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a-Lipoic acid (thioctic acid) was tested for its neuroprotective activity in a Mongolian gerbil model of 
forebrain ischemia/reperfusion. Adult gerbils were treated for 7 days with two intraperitoneal injections per 
day of a-lipoic acid (20 mg/kg), vehicle or saline and on the 7th day the animals were subjected to 5 min of 
forebrain ischemia. Ischemic injury was assessed by monitoring the increases in locomotor activity and from 
the extent of damage to the CAI hippocampal pyramidal cell layer after 5 days of recovery. By both criteria, 
a-lipoic acid was neuroprotective against ischemia/reperfusion evoked cerebral injury. 
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INTRODUCTION 

Free radicals have been implicated as causative agents in ischemia-reperfusion induced 
injury to the central nervous system. Electron spin resonance studies have demon- 
strated the formation of oxygen-derived free radicals in the brain’.’ and there is evidence 
of free radical induced lipid peroxidation following cerebral ischemia-reperf~sion.~-~ 
There is also evidence to indicate that free radical scavengers and antioxidants can 
protect against ischemia-reperfusion damage.’,”” 

a-Lipoic acid (thioctic acid) is a co-factor for mitochondria1 alphaketo-acid dehy- 
drogenases and is covalently bound as lipoamide to some enzymes in animals.12 
Together with its reduced form, dihydrolipoic acid, a-lipoic acid also participates in 
reactions which reduce the oxidized forms of the free radical scavengers, a-tocopherol 
and g l~ ta th ione . ’~- ’~  In addition a-lipoic acid possesses intrinsic free radical scavenging 
proper tie^.'^ This combination of activities would be expected to endow a-lipoic acid 
with an ability to protect the brain against ischemiaheperfusion injury. 

a-Lipoic acid has been used in the treatment of diseases in which its levels were 
found to be low, including polyneuritis, liver cirrhosis, atherosclerosis and diabetes 
mellitus. Oxygen derived free radicals and free radical mediated oxidation of lipids 
and proteins have been implicated in the etiology of these pathologies.’* It was 
therefore of interest to determine whether a-lipoic acid could protect in vivo against 
ischemia-reperfusion induced injury to gerbil CAI hippocampal neurons. The gerbil 
model for cerebral ischemic damage is especially appropriate for the evaluation of 

Correspondence and Proofs to Dr. John W. Phillis, Department of Physiology, Wayne State University, 
School of Medicine, 540 E. Canfield, Detroit, MI 48202 USA, Tel: (3 13) 577-6745. FAX: (31 3) 577-5494 

365 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



366 X. CAO AND J.W. PHILLIS 

putative cerebroprotective agents. The absence of vascular connections between the 
forebrain and hindbrain circulations makes it possible to evoke a forebrain ischemia, 
without disruption of the essential cardiovascular and respiratory activities of the 
hindbrain. In addition to histopathological measurements of CA1 damage, neurolog- 
ical evidence of ischemic injury is available as a readily measurable hypermotility. 
Previous studies have demonstrated that the degree of hirpocampal damage is 
positively correlated with this increase in locomotor activity.’ 

MATERIAL AND METHODS 

Experimental Protocols 
Three groups of animals were tested. (1) an ischemic control group (n = 18) which was 
injected with saline twice daily for 7 days prior to the ischemic episode; (2) an ischemic 
a-lipoic acid group (n = 14) which was administered a-lipoic acid (20 mg/kg; 
Calbiochem) dissolved in 0.05 ml of vehicle (25% DMSO: 75% poly- 
oxyethylenesorbitan mono-oleate; Sigma) intraperitoneally twice daily, commencing 
7 days prior to the ischemic insult, (3) an ischemic vehicle control group (n = 11) which 
received vehicle only on the same injection schedule. 

Gerbils were weighed and evaluated for basal levels of locomotor activity prior to 
commencing drug administration. They were weighed and tested for locomotor activity 
again on the 5th day of injections prior to surgery. Locomotor activity was measured 
on the 7th day of injections prior to the 5 min period of ischemia and at 5 hrs, 24 hrs 
and 5 days post ischemia. 

Techniques of Cerebral Ischemia-Reperfusion and Damage Assessment 
Male Mongolian gerbils (Meriones unguiculatus, 50-55 gm wt) were obtained from 
Harlan Sprague-Dawley (Wilmington, Mass.). Under anesthesia induced with pento- 
barbital sodium (50 mglkg), loops were placed around the common carotid arteries 
and exteriorized through the dorsum of the neck. After a 48 hr recovery period, the 
gerbils were tested for spontaneous locomotor activity in a Stoelting 31410 Modular 
Electronic Activity monitor. Under manual restraint, the gerbils were ‘stroked’ for a 5 
min period by traction on the carotid artery snares, after which the loops were 
withdrawn from the neck. Successful occlusion of the carotid arteries was evident from 
a complete bilateral ptosis and the adoption by the gerbil of a ‘hunched’ posture with 
the head dropped. Successful reperfusion following withdrawal of the snares was 
almost immediately apparent, with the reappearance of head and neck tone, a disap- 
pearance of ptosis, and a rapid resumption of normal motor activity. All ischemic 
animals were maintained in a warmed (30-32°C) enclosure for 5 hr post-ischemia. 
Animals were then retested for locomotor activity at 5 hr, 24 hr and 5 days. On the 5th 
day, the gerbils were reanesthetized, and perfused with saline and fixative via a cannula 
in the ascending aorta. After fixation, the brains were embedded, sectioned, and stained 
with cresyl violet. The extent of hippocampal CAI pyramidal cell loss was assessed 
‘blind’ from representative Sections on slides. The histopathological scoring system was 
based on that used and illustrated in a previous study with: 0 =no apparent cell necrosis; 
1 = few single cell and/or cell group necrosis; 2 = larger areas of shrunken, necrotic cell 
groups or missing cells; 3 = most cells necrotic or missing; 4 =virtually complete absence 
of intact pyramidal cells in the CAI area. Complete details ofthe technical procedures 
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LIPOIC ACID AND CEREBRAL ISCHEMIA 

TABLE 1 
Locomotor activities of gerbils prior to, and after, 5 days of intraperitoneal injection of saline, a-lipoic 

acid + vehicle or vehicle administration. Each data value represents the mean i S.E.M. for animals in that 
group. * P < 0.05 in comparison with initial rate of activity. 
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Group 

Basal activity 
Pre-injection 

(cts/min) 

Activity on 5th 
Injection Day 

(ct s/min) 

Saline Control 
n =  I8 
a-Lipoic Acid 
n =  14 
Vehicle Control 
n =  11  

75.6 * 8.9 

70.8 k 7.8 

80.9 i 8.9 

68.9 i 8.3 

66.2 k 9.2 

54.2 k 5.0* 

for measurement of locomotor activity and assessment of hippocampal CAI damage 
have been described in a previous p~bl icat ion.~ 

Motor activity data were compared using a one-way analysis of variance and the 
Student's t-test. Hippocampal CAI pyramidal cell injury scores were compared with a 
Mann-Whitney U-test. 

RESULTS 

Locomotor Activity 

To evaluate the possible effects of repeated injections of saline, drug + vehicle or 
vehicle, locomotor activity prior to the injection sequence was compared with that at 
5 days (prior to surgery) (Table I). Activity Vyas not altered in the saline or drug-treated 
animals, but was significantly reduced in the gerbils receiving only the vehicle. There 
was no weight loss in any of the groups. 

Following a 5 min period of bilateral carotid artery occlusion, the saline-treated 
control ischemic animals displayed characteristically elevated levels of motor activity 
at all three testing intervals (Table 11). Although the a-lipoic acid pretreated animals 
were also more active than prior to ischemia, the percentage increases at 24 hr and 5 
days were significantly lower than those of the ischemic controls. At 5 hrs, the 
percentage increase in activity in the vehicle treated gerbils was even higher than that 

TABLE 2 
Locomotor activities of ischemic gerbils. Initial, pre-ischemic, basal levels of activity for each group were 
used as controls (lOOo/,). Significance values for differences between saline treated ischemic controls and 

drug or vehicle treated animals * P < 0.05 ** P < 0.01. Difference between a-lipoic acid and vehicle 
injected animals O0 P < 0.01, Oo0 P < 0.001, 

Pre-ischemic 
Basal Activity Basal Activity ("YO) 

Activity as Percentage of Initial 

Group (YO) 5h 24h 5 days 

Saline Control 
n =  18 100 k 9.8 194.6 k 15.6 228.7 f 17.7 185.9 ?r 14.4 
a-Lipoic Acid 
n =  14 100 F 11.6 154.6 i 14.0"" 148.1 i 12.6**/""" 126.3 i 8.6**/0° 
Vehicle Control 
n =  11 100 It- 11.7 312.5 k 46.2* 247.2 i 22.9 184.7 i 17.6 
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of the ischemic controls, but this trend was not apparent at 24 hrs and 5 days. The low, 
pre-ischemic, level of locomotor activity of this group may have contributed to the large 
percentage increase in activity at 5 hrs. 

Histopathology 

Five days after the ischemic episode, widespread damage to the CAI region of the 
hippocampus was evident in the brains of the control ischemic gerbils (Table 111). Most 
pyramidal cells either presented a shrunken appearance with condensed nuclei and 
minimal cytoplasm, or had disappeared leaving a vacuole-like space. Damage to, and 
loss of, pyramidal cells in the CA1 region of the hippocampus was reduced in gerbils 
which had received a-lipoic acid, indicating that the drug had significantly (p < 0.001) 
attenuated the extent of ischemic injury. By contrast, damage to the CA1 region of the 
vehicle treated animals was similar to that in the ischemic controls. 

DISCUSSION 

Free radicals have been implicated in the tissue injury occurring during cerebral 
ischemia, trauma and in several neurological diseases. Free radical roduction has been 
detected in rat and gerbil brains during ischemia/reperfusion and cerebroprotec- 
tion against ischemic injury has been demonstrated followin the administration of free 
radical scavengers and inhibitors of free radical formation!,23 To further evaluate the 
role of free radicals in cerebral ischemia/reperfusion injury, we have tested a-lipoic acid, 
a naturally occurring compound and potent scavenger of hydroxyl radicals'' for 
cerebroprotective activity in a gerbil global forebrain ischemia model. Our results 
show, for the first time, that a-lipoic acid exerts cerebroprotective activity in a cerebral 
ischemia model, as demonstrated by the reduction in hippocampal CAI pyramidal cell 
injury and attenuation of ischemia/reperfusion-induced locomotor activity. 

Our results show that subchronic treatment with a-lipoic acid protects hippocampal 
CAI pyramidal neurons against ischemic injury. a-Lipoic acid, and its reduced form, 
dihydrolipoic acid, have previously been tested for their ability to protect central 
neurons from excitotoxic and ischemic insults. Prehn and colleagues24 have shown that 
acute administration of a single dose of dihydrolipoic acid (but not a-lipoic acid) had 
modest protective activity in mouse and rat middle cerebral artery occlusion focal 
ischemia models, reducing the area of brain infarction. However, neither a-lipoic acid 
nor dihydrolipoic acid, administered in a single dose of 50-100 mg/kg, was capable of 
reducing hippocampal CA1 neuronal damage in rats subjected to 10 mins of global 
ischemia elicited by bilateral commoncarotid occlusion combined with hypotension. 

Following subchronic ( 10 days) administration, both a-lipoic acid and dihydrolipoic 
TABLE 3 

Values are means + S.E.M.. See Methods section for assessment of CAI hippocampal pyramidal cell 
injury; 0 = no damage; 4 = complete loss of pyramidal cells. Significance values for a-lipoic acid treated 

animals in comparison with control ischemic animals calculated by Mann-Whitney U-test *** P <  0.001, 
Difference between a-lipoic acid and vehicle injected animals O0 P < 0.01. 

1-4.21.2P 

Condition Injury Scores 

Saline Control (n = 18) 
a-Lipoic Acid (n = 14) 
Vehicle Control (n = 1 1 )  

2.9 rt 0.09 
2.2 rt 0.1 5***Io0 
2.7 rt 0.20 
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acid protected striatal neurons against excitotoxic death mediated by N-methyl-D- 
aspartate receptor agonists and malonic acid.25 After a 15 day oral pretreatment period, 
a-lipoic acid was observed to enhance memory in aged mice.26 

As a-lipoic acid is readily interconvertible with dihydrolipoic acid in v ~ v o , ~ '  our 
results do not distinguish between the relative roles of these two compounds in 
protecting neurons against ischemic injury. The lack of effect of acutely administered 
a-lipoic acid in the rodent middle cerebral artery occlusion models referred to above,24 
may suggest either that dihydrolipoic acid crosses blood-brain and cell membrane 
barriers more readily following acute administration than does a-lipoic acid, or alter- 
natively that a-lipoic acid exerts much of its cerebroprotective activity as its reduced 
form and that subchronic administration is required to allow time for this conversion. 
Either explanation could account for the lack of cerebroprotective activity of acute1 
administered a-lipoic acid in the rodent middle cerebral artery occlusion experiments 
and for the failure of topically applied a-lipoic acid, but not of dihydrolipoic acid, to 
protect neurons in primary cultures against glutamate neurotoxicity.'' 

If, as the evidence indicates, lipoic acid exerts cerebroprotective activity against 
ischemic injury, it is likely that free radical scavenging is involved. A recent, com- 
prehensive, evaluation of the antioxidant properties of a-lipoic acid and dihydrolipoic 
acid2* demonstrated that lipoic acid is a powerful scavenger of hydroxyl radicals and 
can inhibit iron-dependent .OH generation and ox-brain lipid peroxidation. In con- 
trast, dihydrolipoic acid accelerated iron-dependent .OH generation and lipid per- 
oxidation. Both compounds were powerful scavengers of hypochlorous acid. The 
observation that dihydrolipoic acid can exert pro-oxidant effects may indicate a need 
for caution in its use as an antioxidant. In the hands of other investigators, however, 
dihydroliyoic acid has appeared to be a potent inhibitor of.OH and 02-induced cellular 
damage.' ." Furthermore, if a-lipoic acid and dihydroli oic acid increase the levels of 
reduced glutathione and a-tocopherol in neurons,''-'' the capacity of neurons to 
scavenge free radicals would be enhanced. 

In conclusion, these results demonstrate for the first time that a-lipoic acid admin- 
istration results in a significant degree of cerebroprotection following a global forebrain 
ischemia. This finding suggests a potential role for this compound as a dietary supple- 
ment in the prophylaxis and treatment of acute and chronic neurological disorders and 
provides further evidence for an involvement of free radicals in cerebral ischemic injury. 

2 
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