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Abstract-For 22 days, streptozotocin-diabetic and normal rats were intubated once daily with ICI 
105552 (1-(3.4-dichlorobenzyl)-3-methyl-l,2-dihydro-2-oxoquinol-4-ylacetic acid, sodium salt: 50 mg/kg 
body weight) an inhibitor of aldose reductase (EC 1.1.1.21), the first enzyme of the sorbitol pathway. 
Treatment with ICI 105552 affected neither glycaemia nor tissue glucose nor inositol concentrations yet 
reduced significantly the abnormal accumuli&ons in diabetes ofsorbitol in the lens (70% reduction), 
sciatic nerve (86%) and seminal vesicles with coagulating glands (S.V.C.G.. 55%). ICI 105552 had no 
effect upon sdrbitoi accumulated in the diabetic kildney b;t-it reduced the leiel in controls by 43%. The 
compound reduced the accumulation of sorbitol in diabetic retina by 58% although variation was too 
great for the decrease to be significant statistically. Treatment with ICI 105552 produced small (s 11%) 
yet statistically significant increases in the weights of the kidneys, and both liver and kidney weight/ 
100 g residual body weight but did not affect the weights of the body, lens, retina or S.V.C.G. The 
importance of these findings for the development of potentially chemotherapeutic aldose reductase 
inhibitors is discussed. 

The two enzymes of the sorbitol pathway (Fig. l), 
which converts glucose into sorbitol and then fruc- 
tose, are aldose reductase (A.R.) and sorbitol 
dehydrogenase (S.D.H.). A.R. [l] has a K, for 

glucose of 28.5 mM [2]: thus in diabetes, when the 
concentration of glucose rises in certain tissues dur- 
ing periods of inadequate glycaemic control, flux 
through the sorbitol pathway may become increased 
considerably. The increase may manifest itself in a 
number of ways, dependent upon the relative activi- 
ties of A.R., S.D.H. and enzymes which catabolize 
fructose (Fig. 1). 

In rodents, A.R. or S.D.H. have been demon- 
strated in the seminal vesicles [3,4], lens [2,3,5-71, 
sciatic nerve [3,4,8], kidney [3,5,9] and retina 
[5, lo]. Uncontrolled diabetes results in the accu- 
mulation of fructose in seminal fluid [ll], sorbitol 
and fructose in the lens (12,131 and nerve [14], 
sorbitol in the kidney [ 151 and sorbitol[13,16]. fruc- 
tose [13,16], fructose-l-phosphate (FlP) [17] and 
lactate [18] in the retina. In diabetic man there can 
be an accumulation of fructose m seminal fluid [ll] 
and of both fructose and sorbitol in lens [19] and 
nerve [20]. 

Pathologic changes have been demonstrated in the 
lens [12.21], retina [22-241, kidney [25,26] and per- 
ipheral nerve [27] of rodents with experimental or 
idiopathic diabetes. The changes are reminiscent of 
those found in diabetic-cataract, -retinopathy, 
-nephropathy and -autonomic neuropathy [28]. 

Aspects of pathogenesis consequent upon 
increased flux through the sorbitol pathway can be 
due to the osmotic effects of accumulated sorbitol 
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112,151, or might result from the excessive pro- 
duction of lactate [29]. 

The present report concerns the effects of ICI 
105552, an aldose reductase inhibitor (A.R.I.), upon 
the sorbitol pathway in five tissues of the rat, the 
compound’s effect upon organ weights, and con- 
siders possible implications of the findings towards 
the development of potential chemotherapy for dia- 
betic complications. 
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Fig. 1. The relationship of the sorbitol pathway to gly- 
colysis. Key: (a) aldose reductase (EC 1.1.1.21); (b) sor- 
bitol dehydrogenase (EC 1.1.1.14); (c) ketohexokinase (EC 
2.7.1.3); (d) fructose-1,6-diphosphate aldolase (EC 
4.1.2.13, isoenzyme A); (e) fructose-l-phosphate aldolase 
(EC 4.1.2.13, isoenzyme B); (DHAP) dihydroxyacetone 

phosphate and (T.C.A. cycle) tricarboxylic acid cycle. 
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METHODS 

Materials. The enzyme inhibitor, l-(3,4- 
dichlorobenzyl)-3-methyl-1,2-dihydro-2-oxoquinol- 
4-ylacetic acid (ICI 105552, sodium salt) and a pla- 
cebo, L-glutamic acid (sodium salt) were generously 
provided by ICI Pharmaceuticals Division, Alderley 
Park, Cheshire, U.K. 

Animals and treatment. Male Wistar rats (250 g) 
were housed in wire-bottomed cages with a standard 
diet (MRC 41B) and water available ad lib. Rats 
were assigned randomly to 1 of 4 treatments: diabetic 
dosed with ICI 105552 (designated as treatment 
DA), diabetic dosed with the placebo (DB), control 
dosed with ICI 105552 (CA) and control dosed with 
placebo (CB). 

Diabetes was induced by the injection of strep- 
tozotocin (75 mg/kg body weight) into the tail vein 
and was confirmed if 6 days later the fed-state blood 
glucose concentration exceeded 20 mM. 

Daily dosage at 50 mg/kg body weight by gastric 
intubation with a solution (25 g/l) of either ICI 
105552 or placebo as appropriate was begun on day 
1, a week after the induction of diabetes. Rats were 
dosed for 22 days. 

Preparation of tissues. At least 2 hr after their 22nd 
daily dose, two rats per day were anaesthetized 
deeply (Sagatal, May & Baker, Dagenham, U.K.). 
Tissues were processed separately for each rat. A 
tail-vein blood sample was deproteinized with ZnSOa 
then Ba(OH)z solutions prior to analysis for glucose 
(GOD-Perid, Boehringer Mannheim GmbH). 
Aqueous extracts were prepared from each of the 
five tissues to be analysed by GLC. for the concen- 
trations of glucose, sorbitol, fructose and inositol. 
The extracts were prepared in a boiling-water bath 
(approx 20 min) from the following approximate 
amounts of tissue in the specified volume of distilled 
water containing @-methyl-D-mannoside (a-mm; 
Sigma, Poole, U.K.) as an internal standard for the 
GLC analyses: lens (30 mg), or sciatic nerve (70 mg) 
with 30 nmole Ly-mm in approx 1 ml; retinas (17 mg) 
with 6 nmole a-mm in approx 1 ml; part of both 
kidneys (500mg) with 1.3 pmole acmm in 5 ml; 
whole S.V.C.G. from controls (1.2g) with 
10.3 pmole Ly-mm in 2ml; whole S.V.C.G. from 
diabetics (0.6 g) with 5.15 pmole m-mm in 1 ml. The 
resulting extracts were centrifuged briefly to sedi- 
ment debris, deproteinized with ZnS04 then 
Ba(OH)z solutions, then stored at -20” [30]. 

GLC analysis. Aliquots of the stored extracts (lens 
or nerve 0.3ml; retinas 2 0.6ml; kidney 1 ml; 
S.V.C.G. 0.5 ml) were lyophilized and the residues 
were treated with Tri.Sil ‘Z’ (Pierce and Warriner, 
Chester, U.K.; 0.1 ml, 24 hr, room temp) to prepare 
trimethylsilyl (TMS) derivatives. Excess Tri.Sil ‘Z’ 
was hydrolysed on addition of water (2 ml) then the 
TMS-sugars were extracted into cyclohexane 
(0.25m1, research grade, BDH, Poole, U.K.) and 
concentrated, by the evaporation of most of the 
cyclohexane in a stream of oxygen-free nitrogen. 1 ,ul 
of these cyclohexane extracts was injected into a 
column of SE-52 (2.5% w/w) on diatomite-C (J.J.‘s 
(Chromatography) Ltd., King’s Lynn, U.K.) at 190 
in a Pye-Unicam GCD chromatograph. Sugars were 
identified by their retention times and quantitated 

against the internal standard by analysis of peak 
heights. Methods for the preparation and use of this 
system have been described previously [30,31]. 

Statistics. Results were evaluated by two-way 
analysis of variance following a satisfactory result 
from Bartlett’s test with either raw or appropriately 
transformed data [32]. Results are given as the 
mean ? S.E. with the No. of observations in par- 
entheses and are described as significant only if 
P < 0.05 with a two-tailed test. 

RESULTS 

Terminal body and organ weights (Table 1) 

22 days of dosage with ICI 105552 did not affect 
significantly the weight of the body, left lens, com- 
bined recoverable retina, liver or S.V.C.G. but 
increased the weight of the kidneys by 5-11% 
(P < 0.02). Expression of liver or kidney weight as 
a proportion of the residual body weight (R.B.W., 
e.g. non-liver body weight), thus reducing variation, 
revealed that the compound had increased both the 
liver weight/100 g R.B.W. (P < 0.0002) and kidney 
weight/100 g R.B.W. (P = 0.010). The differences 
were of less than 11% . 

Diabetic rats had lower body weight (P < 0.0001) 
and S.V.C.G. weight (P < 0.0001) and non-signifi- 
cantly lower lens- and recoverable retina-weights. 
The livers of diabetic rats were not significantly 
lighter than those of controls and expressed as the 
proportion liver weight/lOOg R.B.W. they were 
heavier (P < 0.0001). The absolute and proportional 
kidney weights of diabetic rats were increased (both 
P < 0.0001) above control values. 

Blood glucose concentrations 

The terminal blood glucose concns (mM) were: 
CA 7.0 & 0.47 (6), CB 6.3 -t 0.32 (6), DA 26.9? 
0.96 (7), DB 28.7 + 1.27 (7). The A.R.I. had no 
significant effect upon the level of glycaemia. 

GLC analyses (Table 2a-e) 

Dosage with ICI 105552 did not affect significantly 
the concentrations of either glucose or inositol in 
any of the five tissues studied. 

In the lens (Table 2a) diabetes effected a 16.7-fold 
increase (D vs C, P < 0.0001) in the concn of glucose, 
a 76-fold increase (DB vs CB, P < 0.0001) in the 
concn of sorbitol and a 9.6-fold increase (P < 0.0001) 
in that of fructose. Treatment with ICI 105552 gave 
a 70% reduction of the accumulation of sorbitol (DA 
vs DB, P < 0.0001) resulting in a concentration still 
23 fold the normal level; no significant decrease in 
the concn of fructose occurred. Diabetes reduced 
the concentration of inositol in the lens by 85% 
(D vs C, P < 0.0001). 

In the retina (Table 2b) diabetes effected a 7.9- 
fold increase (D vs C, P < 0.0001) in the concn of 
glucose, a 2.2-fold increase (D vs C, P < 0.0002) in 
the concn of sorbitol and a 2.1-fold increase (D vs 
C, P < 0.0001) in that of fructose. Treatment with 
ICI 105552 gave a 58% reduction of the accumulation 
of sorbitol in diabetic retina but variation was too 
great for the decrease to be significant statistically. 
This compound did not affect the levels of fructose 
in diabetic or normal retinas significantly although 
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the mean levels were lower in each case. Diabetes 
did not affect the concentration of inositol in the 
retina significantly. 

In the sciatic nerve (Table 2c) diabetes effected 
a 6.3-fold increase (D vs C, P < 0.0001) in the con- 
centration of glucose, a 10.3-fold increase (DB vs 
CB, P < 0.0001) in the concentration of sorbitol and 
a 10.2-fold increase (DB vs CB, P < 0.0001) in that 
of fructose. Treatment with ICI 105552 gave highly 
significant (DA vs DB, P < 0.0001) reductions in the 
accumulations of both sorbitol (86% reduction) and 
fructose (70% reduction) resulting in concentrations 
respectively 2.3-fold and 3.8-fold the normal (CB) 
levels. Diabetes did not affect the concentration of 
inositol in the nerve significantly. 

In the kidney (Table 2d) diabetes effected a 7.4- 
fold increase (D vs C, P < 0.0001) in the concentra- 
tion of glucose, a 3.2-fold increase (DB vs CB, 
P < 0.0001) in the concentration of sorbitol and an 
8.1-fold increase (D vs C, P < 0.0001) in that of 
fructose. Treatment with ICI 105552 had no sig- 
nificant effect upon the accumulations of either sor- 
bitol or fructose, yet in the control rats the A.R.I. 
reduced the basal level of sorbitol by 43% (CA vs 
CB, P < 0.05). Diabetes did not affect the concen- 
tration of inositol in the kidney significantly. 

In the S.V.C.G. (Table 2e) diabetes effected a 
10.7-fold increase (D vs C, P < 0.01, Studentized 
range [33]) in the concentration of glucose, a 2-fold 
increase (DB vs CB, P < 0.0005) in the concentration 
of sorbitol and a 2.1-fold increase (DB vs CB, P < 
0.0001) in that of fructose. Treatment with ICI 
105552 gave 55% and 54% reductions respectively 
of the accumulations effected by diabetes; for sor- 
bitol the decrease was significant (DA vs DB, P < 
0.05) and for both sorbitol and fructose the 
A.R.I.-treated diabetic levels were not significantly 
greater than normal (CB). Diabetes reduced the 
concentration of inositol in the S.V.C.G. by 14% 
(D vs C, P < 0.05). 

DISCUSSION 

The observations in the diabetic lens that ICI 
105552 gave a 70% reduction of sorbitol accumu- 
lation but no significant decrease in fructose con- 
centration and that the compound did not reduce 
the weight of the diabetic rat lens (which swells 
during cataractogenesis) might well explain why in 
an 11 month experiment [30*], cataractogenesis was 
retarded considerably, rather than prevented com- 
pletely, by ICI 105552 at 50 mg/kg body weight daily. 

The magnitude of the effects of diabetes upon the 
sorbitol pathway of the rat retina were very similar 
to those reported by other workers using GLC [13] 
or enzymatic [16] analyses. The variation in the 
concentration of sorbitol in the retina was too great 
for the apparent 58% reduction by ICI 105552 of the 
accumulation of sorbitol in diabetic retina to be of 
statistical significance. It remains unknown whether 
flux through the sorbitol pathway to lactate (Fig. 1) 
may have been reduced in the inhibitor-treated dia- 
betic retina although a subsequent experiment indi- 
cated that this might occur [30]. Hutton et al. [34] 

* Submitted for publication 
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Table 2. The effects of 22 days of dosage with ICI 105552 upon the concentrations of sugars and polyols in tissues of 
normal and streptozotocin-diabetic rats 

Treatment? 

(a) 
Lens 

(b) 
Retina 

(cl 
Nerve 

Cd) 
Kidney 

(e) 
S.V.C.G.: 

CA (5) 
CB (6) 
DA (7) 
DB (7) 

CA (6) 
CB (4) 

DA (6) 
DB (6) 

310 ? 63 290 + 77 1080 2 245 
310 r 20 360 r 50 780 ? 72 

5140 t 274 8390 ? 1030 7980 ? 542 
5230 2 667 27.350 ? 2180 9640 + 847 

930 + 179 210 2 43 460 2 164 
1000 + 171 290 & 59 530 5 126 
8010 t 720 430 Y? 51 900 2 95 

CA (6) 
CB (4) 
DA (7) 
DB (7) 

7170 lr 773 620 2 110 1130 -c 85 

1560 2 131 140 i 27 620 2 60 
1570 * 122 150 f 37 630 2 75 
9380 t 725 340 + 33 2400 t 250 

10.240 2 367 1550 2 71 6430 r 410 

CA (5) 
CB (6) 
DA (7) 
DB (6) 

4150 + 364 160 i 22 830 1- 194 
4780 r 384 280 t 58 870 + 60 

32,200 t 2060 880 t 89 5710 + 509 
34,000 -e 2750 907 + 79 8210 + 1130 

CA (6) 1340 * 168 220 t 44 2040 i 405 

CB (6) 1420 r 175 300 -+ 56 2610 + 449 

DA (5) 16,200 ? 6630 430 2 74 3950 ? 8 17 

DB (7) 13,700 * 3070 590 i 52 5540 + 309 

Glucose 
Concentration of substance* 
Sorbitol Fructose 

x nmole per wet weight g of tissue: mean ? S.E 
t Abbreviation of treatment: CA = control dosed with ICI 105552; CB = control dosed with placebo; DA = diabetic 

dosed with ICI 105552 and DB = diabetic dosed with olacebo. 

- 
Inositol 

1050 2 240 
1310 f 99 
200 -c 31 
150 r 12 

670 ? 67 
660 t 77 
740 + 80 
910 5 143 

2390 t 170 
2510 t 111 
2150 ? 86 
2340 + 101 

6720 2 786 
8090 2 644 
7630 ? 427 
7540 + 470 

30,400 t 1430 
24,300 ? 2140 
23.000 t 2640 
23,800 + 2070 

- 

No. of observations given in parentheses, 
i Seminal v-esicles with coagulating glands. 

dosed diabetic rats orally with a different A.R.I. 
(3,3’-tetramethylene glutarate) at approximately 
5 g/kg/day and showed it to be ineffective in retina 
and lens because of its poor ability to penetrate 
biological membranes. 

The fact that in the present experiment ICI 105552 
had considerable effects upon the lens of diabetic 
rats is evidence that this compound was available 
and active within the eye and suggests that the lower 
mean level of sorbitol in the retina of ICI 105552- 
dosed rats may have been due to the treatment. The 
development of retinal lesions over 11 months in 
similar diabetic rats could however, not be shown 
to be affected by this treatment [30]. 

Treatment with ICI 105552 for 22 days clearly 
(Table 2d) had no significant effect upon the accu- 
mulation of sorbitol in the diabetic rat kidney; sup- 
porting a similar finding in an 11 month experiment 
[30] although interpretation of that experiment was 
complicated by the development of long-term patho- 
logic changes in diabetic kidneys. The fact that the 
A.R.I. reduced the concentration of sorbitol in the 
kidneys of control rats but not diabetics might be 
connected with the presence of marked polyuria in 
the diabetic rats. 

The effects of ICI 105552 upon organ weights 
(Table 1) were specific to the liver and kidneys, thus 
it is possible that drug metabolizing enzyme systems 
had to some extent been induced [35]. The efficacy 
of treatment with this compound was however, not 

noticeably impaired in the long-term; the percentage 

reductions of the accumulations of sorbitol and fruc- 
tose in diabetic sciatic nerve were the same after 
8-11 months [30] as at 22 days. 

Inhibition of aldose reductase in vivo with ICI 
105552 was much more effective, as assessed by 
sorbitol and fructose levels, in the sciatic nerve, lens 
and S.V.C.G. than in the retina or kidney. It is 
interesting to speculate that these differences might 
in part be due to dissimilarities between the target 
enzyme in certain tissues. Aldose reductases isolated 
from bovine retina [36] and rat kidney [9] are 
reported not to be activated by sulphate ions whereas 
those from bovine lens [37], sheep seminal vesicles 
[l, 381, sheep [38] and human [39] placenta, and rat 
pancreas [40] are. This dissimilarity might indicate 
the presence of different sites for modulation of the 
enzyme’s activity and so it is conceivable that aldose 
reductase from one tissue may not be as sensitive to 
a particular mhibrtor as aldose reductase from 
another tissue. It is known that certain A.R.1.s are 
more effective against rat lens A.R. than against 
human placental A.R. and vice versa [41]. It may 
therefore be prudent to ensure that the more effec- 
tive inhibitors under development are effective 
against the appropriate human enzyme wherever 
possible. 
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