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L-Carnitine metabolism is abnormal in diabetes mellitus, and treatment with acetyI-L-carnitine (ALC) improves the function of 
cardiac muscle, retina, and peripheral nerve in experimental models. The aim was to compare the effects of ALC and 
proprionyI-L-carnitine (PLC) on motor and sensory nerve conduction in streptozotocin-diabetic rats and to ascertain whether 
their action could be mediated by a vascular mechanism. ALC and PLC treatment for 2 months after diabetes induction 
attenuated the development of sciatic motor nerve conduction velocity (NCV) deficits by 59.4% -+ 4.4% and 46.9% _+ 3.2%, 
respectively. There was a similar level of protection for sensory saphenous NCV (42.9%-+ 6.6% and 47.8% _+ 6.0%, 
respectively). Neither ALC nor PLC prevented the development of resistance to hypoxic conduction failure (RHCF) in sciatic 
nerve from diabetic rats. A 46.5% -+ 3.4% deficit in sciatic endoneurial blood flow, measured by microelectrode polarography 
and hydrogen clearance, in diabetic rats was partially prevented by both ALC (48.7% _+ 6.4%) and PLC (69.4% _+ 10.1%). ALC 
had no significant effect on blood flow in nondiabetic rats. Thus, the data show that these L-carnitine derivatives have a similar 
efficacy in preventing nerve dysfunction, which depends on a neurovascular action. 
Copyright © 1995 by W.B. Saunders Company 

R E D U C E D  P E R I P H E R A L  N E R V E  conduction veloc- 
ity (NCV) and an increase in resistance to ischemic or 

hypo×ic conduction failure (RHCF)  are early abnormalit ies 
in patients with diabetes mellitus and in animal models. 1-4 
In the long term, axon and Schwann cell degenerat ion may 
be sufficiently severe to cause clinical neuropathy. A neuro- 
chemical hypothesis, based on activity of  the polyol pathway 
and impaired phosphoinosit ide metabol ism leading to a 
reduction in neuronal  Na+-K+-adenosine  tr iphosphatase 
(ATPase) ,  has been suggested to explain the etiology of 
diabetic neuropathy. 5 However,  recently, evidence has accu- 
mulated to support  the notion that the main target of 
metabolic  changes in diabetes is nerve vascular supply 
rather than the neurons themselves. Thus, reduced blood 
flow and consequent  endoneurial  hypoxia may be a major 
factor in the pathogenesis,  being responsible for early and 
late neuronal  abnormalities. 6-1° 

Carnit ine metabol ism is aberrant  in diabetes, and plasma 
and myocardial concentrat ions of free L-carnitine are 
diminished. 11 £-Carnit ine or  acetyl-£-carnitine (ALC) treat- 
ment  corrects some changes in cardiac biochemistry and 
function in diabetic ra ts )  2,13 More  recently, A L C  was found 
to prevent  electroret inographic abnormalities, TM reduced 
peripheral  NCV, I5,16 and increased albumin permeabil i ty in 
ocular tissues and nerve 17 of diabetic rats. In nondiabetic  
rats, A L C  improves nerve regenerat ion after crush injury 18 
and at tenuates age-related neuromuscular  dysfunction. 19 
The mechanism(s) of A L C  effects are not  known in detail, 
although there  have been  several suggestions. Cellular 
energy production may be improved as carnitine increases 
the transport of long-chain fatty acids into mitochondria  for 
[3-oxidation. The acetate moiety could also act as an energy 
source and may further enhance mitochondrial  lipid han- 
dling. 2° Increasing the metabol ism of long-chain acyl deriva- 
tives, which accumulate in diabetes, could be beneficial, 
since these amphipathic molecules interfere with many 
membrane  processes, for example, sarcoplasmic reticulum 
Ca 2+ ATPase  activity. 12 A L C  is naturally occurring and can 
act as a precursor for acetylcholine synthesis by neurons. 21 
It also has neurotrophic  propert ies  that enhance responses 
to and synthesis of growth factors. 22 

The aim of this study was to compare  the effects of  A L C  

and proprionyl-L-carnitine (PLC) in preventing changes in 
NCV and R H C F  in diabetic rats and, by measuring sciatic 
nerve blood flow, to determine whether  these compounds 
have a neurovascular action. 

MATERIALS AND METHODS 

Experimental Groups and Diabetes Induction 

Male Sprague-Dawley rats (Aberdeen University breeding 
colony) aged 19 weeks at the start of the study were used. Diabetes 
was induced by streptozotocin freshly dissolved in sterile 154-mmol • 
L -1 NaC1 solution (40 to 45 mg• kg -a intraperitoneally [IP]), and 
was verified 24 hours later by estimating hyperglycemia and 
glycosuria (Visidex II and Diastix; Ames, Slough, UK). Animals 
were tested weekly and weighed daily. They were rejected if blood 
glucose level was less than 20 mmol - L -1 or if they showed a 
consistent increase in body weight over 3 days. Samples for plasma 
glucose measurement using a standard test kit (GOD-Perid method; 
Boehringer, Mannheim, Germany) were taken on the day of final 
experiments. 

Four groups of rats were used: nondiabetic controls, 2-month 
untreated diabetic controls, and 2-month diabetic groups treated 
from induction with ALC or PLC (Sigma Tau, Rome, Italy) in the 
drinking water at an approximate dose of 500 mg • kg 1. d-1. The 
dose of ALC was chosen after pilot studies using 250 mg. kg a. d-1 
showed a motor NCV-prevention effect that was approximately 1 
to 2 m ' s -1 less than with 500 rag. kg -1 • d-k Separate groups were 
used for NCV, RHCF, and blood flow studies. A nondiabetic group 
was also treated with 500 mg • kg -1 . d -1 ALC for 2 months, 
primarily for blood flow measurements. 

N C V  and R t l C F  

In final experiments (1.0 to 1.5 g • kg -1 urethane anesthesia IP), 
NCV was measured in vivo between the sciatic notch and the knee 
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for sciatic motor branches supplying tibialis anterior (peroneal 
division) and gastrocnemius (tibial division) muscles. Sensory NCV 
was measured in the saphenous nerve between the groin and ankle. 
Rectal and nerve temperatures were monitored and regulated 
between 36.5 ° and 37.5°C. Methods have previously been described 
in detail. 23 

Sciatic nerve hypoxic resistance was measured in vitro for nerves 
from the contralateral leg as previously described, z4 The contralat- 
eral sciatic trunk was removed and mounted on bipolar stimulating 
(proximal end) and recording (distal end) electrodes in a chamber 
containing Krebs-Ringer solution at 35°C, with 5.5 mmol/L glucose 
for nerves from nondiabetic rats and 40 mmol/L glucose for 
diabetic rats. A previous study showed that short-term exposure to 
bath glucose concentrations between 5.5 and 40 mmol/L did not 
have a significant effect on RHCF in diabetic or nondiabetic rats 
(N.E. Cameron, M.A. Cotter, and D. Cox, unpublished observa- 
tions February 1989). Bathing fluid was gassed with 95% 02-5% 
CO2. Nerves were equilibrated for 30 minutes, and then the 
chamber was refilled with mineral oil pregassed for 1 hour with 
100% N2. Nerves were stimulated with just supramaximal pulses (1 
Hz, 0.05 ms width, l0 mA), and compound action-potential 
amplitude was monitored at 2-minute intervals until it was less than 
10% of its initial value. 

Sciatic Nerve Blood Flow 

Ratswere anesthetized with inactin (50 to 100 rag. kg 1 IP), the 
trachea was cannulated for artificial ventilation, and a carotid 
cannula was used to monitor mean systemic blood pressure. Core 
temperature of the animal was monitored and regulated between 
37 ° and 38°C using a rectal probe and radiant heat. The skin 
around the sciatic nerve incision was sutured to a metal ring and 
used to form a pool that was filled with mineral oil at 37°C to a 
depth of at least 1 cm to minimize diffusion of gasses directly to or 
from the nerve. Rats were given neuromuscular blockade using 
D-tubocurarine (Sigma, Poole, Dorset, UK) 2 m g '  kg -1 via the 
carotid cannula and artificially ventilated. The level of anesthesia 
was monitored by observing any reaction of blood pressure to 
manipulation, and supplementary inaetin was given as necessary. 
Nerve blood flow was measured by microelectrode hydrogen 
polarography as previously described. 7,25 Briefly, a glass-insulated 
platinum microelectrode (tip diameter, 2 to 8 t~m) was inserted 
into the middle portion of the sciatic nerve, above its trifurcation, 
and polarized at 0.25 V with respect to a reference electrode 
inserted subcutaneously in the flank of the rat. H2 10% was added 
to the inspired gas, with the proportions of 02 and N2 being 
adjusted to 20% and 70%, respectively. When the H2 current 
recorded by the electrode had stabilized (20 to 30 minutes), 
indicating equilibrium with arterial blood, H2 supply was shut off 
and N2 delivery was increased appropriately. The H2 clearance 
curve was recorded until baseline (30 minutes to l hour). This 
procedure was then repeated at another nerve site. After the 
experiment, clearance curves were digitized and monoexponential 
or biexponential curves were fitted to the data by computer using 
appropriate software (Inplot; Graphpad, San Diego, CA). The 
slow exponent, representing nutritive flow, was accepted. 7 The 
average of the two determinations was taken to represent sciatic 
endoneurial blood flow. Vascular conductance was calculated by 
dividing blood flow by mean arterial blood pressure during the 
recording period. 

Statistical Analysis 

Data were subjected to Bartlett's test for homogeneity of 
variances, and where necessary (blood pressure and vascular 
conductance results) they were normalized by log transformation 

before being tested using one-way ANOVA. Where significance 
was attained (P < .05), between-group differences were estab- 
lished using the Student-Neuman-Keuls multiple comparison test 
(Instat; Graphpad). Data are expressed as the mean +-- SEM. 

R E S U L T S  

Body weights and plasma glucose levels for the groups 
are listed in Table  1. Diabetes caused a high level of 
hyperglycemia, and body weight was reduced by approxi- 
mately 35% over 2 months. Trea tment  with A L C  or PLC 
did not significantly affect these parameters.  

Data  for motor  (Fig 1A and B) and sensory (Fig 1C) 
N C V  showed 19.4% --- 0.7% (P < .001) and 14.3% -+ 1.1% 
(P < .001) reductions after 2-month untreated diabetes, 
respectively. At tenuat ion of the mean sciatic motor  deficit 
was 59.4% -+ 4.4% for A L C  (P < .001) and 46.9% -+ 3.2% 
for PLC (P < .001). For  both treatments,  motor  N C V  to 
tibialis anterior (Fig 1A) and gastrocnemius (Fig 1B) 
muscles remained significantly (P < .001) reduced as com- 
pared with nondiabetic  rats, and the slightly lower protec- 
tion provided by PLC as compared with A L C  for the 
gastrocnemius branch was statistically significant (P < .05). 
Saphenous sensory N C V  (Fig 1C) deficits were  also par- 
tially prevented by A L C  (42.9% --- 6.6%, P < .001) and 
PLC (47.8% +_ 6.0%, P < .001). A L C  t rea tment  of  the 
group of nondiabetic  rats used for blood flow measure-  
ments did not  significantly affect motor  NCV to tibialis 
anterior muscle (65.6---0.9 v 63.2---0.7 m"  s -1 for the 
onset control group). 

R H C F  (Fig 2) was markedly increased by 2 months of 
diabetes. Thus, the duration of hypoxia necessary to reduce 
sciatic compound action-potential  ampli tude by 50% was 
15.2 --- 0.5 minutes in nondiabetic rats, and was increased to 
25.8 --- 1.2 (P < .001) by unt rea ted  diabetes. Values for 
A L C  (24.5 ± 1.0 minutes) and PLC ( 2 5 . 8 -  1.4) were 
similarly elevated as compared with nondiabetic  controls 
(P < .001) and were not  significantly different from values 
for untreated diabetes. There  was a small (34%, P < .05) 
reduction in the initial sciatic nerve compound action- 
potential  ampli tude (Fig 2, inset) with diabetes, which was 
not significantly affected by treatment.  

The  nutritive (capillary) component  of endoneurial  blood 
flow (Fig 3A) was reduced 46.5% -+ 3.4% (P < .001) by 
untreated diabetes. A L C  and PLC treatments  had similar 
effects in diabetic rats and partially prevented the decrease 
in perfusion by 48.7% -+ 6.4% and 69.4% -- 10.1%, 
respectively (both P < .001), although the flow remained 
significantly reduced (P < .001 for A L C  and P < .05 for 

Table 1. Body Weights and Plasma Glucose Concentrations 

of Rat Groups 

Group 

Body Weight (g) Plasma 
Glucose 

Start End (mmol/L) 

Nondiabet ic (n = 20) 479 -+ 7 - -  

Nondiabetic ALC-treated (n = 10) 466 -+ 6 506 -+ 6 

2 - m o d i a b e t i c ( n =  18) 4 4 9 - + 9  293 -+9  

2-mo diabetic ALC-treated (n = 17) 451 -+ 8 294 -+ 11 

2-mo diabetic PLC-treated (n = 18) 486 -+ 7 299 -+ 8 

8.0 -+ 0.3 
7.1 _+ 0.3 

41.2 + 1.7 

42.1 +- 2.0 
40.2 +_ 3.1 

NOTE. Mean _+ SEM. 
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Fig 1. Effects of diabetes and ALC and PLC t reatment  on sciatic 
motor NCV to tibialis anterior (A) and gastrocnemis (B) muscles and 
sensory NCV in saphenous nerve (C). NC, nondiabetic control group 
(n = 10); D, 2-month diabetic group (n = 10); DAC, 2-month diabetic 
group treated wi th  ALC 500 m g / k g / d  (n = 9); DPC, 2-month diabetic 
group treated wi th  PLC 500 m g / k g / d  (n = 10). Mean  -+ S E M  *P  < 
.001 v NC group; # P  < .001 v D group. 

PLC) as compared with nondiabetic control levels. Flow 
was not significantly altered in nondiabetic rats treated with 
ALC for 2 months. Systemic arterial blood pressure was 
lower in treated and untreated diabetic rats than in nondia- 
betic rats: 142.3 _+ 8.2 and 140.7 _+ 4.5 mm Hg for untreated 
and ALC-treated nondiabetic groups, respectively, as com- 
pared with 118.1 ± 2.3 (P < .01) for untreated, 109.0 ± 2.8 
(P < .001) for ALC-treated, and 120.3 _+ 5.0 (P < .05) for 
PLC-treated diabetic groups. When this reduction in perfu- 
sion pressure was taken into account by expressing the data 
as vascular conductance (Fig 3B), there remained a 37.6% _+ 
3.1% deficit with diabetes (P < .001), which was largely 
prevented by ALC (P < .001) and PLC (P < .001) treat- 
ments, with the resultant values being within the nondia- 
betic range. 

D I S C U S S I O N  

Both ALC and PLC partially prevented NCV deficits in 
diabetic rats. Motor effects agree with reports for ALC, 15-17 
but saphenous sensory NCV changes have not previously 
been described. The degree of prevention of NCV deficits 
was comparable to other investigations. Sixteen weeks' 
ALC treatment (150 mg/kg) prevented reduced motor 

NCV to the interosseous muscles of the foot by 69%] 5 and 
6 weeks' treatment (200 to 250 mg/kg) produced 46% 16 or 
complete I7 protection for caudal nerve. Although ALC was 
slightly more effective than PLC for gastrocnemius NCV, 
the overall degree of protection was similar ( ~  50%) for 
both compounds. This emphasizes the importance of the 
L-carnitine moiety, in line with a recent report that reduced 
caudal NCV was prevented by L-carnitine treatment. 17 The 
ALC effect is unlikely to depend on acetylcholine synthe- 
sis 21 from an "activated" acetyl group, since PLC would not 
fulfill this role. Previous studies have shown that ALC does 
not affect nerve polyol or myo-inositol concentration.IS,17 

The deficit in endoneurial nutritive perfusion with diabe- 
tes is in good agreement with other studies using hydrogen 
clearance. 7,25,26-3° Both ALC and PLC were similarly effec- 
tive in partially preventing this neurovascular deficiency, 
consistent with the degree of NCV protection. Thus, the 
main action of L-carnitine derivatives was probably on 
nerve vascular supply rather than a direct neuronal effect. 
However, ALC is not a general vasodilator, since nerve 
perfusion was unaffected in nondiabetic rats. In contrast, 
noradrenergic blockade and nitrovasodilators elevate nerve 
blood flow similarly in nondiabetic and diabetic rats. v,31,32 A 
vascular effect from the prevention by ALC/PLC of specific 
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Fig 2. Sciatic nerve RHCF in vitro for nondiabetic rats and diabetic 
rats wi th  and wi thout  ALC or PLC treatment.  (©)  Nondiabetic control 
group, n = 7; ( 0 )  2-month diabetic group, n = 10; (A)  2-month 
diabetic group treated wi th  ALC 500 m g / k g / d ,  n = 8; (V)  2-month 
diabetic group treated wi th  PLC 500 m g / k g / d ,  n = 8. Error bars are 
SEM and have been omitted from the treated diabetic groups for 
clarity. Inset, initial compound action-potential amplitude. After 8 
minutes' hypoxia, relative compound action-potential  amplitude was  
greater in diabetic and treated diabetic rats than in the nondiabetic 
group (P < .05). There were  no significant differences between dia- 
betic and ALC- and PLC-treated diabetic groups. 



1212 COTTER ET AL 

O 
O 

s" 

E 

.OO 
LL 

20 - 
A 

1 5 -  

10 - 

5 -  

0 - 

T 

. #  

+# 

~ < X ) <  

~ < X ) <  

K X ) <  

Kx.,~ 
K X X  

K " , X ' ~  

K x ) <  

K X ) <  

~ < x ) <  

~ < x ) <  

-t- 

E 
E 

"T 

O 
O 

"T 

E 

e -  

¢-  

O 
O 

0.15 - 

0.10 - 

0.05 - 

0 , 0 0  - 

B 

T 
# 

KXX 

K X ) <  

KXX 

KX)< 

<X)< 
<X)< 

<X)< 

(X~X 

KXX 

KXX 
p -- 

NC CAC D DAC DPC 

Fig 3. Effects of ALC and PLC on sciatic nutritive endoneurial 
blood flow (A) and vascular conductance {B). CAC, nondiabetic group 
treated for 2 months with ALC 500 m g / k g / d  (n = 9);  D, n = 8; DAC, 
n = 8; DPC, n = 8. M e a n  ~- SEM. * P  < .001, + P  < .05 v NC group; # P  < 

.001 v group. 

diabetic abnormalities is consistent with the outcome of 
other metabolic interventions such as aldose reductase 
inhibition, 29 antioxidants, 28 oJ6 essential fatty acids, 3° and 
aminoguanidine, 26 which increase nutritive flow in diabetic 
but not nondiabetic rats. 

ALC and PLC did not alter RHCF, in contrast to NCV 
and blood flow effects. RHCF mainly reflects an adaptation 
to the hypoxic endoneurium, involving increased reliance 
on anaerobic energy metabolism. 6 It occurs in nondiabetic 
rats reared under hypoxic conditions or with chronic 
manipulations that reduce nerve blood flow. 33,34 ALC- and 
PLC-mediated increases in nerve perfusion would partially 

reduce endoneurial hypoxia; however, this may not be 
sufficient to prevent RHCF development, which is consider- 
ably more resistant than NCV to treatments that elevate 
blood flow. 8 In addition, hyperglycemic exposure can inde- 
pendently stimulate nerve anaerobic metabolism. 35 Thus, 
the continuing presence of RHCF in ALC/PLC-treated 
diabetic rats is consistent with an incomplete prevention of 
nerve perfusion deficits. 

This study suggests that L-carnitine effects are mediated 
largely by a vascular action in nerve; however, the precise 
mechanism is unclear. One hypothesis emphasizes "hyper- 
glycemic pseudohypoxia," and thus an increased cytosolic 
N A D H / N A D  ÷ ratio due to enhanced polyol pathway flux 
may lead to cellular dysfunction via a complex of effects on 
intermediate metabolism) 6 Parallels have been drawn with 
changes in N A D H / N A D  + ratio for ischemia, which is 
pertinent since endoneurial hypoxia is well documented in 
diabetic rats and patients. 9,25,28-3° Pseudohypoxic and true 
hypoxic effects may be additive. Vascular abnormalities 
that indirectly affect nerve function could also have a 
potential contribution from pseudohypoxia. 36 

A potential role for L-carnitine in this complex metabolic 
hypothesis has been suggested. 17,36 An increased mitochon- 
drial N A D H / N A D  + ratio inhibits B-oxidation of fatty 
acids. Together with a reduction in tissue L-carnitine, which 
is necessary for mitochondrial long-chain fatty acid trans- 
port, this may be responsible for accumulation of long- 
chain fatty acid esters, as noted in the heart. 1M3 These 
amphipathic molecules modulate the function of enzymes 
such as Na ÷-K ÷-ATPase, Ca 2+-ATPase, and protein kinase 
C. Empirically, treatment with L-carnitine, ALC, or PLC 
attenuates the accumulation of long-chain fatty acid esters 
and consequent functional effects, for example, in cultured 
myocytes or granulation tissue vessels. 17,36 

Against arguments in favor of a pseudohypoxia hypoth- 
esis applied to peripheral nerve and vasa nervorum, other 
findings must be considered. Vasodilator treatment cor- 
rects NCV and blood flow deficits without altering the main 
cause of pseudohypoxic changes in the N A D H / N A D  + 
ratio, polyol pathway activity. 37,38 Therefore, direct polyol/ 
pseudohypoxic effects on nerve fibers are probably unimpor- 
tant as compared with the endoneurial hypoxia consequent 
to reduced blood flow. Pseudohypoxia may contribute to 
changes in RHCF, involving greater anaerobic metabolism, 
which can result from hyperglycemiaY This effect is glucose- 
specific in vitro, being absent with galactose exposure, 39 
which is consistent with dependence on flux through the 
second half of the polyol pathway; NADH formation is 
catalyzed by sorbitol dehydrogenase, for which galactitol is 
a poor substrate. However, galactosemic and diabetic rats 
show comparable RHCF, 4° and in both cases reduced 
endoneurial oxygenation appears to be responsible. This is 
caused by the blood flow defect in diabetes, but mainly 
results from increased oxygen diffusion distances due to 
endoneurial edema in galactosemia. ¢1 Thus, although pseu- 
dohypoxia probably does not directly affect nerve fibers, the 
blood flow data could suggest effects on vasa nervorum, 
which would indirectly cause neuronal dysfunction. 

Increased diacylglycerol levels have been found in the 
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aorta of chronically galactosemic and diabetic dogs and in 
rat endothelial  and smooth muscle cells cultured under  
high glucose or galactose concentrations. 42 These data 
indirectly support a hypothesis involving stimulation of 
protein kinase C by diacylglycerol, which may account for 
reductions in retinal  blood flow in diabetic rats. 43 Interest- 
ingly, ALC treatment  reduced diacylglycerol levels in nerves 
of diabetic rats. 17 Thus, L-carni t ine-mediated correction of 
neurovascular insufficiency may depend on alterations in 
diacylglycerol metabolism, which requires further investiga- 
tion. 

Studies characterizing potential  actions of L-carnitine on 
vascular smooth muscle or endothel ium in diabetes have 
not been  reported, although the blood flow data suggest 
that effects are likely. Endothe l ium-dependent  relaxation is 
impaired by diabetes, a phenomenon  linked to some of the 
metabolic changes that alter nerve function: polyol path- 
way, advanced glycation, and oxidative stress. 44-47 Dimin- 
ished ATP supply depresses nitric oxide production by 
endothelial  cells. 4s ATP synthesis could be limited by 
pseudohypoxia or other mechanisms. Increased [3-0xidation 
of fatty acids, stimulated by ALC and PLC, 2° might increase 
ATP synthesis in the endothel ium of resistance vessels, 
where, unlike nerve endoneurium, 6 oxygen availability would 
not  limit mitochondrial  metabolism. Long-chain acyl coen- 
zyme A accumulation in diabetes inhibits mitochondrial 
transport  of adenine nucleotides, which could further 

compromise ATP production. 49 ALC and PLC treatments 
prevent the accumulation of these amphipathic molecules. 
Ca 2+ is also required for nitric oxide synthesis by endothe- 
lium, 5° and Ca 2+ homeostasis is altered in several diabetic 
tissues. 12,13,5° Elevated vascular reactivity to norepinephrine 
in diabetic rats partly depends on increased activity/ 
number  of smooth muscle voltage-sensitive Ca 2+ channels, 
the result being greater reliance on extracellular Ca 2÷ for 
contraction. 51 This may be an adaptat ion to impaired 
sarcoplasmic reticulum function caused by the inhibitory 
effect of long-chain fatty acid esters on Ca 2÷-ATPase pump 
activity. 49,52 Thus, as in cardiac muscle, 12A3,36 L-carnitine 
may improve Ca 2+ handling. Together, L-carnitine effects 
on ATP synthesis and Ca 2÷ regulation could partially 
correct endothel ium and smooth muscle function and 
therefore nerve blood flow. 

In conclusion, whatever the exact mechanism of ALC 
and PLC neurovascular action, they both partially prevent 
nerve dysfunction in diabetic rats. Thus, L-carnitine deriva- 
tives could have a potentially important  dual action against 
clinical neuropathy in diabetic patients: namely improve- 
ment  of endoneurial  perfusion and, via a t rophic  effect, ~8,22 
stimulation of fiber regeneration. 

ACKNOWLEDGMENT 

We are grateful to Dr Z. Orfalian and Sigma-Tau for the supply 
of L-carnitine derivatives. 

REFERENCES 

1. Gregersen G: Diabetic neuropathy: Influence of age, sex, 
metabolic control and duration of diabetes on motor conduction 
velocity. Neurology 17:972-980, 1967 

2. Gregersen G: A study of peripheral nerves in diabetic 
subjects during ischaemia. J Neurol Neurosurg Psychiatry 31:175- 
181, 1968 

3. Eliasson SG: Nerve conduction changes in experimental 
diabetes. J Clin Invest 43:2352-2358, 1964 

4. Seneviratne KN, Peiris OA: The effects of hypoxia on the 
excitability of isolated peripheral nerves of alloxan-diabetic rats. J 
Neurol Neurosurg Psychiatry 32:462-469, 1969 

5. Greene DA, Lattimer SA, Sima AAF: Pathogenesis and 
prevention of diabetic neuropathy. Diabetes Metab Rev 4:201-221, 
1988 

6. Low PA, Tuck RR, Takeuchi M: Nerve microenvironment in 
diabetic neuropathy, in Dyck PJ, Thomas PK, Asbury AK, et al 
(eds): Diabetic Neuropathy. Philadelphia, PA, Saunders, 1987, pp 
266-278 

7. Cameron NE, Cotter MA, Low PA: Nerve blood flow in early 
experimental diabetes in rats: Relation to conduction deficits. Am 
J Physiol 261:El-E8, 1991 

8. Cameron NE, Cotter MA: Potential therapeutic approaches 
to the treatment or prevention of diabetic neuropathy: Evidence 
from experimental studies. Diabetic Med 10:593-605, 1993 

9. Newrick PG, Wilson AJ, Jakubowski J, et al: Sural nerve 
oxygen tension in diabetes. Br Med J 293:1053-1054, 1986 

10. Tesfaye S, Harris N, Jakubowski JJ, et al: Impaired blood 
flow and arterio-venous shunting in human diabetic neuropathy: A 
novel technique of nerve photography and fluorescein angiogra- 
phy. Diabetologia 36:1266-1274, 1993 

11. Vary TC, Neely JR: A mechanism for reduced myocardial 
carnitine levels in diabetic animals. Am J Physiol 243:H154-H158, 
1982 

12. Lopaschuk GD, Tahiliani AG, Vadlamudi RVSV, et al: 
Cardiac sarcoplasmic reticulum function in insulin or carnitine 
treated diabetic rats. Am J Physio1245:H969-H976, 1983 

13. Rodrigues B, Xiang H, McNeil JH: Effect of L-carnitine 
treatment on lipid metabolism and cardiac performance in chroni- 
cally diabetic rats. Diabetes 37:1358-1364, 1988 

14. Lowitt S, Malone JI, Salem A, et al: Acetyl-L-carnitine 
corrects electroretinographic deficits in experimental diabetes. 
Diabetes 42:1115-1118, 1993 

15. Malone JI, Lowitt S, Corsico N, et al: Altered neuroexcitabil- 
ity in experimental diabetic neuropathy: Effect of acetyl-L- 
carnitine. Int J Clin Pharmacol Res 12:237-241, 1992 

16. Morabito E, Serafini S, Corsico N, et al: Acetyl-L-carnitine 
effects on nerve conduction velocity in streptozotocin-diabetic rats. 
Arzneimittel forschung 43:343-346, 1993 

17. Ido Y, McHowat J, Chang KC, et al: Neural dysfunction and 
metabolic imbalances in diabetic rats: Prevention by acetyl-L- 
carnitine. Diabetes 43:1469-1477, 1994 

18. De Angelis C, Scarfo C, Falcinelli M, et al: Levocarnitine 
acetyl stimulates peripheral nerve regeneration and neuromuscu- 
lar junction remodelling following sciatic nerve injury. Int J Clin 
Pharmacol Res 12:269-279, 1992 

19. Scarfo C, Falcinelli M, Pacifici L, et al: Morphological and 
electrophysiological changes of peripheral nerve-muscle unit in the 
aged rat prevented by levocarnitine acetyl. Int J Clin Pharmacol 
Res 12:253-262, 1992 

20. Siliprandi N, Siliprandi D, Ciman M: Stimulation of oxida- 
tion of mitochondrial fatty acids and of acetate by acetylcarnitine. 
Biochem J 96:777-780, 1965 

21. Dole~al V, Tu6ek S: Utilization of citrate, acetylcarnitine, 
acetate, pyruvate and glucose for the synthesis of acetylcholine in 
rat brain slices. J Neurochem 36:1323-1330, 1981 

22. Taglialatela G, Angelucci L, Ramacci MT, et al: Acetyl-L- 



1214 COTTER ET AL 

carnitine enhances the response of PC12 cells to nerve growth 
factor. Dev Brain Res 59:221-230, 1991 

23. Cameron NE, Cotter MA, Robertson S: The effect of aldose 
reductase inhibition on the pattern of nerve conduction deficits in 
diabetic rats. Q J Exp Physiol 74:917-926, 1989 

24. Cameron NE, Cotter MA, Robertson S: Effects of essential 
fatty acid dietary supplementation on peripheral nerve and skeletal 
muscle function and capillarization in streptozocin diabetic rats. 
Diabetes 40:532-539, 1991 

25. Tuck RR, Schmelzer JD, Low PA: Endoneurial blood flow 
and oxygen tension in the sciatic nerves of rats with experimental 
diabetic neuropathy. Brain 107:935-950, 1984 

26. Kihara M, Schmelzer JD, Poduslo JF, et al: Aminoguanidine 
effect on nerve blood flow, vascular permeability, electrophysiol- 
ogy, and oxygen free radicals. Proc Natl Acad Sci USA 88:6107- 
6111, 1991 

27. Hotta N, Kakuta H, Fukasawa H, et al: Effect of niceritrol 
on streptozocin-induced diabetic neuropathy in rats. Diabetes 
41:587-591, 1992 

28. Cameron NE, Cotter MA, Archibald V, et al: Anti-oxidant 
and pro-oxidant effects on nerve conduction velocity and endoneu- 
rial blood flow and oxygen tensions in non-diabetic and streptozoto- 
cin-diabetic rats. Diabetologia 37:449-459, 1994 

29. Cameron NE, Cotter MA, Dines KC, et al: Aldose reductase 
inhibition, nerve perfusion, oxygenation and function in streptozoto- 
cin-diabetic rats: Dose-response considerations and independence 
from a myo-inositol mechanism. Diabetologia 37:651-663, 1994 

30. Cameron NE, Cotter MA: Effects of evening primrose oil 
treatment on sciatic nerve blood flow and endoneurial oxygen 
tension in streptozotocin-diabetic rats. Acta Diabetol 31:220-225, 
1994 

31. Zochodne DW, Huang Z, Ward K, et al: Guanethidine 
adrenergic sympathectomy augments endoneurial perfusion and 
lowers endoneurial microvascular resistance. Brain Res 519:112- 
117, 1990 

32. Cameron NE, Cotter MA: Effects of chronic treatment with 
a nitric oxide donor on nerve conduction abnormalities and 
endoneurial blood flow in streptozotocin-diabetic rats. Eur J Clin 
Invest 25:19-24, 1995 

33. Low PA, Schmelzer JD, Ward KK, et al: Experimental 
chronic hypoxic neuropathy: Relevance to diabetic neuropathy. 
Am J Physio1250:E94-E99, 1986 

34. Cameron NE, Cotter MA, Dines KC, et al: Pharmacological 
manipulation of vascular endothelium in non-diabetic and strepto- 
zotocin-diabetic rats: Effects on nerve conduction, hypoxic resis- 
tance and endoneurial capillarization. Diabetologia 36:516-522, 
1993 

35. Strupp M, Jund R, Schneider U, et al: Glucose availability 
and sensitivity to anoxia of isolated rat peroneal nerve. Am J 
Physio1261:E389-E394, 1991 

36. Williamson JR, Chang K, Frangos M, et al: Hyperglycemic 
pseudohypoxia and diabetic complications. Diabetes 42:801-813, 
1993 

37. Cameron NE, Cotter MA, Robertson S: Rapid reversal of a 
motor nerve conduction deficit in streptozotocin-diabetic rats by 

the angiotensin converting enzyme inhibitor lisinopril. Acta Diabe- 
to130:46-48, 1993 

38. Maxfield EK, Cameron NE, Cotter MA, et al: Angiotensin II 
receptor blockade improves nerve function, modulates nerve blood 
flow and stimulates endoneurial angiogenesis in streptozotoein- 
diabetic rats. Diabetologia 36:1230-1237, 1993 

39. Schneider U, Neidermeier W, Grafe P: The paradox be- 
tween resistance to hypoxia and liability to hypoxic damage in 
hyperglycemic peripheral nerves: Evidence for glycolysis involve- 
ment. Diabetes 42:981-987, 1993 

40. Cameron NE, Cotter MA, Robertson S, et al: Muscle and 
nerve dysfunction in rats with experimental galactosaemia. Exp 
Physiol 77:89-108, 1992 

41. McManis PG, Low PA, Yao JK: The relationship between 
nerve blood flow and intercapillary distance in peripheral nerve 
edema. Am J Physio1251:E92-E97, 1986 

42. Xia P, Inoguehi T, Kern TS, et al: Characterization of the 
mechanism for the chronic activation of diacylglycerol-protein 
kinase C pathway in diabetes and hypergalactosemia. Diabetes 
43:1122-1129, 1994 

43. Shiba T, Inoguchi T, Sportsman JR, et al: Correlation of 
diacylglycerol level and protein kinase C activity in the rat retina to 
retinal circulation. Am J Physiol 265:E783-E793, 1993 

44. Cameron NE, Cotter MA: Impaired contraction and relax- 
ation in aorta from streptozotocin-diabetic rats: Role of polyol 
pathway activity. Diabetologia 35:1011-1019, 1992 

45. Tesfamariam B, Palacino JJ, Weisbrod RM, et al: Aldose 
reductase inhibition restores endothelial cell function in diabetic 
rabbit aorta. J Cardiovasc Pharmacol 21:205-211, 1993 

46. Bucala R, Tracey KJ, Cerami A: Advanced glycosylation 
products quench nitric oxide and mediate defective endothelium- 
dependent vasodilation in experimental diabetes. J Clin Invest 
87:432-438, 1991 

47. Langenstroer P, Pieper GM: Regulation of spontaneous 
EDRF release in diabetic rat aorta by oxygen free radicals. Am J 
Physio1263:H257-H265, 1992 

48. Griffith TM, Edwards DH, Newby AC, et al: Production of 
endothelium-derived relaxant factor is dependent on oxidative 
phosphorylation and extracellular calcium. Cardiovasc Res 20:7- 
12, 1986 

49. Cameron NE, Cotter MA, Robertson S: Changes in skeletal 
muscle contractile properties in experimental diabetes: The role of 
the polyol pathway and hypoinsulinemia. Diabetes 39:460-465, 
1990 

50. White RE, Carrier GO: Vascular contraction induced by 
activation of membrane calcium ion channels is enhanced in 
streptozotocin-diabetes. J Pharmacol Exp Ther 253:1057-1062, 
1990 

51. Corr PB, Gross RW, Sobel BE: Amphipathic metabolites 
and membrane dysfunction in ischemic myocardium. Circ Res 
55:135-154, 1984 

52. Lopaschuk GD, Spafford M: Responses of isolated working 
hearts to fatty acids and carnitine palmitoyltransferase 1 inhibition 
during reduction of coronary flow in acutely and chronically 
diabetic rats. Circ Res 65:378-387, 1989 


