Acetyl-L-Carnitine Corrects the Altered Peripheral Nerve Function of
Experimental Diabetes
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Acetyl-L-carnitine (ALC) has been shown to facilitate the repair of transected sciatic nerves. The effect of ALC (50 mg/kg/d) on
the diminished nerve conduction velocity (NCV) of rats with streptozotocin (STZ)-induced hyperglycemia of 3 weeks’ duration
was evaluated. The aldose reductase inhibitor, sorbinil, which is reported to normalize the impaired NCV associated with
experimental diabetes, was used as a positive control. Aldose reductase inhibitors are thought to have an effect by decreasing
peripheral nerve sorbitol content and increasing nerve myo-inositol. Treatment of STZ-diabetic rats with either ALC or sorbinil
resulted in normal NCV. Sorbinil treatment was associated with normalized sciatic nerve sorbitol and myo-inositol; ALC
treatment did not reduce the elevated sorbitol levels, but sciatic nerve myo-inositol content was no different from nondiabetic
levels. Both ALC and sorbinil treatment of STZ-diabetic rats were associated with a reduction in the elevated malondialdehyde
(MDA) content of diabetic sciatic nerve, indicating reduced lipid peroxidation. The beneficial effects of sorbinil and ALC on the
altered peripheral nerve function associated with diabetes were similar, but their effects on the polyol pathway (frequently

implicated in the pathogenesis of peripheral neuropathy) were different.
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EDUCED CONDUCTION velocity of peripheral
nerves has been associated with hyperglycemia and
increased activity of the polyol pathway.l* This increased
activity is indicated by elevated nerve sorbitol and fructose
concentrations. Aldose reductase inhibitors such as sorbinil
have been shown to reduce polyol pathway activity and
improve nerve conduction velocities (NCVs) in hyperglyce-
mic animals and diabetic subjects.!> The acutely reduced
peripheral nerve function associated with diabetes there-
fore has been linked to biochemical abnormalities. Acetyl-
L-carnitine (ALC) has been shown to enhance regeneration
of transected peripheral nerves®’ without specific biochemi-
cal alterations. Since NCV measures signal transmission in
peripheral nerves of animals, it seemed appropriate to
compare the influence of two different agents (sorbinil and
ALC) on the altered peripheral nerve function of rats with
streptozotocin (STZ)-induced hyperglycemia.

MATERIALS AND METHODS

Fasted male Wistar rats (Charles River Laboratories, Wilming-
ton, MA) weighing 150 to 210 g were made diabetic by intraperito-
neal injection of STZ (Upjohn, Kalamazoo, MI) 50 mg/kg in cold
buffered sodium citrate (pH 4.5).% Seven and 14 days after STZ
injection, a tail blood glucose level greater than 20 mmol/L was
used to identify animals with experimental diabetes mellitus. Seven
days after STZ injection, hyperglycemic animals were divided into
three groups for 14-day intraperitoneal administration of (1) 50
mg/kg/d ALC (Sigma Tau, Rome, Italy) freshly prepared each day
in distilled water just before injection (pH adjusted to 7.4 with
NaOH); (2) 40 mg/kg/d sorbinil (an aldose reductase inhibitor;
Pfizer Central Research, Groton, CT); or (3) buffer alone. Animals
were provided abundant food and water and were weighed every
third day.

Sciatic Motor NCV Measurements

Rats were anesthetized with sodium pentobarbital (60 mg/kg
intraperitoneally). Rear-limb temperature was monitored with a
thermistor probe (Sensortek Instruments, Clifton, NJ) placed
subcutaneously in the gastrocnemius muscle and maintained at
36°C with a radiant heater. Stimulating electrodes were inserted at
the sciatic notch for proximal stimulation and at the ankle for distal
stimulation.>10 Subcutaneous recording electrodes were placed
transversely over the plantar intrinsic foot muscles. Stimuli were
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supramaximal square-wave pulses of 0.05-millisecond duration and
10- to 20-V amplitude. A Grass stimulus isolation unit (STU-5,
Grass Instrument, Quincy, MA) eliminated stimulus artifacts. A-D
12-bit-resolution hardware and “Scopedriver” waveform acquisi-
tion software (RC Electronics, Santa Barbara, CA) were used to
capture and analyze the elicited waveform. The hindlimb was
extended, and the distance between the two points of stimulation
was measured with a micrometer and conduction velocities were
calculated: NCV = (distance between two points of stimulation)/
(proximal latency — distal latency).

Biochemistry

After all physiologic measurements were made, animals were
anesthetized with 100 mg/kg sodium pentobarbital. The sciatic
nerve was removed from the live animal, and the epineurium was
removed. The nerve was immediately frozen in liquid nitrogen and
stored in an atmosphere of nitrogen to prevent auto-oxidation. Five
miililiters of blood was removed by heart puncture. The blood was
centrifuged, and the packed red blood cells were washed three
times in 0.9% sodium chloride solution and frozen at —20°C.

The glucose content of rat plasma was measured in a Beckman
Glucose Analyzer 2 (Beckman Instruments, Fullerton, CA). Ali-
quots of packed red blood cells were analyzed for glycosylated
hemoglobin by affinity chromatography using Glyc-Affin GHb
columns (Isolab, Akron, OH). Packed red blood cells (1 mL) were
mixed with 2 mL distilled water and vortexed, and sciatic nerves
were homogenized in cold (4°C) deionized water with a Polytron
PT3000 homogenizer (Brinkmann Instruments, Lucerne, Switzer-
land). One milliliter of these suspensions was deproteinized by
precipitation with 2 mL 0.17-mol/L barium hydroxide and 2 mL
0.17-mol/L zinc sulfate. Sorbitol and myo-inositol (as acetate
derivatives in these samples) were measured by gas-liquid chroma-
tography!! with two modifications: (1) a 30-m capillary column
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J & W Scientific, Folsom, CA) with a DB-225 liquid phase was
used, and (2) the gas-liquid chromatograph was model 5890
(Hewlett Packard Instruments, Avondale, PA).

The malondialdehyde (MDA) level was measured in segments of
tibial nerve using the method reported by Low and Nickander!?
with one modification: the pH of the thiobarbituric acid solution
was changed from 6.7 to 2.0 to promote better extraction into the
hydrophobic phase. Taurine level was measured by high-perfor-
mance liquid chromatography using a column containing Aminex
A=6 resin (Bio-Rad Laboratories, Melville, NY) and a post-column
reaction with o-phthaldialdehyde.!®
* Data are expressed as the mean + SEM. Data analyses were
performed using SAS-PC (SAS Institute, Cary, NC). Differences
among three or more means were tested by ANOVA (using Proc
GLM; SAS Institute), coupled with the least-significant difference
multiple range test.

RESULTS

The sciatic NCVs for rats that were hyperglycemic for 3
weeks (41.4 = 1.0 m/s) were significantly less than for
nondiabetic rats (46.6 = 0.5, P < .01; Fig 1). Animals that
were hyperglycemic for 3 weeks and treated with either
ALC or sorbinil for the last 2 weeks had NCVs (47.5 = 2.1
and 44.9 = 1.2 m/s) significantly greater than those for
untreated diabetic animals (P < .01 and P < .05, respec-
tively).

During the 21 days of this experiment, nondiabetic rats
gained an average 122 g (from 177 = 6.0 to 299 = 5.2 g),
whereas diabetic rats gained only 48 g (from 180 + 6.6 to
228 + 5.6 g). There was no difference in weight gain among
diabetic rats whether they received ALC, sorbinil, or
placebo. Plasma glucose concentrations and glycosylated
hemoglobin levels were higher in diabetic rats (treated and
untreated) as compared with nondiabetic rats (P < .01;
Table 1). Red blood cell sorbitol, which was elevated in
diabetic animals (P < .01), was unchanged in rats treated
with ALC but was reduced in diabetic rats treated for 2
weeks with sorbinil (Table 1).

Sciatic nerve sorbitol content was increased in untreated
diabetic rats (0.81 + 0.13 nmol/mg dry weight, P < .025)
and diabetic rats receiving ALC (0.57 = .14, P < .05), but
was reduced in diabetic rats receiving sorbinil (0.46 + 0.11).
The myo-inositol content of diabetic rat nerves was less
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Fig 1. Méaq sciatic NCV for 9-week-old male Wistar rats. Diabetic
rafs were hyperglycemic for 3 weeks. Treated rats were treated for 2
weeks. #Different from nondiabetic and ALC-treated diabetic rats,
P <.01. -
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than (2.61 = 0.38 nmol/mg dry weight) that found in
normal nondiabetic animals (P < .01, Table 1). The sciatic
nerve myo-inositol content of sorbinil- and ALC-treated
diabetic rats was no different from that of nondiabetic rats
(Table 1).

The MDA content of sciatic nerves from untreated
diabetic rats was greater than (257.6 = 49.8 pmol/mg dry
weight) that found in nondiabetic sciatic nerve (170.3 = 18.6,
P < .05). ALC and sorbinil treatment of diabetic rats was
associated with reduced nerve MDA content (168.0 + 26.3
and 157.3 + 26.0 pmol/mg dry weight), which did not differ
from the nondiabetic animals (Table 1).

The sciatic nerve taurine content of untreated diabetic
rats (2.25 = 0.13 nmol/mg dry weight) was less than that
found in nondiabetic rats (3.12 = 0.25, P < .05). The sci-
atic nerve taurine content of sorbinil-treated diabetic rats
did not differ from that of nondiabetic rats. The taurine
content of sciatic nerves from ALC-treated rats was less
than that from nondiabetic rats (P < .05, Table 1).

DISCUSSION

Both ALC and sorbinil prevented the reduced NCV in
peripheral nerves of rats with STZ-induced hyperglycemia.
Measurements of plasma glucose and glycosylated hemoglo-
bin levels indicated that neither ALC nor sorbinil reduced
the experimental hyperglycemia. Sciatic nerve and red
blood cell sorbitol contents were normalized in hyperglyce-
mic animals receiving sorbinil, indicating a reduction in
polyol pathway activity. ALC did not alter the sorbitol
content of either the red blood cells or sciatic nerves of
these hyperglycemic animals, indicating that its effect on
peripheral nerve function was not mediated by the polyol
pathway.

In the present study, sciatic nerve myo-inositol content
decreased in untreated diabetic animals, but returned to
normal levels in diabetic animals treated with sorbinil and
ALC. Many investigators have reported that peripheral
nerve function in diabetes is linked to nerve polyol pathway
activity and its influence on tissue myo-inositol content.!
The improved NCV response to ALC in these STZ-diabetic
rats was not specifically related to a reduction of nerve
sorbitol, but was associated with physiologic nerve myo-
inositol content. ALC apparently preserved nerve myo-
inositol content without affecting polyol pathway activity.

It has been postulated that aldose reductase inhibitor—
induced increased peripheral nerve myo-inositol content in
STZ-diabetic animals may cause an observed increase in
the activity of Na*,K* -adenosine triphosphatase (ATPase),
which in turn contributes to improvements in NCV.2!4 Sima
et al’® and Ido et al.!¢ recently reported that ALC treatment
of diabetic BB rats was associated with normalization of
sciatic nerve Na+,K+ -ATPase activity and improved periph-
eral NCV. We did not measure Na*,K*+-ATPase activity in
this study, but if nerve myo-inositol content mediates
Na*,K*-ATPase activity, our observations are consistent
with those of Ido et al and suggest a mechanism of tissue
myo-inositol repletion independent of reduced sorbitol and
aldose reductase inhibition.
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Table 1. Sciatic Nerve Sorbitol, Inositol, Taurine, and MDA, Plasma Glucose and Hemoglobin A,,, and RBC Sorbitol Contents in Male Wistar
Rats Subjected to Different Treatment Regimens

Diabetic
Sciatic nerve Nondiabetic Untreated Sorbinil-Treated {40 40/kg/d) ALC-Treated (50 mg/kg/d)
Sciatic nerve
Sorbitol (nmol/mg dry weight) 0.37 = .07 0.81 + 0.13t 0.46 = 0.11% .57 = 0.14*
No. of rats 26 16 14
Inositol (nmol/mg dry weight) 5.49 + .67 2.61 + 0.38% 4.83 + 0.588 4.08 = 0.70§
No. of rats 26 16 "
Taurine (nmol/mg dry weight) 312 £ .25 2,25 = .13* 2.65 = 47 2.07 + .36%
No. of rats 26 16 15
MDA {pmol/mg dry weight) 170.3 £ 18.6 257.6 = 49.8* 157.3 + 26.08 168.0 + 26.38
No. of rats 25 16 15
Plasma glucose (mmol/L}) 5.31 +0.35 18.43 + 0.88% 18.65 * 1.02% 19.80 =+ 0.90%
No. of rats 26 16 15
Glycosylated hemoglobin (%) 4.9 £ 0.2 12.5 £ 0.5% 14.3 £ 0.5% 15.4 « 1.0%
No. of rats 26 16 15
RBC sorbitol {(nmol/mL) 1.24 £ 0.34 27.9 = 2.6% 7.42 = 1.908 24.0 + 2.9%
No. of rats 26 10 15

*Different from nondiabetic, P < .05.
TDifferent from nondiabetic, P < .025.
*Different from nondiabetic, P < .01.
§Difference from nondiabetic nonsignificant.

Sciatic nerve MDA content was measured to look for
evidence of increased lipid peroxidation in peripheral nerve
of STZ-diabetic animals. Lipid peroxidation of peripheral
nerve could damage the myelin sheath and interfere with
nerve function. Low and Nickander have reported that the
MDA content of diabetic nerve was not different from that
of nondiabetic sciatic nerve after 4 weeks of experimental
diabetes.!? In the present study, after 3 weeks of hyperglyce-
mia, the MDA content of sciatic nerves was higher than
that found in nondiabetic age-matched rats. Two weeks of
sorbinil or ALC administration to diabetic animals resulted
in a nerve MDA content similar to that in nondiabetic
control rats.

Tissue taurine levels have been shown to influence MDA
levels in the rabbit lens.” Previous reports indicated that
nerve taurine was reduced in animals with STZ-diabe-
tes.!”18 The taurine content of sciatic nerves from STZ-
diabetic animals evaluated in this study was less than that of
nerves from nondiabetic animals (P < .05). Sorbinil-
treated diabetic animals had normal nerve taurine levels,
but rats treated with ALC continued to have elevated
sorbitol and reduced taurine content. Thus, nerve taurine
levels seemed to be influenced by the activity of the polyol
pathway, possibly as an osmoregulator,’®?0 but taurine
content did not explain the beneficial effect of both ALC
and sorbinil on the impaired NCVs associated with diabetes
mellitus.

Increases in free radical production and accompanying
peroxidative damage have been proposed as a mechanism
for diabetes-associated tissue damage.'> The elevated MDA
in nerves of STZ-diabetic rats indicates that lipid peroxida-
tion was occurring in sciatic nerves of these animals. This
differs from a previous report!?> where MDA was increased,
but not significantly, in diabetic animals. This may be due to
the improved MDA extraction procedure used in the

current study. ALC- and sorbinil-treated hyperglycemic
animals did not have elevated sciatic nerve MDA levels. It
appears that both ALC and sorbinil protected the nerves of
hyperglycemic animals from lipid peroxidation. Fariello
and Calabrese?! have reported that ALC reduces the MDA
content of ischemic mouse brain. A possible mechanism for
this ALC effect is the generation of increased mouse brain
glutathione,?? which partially protects against increased
free radical activity. Aldose reductase inhibitors such as
sorbinil may have a similar effect by blocking the hypergly-
cemia-induced decrease in the concentration of NADPH*.2
Another recent report indicates that ALC protected cul-
tured fibroblasts against the effects of high levels of free
radicals.?* The role of free radical damage of peripheral
nerve in STZ-induced diabetes has not been well evaluated
to date. This observed effect of ALC on peripheral nerve
MDA levels and nerve function indicates the value of
further consideration of an oxidative mechanism for periph-
eral nerve dysfunction associated with hyperglycemia.

The apparent link of peripheral nerve function (NCV) to
nerve myo-inositol and MDA levels, plus the lack of a
consistent association with sorbitol and taurine levels,
indicates the importance of evaluating the simultaneous
influence of a variety of parameters on peripheral nerve
function in hyperglycemic animals. Diabetic peripheral
nerve dysfunction is likely to have a number of mechanisms
initiated by hyperglycemia.
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