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nerve dysfunction in streptozotocin-diabetic rats 
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Summary. We tested the notion that oxidative stress makes 
an important contribution to the aetiology of diabetic neu- 
ropathy. The effect of treatment with a 1% dietary supple- 
ment of the anti-oxidant butylated hydroxytoluene was stu- 
died during 2 months of streptozotocin-induced diabetes 
mellitus. In final experiments, sciatic motor and saphenous 
sensory conduction velocities were measured in vivo, and re- 
sistance to hypoxic conduction failure for sciatic trunk was 
examined in vitro. There were 20% and 12% decreases in 
motor and sensory conduction velocity, respectively after 
2 months of diabetes (p < 0.001). These were completely 
prevented by butylated hydroxytoluene treatment 
(p < 0.001). Resistance to hypoxic conduction failure, shown 
by the time taken for sciatic compound action potential am- 
plitude to decline by 80 %, was 55 % increased by diabetes, 

and this was limited to 31% (p < 0.01) by treatment. There 
were no significant effects of treatment on the 9-10 fold ele- 
vation of sciatic nerve sorbitol and fructose levels with 
diabetes, or on the non-significant 22 % reduction in myo- 
inositol content. Butylated hydroxytoluene treatment also 
did not affect sciatic nerve capillary density. We conclude 
that oxidative stress makes an important contribution to the 
aetiology of early experimental diabetic neuropathy. Ame- 
lioration of oxidative stress could potentially be a final com- 
mon mechanism whereby a number of diverse treatments 
exert a beneficial effect on diabetic nerve function. 

Key words: Neuropathy, nerve conduction, ischaemic resis- 
tance, oxidative stress, butylated hydroxytoluene, polyol 
pathway, streptozotocin, diabetic rat. 

An early reduction in nerve conduction velocity (NCV) 
and an increase in resistance to ischaemic conduction 
failure (RICF) are observed in rats following induction of 
diabetes mellitus. An important aetiological contribution 
comes from the vascular effects of diabetes, leading to hy- 
poperfusion of the vasa nervorum and the development of 
a hypoxic microenvironment for neurons and Schwann 
cells [1]. Nerve dysfunction may be prevented or cor- 
rected by vasodilator t reatment which restores endoneu- 
rial blood flow [2-51. However, other seemingly unrelated 
treatments are also effective and a number of alternative 
mechanisms have been suggested to underlie the aetiol- 
ogy of diabetic neuropathy. Thus, nerve function is im- 
proved by chronic electrical stimulation [6], evening prim- 
rose oil [7-9], aminoguanidine (10, 11), and aldose 
reductase inhibitors [12, 13]. Evening primrose oil is a 
complex natural product which could have several poten- 
tial actions ranging from alterations in cell membrane 
fluidity to promotion of vasoactive prostanoid synthesis 
[7]. Aminoguanidine inhibits the formation of advanced 
glycation end-products [10, 14, 15]. Under  some condi- 
tions aminoguanidine can also function as an aldose re- 

ductase inhibitor [16] and has also been suggested to be an 
inhibitor of nitric oxide synthase [17]. Aldose reductase 
inhibitors reduce the metabolic consequences of elevated 
polyol pathway flux [12, 13]. They may also correct abnor- 
malities in phosphoinositide metabolism and nerve Na § 
K § activity [18], although considerable doubt has 
been cast over these putative effects [3, 19, 20]. Aldose re- 
ductase inhibitors may also have vascular actions, which 
improve nerve blood flow [21] and vascular smooth 
muscle relaxation [22]. 

Thus, multiple therapeutic strategies correct nerve dys- 
function in the early stages of experimental diabetes. It is 
possible to argue that a vascular action underlies at least 
some of these diverse treatments, and a common end- 
point may be the amelioration of oxidative stress. Several 
factors promote oxidative stress in diabetes, including 
nerve ischaemia-reperfusion [23, 24], increased free radi- 
cal production caused by autoxidation reactions of sugars 
with proteins and unsaturated lipids [14], and impairment 
of tissue anti-oxidant protection systems [25-27]. 

Anti-oxidants such as glutathione, vitamin E, and buty- 
lated hydroxytoluene (BHT) prevent or slow the develop- 
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Fig. 1 A - C .  Conduction velocity in sciatic motor nerves supplying A, 
gastrocnemius; B, tibialis anterior muscles; and C, sensory saphe- 
nous nerve. Bars show means + SEM. C, Control rats, n = 20; D, 
diabetic control rats, n = 19; BHT, butylated hydroxytoluene-treated 
diabetic rats, n - 11. Statistical analysis: for all three NCV measure- 
ments D vs C, p < 0.001; D vs BHT, p < 0.001; BHT vs C, NS 

m e n t  of  opac i ty  in rats  lenses  exposed  to high glucose  or  
ga lac tose  concen t ra t ions  in vi t ro  and in vivo, wi th  l i t t le  ef- 
fect  on  the  accumula t i on  of  po lyo l  p a t h w a y  m e t a b o l i t e s  
[28-31]. Cumula t ive  cell d a m a g e  due  to ox ida t ive  stress 
cou ld  be  r e spons ib le  for  the  p rogress ive  de t e r i o r a t i on  of  
funct ion  in t issues o the r  than  lens in d iabe tes  [14]. To tes t  
the  app l icab i l i ty  of  this hypo thes i s  to p e r i p h e r a l  nerve ,  the  
effect  of  a B H T  d ie ta ry  s u p p l e m e n t  in p r even t ing  N C V  
and R I C F  abnorma l i t i e s  was e x a m i n e d  dur ing  2 mon ths  
of  s t r e p t o z o t o c i n - i n d u c e d  diabetes .  

M a t e r i a l s  a n d  m e t h o d s  

All experiments were carried out on mature male Sprague-Dawley 
rats (Aberdeen University colony), 19 weeks old at the start of the 
study. One group of non-diabetic rats was used as controls. Two 
other groups were given 40 mg/kg i. p. streptozotocin (Sigma, Poole, 
Dorset, UK) in 20 mmol/l sodium citrate buffer (pH 4.5). Diabetes 
was verified 24 h later by estimating hyperglycaemia and glycosuria 
(Visidex II and Diastix; Ames, Slough, Bucks., UK), and was moni- 
tored at weekly intervals. Body weights were measured daily, and 
rats were rejected if blood glucose levels in the fed state were less 
than 20 mmol/1, or if there was a sustained increase in body weight 
over 3 consecutive days. Samples for non-fasted plasma glucose 
measurement using a standard test kit (GOD-Period method; 
Boehringer Mannheim, Mannheim, FRG) were taken on the day of 
final experiments. One group of diabetic rats was untreated for 
2 months to act as diabetic controls. The other diabetic group was 
treated with a 1% BHT (Sigma) dietary supplement added to the rat 
chow. BHT treatment proved to have a partial protective effect 
against induction of diabetes by streptozotocin. In a first group of 
12 rats, treatment was started immediately following streptozotocin 
injection and, although all animals showed varying degrees of hyper- 
glycaemia, six rats failed to reach a criterion plasma glucose of 
20 mmol/1 or more and were rejected from the experiment. In a sec- 
ond group of six rats, treatment was started 3 days after diabetes in- 
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duction and only one rat was rejected as not being sufficiently 
diabetic, which is not exceptional. The early protective effect of 
BHT on diabetes induction is likely to be due to neutralisation of 
free radical production by streptozotocin, which is thought to under- 
lie the destruction of beta celis [32]. 

In final experiments (1-1.5 g/kg i. p. urethane anaesthesia), NCV 
was measured in vivo between sciatic notch and knee for motor 
branches supplying tibialis anterior and gastrocn emius muscles. Sen- 
sory NCV was measured in the saphenous nerve between groin and 
ankle. Methods have been previously described in detail [13]. 

RICF was measured in vitro as previously described [7]. Briefly, 
the sciatic trunk was removed and mounted on bipolar stimulating 
(proximal) and recording (distal) electrodes. The nerve was equili- 
brated in Krebs' solution at 35 ~ gassed with 95 % 02 / 5 % CO2 for 
30 min, and then transferred to mineral oil pre-gassed with 100 % N2 
for 1 h. Nerves were stimulated with supramaximal pulses (1 Hz, 
50 gs width, 10 mA) and compound action potential amplitude was 
monitored at 2-min intervals until it fell below 10% of its initial 
value. 

Nerve capillarization was estimated from 10 gm frozen sections 
of sciatic trunk in which the capillary endothelium was stained for al- 
kaline phosphatase, as previously described [7]. Fascicle outlines 
were traced on a projection microscope and their areas were 
measured with a digitizing pad linked to a microcomputer to calcu- 
late capillary density. 

Sciatic nerve sugars and polyols were determined by gas chroma- 
tography of trimethylsilyl derivatives prepared from aqueous depro- 
teinized extracts [33]. 

Statistical analysis 

Data are expressed as means +_ SEM. One way analysis of variance 
was performed, and any significant (p < 0.05) differences were as- 
signed to individual between-group comparisons using Student's 
t-tests, applying the Bonferroni correction for multiple comparisons 
(Instat; GraphPad, San Diego, Calif., USA). 

R e s u l t s  

D i a b e t i c  con t ro l  and  B H T - t r e a t e d  d iabe t ic  g roups  had  
final p l a s m a  glucose levels of  32 .6+2 .3  and  
28.7 _+ 1.7 retool/l ,  r e spec t ive ly  c o m p a r e d  to a cont ro l  
va lue  of  7 .2+0 .2mmol /1 .  Bo th  d iabe t ic  g roups  lost  
weight ,  f rom a s tar t ing weight  of  485 + 9 to  370 + 9 g for  
d iabe t ic  con t ro l  rats,  and  f rom 489 + 11 g to  376 _+ 10 g for  
B H T - t r e a t e d  rats.  

M e a s u r e m e n t s  of N C V  are  shown in  Figure  1. F o r  
m o t o r  nerves  supply ing  t ibial is  an t e r io r  (Fig. 1 A )  and 
gas t rocnemius  (Fig. 1 B) muscles ,  N C V  was r e d u c e d  by  
20 .5% on average  c o m p a r e d  with  onse t  cont ro l s  
(p < 0.001 for  b o t h  branches) .  B H T  t r e a t m e n t  c omp le t e ly  
p r e v e n t e d  this dec l ine  in N C V  (p < 0.001), va lues  r emain -  
ing at  the  onse t  con t ro l  level.  P rev ious  w o r k  has shown 
that  no  signif icant  increase  in N C V  over  the  2 -mon th  ex- 
p e r i m e n t a l  p e r i o d  wou ld  be  expec t ed  in con t ro l s  [13]. F o r  
sensory  f ibres  in saphenous  ne rve  (Fig, 1 C) t he re  was an 
11.7% reduc t ion  in N C V  a f t e r  2 m o n t h s  d i abe te s  
(p < 0.001). However ,  wi th  B H T  t r ea tmen t ,  sensory  N C V  
was in the  non -d i abe t i c  range,  s ignif icant ly  i m p r o v e d  
c o m p a r e d  to u n t r e a t e d  d iabe tes  (p < 0.001). 

D a t a  for hypox ic  res is tance ,  m e a s u r e d  in vi t ro ,  a re  
p lo t t e d  in F igure  2. T h e r e  were  no signif icant  d i f ferences  
in ini t ia l  c o m p o u n d  ac t ion  po ten t i a l  a m p l i t u d e  b e t w e e n  
the th ree  groups ,  which were  3.5 + 0.3, 4 .0+0 .4 ,  and  
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Fig. 2. Percentage change in sciatic nerve compound action potential 
amplitude with duration of hypoxia in vitro. Symbols and error bars 
show group means + SEM. Control rats ((3), n : 20; diabetic con- 
trol rats ( [] ), n = 19, butytated hydroxytoluene-treated diabetic rats 
(O), n= 11. The inset histogram shows the durations of hypoxia 
taken for compound action potential amplitude to decline by 80 % 
(T~0) for control (C), diabetic control (D), and the butylated hydro- 
xytoluene-treated diabetic rats (BHT). Statistical analysis: D vs C, 
p < 0.001; D vs BHT, p < 0.01; BHT vs C,p < 0.001 

2.9 _+ 0.2 mV, respectively for control, diabetic and BHT- 
treated diabetic animals. With increasing hypoxia dura- 
tion, compound action potential  amplitude declined after 
an initial period of hyperexcitability [34]. The rate of de- 
cline was much more  rapid in nerves from control than 
diabetic rats. Relative compound action potential  ampli- 
tude was significantly (p < 0.05) elevated by untreated 
diabetes at all t ime points sampled from 16 min. For the 
BHT-t rea ted  diabetic group, compound action potential  
amplitude was reduced at a rate between that of non- 
diabetic and diabetic controls. The BHT-t rea ted  diabetic 
group showed significant (p < 0.05) differences from the 
diabetic control group at all t ime points after 22 rain. The 
inset histogram in Figure 2 shows hypoxia durations for an 
80% decline in compound action potential  amplitude 
(Ts0), calculated by linear interpolation f rom the curves 
for individual nerves. Ts0 was 55 % elevated by diabetes 
(p < 0.001) but this was restricted to 31% by B H T  treat- 

Table 1. Sciatic nerve capillary density and polyol levels in rats 
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ment  (p < 0.001 vs non-diabetic control g roup;p  < 0.01 vs 
diabetic control group). 

Table 1 shows data for sciatic nerve capillary density 
and polyol levels. Endoneurial  capillary density was un- 
affected by diabetes compared  to control values and B H T  
treatment  had no significant effect on capillarization. Sor- 
bitol and fructose levels were elevated nine- and ten-fold 
by diabetes. B H T  treatment  had no significant effect. 
There was a 22 % deficit in myo-inositol with diabetes 
which did not attain statistical significance and was unaf- 
fected by treatment.  

Discuss ion  

The data clearly demonstrate  that anti-oxidant t reatment  
with B H T  largely prevents the development  of nerve dys- 
function in experimental  diabetes. The effect occurred in 
the absence of changes in nerve polyol pathway metabo-  
lites or endoneurial  capillarization, suggesting that B H T  
was not acting as an aldose reductase inhibitor [12, 13] or a 
general vasodilator [3, 4]. When t reatment  was instigated 
after the action of streptozotocin was completed, B H T  
had no effect on the severity of diabetes, shown by plasma 
glucose levels, body weight loss and sciatic nerve polyol 
concentrations. A recent report  [35] suggests that anti- 
oxidant t rea tment  with glutathione also partially prevents 
the development  of reduced NCV. 

Neurological changes in experimental  diabetes are un- 
likely to result f rom a cytotoxic action of streptozotocin, 
for example due to free radical activity, as they are 
prevented by insulin t reatment  [36] and are also found in 
pancreotomised [37] or spontaneously diabetic rats [38, 
39]. Streptozotocin is rapidly metabolised [32] and any di- 
rect effect would be expected to occur while it was present  
in the circulation. However,  NCV changes in our model 
develop slowly over  4 weeks [13]. Furthermore,  electrical 
stimulation and some pharmacological  t reatments rapidly 
and reversibly correct NCV deficits even after several 
months of streptozotocin-diabetes [6, 40]. 

The effects of B H T  on NCV and R I C F  are propert ies  
shared with several other treatments,  including vasodila- 
tors [3, 4], chronic electrical stimulation [6, 41], evening 
primrose oil [7], and aldose reductase inhibitors [42, 43]. 
Aminoguanidine improved NCV but not R I C F  [10, 11]. 
The mechanism(s) underlying these diabetic deficits are 
controversial. Lat t imer and co-workers [18] suggested 
that both NCV and RICF  abnormalities are caused by 
elevated polyol pathway flux, reduced myo-inositol in- 

Group Capillary density 
(ram 2) 

Sorbitol Fructose Myo-inositol 

(r nerve wet weight) 

Control (n - 10) 61.21 + 1.51 0.156 • 0.011 0.456 + 0.039 2.298 _+ 0.116 

Diabetic control (n = 10) 56.65 _+ 2.25 1.494 • 0.200 b 4.628 _+ 0.272 b 1.797 • 0.064 

Butylated hydroxytoluene- 
treated diabetic (n = 10) 60.52 + 2.57 0.931 + 0.192 a 3.897 • 0.683 b 1.759 + 0.250 

~p < 0.01, b p < 0.001 compared to control group 
Data are group means + SEM. 
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corporation into membrane phosphoinositides, and im- 
paired Na § -K +-ATPase activity. The results for BHT, in 
common with those for some vasodilators [3, 4], evening 
primrose oil [9], and aminoguanidine [11] do not support 
this hypothesis as no effects on polyol pathway metabo- 
lites or nerve myo-inositol were noted, and where stu- 
died, Na+-K +-ATPase activity was not improved [3,44]. 
A more plausible hypothesis is that NCV and RICF 
changes result from reductions in nerve blood flow lead- 
ing to endoneurial hypoxia [3, 45]. Correction of blood 
flow by vasodilator treatment restores NCV in diabetic 
rats [2]. Increased RICF may reflect an adaptation to en- 
doneurial hypoxia, which depends on greater reliance on 
anaerobic metabolism [3, 45]. Once established, the 
phenomenon is not readily reversible by vasodilator or 
aldose reductase inhibitor treatments [3, 43], although 
further progression is slowed. However, electrical stimu- 
lation to increase nerve activity, which would increase re- 
liance on oxidative metabolism [46], does reverse RICF 
[41]. The data suggest that amelioration of oxidative 
stress could provide a common mechanism to account for 
the functional effects of these diverse manipulations on 
diabetic nerve. 

There are several causes of increased oxidative stress in 
diabetes. Elevated polyol pathway activity decreases 
glutathione levels because glutathione reductase requires 
NADPH [47]. Aldose reductase also uses NADPH, thus, 
there is competition for available co-factor. Glutathione is 
a substrate for the glutathione peroxidase-mediated neu- 
tralization of hydroperoxides. In addition, levels of super- 
oxide dismutase, an important anti-oxidant enzyme, are 
reduced by diabetes [26, 27] and this is related to changes 
in glutathione. Impaired blood flow would also contrib- 
ute, as endoneurial hypoxia would increase production of 
oxygen free radicals via xanthine oxidase [24]. 

Nerve dysfunction in diabetes as a result of increased 
free radical activity could arise because of direct effects 
on neurons and Schwann cells, or indirectly by actions 
on their microenvironment and vascular supply or both. 
Direct effects could involve an increase in lipid per- 
oxidation of axonal and Schwann cell membranes result- 
ing in impaired function. Low and co-workers [10, 27] 
found increases in sciatic nerve conjugated dienes with 
streptozotocin-diabetes. Important membrane proteins 
could also be damaged, or modified in conjunction with 
hyperglycaemia, as oxidative stress increases the rate of 
formation of advanced glycation end-products [14]. 
Whilst these products have been demonstrated to accu- 
mulate in myelin [48], there is at present no evidence that 
they have a functional effect. However, McLean and co- 
workers [49] have shown non-enzymatic glycation of sci- 
atic nerve tubulin in experimental diabetes, which could 
have important consequences for axonal transport and 
integrity. 

There is substantial evidence for potentially relevant 
vascular effects of oxidative stress, which may act at sev- 
eral levels. LDL, which is elevated in diabetes, inhibits 
endothelium-dependent relaxation of vascular tissue 
[50]. When oxidised, lipoproteins are cytotoxic to many 
cell types including endothelial cells [51]. BHT, which is 
highly lipid soluble, is effective in preventing LDL oxi- 
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dation and subsequent endothelial cell toxicity [52]. 
Oxidised LDL may also play an important role in the 
development of atherosclerosis in diabetes [53]. Thus, 
resistance vessel atherosclerosis, and endothelial damage 
which develops early in experimental diabetes [54], could 
contribute to the reduction in endothelial synthesis of 
local vasodilators and platelet anti-aggregants such as ni- 
tric oxide and prostacyclin [22, 55-58]. In addition, high 
levels of lipid hydroperoxides inhibit the cyclooxyge- 
nase-mediated synthesis of prostacyclin [59], and super- 
oxide destroys nitric oxide [60]. The reduction in ace- 
tylcholine-stimulated endothelium-dependent relaxation 
in diabetic rat aorta in vitro may be partially compen- 
sated by addition of superoxide dismutase to the bathing 
fluid [61]. Endothelium of vessels from diabetic rats 
shows enhanced sensitivity to oxygen free radical dam- 
age, indicating reduced anti-oxidant protection [25, 55]. 
Moreover, vessel basement membrane thickening may 
be promoted by oxidative stress in combination with gly- 
cation because of cross linking of long-lived structural 
proteins [14]. 

Thus, it is likely that oxidative stress affects neurons 
and Schwann cells directly, and indirectly via vascular ef- 
fects. The latter may introduce a deleterious positive feed- 
back element because ischaemia-reperfusion [24] would 
cause oxidative stress to further damage small vessels. 

The mechanisms of action of some therapeutic inter- 
ventions in diabetic rats may be viewed against this back- 
ground. Prevention and reversal of NCV deficits by va- 
sodilators [2-5] compensate for the reduction in local 
endothelium-dependent vasodilation because of deficits 
in nitric oxide [22, 55-57, 61-63] and prostacyclin release 
[58], as well as counteracting increased vascular reactivity 
to catecholamines [64] and the vasoconstrictor effect of 
elevated levels of angiotensin converting enzyme [65]. 
Chronic electrical stimulation may also produce vascular 
benefits [6] as it increases nerve blood flow [66]. Evening 
primrose oil may provide substrate for vasodilator prosta- 
noid synthesis [7] to compensate for the deficit in prosta- 
cyclin release [58]. Aminoguanidine inhibits the for- 
mation of advanced glycation end-products [14], and 
prevents their "quenching" effect on nitric oxide and 
nitrodilators [15]. Further beneficial vascular effects, par- 
ticularly prevention of endothelial damage, would accrue 
from inhibition of the oxidation of LDL [67]. These 
actions could explain the observation that sciatic endo- 
neurial blood flow is returned to normal by aminogua- 
nidine treatment in diabetic rats [10]. 

Aldose reductase inhibitors could have mixed vascu- 
lar-neuronal effects. Thus, prevention of changes in vessel 
contractility and relaxation [22] may improve nerve blood 
flow [21], giving similar benefits to those seen with vaso- 
dilators. Polyol pathway activity diverts glucose through 
the hexose monophosphate shunt, with a concomitant de- 
crease in ATP synthesis [68]. Moreover, the glutathione 
cycle in mitochondria is NADPH dependent, and dys- 
function would allow hydroxyl radical damage to cell 
membranes, which would also impair mitochondrial func- 
tion and oxidative metabolism [42]. In addition to a dele- 
terious effect on axons and Schwann cells, interference 
with ATP production also reduces endothefial synthesis of 
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ni tr ic  ox ide  [69, 70]. Thus,  a ldose  r educ ta se  inh ib i tors  
wou ld  have  a p r o f o u n d  ind i rec t  p ro t ec t i ve  effect  agains t  
ox ida t ive  and m e t a b o l i c  stress.  

In  conclusion,  an t i -ox idan t  t r e a t m e n t  p reven t s  ne rve  
dysfunc t ion  in e x p e r i m e n t a l  d iabe tes .  T h e  effects of  m a n y  
m an ipu l a t i ons  tha t  i m p r o v e  nerve  func t ion  can  also be  
v i ewed  as co r rec t ing  ox ida t ive  stress by  vascu la r  and  o the r  
mechanisms .  I t  is, t he re fo re ,  p laus ib le  tha t  the  sho r t - t e rm  
de le t e r ious  effects of  d i abe t e s  ref lec t  ox ida t ive  stress 
which  m a y  be  m a n i f e s t e d  in the  long- t e rm as p rogress ive  
d a m a g e  [24] to neu rons  which could  be  of  r e levance  to  the  
ae t io logy  of  cl inical  neuropa thy .  Thus,  an t i -ox idan t  t rea t -  
m e n t  may  p rov ide  a po t en t i a l  t h e r a p e u t i c  a p p r o a c h  to 
d iabe t ic  neuropa thy .  T h e  lower  level  of  compl ica t ions  
seen  in d e v e l o p e d  c o m p a r e d  to u n d e r d e v e l o p e d  count r ies  
m a y  re la te  in pa r t  to a h igher  d i e t a ry  in t ake  of  ant i -oxi-  
dants  such as B H T  [31]. 
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