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Summary In Study 1, the effects of treatment of 
streptozotocin-diabetic rats with the antioxidants, 
probucol or vitamin E were compared. Untreated di- 
abetic rats showed a reduction of 45 % (p < 0.01) in 
nerve laser Doppler flux, which was used as an index 
of nerve blood flow. In diabetic rats treated with ei- 
ther probucol or vitamin E nerve Doppler flux was 
reduced by only 13 or 16 %, respectively (p < 0.01 
for either compared to untreated diabetic rats). A 
second study examined the effects of treatment with 
evening primrose oil either alone or in combination 
with probucol. Reduced nerve Doppler flux was re- 
produced in untreated diabetic rats (47 %; p < 0.01). 
In parallel diabetic groups, nerve Doppler flux was 
reduced by only 14 % with evening primrose oil 
alone and by 8 % with evening primrose oil plus 
probucol (both p < 0.01 vs untreated diabetic rats). 
Both treatments were also associated with marked 

attenuation of motor and sensory nerve conduction 
velocity deficits. Measurements on plasma from rats 
showed normalisation of triglyceride levels by probu- 
col treatment without an effect on those of cholester- 
ol in Study 1. In Study 2, the converse was true for 
evening primrose oil treatment, whilst the combined 
treatment lowered both plasma triglycerides and cho- 
lesterol. This work indicates similar effects of antioxi- 
dants and evening primrose oil against reduced 
nerve Doppler flux and conduction velocity in dia- 
betic rats, with dissimilar actions on plasma triglyce- 
rides and cholesterol. [Diabetologia (1995) 38: 129- 
134] 

Key words Diabetes mellitus, Doppler flux, nerve 
conduction, neuropathy, cholesterol, triglycerides, 
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Vascular insufficiency, resulting in endoneurial ischa- 
emia, may make an important aetiological contribu- 
tion to nerve conduction deficits in the early stages 
of experimental diabetes [1, 2]. This implication of 
ischaemia in the causation of acute conduction de- 
fects is supported by the finding that nerve blood 
flow is reduced in the sciatic nerves of diabetic rats 
[3, 4] and that many of the pharmacological interven- 
tions, which prevent nerve conduction abnormalities 
associated with diabetes, have the unifying property 
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of improving nerve blood flow [4, 5]. Indeed, previ- 
ous studies have demonstrated that the slowed nerve 
conduction can be attenuated or prevented by treat- 
ment  of diabetic rats with several vasodilators of dif- 
fering pharmacological modes of action [6-8]. We 
have previously shown that the reduced sciatic nerve 
laser Doppler flux (an index of nerve blood flow) in 
diabetic rats, can also be prevented by treatment 
with essential fatty acids [5], possibly via production 
of vasodilator prostaglandins [9]. 

There is increasing evidence of free radical-derived 
oxidative stress in diabetes together with an involve- 
ment in the development of complications [10-13]. 
The source of oxygen-derived free radicals in diabe- 
tes may be auto-oxidation of glucose, intermediate 
products of cyclooxygenase catalysis or intracellular 
production from mitochondria or both [14]. Plasma 
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lipid pe rox ides  have  b e e n  r e p o r t e d  to be  e l eva ted  in 
d iabe t ic  h u m a n s  par t icu lar ly  in assoc ia ted  with poor -  
ly -cont ro l led  p l a s m a  glucose  [15], wi th  the  po ten t i a l  
to cause  vascu la r  abnormal i t i es ,  i s chaemia  and  a 
m a r k e d l y  inc reased  r isk of  a n g i o p a t h y  [11, 16-18]. 
S t r e p t o z o t o c i n ( S T Z ) - d i a b e t i c  rats  also sustain in- 
c reased  levels of  p l a s m a  lipid pe rox ida t i on  products ,  
which  can  be  r e d u c e d  by  d ie ta ry  p r o b u c o l  [19]. A s  a 
resul t  of  d i abe t e s - induced  oxida t ive  stress, the  vaso re -  
laxant  capac i ty  of  vascula r  e n d o t h e l i u m  is significant-  
ly a t t enua t ed ,  which has  b e e n  l inked  with  r educed  
pros tacyc l in  and  nitr ic oxide  re lease  [11,20, 21], possi-  
bly resul t ing in d e c r e a s e d  local  b lood  flow. P rev ious  
r epor t s  have  ind ica ted  tha t  p r o b u c o l  has  a p ro t ec t i ve  
effect  agains t  endo the l i a l  cell dys func t ion  caused  by  
e l eva t ed  g lucose  [22]. Recent ly ,  it has  also b e e n  
shown  tha t  s o m e  n e r v e  dysfunct ions  in e x p e r i m e n t a l  
d iabe tes  a re  r e s t o r ed  by  t r e a t m e n t  wi th  p r o b u c o l  
[23], as well  as wi th  the  an t i -ox idan t  b u t y l a t e d  hy- 
d r o x y t o l u e n e  [24] and  g lu ta th ione  [25]. Accordingly ,  
we des igned  the  first pa r t  of  the  p r e s en t  s tudy to in- 
ves t iga te  the  effects  of  t r e a t m e n t  of  d iabet ic  ra ts  wi th  
the  an t i -oxidants  p r o b u c o l  or  v i t amin  E on  sciatic 
n e r v e  laser  D o p p l e r  flux. Since the  doub le  bonds  of  
u n s a t u r a t e d  essent ia l  fa t ty  acids a re  read i ly  oxidised,  
we  also c o m p a r e d  the  inf luences  of  d ie ta ry  low-dose  
even ing  p r i m r o s e  oil s upp l em en t a t i on ,  e i ther  a lone  
or  wi th  p r o b u c o l  on  ne rve  laser  D o p p l e r  f lux and  
m o t o r  and  sensory  n e r v e  conduc t i on  velocity. 

Materials and methods 

Experimental organisation. Two experiments (Study 1 and 
Study 2) were carried out on male Wistar rats of starting 
weight 250-300 g and age range 8-12 weeks (Charles River 
(UK) Ltd., Margate, Kent, UK). In both experiments the ani- 
mals were randomly assigned to four experimental groups. 
Rats were maintained under standard housing conditions with 
normal rat chow (see below) and water available ad libitum. 
Age-matched non-diabetic rats were employed as onset con- 
trol groups, For induction of diabetes, rats were fasted over- 
night and at 09.00 hours the following morning were given an 
intraperitoneal injection of STZ (Sigma, Poole, Dorset, UK; 
50 mg/kg, freshly dissolved in sterile 0.9 % aqueous NaC1). 
Two days later diabetes was verified by estimating hyperglyca- 
emia on tail vein blood (Reflolux II; Boehringer Mannheim, 
Lewes, UK). All animals had a morning blood glucose concen- 
tration greater than 15 mmol/1 and were included in the stud- 
ies. Blood glucose was monitored at weekly intervals. One 
group of diabetic rats from each study was untreated for 4- 
5 weeks to act as diabetic controls. In both studies, the latter 
and the non-diabetic control rats were fed a powdered diet 
(RM No. 1; Special Diet Services Ltd., Witham, Essex, UK) 
without any supplement. In Study 1, another diabetic group 
was provided with powdered diet containing probucol (Sig- 
ma) to comprise 1% of dietary weight. The third diabetic 
group was fed powdered diet containing vitamin E (1% 
weight/weight, Sigma). Vitamin E-containing diets were 
stored at 4 ~ In Study 2, in addition to the untreated diabetic 
group, groups of diabetic rats were treated with evening prim- 
rose oil alone (1 ml �9 kg body weight -1 - day < by gavage; Efa- 
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mol; Scotia Pharmaceuticals, Guildford, Surrey, UK) or with 
evening primrose oil (dose as above) plus a powdered diet con- 
taining probucol (1% w/w). Animals were maintained for a pe- 
riod of 4 to 5 weeks. Body weight was recorded at least once a 
week. Food and water consumption were measured daily over 
a 24-h period for each cage of four rats, but data were trans- 
formed to give values - rat -1 . 24 h -1. Prior to the experiment, 
final body weights and blood glucose concentrations were 
measured by a glucose oxidase strip-operated reflectance me- 
ter (as above). 

Sciatic nerve laser Doppler flux and conduction velocities. These 
were measured under the same non-recovery anaesthesia, 
which is described in detail elsewhere [26]. Briefly, the rats 
were anaesthetised with alphaxalone and alphadolone acetate 
(3 : i w/w; Saffan; Pitman-Moore Ltd, Uxbridge, UK), using 
an initial dose of 4 mg/kg followed by a continuous infusion of 
12 mg/h. Systemic arterial pressure and sciatic nerve laser 
Doppler flux were then measured exactly as described else- 
where [26]. Motor and sensory nerve latencies were subse- 
quently measured. During these measurements nerve tempera- 
ture was controlled by placement of a microthermocouple adja- 
cent to the mid-femoral sciatic nerve, inserted via a small inci- 
sion higher in the flank. The wound was closed around the ther- 
mocouple leads, which were connected to an electronic ther- 
mometer (Comark, Rustington, Sussex, UK). The left flank 
was warmed with an infra-red lamp until the sciatic nerve tem- 
perature was 37 ~ The left sciatic nerve was stimulated using 
a Maclab integral stimulator (AD Instruments Ltd.. London, 
UK) first at the sciatic notch and then at the Achilles tendon 
by means of monopolar needle electrodes using a regular su- 
pra-maximal single pulse stimulus (duration 0.1 ms and volt- 
age 10 V). In response to each stimulus an interosseous elec- 
tromyogram was recorded by needle electrodes, digitised and 
displayed using a Maclab and Macintosh personal computer 
via "Scope 3.2" software (AD Instruments). The temporal sep- 
arations of the electromyograms obtained at the two stimulus 
positions were calculated and used for computation of motor 
nerve conduction velocity with reference to nerve length. The 
same stimuli also evoke second compound muscle action po- 
tentials (of reversed latencies) due to excitation of fast conduct- 
ing afferents, which connect monosynaptically with a-moto- 
neurons. This latency difference was used to calculate sensory 
nerve conduction velocity for group Ia afferents. 

At the end of the procedure the rat was exsanguinated from 
the right ventricle, to provide blood for assays as detailed be- 
low and the sciatic nerve used for conduction and Doppler 
flux was removed for measurement of nerve length to enable 
calculation Of conduction velocities. 

Blood glucose, cholesterol and triglycerides. Blood samples 
were centrifuged at room temperature to provide plasma for 
GOD-PERID glucose assay, CHOD-PAP cholesterol assay 
and for GPO-PAP triglyceride assay (all test kits from Boeh- 
ringer Mannheim, Mannheim. Germany) by conventional 
spectrophotometry. 

Statistical analysis 

All data are presented as arithmetic means + 1 SD. Statistical 
comparisons between groups were by one-way analysis of vari- 
ance (ANOVA); where F < 0.05 and where there was homoge- 
neity of variances (Cochran's C and Bartlett-Box tests, 
p < 0.05), groups means were compared using Duncan's multi- 
ple range tests. 
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Table L Comparison of the effects of probucol and vitamin E in diabetic rats 
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Control Untreated diabetic Diabetic + probucol Diabetic + vitamin E 
(n = 8) (n -- 7) (1% by diet; n = 7) (1% by diet; n = 8) 

Mean daily water intake (ml) 34 + 3 321 • 53 
Mean daily food intake (g) 35 + 4 61 + 8 
Starting body weight (g) 333 + 12 328 _+ 16 
Final body weight (g) 458 _+ 24 x 283 +_ 29 y 
Plasma glucose (mmol/1) 8.7 + 2 ~ 32.7 + 10Y 
Plasma cholesterol (mmol/1) 1.55 + 0.31 x 2.35 _+ 0.59 y 
Plasma triglyceride (mmol/1) 1.46 + 0.58 x,a 3.60 +_ 1.83 y 
Mean arterial pressure (mmHg) 104 + 17 103 + 14 

341 + 49 350 • 57 
66+6 67_+7 

327 + 23 334 _+ 19 
296 + 25 y 328 • 43Y 
37.3 + 7 y 41.1 + 14 y 
2.51 + 0.52 y 2.33 _+ 0.56 y 
1.28 + 0.45 ~,a 2.73 + 1.24 b 

98 + 11 99 • 10 

Data (mean +_ SD) were analysed by ANOVA and between- 
group differences for each variable were tested using Dun- 
can's multiple range test; a, b p  < 0.05; x, y p  < 0.01. Food 

and water intake, although expressed per rat, were calculated 
per cage, so that statistical analysis was not legitimate 

Table 2. Comparison of the effects of probucol and evening primrose oil in diabetic rats 

Control Untreated diabetic 
(n = 10) (n = 9) 

Diabetic + EPO 
(3-4 ml. day -1- rat-l; 
n = 9) 

Diabetic 
+ EPO + probucol 
(3-4 ml. day -1 . rat -1 
+ 1% by diet; n = 7) 

Mean daily water intake (ml) 38 + 5 324 + 47 
Mean daily food intake (g) 33 + 4 62 + 10 
Starting body weight (g) 267 + 23 281 + 5 
Final body weight (g) 433 _+ 33 x 313 + 23 y 
Plasma glucose (mmol/1) 7.8 + 3.1 54.6 + 16 
Plasma cholesterol (retool/l) 1.37 + 0.18 x,a 2.20 _+ 0.34 y 
Plasma triglyceride (mmol/1) 0.81 + 0.36 a 1.50 + 0.72 b 
Mean arterial pressure (mmHg) 111 + 9 102 + 9 
Motor nerve conduction velocity (m/s) 51 + 8 x 36 • 4 y 
Sensory nerve conduction velocity (m/s) 50 + 3 x 38 • 3 y 

298 + 44 308 + 46 
53+5 57•  

286 + 13 286 + 18 
296 + 22 y 302 • 28 y 
43.9 + 9.1 61.7 _+ 12.8 
1.76 + 0.36 x,b 1.68 • 0.44 x,b 
1.10 + 0.78 0.95 _+ 0.38 a 
106 + 11 110 • 10 
47 + 6 x 47 _+ 6 x 
47 + 3 x 49 + 4 X 

Data (mean + SD) were analysed by ANOVA and between- 
group differences for each variable were tested using Dun- 
can's multiple range test; a, b p  < 0.05; x, y p  < 0.01. Food and 

water intake, although expressed per rat, were calculated per 
cage, so that statistical analysis was not legitimate. EPO, Eve- 
ning primrose oil 

Results 

Animals. All  d iabet ic  an imals  s howed  pers i s ten t  hy- 
pe rphag ia ,  po lyd ips ia  and  polyur ia ,  which were  not  
mod i f i ed  by  the  t r e a t m e n t s  (Tables I and  2). U n t r e a t -  
ed d iabet ic  rats  exh ib i ted  h y p e r g l y c a e m i a  and  loss of  
b o d y  weight  c o m p a r e d  to the  non-d iabe t i c  cont ro l  
rats  and  t r e a t m e n t  of  d iabet ic  rats  had  no  effect  on  
this. U n t r e a t e d  d iabe tes  significantly increased  plas- 
m a  choles te ro l  and  t r ig lycer ide  concent ra t ions .  Nei -  
the r  p r o b u c o l  no r  v i t amin  E t r e a t m e n t  of  d iabe tes  af- 
fec ted  inc reased  p l a s m a  choles te ro l  concent ra t ions ,  
bu t  p robuco l  a lone  or in c o m b i n a t i o n  with  evening  
p r imrose  oil s ignificantly dec rea sed  the  ra ised  plas- 
m a  triglycerides.  V i t am i n  E s howed  a s imilar  t r end  
towards  r educed  p l a s m a  tr iglycerides.  Even i ng  p r im-  
rose  oil t r e a t m e n t  a lone  or  wi th  p r o b u c o l  significant-  
ly a t t e n u a t e d  the  increases  in p l a s m a  cholesterol ,  bu t  
fa i led to exer t  a significant effect  on p l a s m a  tr iglyce- 
r ides w h e n  g iven  alone.  

Sciatic nerve laser Doppler flux. Figures  1 and  2 show 
individual  an imal  da ta  poin ts  t oge t he r  with g roup  
m e a n s  and  s t anda rd  devia t ions  of  sciatic ne rve  laser  

D o p p l e r  flux in S tudy  1 and  Study 2, respectively.  In  
b o t h  studies, sciatic ne rve  laser  D o p p l e r  flux was sig- 
nif icant ly d e c r e a s e d  in un t r ea t ed -d i abe t i c  rats  com-  
p a r e d  to co r r e spond ing  controls.  This deficit  was at- 
t e n u a t e d  by  t r e a t m e n t  with v i t amin  E or probucol .  
E v e n i n g  p r i m r o s e  oil t r e a t m e n t  of  d iabet ic  rats, ei- 
the r  a lone  or  with p robucol ,  inc reased  sciatic ne rve  
laser  D o p p l e r  flux. In  b o t h  studies, all rats  were  nor- 
m o t e n s i v e  (Tables 1 and  2). 

Nerve conduction velocity. M o t o r  and  sensory  ne rve  
conduc t ion  veloci t ies  were  significantly r edu ced  in 
u n t r e a t e d  d iabet ic  rats  c o m p a r e d  to cont ro l  va lues  
(Table 2). Even ing  p r i m r o s e  oil t r e a tmen t ,  a lone  or  
in c o m b i n a t i o n  with  p robuco l ,  p r e v e n t e d  these  reduc-  
t ions in conduc t ion  velocity. 

Discussion 

The  da ta  clear ly d e m o n s t r a t e  tha t  the  ant i -oxidants  
p robuco l  or  v i t amin  E a t t e n u a t e d  the dep re s sed  sciat- 
ic ne rve  laser  D o p p l e r  flux in STZ-d i abe t i c  rats. 
T r e a t m e n t  wi th  evening  p r imrose  oil a lone  also im- 
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Sciatic nerve laser Doppler flux (arbitrary units) 
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Fig. 1. Sciatic nerve laser Doppler flux data from Study 1. Indi- 
vidual animal values are shown, with boxes denoting SD and 
arithmetic means in the centre. Statistical comparisons are by 
one-way ANOVA with Duncan's multiple range tests 

Sciatic nerve laser Doppler flux (arbitrary units) 
0 100 200 300 400 500 600 

I t I I I 

Controls r ~ -] 

p<0.01 p<0.05 

L. "~ *r Untreated diabetics / 
L Db-EPO r162 **r ~ r  -J 

- b*rU ,O "l 'Z' [ '  

Fig.2. Sciatic nerve laser Doppler flux data from Study 2. Indi- 
vidual animal values are shown, with boxes denoting SD and 
arithmetic means in the centre. Statistical comparisons are by 
one-way ANOVA with Duncan's multiple range tests 

proved sciatic nerve laser Doppler flux in diabetic 
rats. The combined effect of evening primrose oil 
and probucol was not significantly greater than that 
of evening primrose oil alone. There was, therefore, 
little evidence for an additive effect of the two treat- 
ments. The data also demonstrate that treatment of 
diabetic rats with evening primrose oil alone had a 
marked effect on the motor and sensory nerve con- 
duction velocity deficits. Since these conduction ve- 
locities were virtually normalised by evening prim- 
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rose oil alone, there was no scope for demonstration 
of the additive effects of probucol. The effect of the 
anti-oxidants alone on nerve conduction velocity 
was not examined in this study since a recent paper 
by Cameron et al. [23] has shown that probucol, 
used in a similar experimental protocol, at the same 
dose and for a similar duration of treatment to that 
which we employed, significantly attenuated decreas- 
es in motor and sensory nerve conduction velocity. 
Other studies have also demonstrated similar effects 
of butylated hydroxytoluene [24] and reduced glu- 
tathione [25]. The present work, together with pub- 
lished findings, thus indicate that anti-oxidant treat- 
ments can improve peripheral nerve dysfunction and 
may do so via improvement of nerve peffusion. The 
effects of treatments occurred in the absence of any 
changes in the severity of diabetes, as indicated by 
plasma glucose levels, body weight loss, polyphagia 
and polydipsia. Deleterious effects of oxidative 
stress may contribute to decreased endoneurial 
blood flow via impaired endothelial vasorelaxant ef- 
fects [11, 20]. It is also possible that impaired endo- 
neurial perfusion might contribute to reduced clear- 
ance of free radicals. Thus, their damaging effects 
may be self-reinforcing. 

Raised levels of lipid peroxidation products as a 
results of oxidative stress is well documented in clini- 
cal diabetes [15] and in STZ-diabetic rats [27]. D-a to- 
copherol, the most active form of vitamin E, is an 
anti-oxidant that affects membrane-bound enzyme 
systems [28, 29]. This vitamin is a potent modulator 
of endothelial cell function [30] and previous reports 
have indicated that D-c~ tocopherol can restore the 
prostacyclin/thromboxane A 2 balance in diabetic 
rats [31] and also stimulate the production of prosta- 
cyclin by cultured aortic endothelial cells at physio- 
logical glucose concentrations [32, 33]. Many studies 
also indicate that vitamin E content in tissues, espe- 
cially in platelets, is decreased in diabetic animals 
[34] and high concentrations of glucose reduce D-a 
tocopherol binding in tissues [35]. These reports thus 
strongly suggest that vascular defects in diabetes are 
related to vitamin E deficiency, leading to increased 
free radical damage, the accumulation of lipid perox- 
ides and a decrease in the production of prostacyclin 
by endothelial cells. 

The one striking inconsistency of data between the 
two studies are the mean plasma triglyceride levels in 
the untreated diabetic groups. We have examined the 
raw data but cannot explain the differences, although 
the values associated with the various treatments 
were more comparable. Thus, our data are in agree- 
ment  with published evidence showing that the in- 
creased levels of plasma triglyceride, lipid peroxida- 
tion products and higher protein glycation in diabe- 
tes are markedly attenuated by treatment with probu- 
col or vitamin E [27, 36]. Probucol is a drug widely 
used in the treatment of hypercholesterolaemia, 
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p robab ly  med ia t ed  by  scavenging superoxide  anions, 
which inhibits effect ively the oxidat ive modif ica t ion  
of  L D L  [37]. Howeve r ,  there  was no  effect  of  p robu-  
col on  the  increased plasma choles tero l  levels. It  has 
b e e n  demons t r a t ed  that  p robuco l  t r e a tmen t  can re- 
duce  se rum total  choles terol  levels in 4-week STZ-di-  
abet ic  rats [38] and B a r n h a r t  et  al. [39] also r ep o r t ed  
that  a 1 %  probuco l  diet  is sufficient to r educe  plas- 
ma  choles terol  in the  rat. These  observat ions  are not  
suppor ted  by our  results, a l though an explana t ion  
for  this is unc lear  as the p robuco l  t r ea tmen t  m ay  be  
cons idered  efficacious due  to its funct ional  effects. 

We have  previously  shown that  the  r educed  sciatic 
ne rve  laser D o p p l e r  flux in diabet ic  rats indicates 
possible ischaemia and that  a high dose of  evening 
pr imrose  oil has the poten t ia l  to p reven t  ne rve  ischa- 
emia  and conduc t ion  abnormal i t ies  [5, 40]. We also 
r epo r t e d  that  evening pr imrose  oil t r e a t m e n t  increas- 
es tissue prostacycl in  p roduc t ion  [9]. These  findings 
are suppor t ed  by  the demons t r a t i on  that  the benefi-  
cial effect  of  evening pr imrose  oil is comple te ly  
b locked  by the co-adminis t ra t ion  to diabet ic  rats of 
f lu rb ibrofen  [41] and that  ne rve  funct ion is also re- 
s tored  by a prostacycl in  ana logue  [7]. The  presen t  
s tudy conf i rms that  a lower  dose of  evening pr imrose  
oil is adequa te  for  efficacy against bo th  ne rve  ischa- 
emia  and conduc t ion  defects. O u r  s tudy also indi- 
cates that  ant i -oxidant  p roper t ies  of  the unsa tu ra ted  
fat ty  acids in evening p r imrose  oil must  be consid- 
e red  as c ompone n t s  of  its effects on  per iphera l  
nerves  since the re  was little addit ive effect  of this 
t r e a tm e n t  toge the r  with probucol .  De ta i l ed  examina-  
t ion of its effects  on  lipid perox ides  is warranted .  
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