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Summary. Streptozotocin-diabetic rats were maintained on a 
72% fructose diet for 4 weeks and some were treated with an 
aldose reductase inhibitor (either alrestatin: 0.9 g. kg -  1. day-  1 
or ONO-2235:50 mg. kg -1. day-l) .  Fructose feeding signifi- 
cantly influenced the development of  impaired motor nerve 
conduction velocity in the diabetic rats and this effect was 
positively correlated with sorbitol accumulation in the sciatic 
nerve of  diabetic rats maintained on a fructose-rich diet. 
Treatment with ONO-2235, a new aldose reductase inhibitor, 
prevented both slowing of  motor nerve conduction velocity 
and elevation of  nerve sorbitol concentration. On the other 

hand, erythrocyte sorbitol levels were significantly correlated 
to those of  the sciatic nerve ( r =  0.86, p < 0.001) and the retina 
( r =  0.91, p <  0.001) in these animals. Thus, our findings sug- 
gest that increased polyol pathway activity may be related to 
the pathogenesis of  diabetic neuropathy and erythrocyte sor- 
bitol concentrations may prove a useful indicator for the pres- 
ence of  diabetic complications. 
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Recen t  studies in animals  [1-7], and  to some  extent  in 
m a n  [8-12], suggest  tha t  al terat ions o f  po lyo l  p a t h w a y  
activity m a y  p lay  an  impor t an t  role in the de ve l opmen t  
o f  diabet ic  neuropa thy .  However ,  as yet, there is no  de- 
finitive evidence.  As b o t h  genetical ly selected [13] and  
s t rep tozotoc in-d iabe t ic  rats [2, 14] ma in ta ined  on  a fruc- 
tose-r ich diet have been  shown  to deve lop  diabet ic  an- 
g iopathy,  it wou ld  seem that  the f ructose  m o d e l  in dia- 
bet ic  rats m a y  p rov ide  ne w  suppor t  for  the role o f  the 
po lyo l  p a t h w a y  in the genesis o f  diabet ic  compl ica t ions  
[15]. Moreover ,  sorbi tol  and  f ructose  a c c um ul a t i on  in 
the  tissues o f  s t rep tozotoc in-d iabe t ic  rats ma in ta ined  on  
a 72% fructose  diet  for  4 weeks,  was  30% greater  than  in 
those  ma in ta ined  on  a 72% glucose  diet for  the same pe- 
r iod  [16]. Thus ,  it was  expec ted  that  f ructose  feeding to 
d iabet ic  rats w o u l d  result  in the de ve l opm e n t  o f  diabet-  
ic neuropa thy ,  as does  galactose  feeding  [1, 15, 17]. 

The  aim o f  the present  s tudy  was  to e lucidate  the 
possible  role o f  the po lyo l  p a t h w a y  in the ae t io logy o f  
d iabet ic  n e u r o p a t h y  a nd  the beneficial  effect o f  O N O -  
2235 on  the p reven t ion  o f  per iphera l  n e u r o p a t h y  in dia- 
betes  mellitus. 

Materials and methods 

Animals and experimental protocols 

Diabetes was induced in male Wistar rats (weight 200-250 g) by a low 
dose of streptozotocin (40 mg/kg body weight). A single injection at a 
level not directly toxic to peripheral nerve was made into the tail vein 

of rats fasted overnight. The drug was dissolved in saline (0.15 mol/1) 
immediately before injection. 

After 2 weeks of streptozotocin administration, the diabetic rats 
(blood glucose >20 retool/l) were selected at random and divided in- 
to five groups. A control group (group D) had free access to laborato- 
ry chow and water without treatment for 4 weeks. The remaining four 
groups of rats were maintaned on a 72% fructose-diet for 4 weeks as 
reported previously [3, 14]. One of these groups received no further 
treatment (group DF), whilst the others were treated with aldose re- 
ductase inhibitor [alrestatin (group DFA) or ONO-2235 (group 
DFO)] or insulin (group DFI). Aldose reductase inhibitor was added 
to the fructose diet. Alrestatin (a gift from Nihon-Kayaku, Tokyo, Ja- 
pan) was fed as 0.7% of diet (approximately 0.9 g. kg -1. day -1) and 
(E)-3 -carboxymethyl-5-[ (E)-2-methyl-3 -phenylpropenylidene] rhoda- 
nine (ONO-2235, a gift from Ono Pharmaceuticals, Osaka, Japan) 
was fed as 0.04% of the diet (approximately 50mg.kg-l.day-l). 
Lente insulin was injected subcutaneously daily for 4 weeks at doses 
varying from 2 to 6 U according to the levels of glucose and ketone re- 
vealed in the urine by the reagent strips of Multistix (Miles-Sankyo, 
Tokyo, Japan). One group of normal rats was maintained on a 72% 
fructose diet for 4 weeks (group CF), whilst a control group (group C) 
had free access to laboratory chow and water only. 

Measurement of motor nerve conduction velocity 
and analysis 

Motor nerve conduction velocity (MNCV) was measured in the most 
rapidly conducting fibres of the rat tail nerve supplying the segmental 
muscle according to the method of Miyoshi and Goto [17]. The rats 
were kept on a heated pad in a room maintained at 25 ~ to preserve a 
constant rectal temperature of 37 ~ After intraperitoneal injection of 
sodium pentobarbital (30-40 mg/kg body weight), MNCV was de- 
termined using a Neuropak NEM-3102 instrument (Nihon-Koden, 
Osaka, Japan) at 0, 2 and 4 weeks following the initiation of treatment. 
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Table 1. Body weight and blood glucose concentrations in rats maintained on specified treatment for 4 weeks 

Animal group Group Diet Body weight Blood glucose 
code (g) (mmol/1) 

Normal  
control rats 

Diabetic 
control rats 

C Laboratory chow ( n = 1 0 )  363+ 8 5 .78_0A6 
CF  Fructose ( n = 12) 360 _+ 5 6.11 _+ 1.02 

D Laboratory chow (n = 7) 229 + 18" b i0.00 _+ 1.06 ~ b 
DF  Fructose ( n = 8) 219 + 9" b 11.22 + 0.560, b 

Treated diabetic rats 
Alrestatin D F A  Fructose ( n = 6) 245 + 32 a, b 9.56 + 0.83", b 
ONO-2235 DFO Fructose (n  = 7) 233 -}- 12 a' b 10.56 -I- 0.56", b 
Insulin DFI  Fructose (n  = 7) 280 + 7", b, c, d, e 10.50 -1- 0.78 a' b 

Results are expressed as m e a n + S E M ,  ap<0.001 versus g roupC ;  bp<0.001 versus g r o u p C F ;  Cp<0.05 versus g r o u p D ;  d p < 0 . 0 0 t  versus 
group DF;  ep<0.01  versus group DFO rats 

Table 2. Effect o f  a fructose-rich diet on motor  nerve conduction ve- 
locity in streptozotocin-diabetic rats 

Animal group Group Motor  nerve conduction velocity 
code (m/s)  at: 

0 weeks 2 weeks 4 weeks 

Normal  rats 
Untreated C 29.2 + 0.5 32.2 + 1.5 35.4 _+ 1.4 
(n=10) 
Fructose-fed CF  29.4 _+ 0.7 31.8 + t .4 36.0 _+ 0.8 
( n = I 2 )  

Diabetic rats 
Untreated D 27.9 +_ 0.8 28.5 _+ 0.7 32.2 +__ 0 .7  b' e 

( n = 7 )  
Fructose-fed D F  27.3 _+ 0.6 ~ f 29.5 + 0.7 28.2 -l- 0.2 a, d, g 
(n=8) 

Results are expressed as mean + SEM. ~ b, C p < 0.001, 0.01, 0.05 versus 
g r o u p C ;  d,e, fp<0.001,  0.01, 0.05 versus g r o u p C F  respectively; 
g p < 0.001 versus group D rats 

At the end of  this experimental  period, rats were fasted overnight 
before study. After induction of  anaesthesia (sodium pentobarbital  
30-40 mg/kg  body weight), b lood was drawn from the vena cava infe- 
rior, and collected in ice-cold tubes for determination of  glucose and 
sorbitol. The sciatic nerves and retina were removed immediately. The 
sciatic nerves were removed from the level o f  the sciatic notch and ex- 
tending approximately 3 cm distally. After removal of  fat and connec- 
tive tissues, the nerve was weighed, immediately frozen in liquid ni- 
trogen and stored at - 8 0 ~  until analysis for glucose and sugar 
alcohol contents. 

To determine glucose, sorbitol and fructose concentrations, the 
nerves were homogenized in ice-cold 10% (wt/vol) HC104 (0.5 ml) in 
a glass-in-glass hand homogenizer  (Kinoshita-Rika, Nagoya, Japan) 
and centrifuged at 1400g for 10min at 40(2. The supernatants were 
neutralized with 2 N KOH.  After centrifugation, glucose [18], sorbitol 
[19] and fructose [20] were measured enzymatically. 

Sorbitol levels in the retina were measured as described above af- 
ter homogenizat ion in ice-cold 10% (wt/vol) HC104 (1.0 ml) and cen- 
trifugation at 1400 g for 10 min at 4~ Erythrocyte sorbitot content 
was measured according to the technique o f  Malone et al. [21]. Blood 
glucose was determined using a glucose test kit (New Glucostat,  
Worthington Biochemicals, Freehold, New Jersey, USA). 

Statistical methods 

All results are presented as mean + SEM. The significance of  differ- 
ences, were calculated by the Student 's  t-test. 

Results 

The changes in body weight for all groups of rats are 
shown in Table 1. Body weight and blood glucose levels 
in normal rats were similar in the fructose-fed group 
(group CF) and the laboratory chow-fed group 
(group C). The streptozotocin-diabetic rats lost weight 
significantly, but treatment with aldose reductase inhi- 
bitors (groups DFA, DFO) had no effects on weight loss 
or severity of hyperglycaemia. Differences in blood glu- 
cose levels between the insulin-treated diabetic group 
(group DFI) and the other diabetic groups were of little 
significance since the insulin dose was varied according 
to the diabetic condition of individual rats. However, 
group DFI rats did not lose weight significantly com- 
pared with the other groups of diabetic rats. 

Effect of  a fructose-rich diet and aldose reductase 
inhibitors on M N C V  

The fructose feeding for 4weeks significantly influ- 
enced the development of impaired MNCV in diabetic 
rats compared with untreated diabetic rats (28.2 + 0.2 
versus 32.2 + 0.7 m/s, p <  0.001 ; Table 2). Sorbitol and 
fructose concentrations in the sciatic nerves were more 
markedly elevated in group DF than in group D rats 
(Table 3), suggesting that the MNCV defect may be re- 
lated to nerve sorbitol and fructose contents. However, 
in normal rats, neither MNCV nor the concentrations of 
nerve glucose, sorbitol or fructose were affected by fruc- 
tose feeding. 

Table 4 shows the effects of aldose reductase inhibi- 
tors and insulin on the development of impaired 
MNCV in diabetic rats maintained on a fructose-rich 
diet. Animals in groups DFA, DFO, DFI showed a 
marked improvement in MNCV after 4weeks, com- 
pared with those in group DF, but there were no differ- 
ences in improvement of MNCV between the three 
treated diabetic groups. Sorbitol and fructose contents 
in the sciatic nerve were reduced by >40% in 
groups DFA, DFO, DFI compaired with group DF rats 
(Table 5). However, since this reduction was only ap- 
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Table 3. Sorbitol, fructose and glucose concentrations in the sciatic nerve of normal and streptozotocin-diabetic rats maintained on a fructose- 
rich diet for 4 weeks 

Animal group Group Glucose Sorbitol Fructose 
code (~mol/g wet weight) (~mol/g wet weight) (gmol/g wet weight) 

Normal rats 
Untreated (n = 10) C 2.65 _ 0.19 0.11 • 0.04 1.04 • 0.07 
Fructose-fed (n = 12) CF 3.25 • 0.24 0.11 • 0.02 1.14 + 0.09 

Diabetic rats 
Untreated (n = 7) D 3.97 +_ 0.84 0.26 + 0.03 b, c 2.67 • 0.37 ~' c 
Fructose-fed (n = 8) DF 6.43 • 0.73 ~" c. d 0.55 • 0.08 ~- ~, ~ 7.61 + 1.08 ~ ~ a 

Results are expressed as mean _+ SEM. ~- b p < 0.001, 0.02 versus group C; c p < 0.001 versus group CF; d, ~ p < 0.005, 0.02 versus group D rats re- 
spectively 

Table4. Motor nerve conduction velocity in normal and streptozoto- 
cin-diabetic rats maintained on a fructose-rich diet during treatment 
with aldose reductase inhibitors and insulin 

Animal group Group Motor nerve conduction velocity 
code (m/s) at: 

0 weeks 2 weeks 4 weeks 

Normal rats 
(fructose-fed) 

Control (n = 6) CF 29.5 • 0.8 

Diabetic rats 
(fructose-fed) 

Untreated (n=7) DF 25.6+0.5 a 
A~restatin-treated DFA 26.4+ 1.3 
(n=6) 
ONOr2235- DFO 26.9 • 0.6 c 
treated (n = 7) 
Insulin-treated DFI 26.2 _ 0.5 a 
(n=7) 

32.3• 

28.6• c 
31.6• 

31.6• a 

36.3• 

28.3 ___ 0.6 b 
33.1 + 0.9 ~" ~ 

33.8 + 1.3 a 

33.6 ___ 1.2 d 

Results are expressed as mean + SEM. ~, u. ~ p < 0.005, 0.01, 0.05 versus 
group CF; ~- ~ p < 0.005, 0.01 versus group DF rats respectively 

proximate ly  50%, neither o f  the inhibitors nor  insulin at 
the doses used complete ly  inhibited aldose reductase at 
the high blood glucose levels o f  these rats. 

Although the increased accumula t ion  of  sorbitol in 
the sciatic nerve in group  D F  rats was strongly prevent-  
ed by  the t reatment  of  ONO-2235 and insulin, the ef- 
fects in the sciatic nerve were observed also in bo th  the 
retina and  erythrocytes of  g roup  D F  rats (Table 5). 
Erythrocyte sorbitol levels o f  all exper imenta l  animals  
were significantly correlated with those o f  the sciatic 
nerve ( r=0 .86 ,  p<0 .001)  and  the retina ( r=0 .91 ,  
p < 0.001). 

Discussion 

It  is now accepted that  early metabol ic  abnormali t ies  in 
nerves resulting f rom chronic insulin deficiency and hy- 
perglycaemia,  rather  than  f rom vascular  changes, heavi- 
ly influence the deve lopment  of  diabetic neuropa thy  
[22]. However,  there are numerous  proposals  for  possi- 
ble pathogenet ic  metabol ic  alterations in nerve disor- 
ders in diabetes [22, 23]. 

In the present  study, it was revealed that  a fructose- 
rich diet fed to diabetic rats could bring about  impaired  
M N C V  which could be prevented by  t reatment  with al- 
dose reductase inhibitors. Although ONO-2235,  a new 
aldose reductase inhibitor, prevented both  slowing of  
M N C V  and the elevation of  nerve sorbitol concentra-  
tion, bo th  effects were similar to those of  alrestatin and 
insulin treatment.  Although the reduction rate of  nerve 
sorbitol content  by t reatment  with either o f  the aldose 
reductase inhibitors or insulin was less in the present  
s tudy (50-60%) than in other reports  (70-90%) [3-71, 
t reatment  showed the same improvement  of  M N C V  in 
our  animal  models  as in these other reports.  This low re- 
duct ion of  nerve sorbitol and  fructose content by treat- 
ment  with aldose reductase inhibitors and insulin is ex- 
plainable by (1) the use of  low doses of  aldose reductase 
inhibitors and (2) the direct t ranspor t  o f  fructose to the 
sciatic nerve causing elevated sorbitol and  fructose con- 
tent. In recent experiments  with diabetic rats, after 
6 months  of  streptozotocin administration, the animals 
received ONO-2235 mixed in the food  at two different 
doses (50 and 100 m r - k g  -1.  day -1) for 4 weeks [24]. The 
M N C V  of  rats treated with the higher dose was more  
marked ly  improved than  that o f  animals  treated with 
the lower dose (42.2+0.8 versus 4 0 . 0 •  p <  
0.05), whilst the M N C V  of  corresponding untreated 
diabetic rats was 35.9 • 1.0 m/s .  All these changes ap- 
peared  to be  related to nerve sorbitol content  (high 
dose: 1 .45+0.10;  low dose: 1 .63+0.12;  control:  
1 .89+0.15 ~tmol/g wet weight;  high dose versus con- 
trol, p<0 .01) .  Thus, it was expected that  the higher 
doses of  aldose reductase inhibitor administered in the 
present  study would cause a more  marked  effect on the 
reduction of  nerve sorbitol content. In experiments  in 
vivo, most  of  the administered fructose was converted 
rapidly into glucose by  the liver and  approximate ly  20% 
of  the fructose load was not metabolized [25]. The accu- 
mula t ion  of  sorbitol and fructose in the retina and  lens 
were observed more  markedly  in diabetic rats main-  
tained on a fructose-rich diet than in those mainta ined 
on a glucose-rich diet [161. The p resumed  role of  the 
fructose diet in the present  study is on the basis of  these 
data [16, 25]. The increased accumulat ion of  sorbitol 
and fructose in the diabetic rats mainta ined on a fruc- 
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Table 5. Effect of aldose reductase inhibitors and insulin treatment on sorbitol, fructose and glucose concentrations in the sciatic nerve and on 
sorbitol concentrations in the retina and erythrocytes of streptozotocin-diabetic rats maintained on a fructose-rich diet for 4 weeks 

Animal group Group Sciatic nerve (lxmol/g wet weight) Retina Erythrocytes 
code 

Glucose Fructose Sorbitol Sorbitol Sorbitol 
(lxmol/g wet weight) (nmol/g haemoglobin) 

Normal rats (fructose-fed) 
Control (n= 6) CF 2.98+0.18 1.07+0.07 0.11+0.02 0.27+0.10 38.83+ 7.79 

Diabetic rats (fructose-fed) 
Untreated ( n = 7) DF 5.48 _+ 0.69 ~ 5.96 _+ 0.50 a 0.47 + 0.04 a 1.15 + 0.01 a 220.00 _+ 18.21 a 
Alrestatin-treated (n = 6) DFA 5.03 + 0.84 e 2.70 _+ 0.65 e, g 0.17 + 0.03 f 
ONO-2235-treated (n = 7) DFO 4.89 + 0.47 b 3.14+0.69 d'h 0.25 + 0.05 d'g 0.51+0.11 f 127.39+ 8.97 ~f 
Insulin-treated (n = 7) DFI 4.36+0.53 e 2.44 + 0.35 b'r 0.22 + 0.03 d'f 0.42+0.15 f 141.16+ 9.00 ~g 

Results are expressed as mean + SEM. 
~. b, c, d, e p < 0.001, 0.005, 0.01, 0.02, 0.05 versus group CF; t' g p < 0.001, 0.005 versus group DF rats, respectively 

tose-rich diet compared  with the untreated diabetic 
group should accrue from increased polyol pathway ac- 
tivity and hepatic isomerase reaction affecting blood 
glucose levels. Thus, our  findings suggest that the use of  
aldose reductase inhibitors in animal models has good 
potential  for assessing the role of  the polyol pathway in 
M N C V  impairment. 

A marked decrease of  nerve sorbitol and fructose 
content  in insulin treated diabetic rats was observed de- 
spite a small reduction in nerve glucose levels (Table 5). 
As aldose reductase activity of  the polyol pa thway is not 
affected directly by insulin [16, 29], it is likely that the 
specific activities of  several enzymes regulated by insu- 
lin are altered and that glucose utilization is diverted to 
metabolic pathways other than the polyol pathway. In 
vitro, at physiological glucose concentrations, approxi- 
mately 3% of  the glucose uptake was utilized for sorbi- 
tol and fructose synthesis and this increased to as much 
as 11% at 50 mmol/1 glucose concentrat ion [26]. How- 
ever, extracellular glucose in our  study was only ap- 
proximately 20% of  that quoted in the above reference. 
Nerve sorbitol and fructose synthesis in insulin-treated 
diabetic rats may be strongly influenced by even a small 
reduction of  nerve glucose content, as was observed in 
the present study. Moreover,  this could explain why nei- 
ther M N C V  nor  nerve sugar alcohol content were af- 
fected by fructose feeding in normal rats. 

Recent histological studies in diabetic neuropathy 
have demonstrated enlargement of  endoneural  space as 
a cause of  increased water content [27]. It might be spec- 
ulated, for example, that if the excess of  sorbitol and 
fructose within the Schwann cell were to leak into the 
endoneural  space, this would contribute to the osmotic 
force, leading to swelling of  the space as well as to 
shrinkage of  the axon and the Schwann cell [22]. As the 
accumulation of  1 txmol of  solute/g wet weight is equiv- 
alent to I mosmol / l  in osmotic pressure [28], osmotic 
damage could occur with the accumulation of  sorbitol 
and fructose observed in our study. However,  the mech- 
anism by which the polyol pathway hyperactivity influ- 
ences the pathogenesis of  diabetic neuropathy is not yet 
established. Recently, other  investigators focussed on 

the polyol pathway in conjunct ion with myo-inositol 
metabolism in nerves [6, 23, 29]. Thus, peripheral  nerve 
dysfunction in diabetes via polyol pathway hyperactivi- 
ty may  be further complicated by a biochemical  mecha- 
nism based on the osmotic hypothesis [22, 23, 27]. 

ONO-2235, has a short circulating half-life (1 h in 
rats and man) compared  with that of  sorbinil (4 h in 
rats) [30], but  the same as that of  alrestatin [1]. The dose 
of  ONO-2235 used in this study was equal to that used 
in diabetic patients treated for a 12-week period, when 
improvement  in both nerve conduct ion velocity and 
subjective symptoms, such as pain and numbness,  
correlated well with reduction of  erythrocyte sorbitol 
content [2]. Therefore,  the effects of  ONO-2235 in the 
present study could be partially explained on a phar- 
macological basis. 

On the other hand, it is of  clinical interest to know 
whether  a good correlation exists between erythrocyte 
and tissue sorbitol levels in diabetes-associated compli- 
cations. In the present study, it was confirmed that 
erythrocyte sorbitol levels were significantly correlated 
to those of  the sciatic nerve ( r =  0.86, p < 0.001) and the 
retina ( r =  0.91, p <  0.001) in individual animals. I f  in- 
creased polyol pathway activity is strongly related to the 
pathogenesis of  diabetic complications, our  present 
findings show that erythrocyte sorbitol concentrations 
may be a useful indicator for the presence of  diabetic 
complications as ment ioned by Malone et al. [21]. 
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