericyte loss, equally obtained by
aminoguanidine and syngeneic islet transplantation,
provides further insight into the pathogenesis of dia-
betic retinopathy. These data provide the basis for in-
vestigating the effect of aminoguanidine in a second-
ary intervention trial in patients.
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