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Abstract---a-Lipoic acid, which plays an essential role in mitochondrial dehydrogenase reactions, has recently gained consider- 
able attention as an antioxidant. Lipoate, or its reduced form, dihydrolipoate, reacts with reactive oxygen species such as 
superoxide radicals, hydroxyl radicals, hypochlorous acid, peroxyl radicals, and singlet oxygen. It also protects membranes by 
interacting with vitamin C and glutathione, which may in turn recycle vitamin E. In addition to its antioxidant activities, 
dihydrolipoate may exert prooxidant actions through reduction of iron. a-Lipoic acid administration has been shown to be 
beneficial in a number of oxidative stress models such as ischemia-reperfusion injury, diabetes (both ot-lipoic acid and dihydroli- 
poic acid exhibit hydrophobic binding to proteins such as albumin, which can prevent glycation reactions), cataract formation, 
HIV activation, neurodegeneration, and radiation injury. Furthermore, lipoate can function as a redox regulator of proteins such 
as myoglobin, prolactin, thioredoxin and NF-KB transcription factor. We review the properties of lipoate in terms of (l) reactions 
with reactive oxygen species; (2) interactions with other antioxidants; (3) beneficial effects in oxidative stress models or clinical 
conditions. 

Keywords---Antioxidant, Dihydrolipoate, Dihydrolipoic acid, a-Lipoate, ot-Lipoic acid, Oxidative stress, Redox regulation, 
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INTRODUCTION 

T h e  m e t a b o l i c  ro le  o f  a - l i p o i c  ac id  (Fig.  1) has  b e e n  
k n o w n  for  decades .  It was  first i so la ted  by  R e e d  and 
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c o w o r k e r s  as an ace ta te  r ep l ac ing  fac to r  1'2 and is insol-  
ub le  in water ,  bu t  so lub le  in o rgan i c  solvents .  It  is 
k n o w n  by  a va r ie ty  o f  names ,  i nc lud ing  th ioc t ic  acid;  1, 
2 -d i t h io l ane -3pen t ano i c  acid;  1, 2 -d i th io lane-3  va ler ic  
acid;  and 6 ,8- th ioc t ic  acid.  As  l i poamide ,  i t  funct ions  
as a co fac to r  in the  m u l t i e n z y m e  c o m p l e x e s  that cata- 
lyze  the o x i d a t i v e  d e c a r b o x y l a t i o n  o f  a - k e t o  ac ids  such 
as pyrnva te ,  c t -ketoglutarate ,  and b r a n c h e d  cha in  a -  
ke to  a c i d s )  c~-Lipoic ac id  was  t en ta t ive ly  c lass i f ied  as 
a v i t amin  af ter  its i sola t ion,  1'4 but  i t  was  la ter  found  to 
be  syn thes i zed  by  an ima l s  and humansS;  howeve r ,  the 
c o m p l e t e  e n z y m e  p a t h w a y  that  is r e spons ib le  for  the 
de  n o v o  synthes is  has  no t  ye t  b e e n  e luc ida ted .  Seve ra l  
s tudies  ind ica te  that  oc tanoa te  se rves  as the  i m m e d i a t e  
p recu r so r  fo r  the  8 -ca rbon  fat ty  ac id  chain ,  and cys-  
te ine  appears  to be  the source  o f  sulfur.  6 

M o r e  recen t ly ,  a great  dea l  o f  a t tent ion  has been  
g i v e n  to poss ib le  an t iox idan t  func t ions  fo r  a - l i p o i c  
ac id  and  its r educed  fo rm,  d ihyd ro l i po i c  ac id  ( D H L A ,  
Fig.  1). In  this r e v i e w  w e  are c o n c e r n e d  wi th  the anti-  
ox idan t  p roper t i es  o f  these  c o m p o u n d s  and the p r even -  
t ive  and therapeut ic  imp l i ca t ions  and appl ica t ions  that  
ar ise  f r o m  this n e w  v i e w  o f  an o ld  cofactor .  

Antioxidant criteria 
M a n y  cr i ter ia  m u s t  be  cons ide red  w h e n  eva lua t i ng  

the  an t iox idan t  po ten t ia l  o f  a c o m p o u n d .  S o m e  o f  these  
conce rn  c h e m i c a l  and  b i o c h e m i c a l  aspects :  
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Fig. 1. The structures of ot-lipoic acid and dihydrolipoic acid, shown as chemical structures (top), ball-and-stick models (middle), 
and space-filling models (bottom). The naturally occurring R-enantiomers are shown. Synthetic a-lipoic acid is a racemic mixture 
of the R- and the S-enantiomer. 

• Specificity of free radical quenching 
• Metal chelating activity 
• Interaction with other antioxidants 
• Effects on gene expression 

Other criteria are important when considering pre- 
ventive or therapeutic applications: 

• Absorption and bioavailability 
• Concentration in tissues, cells, and extracellular 
fluid 
• Location (in aqueous or membrane domains or in 
both?) 

A substance need not excel in meeting all these 
criteria to be considered a good antioxidant. For exam- 
ple, vitamin E acts only in the membrane or lipid do- 
mains, its dominant action is to quench lipid peroxyl 
radicals, and it has little or no activity against radicals 
in the aqueous phase, yet it is considered one of the 
central antioxidants of the body. Epidemiological stud- 

ies are confirming its role in the prevention of numer- 
ous oxidant-related diseases, such as heart disease. 7"s 

An " idea l"  antioxidant would fulfill all of  the 
above criteria. The c~-lipoic acid/dihydrolipoic acid re- 
dox couple approaches the ideal; it has been called 
" a  universal antioxidant. ' '9 a-Lipoic acid is readily 
absorbed from the diet. It is probably rapidly converted 
to DHLA in many tissues, as recent advances in assay 
technique have made evident) °'H One or both of the 
components of  the redox couple effectively quench a 
number of  free radicals in both lipid and aqueous do- 
mains. Both DHLA 21'32'33 and a-lipoic acid 13'19"23'24 

have metal-chelating activity. DHLA acts synergisti- 
cally with other antioxidants, indicating that it is capa- 
ble of regenerating other antioxidants from their radical 
or inactive forms. Finally, there is evidence that they 
may have effects on regulatory proteins and on genes 
involved in normal growth and metabolism. 

Because of these antioxidant attributes, a number 
of  experimental and clinical studies have been carried 
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out which show a-lipoic acid to be useful or potentiaily 
useful as a therapeutic agent in such conditions as 
diabetes, ischemia-reperfusion injury, heavy-metal 
poisoning, radiation damage, neurodegeneration, and 
HIV infection. 

ANTIOXIDANT ACTIONS 

An antioxidant function for tz-lipoic acid was sug- 
gested as early as 1959 by Rosenberg and Culik, 4 who 
observed that administration of ot-lipoic acid prevented 
scurvy symptoms in vitamin C-deficient guinea pigs 
as well as preventing symptoms of vitamin E defi- 
ciency in rats fed a diet lacking ot-tocopherol. It has 
only been recently, however, that the specific effects 
of ol-lipoic acid and DHLA in free radical quenching, 
metal chelation, antioxidant recycling, and gene ex- 
pression have been investigated. 

Reactive oxygen species quenching and metal 
chelation 

Lipoic acid. There is general agreement about the anti- 
oxidant properties of a-lipoic acid. It scavenges hy- 
droxyl radicals, hypochlorous acid, and singlet oxygen. 
It does not appear to scavenge hydrogen peroxide or 
superoxide radical and probably does not scavenge per- 
oxyl radicals (Table 1). It may chelate transition 
metals. 

Two studies indicate that tr-lipoic acid is a potent 
hydroxyl radical scavenger. In one, 12 hydroxyl radical 
was generated by 2 mM HzO2 + 0.2 mM FeSO4. The 
radical was detected by electron spin resonance (ESR) 
using the spin-trapping agent 5,5-Dimethylpyrroline- 
N-oxide (DMPO). 1 mM ot-lipoic acid completely 
eliminated the DMPO-OH adduct signal. Another 
study, 13 using a similar hydroxyl radical-generating 
system (2.8 mM HzO2, 0.05 mM FeC13, 0.1 mM EDTA, 
and 0.1 mM ascorbate) but a different assay for the 
radical (deoxyribose degradation) also found ct-lipoic 
acid to be a hydroxyl radical scavenger. In this study, 
a rate constant of 4.7 ! 101° M-is  -~ was calculated; 
this is an essentially diffusion-limited reaction rate. 
Hence, ot-lipoic acid appears to be a highly effective 
scavenger of hydroxyl radical. 

There is similar agreement about the ability of ot- 
lipoic acid to scavenge hypochlorous acid. Haenen and 
Bast 14 and Scott et al.13 both found that 50 #M t~-lipoic 
acid almost completely abolished the inactivation of 
a 1-antiproteinase by 50/zM HOC1. This is in contrast 
to glutathione, whose reduced form is a potent scaven- 
ger of  HOCI, comparable to ct-lipoic acid, but whose 
oxidized form is almost completely ineffective. ~4 The 
authors of this study speculate that the greater reactiv- 
ity of c~-lipoic acid compared to oxidized glutathione 

may be due to the somewhat strained conformation of 
the 5-membered ring in the intramolecular disulfide 
form of a-lipoic acid; there is no such strain on the 
intermolecular disulfide of glutathione disulfide, per- 
haps explaining its lack of reactivity in this system. 

c~-Lipoic acid has been reported to scavenge singlet 
oxygen in at least four different systems. Two early 
studies showed that a-lipoic acid reacted with singlet 
oxygen generated by rubrene autooxidation 15 or by 
photosensitized oxidation of methylene16; these 
experiments were carried out in organic solvents. Later 
studies conducted under more physiological conditions 
also indicate that cz-lipoic acid is an effective scaven- 
ger of singlet oxygen. Kaiser et al. 17 generated singlet 
oxygen by thermolysis of endoperoxide and detected 
it by chemiluminescence; in this system tz-lipoic acid 
reacted with singlet oxygen with a rate constant of 
1.38 ! 108 M-Is -1. In experiments in which singlet 
oxygen was generated by thermolysis of endoperoxide 
and detected by single strand DNA breaks, c~-lipoic 
acid was confirmed to be a scavenger of singlet 
oxygen. ~8.19 

Early chemical studies also indicated that ct-lipoic 
acid reacts with hydrogen peroxide. 2° However, in 
these studies high concentrations of H202 (30%) and 
nonphysiological conditions (e.g., one day reaction in 
acetone) were used. When tz-lipoic acid was tested 
against H/O2 in an aqueous environment, ~3 no reaction 
was found, using a peroxidase-based assay system for 
H202, for concentrations of a-lipoic acid up to 6 mM. 

Two separate studies have failed to show that a- 
lipoic acid can scavenge superoxide radical. Both used 
xanthine or hypoxanthine and xanthine oxidase to gen- 
erate superoxide radical. In one, in which superoxide 
was detected by ESR using the DMPO spin trap, 12 no 
reaction was seen (Fig. 2). Similarly, Scott et al., 13 
using cytochrome c reduction to detect superoxide, 
also found no effect of c~-lipoic acid. 

The situation regarding the ability of ot-lipoic acid 
to scavenge peroxyl radicals is not so clear-cut. One 
group 9 reported that o~-lipoic acid does not react with 
peroxyl radicals in either aqueous or lipid environ- 
ments. Peroxyl radicals were generated using thermo- 
labile azo initiators, either 2,2' azobis (2-amidinopro- 
pane)-dihydrochloride (AAPH) to generate peroxyl 
radicals in the aqueous phase or 2,2'-azobis (2,4 di- 
methyvaleronitrile) (AMVN) to generate peroxyl radi- 
cals in lipids. Phycoerythrin fluorescence decay was 
used to detect peroxyl radicals in the aqueous environ- 
ment, and in lipids (liposomes or rat liver microsomes) 
they were detected by TBARS or conjugated diene 
assays. In no case was ct-lipoic acid effective in scav- 
enging peroxyl radicals. In contrast, another group, ~3 
using only an aqueous system and generating peroxyl 
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Table 1. Antioxidant Effects of a-Lipoic Acid 

Scavenged by 
Oxidant a-Lipoate? Test System Reference 

Superoxide radical No 
No 

Hydrogen peroxide No 
Hydroxyl radical Yes 

Yes 

Hypochlorous radical Yes 
Yes 

Peroxyl radical No 

Singlet oxygen 

Transition metals 

Yes 

Yes 

Yes 

Yes 

Yes 

Chelator 

Chelator 

Possible chelator 

No chelation 

Chelator 

Chelator 

02  generated by xanthine-xanthine oxidase and detected by ESR using spin traps 12 
O~- generated by hypoxanthine-xanthiue oxidase and detected by O7 dependent 13 

cytochrome c reduction 
H202 added directly and detected by peroxidase-based assay system 13 
OH" generated by H202 + FeSO4 and detected by ESR using spin traps or by 12 

chemiluminescence using luminol 
OH" generated by H202 + FeCI3 + ascorbate and detected by deoxyribose 13 

degradation. Rate constant for reaction = 4.71 ! 10 ~° M -j s -~ 
HOCi added directly and detected by effect on al-antiproteinase activity 14 
Same 13 
Peroxyl radicals generated in aqueous phase by thermal decomposition of 9 

2,2'azobis(2-amidinopropane)-dihydrochloride and detected by fluorescence 
quenching of phycoerythrin. Peroxyl radicals generated in lipids (iiposomes or 
microsomes) by thermal decomposition of 2,2'-azobis (2,4 
dimethylvaleronitrile) 

CC130"= generated by linear accelerator and detected spectrophotometrically. Rate 13 
constant of reaction 1.8 ! l0 s M t s 

~O2 generated by rubrene autoperoxidation in air-saturated benzene when 15 
stimulated at 546 nm and detected by following disappearance of rubrene 
spectrophotometrically. Rate constant of the reaction = 1 ! 108 M -j s ~. 
DHLA not tested 

~O2 generated by photosensitized oxidation of methylene in chloroform or 16 
methanol; reaction detected by analyzing oxidation products of the methyl ester 
of LA. DHLA not tested 

~O2 generated by thermolysis of endoperoxide and detected by infrared 17 
chemiluminescence. Rate constant of the reaction = 1.38 ! l0 s M -j s -j 

~O2 generated by thermolysis of endoperoxide and detected by single strand DNA 18, 19 
breaks 

o¢-Lipoic acid formed stable complexes with Cu 2+, Mn 2+, and Zn 2+ in aqueous 23 
solution. Bisnorlipoate and tetranoflipoate formed more stable complexes 

Same as system to test J02. When EDTA was added, the protective effect of LA 19 
decreased, suggesting that it was at least partially due to metal chelation 

LA decreased Cd 2÷ toxicity in hepatocytes, but much less effectively than DHLA. 21 
The authors speculate that LA is taken up and converted to DHLA, which is 
the compound exerting the protective effect 

In rat liver microsomes + FeSO4 + ascorbate, LA had no effect on accumulation 22 
of TBARS 

LA decreased site-specific iron-induced degradation of deoxyribose, suggesting 13 
that it chelated the iron 

Decreased Cu2+-induced oxidation of ascorbate, increased partitioning of Cu 2÷ 24 
into octanol, inhibited Cu2+-induced lipid peroxidation 

radical (CC130~) by radiolysis of CC14 and propan-2- 
01, found that a- l ipoic  acid reacted with this radical 
with a rate constant of 1.8 ! 10 s M-~s- l ;  the reaction 
was followed spectrophotometrically. Although the ex- 
planation for the disagreement may lie in the different 
methodologies of the two groups, further work is nec- 
essary to clarify this question. 

a-Lipoic  acid may also exert an antioxidant effect 
in biological systems through transition metal chela- 
tion. It has been found to reduce Cd2+-induced toxicity 
in isolated hepatocytes, although the authors speculate 
that the effect was due to the conversion of a- l ipoic  
acid to DHLA, which was the true chelating agent. 21 
Two studies indicate that a- l ipoic  acid may chelate 
iron, while one indicates that it does not. Devasagayam 
et al., ~9 who found a- l ipoic  acid to be effective against 
singlet oxygen-induced DNA single strand breaks, 
found that its effectiveness was lower when EDTA 

was added to the system, indicating that part of  the 
effect was due to iron chelation. Scott et al. ~3 found 
that a- l ipoic  acid inhibited the site-specific degradation 
of deoxyribose by FeCl4I-I202/ascorbate, indicating 
that it was able remove iron ion bound to deoxyribose. 
In contrast, in a rat liver microsomal system in which 
lipid peroxidation was induced by FeSO4, 22 a- l ipoic  
acid did not inhibit  peroxidation. Hence, in this area 
also, further work is needed. 

a-Lipoate  was found to form stable complexes with 
Mn 2+, Cu e+, Zn  2÷, with the complex being almost en- 
tirely with the carboxylate group. 23 These investigators 
also examined the complexes formed with bisnorli- 
poate and tetralipoate, two and four carbon shorter 
homologues,  respectively, of  a- l ipoic  acid. These were 
found to be more stable than those with a- l ipoic  acid, 
presumably because the shorter chain allows the dithio- 
lane ring to also participate in chelation. The effects 
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X/XO/SOD 

X/XO/TA 

X/XO/DHLA 

Mn 0 ~ ' ~  Mn 0 

Fig. 2. ESR study of the effects of a-lipoic acid and dihydrolipoic acid on superoxide anion radicals generated by xanthine plus 
xanthine oxidase. DMPO spin adducts generated by 5 mM xanthine (X) plus 100 #g xanthine oxidase (XO) in the presence of 
40 #M DETAPAC in 150 mM KH2POa-KOH (pH 7.4) in total volume of 1 ml [DHPO] = 45 mM; [SOD] = 200 U; [a-lipoic 
acid (TA) = 5 raM; [dihydrolipoic acid (DHLA) = 5 mM. ESR signals were recorded 3 min after the initiation of xanthine 
oxidase reaction. 

of ot-lipoic acid on copper have recently been extended 
to oxidation situations, a-Lipoic acid was effective in 
preventing Cu2+-catalyzed ascorbic acid oxidation, in- 
creased the partitioning of Cu 2÷ into n-octanol from 
aqueous solution, and inhibited Cu2÷-catalyzed liposo- 
mal peroxidation. 24 These observations indicate that a-  
lipoic acid is a copper chelator. 

In summary, a-lipoic acid scavenges hydroxyl radi- 
cals, HOCI, and singlet oxygen, but is ineffective 
against hydrogen peroxide and superoxide radical. It 
chelates iron, copper, and other transition metals. Fur- 
ther work is required to determine whether a-lipoic 
acid is effective against peroxyl radicals. 

Dihydrolipoic acid.Dihydrolipoic acid. With a redox 
potential of -0 .32  V (ref. 25) for the DHLA/a-lipoic 
acid redox couple, dihydrolipoic acid is a potent reduc- 
tant; for comparison, the redox potential of the GSH/ 
GSSG couple is -0 .24  V (ref. 26)-DHLA will reduce 
GSSG to GSH, but GSH is incapable of reducing ct- 
lipoic acid to DHLA. 27 

Like a-lipoic acid, DHLA is a potent antioxidant, 
although there is more uncertainty as to its effects 
(Table 2). There is agreement that DHLA scavenges 
hypochlorous acid and peroxyl radicals and probably 
scavenges hydroxyl radicals. It does not appear to react 

with hydrogen peroxide or with singlet oxygen. How- 
ever, there is disagreement among studies as to whether 
DHLA also is capable of scavenging superoxide radi- 
cal and whether it acts as an antioxidant or a prooxidant 
in its interactions with iron ion. 

In the systems in which a-lipoic acid was tested for 
reaction with hypochlorous ion, DHLA was also found 
to be effective, with about the same scavenging 
ability. 14 

DHLA is an effective peroxyl radical scavenger in 
several different systems. Kagan et al. 9 used AAPH or 
AMVN to generate peroxyl radicals in aqueous or lipid 
systems, as described for a-lipoic acid, but, unlike ot- 
lipoic acid, DHLA was found to scavenge peroxyl radi- 
cals in these systems. It was also found to scavenge 
peroxyl radicals generated by AMVN in liposomes and 
detected by fluorescence decay of parinaric acid, 28 and 
CC1302 radicals generated in aqueous solution as de- 
scribed for a-lipoic acid13; in the latter system a rate 
constant of 2.7 ! 10 7 M-is -1 was calculated. 

DHLA has been shown to have both antioxidant ~2 
and prooxidant t3 effects in systems in which hydroxyl 
radical was generated; however, the prooxidant effects, 
if real, are probably due to DHLA's  effects on iron 
(see below). Both groups used iron salts and hydrogen 
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Table 2. Antioxidant Effects of Dihydrolipoic Acid 

Oxidant Scavenged by DHLA? Test System Reference 

Superoxide radical Yes 03- generated by xanthine-xanthine oxidase and detected by ESR using 12 

Hydrogen peroxide 

Hydroxyl radical 

Hypochlorous radical 

Peroxyl radical 

Singlet oxygen 

Transition metals 

spin traps. Sulfhydryl content of DHLA decreased during reaction and 
[HzO2] increased. Rate constant of reaction = 3.3 ! l0 s M -~ s -~ 

Yes O~- generated by xanthine-xanthine oxidase and detected by epinephrine 28 
oxidation. Rate constant of reaction = 7.3 ! 105 M -j s -~ 

No O~ generated by hypoxanthine-xanthine oxidase and detected by 03-- 13 
dependent nitro-blue tetrazolium reduction. 

No H202 added directly and detected by iron-thiocyanate. 29 
No H202 added directly. Reaction monitored by measuring thiol content of 13 

DHLA 
Yes OH" generated by H202 + FeSO4 and detected by ESR using spin traps 12 
No (promoted oxidation) OH" generated by H202 + FeC13 + ascorbate and detected by 13 

deoxyribose degradation. Prooxidant effect postulated due to reduction 
of ferrous ion and/or regeneration of ascorbate by DHLA 

Yes HOCI added directly and detected by effect on ct 1-antiproteinase activity 14 
Yes Same 13 
Yes Peroxyl radicals generated in aqueous phase by thermal decomposition of 9 

2,2 azobis(2-amidinopropane)-dihydrochloride and detected by 
fluorescence quenching of phycoerythrin. Peroxyl radicals generated in 
lipids (liposomes or microsomes) by thermal decomposition of 2,2'- 
azobis (2,4 dimethylvalcronitrile). Stoichiometry: 1.5 mol peroxyl 
radicals quenched per mol DHLA 

Yes Same as Kagan et al. 1992. In addition, peroxyl radicals generated in 28 
liposomes by AMVN and detected by fluorescence decay of parinaric 
acid. 

Yes CC130~ generated by linear accelerator and detected 13 
spectrophotometrically. Rate constant of reaction 2.7 ! 107 M -~ s -j 

No IO2 generated by thermolysis of endoperoxide and detected by infrared 17 
chemiluminescence. 

Yes (?) IO2 generated by thermolysis of endoperoxide and detected by single 18, 19 
strand DNA breaks. The protective effect of DHLA may not be due to 
direct quenching of ~O2 

Chelation DHLA decreased CD 2÷ toxicity in isolated hepatocytes. Also decreased 21 
TBARS in Cd 2÷ exposed hepatocytes, indicating that, in the absence of 
added iron, DHLA's activity is overall antioxidant against peroxidation 
(contrast to Bast and Haenen, and Scott et al.) 

Chelation DHLA bound iron from ferritin in the ferrous and ferric states. 32, 33 
Prooxidant In FeCI3-EDTA + H202 system, accelerated deoxyribose degration 13 

Accelerated reaction also when no EDTA in system, suggesting that its 
iron-binding is not as effective as its iron-reduction 

However, no prooxidant effect when DHLA was used alone in an Fe 
(llI)-bleomycin-DNA system 

Prooxidant Rat liver microsomes + FeSO4 _+ ascorbate. DHLA accelerated 22 
peroxidation as measured by TBARS 

No prooxidant effect No electron transfer from DHLA to Fe 3+ as measured by Fe 2÷- 12 
phenanthroline complex. Also, DHLA did not potentiate formation of 
OH" in Fe SO4-H202 system, as measured by ESR (DMPO spin trap) 

Some prooxidant effect In lipid peroxidation in microsomes, induced by AMVN, in the absence 28 
of iron (chelated by defreroxaamine), DHLA decreased peroxidation 
(as measured by TBARS) about 50%. In the presence of iron, DHLA 
did not decrease peroxidation (although there was no pro-oxidant 
effect; i.e., the antioxidant and pro-oxidant effects of DHLA balanced 
in this system). In this system Tetranor-DHLA greatly increased (5X) 
peroxidation in the presence of iron 

Micromolar DHLA, in the presence of Cu 2÷ ions, caused single-strand 34 
nicks in pSP64 plasmid DNA. Other ions were tested in the same 
system and had no effect: Co 2÷, Cr 3+, Fe 3÷, Fe 2+, Ni 2+, Mn 2÷, and 
Zn 2+. Other thiols also found to cleave DNA in this system in the 
presence of Cu 2÷. 

Prooxidant 

p e r o x i d e  to g e n e r a t e  h y d r o x y l  rad ica l s .  S u z u k i  et  al.12 
d e t e c t e d  h y d r o x y l  r a d i c a l s  b y  E S R ,  u s i n g  D M P O  to 
p r o d u c e  s p i n - a d d u c t s  a n d  f o u n d  t h a t  D H L A  a b o l i s h e d  
the  D M P O - O H  s igna l ;  Sco t t  e t  al. ~3 d e t e c t e d  h y d r o x y l  
r a d i c a l s  b y  d e o x y r i b o s e  d e g r a d a t i o n  a n d  f o u n d  tha t  

a d d i t i o n  o f  D H L A  e n h a n c e d  t he  p roces s .  It  is p o s s i b l e  
tha t  t he  d i f f e r e n c e  in  t he  r e su l t s  is d u e  to  t he  f ac t  t ha t  
Sco t t  e t  al. u s e d  a s c o r b a t e  to  r e d u c e  fe r r i c  i r on  w h e r e a s  
S u z u k i  e t  al. u s e d  a f e r r o u s  i r o n  sa l t  w i t h o u t  a s c o r b a t e ;  
D H L A  is k n o w n  to  r e c y c l e  a s c o r b a t e  ( see  b e l o w )  a n d  
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thus may have increased ascorbate's effectiveness as 
a reductant in this system. Scott et al. speculate that 
this mechanism of direct reduction of ferric iron is 
the cause of DHL A' s  prooxidant effect. However, if 
DHLA were causing the effect through direct reduction 
of ferric iron, then Suzuki et al. should also have seen 
a prooxidant effect, and they did not. At any rate, it 
appears that DHLA scavenges hydroxyl radical, and 
prooxidant effects may be seen in some systems for 
producing hydroxyl radical. 

In systems similar to those used to test a-lipoic acid 
for reaction with hydrogen peroxide, 13"29 no reaction 
was found for DHLA. In addition, Kaiser et al. 17 did 
not detect scavenging of singlet oxygen by DHLA, 
using infrared chemiluminescence to detect singlet ox- 
ygen. In contrast, DHLA does protect against single 
strand DNA breaks induced by singlet oxygen (unlike 
GSH, which increased breaks), but the effect was not 
necessarily due to quenching of singlet oxygen since 
there may be several steps in the process at which 
DHLA could exert an effect. 18'~9 Since the more direct 
method of detecting singlet oxygen, infrared chemilu- 
minescence, did not detect a decrease in its concentra- 
tion, DHLA probably does not directly scavenge sin- 
glet oxygen. 

There is major, and as yet unexplained, disagree- 
ment on the effects of  DHLA on superoxide radical. 
In a study in which O2"- was generated by xanthine- 
xanthine oxidase and detected by ESR using DMPO 
spin trap, ~2 DHLA was found to react with superoxide 
radical with a rate constant of  3.3 ! 105 M-Is  -t  (Fig. 
2). Reaction was confirmed by assaying the sufhydryl 
content of DHLA, which decreased, and by detecting 
an increase in H202, a probable product, in the reaction 
medium. These results were confirmed by this group 
in a later study 28 using the same system for generating 
superoxide radical and competition with epinephrine 
oxidation to assess DHLA's  scavenging ability. In this 
study a rate constant of 7.3 ! 105 M-~s -~ was found, 
in good agreement with the previous work. In contrast 
to these studies, another group, using a similar super- 
oxide generating system (hypoxanthine-xanthine oxi- 
dase) and detecting superoxide by O2"--dependent ni- 
tro-blue tetrazolium reduction, found no scavenging 
effect of DHLA. It is difficult to explain the discrep- 
ancy in the results of the two groups, and further work 
is clearly indicated. 

Perhaps the most crucial question surrounding 
DHLA is whether it acts as a prooxidant under certain 
circumstances. There are at least two ways this might 
happen. First, DHLA may act as a reductant for transi- 
tion metals, especially iron, and second, DHLA may 
act to regenerate ascorbate, which is known to reduce 
iron. 

DHLA binds both Fe 2+ and Fe 3+, and possibly may 

reduce bound F e  3+ to Fe2+. 3°'31 DHLA also appears to 
be capable of  removing iron from the storage protein 
ferritin in both the ferrous and ferric states, 32'33 though 
it does not appear capable of removing iron from 
heme. ~3 If  it is indeed capable of  reducing iron and if 
the iron is available for reaction, then its prooxidant 
effects may be of serious concern in biological sys- 
tems. Indeed, DHLA was found to act as prooxidant 
in peroxidation of rat liver microsomes 22 and in pro- 
duction of hydroxyl radicals. ~3 In another study in 
which peroxidation in microsomes was initiated by 
AMVN, 2s DHLA decreased peroxidation by 50% when 
desferrioxamine was included in the system but did 
not decrease peroxidation when desferrioxamine was 
omitted, indicating that, in the presence of iron, the 
prooxidant effect of DHLA balanced its antioxidant 
effect. In this system a homologue of DHLA that is 
four carbons shorter, tetranor-DHLA, exerted strong 
prooxidant effects, increasing lipid peroxidation in the 
presence of iron over five-fold. In addition, DHLA, as 
well as a number of other thiols and dithiols, has also 
been shown to induce single-strand breaks in plasmid 
DNA in the presence of Cu 2÷, but not in the presence 
of Fe 2÷ or Fe3+. 34 This is in contrast to the antioxidant 
Cu2+-chelating effect of  ot-lipoic acid. 24 

On the other hand, in another system in which iron 
was used to generate hydroxyl radical, the effect of 
DHLA was clearly antioxidant, 12 and in this study no 
electron transfer from DHLA to Fe 3+, as measured by 
formation of Fe/+-phenanthroline complex, was ob- 
served. In Cd 2÷ toxicity of isolated hepatocytes, addi- 
tion of DHLA decreased TBARS, 2~ so at least in this 
system, also, the antioxidant effect of  DHLA against 
lipid peroxidation was greater than any prooxidant ef- 
fect. 

Hence, the question of whether DHLA acts as pro- 
oxidant in biological systems is yet to be resolved. 
DHLA probably increases formation of hydroxyl radi- 
cal in vitro when ferric ion is included in the system, 
but the physiological significance of this is unknown. 
Ascorbate also reduces ferric ion to ferrous ion in vitro; 
indeed, ascorbate + Fe 3+ is a standard initiator of lipid 
peroxidation in in vitro systems, but in vivo under 
normal conditions, where iron is very tightly bound, 
this effect of ascorbate is probably unimportant. The 
same may be true for DHLA, although the possibility 
that DHLA can remove bound iron from ferritin is 
cause for concern. Furthermore, the interaction of 
DHLA with other antioxidants may negate a prooxi- 
dant effect in a physiological system. For example, in 
the study of Bast and Haenen z3 DHLA increased lipid 
peroxidation induced by ferrous ion, as did ascorbate. 
However, DHLA exerted an antioxidant effect when 
included in a system of ascorbate, GSSG, and ferrous 
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ion, when compared to the same system without 
DHLA. 

These results for t~-lipoic acid and DHLA make 
clear several important areas for future research: (1) 
The antioxidant actions of ot-lipoic acid against peroxyl 
radical; (2) The action of DHLA against superoxide 
radical; (3) The effect of DHLA on iron and other 
transition metals. Furthermore, the uptake and reduc- 
tion of c~-lipoic acid in various tissues must be clarified, 
since t~-lipoic acid and DHLA have different antioxi- 
dant effects. 

Interactions with other antioxidants 

DHLA appears to be able to regenerate other antiox- 
idants, such as ascorbate and (indirectly) vitamin E, 
from their radical forms. Vitamin E is the major chain- 
breaking antioxidant that protects membranes from 
lipid peroxidation. 35 Vitamin E exists in biological 
membranes in a low molar ratio to unsaturated phos- 
pholipids, usually less than 0.1 nmol per mg of mem- 
brane protein, or, in other words, one molecule per 
1000 to 2000 membrane phospholipid molecules, 
which are the main target of oxidation in membranes. 
Lipid peroxyl radicals can be generated in membranes 
at the rate of 1-5 nmol per mg of membrane protein 
per minute, yet destructive oxidation of membrane lip- 
ids does not normally occur, nor is vitamin E rapidly 
depleted. Furthermore, deficiency states for vitamin E 
are remarkably difficult to induce in adult animals. 
These apparent paradoxes can be explained by "vita- 
min E recycling," in which the antioxidant ability of 
vitamin E is continuously restored by other antioxi- 
dants. Those antioxidants that recycle vitamin E are 
vitamin C, ubiquinols, and thiols (Fig. 3). 36,37 

Evidence for vitamin E recycling by DHLA has 
come from a number of studies. DHLA protects against 
microsomal lipid peroxidation, but only in the presence 
of vitamin E38; it prolonged the lag phase prior to the 
onset of low-level chemiluminescence, loss of vitamin 
E, and the rapid accumulation of thiobarbituric acid 
reactive substances in normal, but not in vitamin E- 
deficient, microsomes, a-Lipoic acid was not effective 
in either system. DHLA could have exerted its effect 
in this system by directly reducing tocopheroxyl radi- 
cal or by reducing other antioxidants (such as ascor- 
bate), which then regenerated vitamin E. There may 
be a weak direct interaction between DHLA and the 
tocopheroxyl radical; we have found that the presence 
of DHLA reduces the tocopheroxyl radical ESR signal 
in liposomes exposed to UV light (unpublished data). 
The use of UV light, which directly produces tocopher- 
oxyl radicals, eliminates the possiblity of iron chelation 
or other antioxidant effects of DHLA, and the use of 
liposomes eliminates the possibility of DHLA acting 

through other antioxidants. Therefore, in this system 
it seems likely that DHLA, which partitions mainly in 
the aqueous phase, is directly reducing tocopheroxyl 
radicals at the membrane/water interface. However, the 
effect is weak, and the major recycling of vitamin E by 
DHLA in biological systems probably occurs through 
other antioxidants. 

Bast and Haenen 39 have proposed that DHLA pre- 
vents lipid peroxidation by reducing glutathione, which 
in turn recycles vitamin E. This proposal is based on 
the observation that the combination of DHLA and 
oxidized glutathione, but not DHLA alone, prevented 
lipid peroxidation induced by Fe2+/ascorbate. 22 Alter- 
natively, Kagan et al. 9 proposed that DHLA protects 
membranes against oxidation by recycling ascorbate, 
which in turn recycles vitamin E. Their ESR studies 
indicated DHLA-mediated reduction of ascorbyl radi- 
cals generated in the course of ascorbate oxidation 
by chromanoxyl (vitamin E or short-chain vitamin E 
homologues) radicals in DOPC liposomes and also 
showed that DHLA interacts with NADPH- or NADH- 
dependent electron transport chains to recycle vitamin 
E. Ascorbate-dependent recycling of vitamin E by 
DHLA has also been observed in human low density 
lipoproteins 4° and erythrocyte membranes. 4~ In addi- 
tion, there is evidence that a-lipoic acid administration 
in vivo can increase the level of ubiquinol in the face 
of oxidative stress,  41a and ubiquinol is known to recycle 
v i t a m i n  E.  41b Hence, current evidence points to the 
notion that DHLA can recycle vitamin E via glutathi- 
one, vitamin C, ubiquinol, NADPH or NADH, but 
the relative contributions of each avenue are not well 
defined. 

In fact, protection of other antioxidants by a-lipoic 
was suggested as early as 1959, by Rosenberg and 
Culik, 4 who stated, with startling prescience, "ot-L- 
poic acid, and even more so its dihydro derivative into 
which it is converted rapidly after entering cellular 
metabolism, might act as an antioxidant for ascorbic 
acid and tocopherols." In the studies of Rosenberg and 
Culik, a-lipoic acid was found to prevent symptoms 
of both vitamin E and vitamin C deficiency. Recently, 
we have found similar protective effects of a-lipoic 
acid administration in tocopherol-deficient hairless 
mice 42 (Fig. 4). Such results are consistent with a recy- 
cling of tocopherol and/or ascorbate by a-lipoic acid, 
but could also be explained by the ability of ct-lipoic 
acid to spare ascorbate and vitamin E through its sepa- 
rate but overlapping radical-scavenging effects. 

a-Lipoic acid also causes an increase in intracellular 
glutathione. Busse et al. 43 added a-lipoic acid to mu- 
rine neuroblastoma and melanoma cell lines, and ob- 
served a dose-dependent increase in GSH content of 
30-70% compared to untreated controls. These inves- 
tigators found similar elevations in lung, liver, and 
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Crad 

Semiascorbate Ascorbate Glutathione disulfide 
k ~ Lipoic acid 

~ f  I ~ NADH, 
/ "  ~ Lipoamide dehydrogenase 
I ~ "  NADPH, 

Glutathione ~ ~' Glutathione reductase 
Dihydrolipoic acid NAD ÷, NADP + 

Fig. 3. Vitamin E recycling. The tocopheroxyl radical, formed during oxidation of ~-tocopherol (shown in the membrane), may 
be reduced back to a-tocopherol by a number of compounds, including ubiquinol, cytochrome c, and ascorbate. Ascorbate can 
be regenerated through reaction with thiols such as glutathione or lipoic acid. These can be returned to their reduced forms by 
various mechanisms, drawing on the reducing power of NADH or NADPH. Adapted from Scientific American. 

kidney cells of mice injected (IP) daily with doses of 
4, 8, or 16 mg/kg a-lipoic acid for 11 days. These 
results have been confirmed in human Jurkat cell lines, 
in which intracellular concentrations of GSH increase 
approximately 50% in 5 h after addition of a-lipoic 
acid to the culture medium (D. Han, G. Handelmann, 
personal communication). Such elevations in GSH 
cannot be explained by reduction of GSSG, since 
GSSG is normally present at less than 10% the concen- 
tration of GSH. 4~ These intriguing observations are yet 
to be explained. 

Thus, it appears that o~-lipoic acid and DHLA act 
as antioxidants not only directly, through radical 
quenching and metal chelation, but indirectly as well, 
through recycling of other antioxidants and possibly 
though induction of increased intracellular levels of  
glutathione. 

Redox regulation of proteins and influence on 
protein folding 

Thiolation of proteins has been reported to be a 
protective mechanism against oxidative stress, as well 
as affecting the function of some thiol-containing pro- 
teins. 44a Glutathione is the most abundant thiol in mam- 
malian cells 44 and may be a primary agent involved in 

redox regulation of protein thiols under normal condi- 
tions, a-Lipoic acid and DHLA do not appear to be 
present in the unbound state under normal physiologi- 
cal conditions, but after dietary supplementation both 
forms appear in various tissues in the unbound form. 4z 
DHLA also has a lower redox potential than GSH, as 
well as being of lower molecular weight. These factors 
lead to the possibility that administration of exogenous 
c~-lipoic acid may influence intracellular function not 
only through antioxidant actions but also through af- 
fecting the redox status of thiol-containing proteins, 
such as throredoxin, enzymes, and transport proteins. 
Dihydrolipoate and dihydrolipoamide can reduce thio- 
redoxin, 47"48 a small ubiquitous protein that functions to 
transfer electrons in various biochemical processes/9 
Spector et al.50 proposed that thioredoxin may be a 
physiological electron acceptor from lipoamide. Glu- 
cose transport has also been shown to be enhanced by 
DHLA in a number of  systems, 76-78 and it is thought 
that this stimulation may be due to reduction of sulfhy- 
dryl groups involved in the regulation of insulin-stimu- 
lated glucose transport. 8r 

DHLA has also been found to influence physiologi- 
cally important proteins through mechanisms other 
than disulfide reduction. DHLA reduces metmyoglobin 
and ferrylmyoglobin to oxymyoglobin. 45 DHLA also 
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Fig. 4 Adult 12-week old hairless mice after 6 weeks of (a) normal 
control diet, (b) vitamin E deficient diet, and (c) vitamin E deficient, 
c~-Iipoate-supplemented diet. The animal on the vitamin E deficient 
diet shows symptoms of vitamin E deficiency with muscular dystro- 
phy and weight loss. 

elicits glandular kallikrein-induced prolactin proteoly- 
sis by acting upon prolactin to refold the molecule into 
conformations that are glandular kallikrein sub- 
strates. 46 Hence, DHLA may exert an influence over 
intracellular metabolism by means other than antioxi- 
dant effects, but the physiological significance of this 
remains to be elucidated. 

Effects  on gene express ion 

There has recently been a great deal of interest in 
the effects of oxidants and antioxidants on signal trans- 
duction and gene expression in both normal and abnor- 
mal conditions. In this regard a-lipoic acid and DHLA 
have been investigated in terms of their effect on the 

transcription factors NF-KB, 51 which regulates the ex- 
pression of genes such as human immunodeficiency 
virus type 1 and those involved in inflammatory re- 
sponses. 52 The effects of  a-lipoic acid and DHLA on 
the expression of c-fos have also been studied. 

NF- rB is regulated through redox mechanisms, 53'54 
and sulfhydryl groups such as Cys62 in the p50 subunit 
have been identified as important in this regulationY 
There are two steps in the process of NF-KB activation 
and action that may be influenced by thiol antioxidant 
such as a-lipoic acid. Early steps involve the activation 
of NF-KB and dissociation from an inhibitory subunit, 
IKB. These are apparently at least partly under redox 
control, with oxidation stimulating activation and dis- 
sociation. The binding of activated NF-KB to DNA 
involves cysteine residues whose redox status is also 
important, with reduced cysteine apparently enhancing 
binding. Hence, the effects of thiol-containing antioxi- 
dants can be complex. For example, overexpression 
of thioredoxin inhibits TPA-induced activation of NF- 
KB, 55a whereas in an in vitro system thioredoxin en- 
hanced binding of NF-KB to DNA. sS'55b Similarly, incu- 
bation of human Jurkat T-cells in medium containing 
4 mM a-lipoic acid completely inhibits NF-KB activa- 
tion induced by tumor necrosis factor or phorbol myris- 
tate 13-acetate. 56 Recently, the DNA binding activity 
of  NF-KB was found to be enhanced by DHLA and 
inhibited by a-lipoic acid. Inhibition of NF-KB DNA 
binding induced by a nonreducing environment or by 
exposure to a thiol-oxidizing agent, diamide, was re- 
versed by DHLA. 57 The interplay of these compounds 
and their effects on NF-KB in a physiological cellular 
environment is difficult to predict. 

The effects of  both a-lipoic acid and DHLA on the 
expression of the growth-regulating gene c-fos have 
also been investigated. 58 Jurkat T cells preincubated 
with either a-lipoic acid or DHLA were exposed to 
TPA, an activator of  c-fos expression. Cells incubated 
in DHLA exhibited less c-fos mRNA expression, com- 
pared to controls, whereas those preincubated with a -  
lipoic acid exhibited greater expression compared to 
controls. Active oxygen species are produced by cul- 
tured cells stimulated by TPA, 59-6~ and superoxide pro- 
duction is enhanced in TPA-stimulated leukocytes. 62 
The suppression of c-fos expression by DHLA but not 
by a-lipoic acid may be due to the fact that DHLA 
scavenges superoxide, whose production may be in- 
volved in enhancing c-fos expression, whereas a-lipoic 
acid does not. 

Apoptosis is another process in which intracellular 
oxidation is thought to play a role. In rat thymocytes 
exposed to methylprednisolone or etoposide, inducers 
of  apoptosis, preincubation with DHLA or lipoamide 
inhibited apoptosis. Lipoic acid had no effect (S. Or- 
renius personal communication). 
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Although it appears that DHLA and/or a-lipoic acid 
may influence gene expression at one or more levels, 
the exact mechanisms and significance have yet to be 
elucidated. This area holds great promise. 

EXPERIMENTAL AND CLINICAL 
THERAPEUTIC STUDIES 

a-Lipoic acid administration has been shown to be 
effective in preventing pathology in various experi- 
mental models in which reactive oxygen species have 
been implicated. Before considering these studies, 
however, it is necessary to discuss whether a-lipoic 
acid is absorbed as a dietary supplement, to what de- 
gree it is taken up by tissues, whether it is reduced to 
DHLA, and whether it is metabolized to shorter chain 
homologues. 

Absorption, uptake, intracellular reduction, and 
metabolism of a-lipoic acid 

There is no doubt that administration of dietary ot- 
lipoic acid has an effect on whole-body physiology. 
The work of Rosenberg and Culik 4 made this clear 
because a-lipoic acid, supplemented in the diet of rats 
and guinea pigs, protected against the symptoms of 
vitamin E or vitamin C deficiency. In later experi- 
ments, 63 animals were fed a diet supplemented with 
ot-lipoic acid for 12 days, then liver, skin, and brain 
homogenates were tested for susceptibility to lipid per- 
oxidation. The amount of peroxidation induced by 
AMVN (measured as TBARS after 40 min of incuba- 
tion with AMVN) decreased 79% in liver, 64% in skin, 
and 50% in brain. These experiments indicate that a-  
lipoic acid in the diet has an antioxidant effect, both 
at the tissue level and at the level of the entire animal, 
but they do not prove that ot-lipoic acid is, in fact, even 
absorbed intact. 

Experiments using radiolabeled a-lipoic acid indi- 
cate that the compound is absorbed. When 14C-labeled 
lipoic acid was administered to rats, either as an IP 
injection or orally, via stomach tube, 80% of the ad- 
ministered radioactivity was either excreted or found 
in the tissues. 64 This was true even in animals whose 
intestinal flora had been killed, so it is unlikely that 
the animals were absorbing metabolites produced by 
bacteria in the gut. 

The next question is how much of the ot-lipoic acid 
is converted to DHLA intracellularly. 

ot-Lipoic acid administered to a variety of cell and 
tissue systems appears in the medium as DHLA. 65 
However, the intracellular fate was unknown. In a 
more recent study, l° lipoic acid was added to the cul- 
ture medium for human fibroblasts or Jurkat T-cells, 
at concentrations from 1 to 4 mM. The concentrations 

of both ~-lipoic acid and DHLA in the cells and in 
the culture medium were determined by HPLC with 
electrochemical detection at various times up to 2 h. 
The intracellular concentration of DHLA in the Jurkat 
cells reached 1.5 mM within 10 min. It was also found 
that the cells released DHLA into the medium. 

The results indicate that normal mammalian cells 
are capable of taking up a-lipoic acid, reducing it to 
DHLA, and releasing DHLA. Hence, the effects of 
both a-lipoic acid and DHLA may be present both 
intracellularly and extracellularly when a-lipoic acid 
alone is administered extracellularly. This has im- 
portant implications in, for example, the use of a-lipoic 
acid supplementation to prevent LDL oxidation. 

Finally, a recent study, which repeated and extended 
the experiments of  Rosenberg and Culik, 4 involving 
vitamin E-deficient rats, confirmed that o~-lipoic acid 
is absorbed and is converted to DHLA in tissues. 42 The 
hairless mice were used as a model for studying the 
effects of E deficiency with or without a-lipoic acid 
supplementation, because hairless mice display obvi- 
ous symptoms of deficiency within 5 weeks (Fig. 4). 
Mice were fed either a normal diet, a vitamin E-defi- 
cient diet, or an E-deficient diet supplemented with 
1.65 g a-lipoic acid/kg diet.  a-Lipoic acid supplemen- 
tation completely prevented symptoms of vitamin E 
deficiency. Both a-lipoic acid and DHLA (unbound) 
were measured after 5 weeks on the various diets in 
liver, kidney, heart, and skin. Only the mice fed the 
diet supplemented with a-lipoic acid displayed any 
unbound a-lipoic acid or DHLA in these tissues. Total 
a-lipoic acid was highest in heart (3.42 ___ 2.20 nmol/ 
g wet weight) and lowest in liver (0.60 ± 0.33 nmol/ 
g). In all tissues DHLA was detected as well as ot- 
lipoic acid, and represented from 21% to 45% of the 
total. Metabolites of a-lipoic acid were not measured. 

This is the strongest evidence to date that a-lipoic 
acid, administered in the diet, accumulates in tissues, 
and that a substantial portion of the t~-lipoic acid is 
converted to DHLA. However, the absorption and re- 
duction of a-lipoic acid in humans is not as well- 
studied; endogenous plasma levels of a-lipoic acid 
were 1-25  ng/ml and of DHLA 33-145 ng/ml in 6 
healthy volunteers, 66 but plasma levels of ~-lipoic acid 
and DHLA in individuals supplemented with a-lipoic 
acid remains to be thoroughly investigated. 

Another area that requires further study is the extent 
to which exogenously supplied a-lipoic acid is metabo- 
lized to shorter chain homologues, which may have 
different effects than a-lipoic acid itself. In studies of 
administration of radiolabeled a-lipoic acid t o  r a t s ,  67 
much of the excreted a-lipoic acid was in altered 
forms, including the /~-oxidation products bisnorli- 
poate, tetranorlipoate, and beta-hydroxybisnorlipioc 
acid. It is not known what proportion of administered 
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a-lipoic acid is converted to these metabolites; in one 
study of c~-lipoic acid administered to cultured T-lym- 
phocytes, no formation of shorter chain-length beta- 
oxidation products of lipoic acid was observed over 2 
h. 1° Hence, the question of how much a-lipoic acid 
is converted to its shorter chain homologues is still 
unanswered. However, it is worth considering their 
effects. 

Reduced forms of bisnorlipoic acid and tetranorli- 
poic acid react with superoxide and are more reactive 
than dihydrolipoate. Bimolecular kinetic rate constants 
were 17.7 ! 105 M -1 • s -~ and 10.9 ! 103 M -~. s -~ for 
the superoxide reaction for bisnorlipoate and tetranorli- 
poate, respectively, compared to 7.3 x 105 M - t .  s -1 
for DHLA. 28 Reduced forms of bisnorlipoate and tetra- 
norlipoate were also found to scavenge peroxyl radi- 
cals both in aqueous solution and in liposomes, z8 

Reduced forms of bisnorlipoate and tetranorlipoate 
also have marked prooxidant effects. In the absence 
of iron chelator, reduced forms of bisnorlipoate and 
tetranorlipoate potentiated hepatic microsomal lipid 
peroxidation induced by AMVN-generated peroxyl 
radicals. 28 The reduced form of tetranorlipoate was ex- 
tremely potent in inducing lipid peroxidation. 

In summary, a-lipoic acid is absorbed from the diet, 
transported to the tissues, and taken up by cells where 
a large proportion is rapidly converted to DHLA. 
Hence the effects of both a-lipoic acid and DHLA 
must be considered when proposing mechanisms for 
therapeutic effects. The extent to which a-lipoic acid 
and DHLA are metabolized, and the exact antioxidant/ 
prooxidant balance of their metabolites, is yet to be 
established. These metabolites may also play a signifi- 
cant role in the observed effects of treatment with a-  
lipoic acid. 

Diabetes 

a-Lipoic acid has potential applications for many 
aspects of the pathology of diabetes. In Type I (insulin- 
dependent) diabetes, destruction of pancreatic/3-cells 
causes loss of insulin secretion, whereas in Type II 
(noninsulin-dependent) diabetes insulin resistance of 
peripheral tissues is the major problem, a-Lipoic acid 
has potential preventive or ameliorative effects in both 
Type I and Type II diabetes. 

Many of the complications induced by diabetes, in- 
cluding polyneuropathy and cataract formation, appear 
to be mediated by oxygen free radical generation68; 
diabetic patients have elevated serum levels of thiobar- 
bituric acid reactive substances compared to nondiabet- 
iCS. 69 Since a-lipoic acid and DHLA have been shown 
to prevent diabetes-induced biological alterations, 7°-73 
the relationship between the role of oxidative stress 
in diabetes-induced complications and the antioxidant 

properties of a-lipoic acid and dihydrolipoic acid is of 
particular interest. Glycation of proteins may also play 
a role in these and other pathologies accompanying 
the disease, a-Lipoic acid has been shown to have 
promise for preventing glycation reactions. 

Effects in animal models of  type i diabetes. Type I 
diabetes results from/3-cell destruction by immunolog- 
ical or inflammatory attack. One animal model for this 
type of diabetes is the nonobese diabetic mouse. When 
diabetes development was accelerated in nonobese dia- 
betic mice by cyclophosphamide administration, 60% 
of the mice developed diabetes within 1 -3  w e e k s .  TM If 
a-lipoic acid was given (10 mg/kg, IP) for 10 days 
before and 10 days after cyclophosphamide adminis- 
tration, only 30% of the mice developed diabetes. This 
effect could be due to suppression of nitric oxide re- 
lease by macrophages, which has been shown to occur 
in the presence of DHLA, 75 as well as to scavenging 
of other reactive oxygen species released by inflam- 
matory cells which attack the pancreatic/3-cells. The 
large suppression of diabetic induction by a-lipoic acid 
should prompt further research in this area. 

Effects on glucose uptake in type ii diabetes. One of 
the major features in the pathogenesis of Type II diabe- 
tes is insulin resistance. Most Type II diabetics are 
hyperinsulinemic, hence no insulin therapy is war- 
ranted. Improvement of insulin action on glucose trans- 
port activity in skeletal muscle has therefore been the 
basis for a number of studies seeking to find therapeutic 
interventions that will be successful. As skeletal mus- 
cle tissue is the major sink in the body for glucose 
following a meal, agents that enhance glucose uptake 
by skeletal muscle are potentially useful in the long- 
term treatment of Type II diabetes. 

a-Lipoic acid enhances glucose utilization in iso- 
lated rat diaphragm, 76 h e a r t ,  77 and cultured myotubes. 78 
In the latter study, the authors report that the naturally 
occurring R-form stereoisomer of lipoic acid is more 
effective than the S-form in stimulating glucose up- 
take. R-ct-lipoic acid-stimulated glucose transport is 
associated with the translocation from the cytosol of 
GLUT-1 and GLUT-4 glucose transporters to the 
plasma membrane; this has an additive effect on insulin 
stimulated glucose transport. S-a-Lipoic acid stimu- 
lates transport to a lesser extent, but does not promote 
translocation and actually inhibits insulin action on 
glucose uptake. 

Using the obese Zucker rat as an animal model of  
obesity in insulin resistance, Henriksen and col- 
leagues 79 demonstrated that ot-lipoic acid treatment 
markedly increased the uptake of glucose [as 2-deoxy- 
glucose] in the absence or presence of insulin. Acute 
treatment with a-lipoic acid as a single dose of 100 
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mg/kg body weight for 1 h, or chronic treatment (30 
mg/kg for 10 days) resulted in improved insulin-stimu- 
lated 2-DG uptake in epitrochlearis muscles by over 
50% in both cases. 

Jacob and colleagues 8° have also demonstrated in 
humans with Type II Diabetes that a-lipoic acid ad- 
ministration (1000 mg given intravenously) enhanced 
insulin-stimulated whole body glucose disposal by 
about 50%. These results correlate well with the find- 
ings of Bashan et al. 78 and Henriksen et al. 79 in the 
myotube and rat epitrochlearis muscle studies reported 
above. 

A biochemical explanation for these findings is re- 
quired. It has been suggested that the exogenously sup- 
plied a-lipoic acid may bring endogenous levels of a- 
lipoic acid, known to be low in diabetic animals 7° back 
to normal. Alternatively, a-lipoic acid may react with 
cellular sulflaydryl groups, believed to be involved in 
the regulation of insulin-stimulated glucose transport.s~ 
The effect may also be due to LA's  antioxidant func- 
tion. At present it is not possible to distinguish among 
these possibilities. Although the mode of action of 
lipoic acid stimulation of glucose disposal remains to 
be elucidated, these studies are consistent with work 
in animal and cell model systems, and suggest the need 
for a larger scale clinical study. 

Glycation reactions and atherosclerosis. Glycation of 
proteins may be an underlying factor in a number of 
the pathologies of diabetes, 82 and free radicals may be 
involved in the process. 68 Although several mecha- 
nisms have been postulated for the pathogenesis of 
chronic diabetic complications, protein glycation and 
oxidation by glucose (glycoxidation) are plausible 
working hypotheses. 83'84"68 

a-Lipoic acid has been tested in a number of model 
systems, particularly serum albumin and lysozyme, 
where the inhibition of enzyme activity or the extent 
of glycosylation has been found to be protected against 
by incubating in glucose together with a-lipoic acid. 85 
In another study, Kawabata and Packer 86 found that 
noncovalent hydrophobic binding of a-lipoic acid to 
albumin was involved in its protective effects (Fig. 5). 
Also in this in vitro test system, both the R and S 
enantiomer forms of ot-lipoic acid behaved similarly. 
In addition, both a-lipoic acid and DHLA protected 
albumin from glycation in the same manner, demon- 
strating that the preventive effect is independent of its 
redox state. Since a-lipoate has a hydrophobic carbon 
chain, it is likely that a-lipoate binds to albumin by 
hydrophobic interactions similar to fatty acids. By 
comparing a-lipoate with a shorter chain homologue, 
tetranor-lipoate, it was shown that ot-lipoate is much 
more protective against glycation. In fact, tetranor-li- 
poate did not show any protective effect, demonstra- 

ting the importance of the hydrophobic interactions 
between albumin and a-lipoate in protection against 
glycation. 

Glycated human serum albumin binds fewer fatty 
acids than does nonglycated albumin, 87 suggesting that 
glycation sites are adjacent to fatty acid binding sites. 
In an early step of albumin glycation, a-lipoic acid 
may protect BSA from glycation by masking the glyca- 
tion site through hydrophobic binding. Although cova- 
lent interaction with serum albumin has been reported 
to inhibit the protein glycation, noncovalent interaction 
of Diclofenac (Voltaren) with human serum albumin 
was also reported to inhibit glucose attachment to hu- 
man serum albumin. 88 a-Lipoic acid may act in a simi- 
lar manner. 

Protection of human low density lipoprotein [LDL] 
against glycation by a-lipoate was also investigated. 
If a-lipoate inhibits LDL glycation, this could have 
clinical significance because diabetic patients have a 
higher frequency of atherosclerosis than nondiabetic 
individuals, s9 LDL is a large particle of more than 1.5 
million kD with a cholesterol: phospholipid surface, a 
core composed primarily of cholesterol ester, and a 
single protein (apo B100), which is interdigitated in 
the surface. Physically, apo B 100 has both hydrophilic 
and hydrophobic domains; the hydrophobic portion of 
apo B in LDL is submerged in the lipid structure, and 
in this respect it differs from albumin, a-Lipoic acid 
was found not to protect LDL from glycation in v i t ro  86 
(Fig. 5). These findings also emphasize the significance 
of the hydrophobicity of a-lipoate in protection against 
glycation. Schepkin et al. 9° also reported using NMR 
techniques that ~t-lipoate binds to albumin, but not 
to LDL. 

However, although a-lipoic acid was not found to 
protect LDL in the short term, the long-term effects of 
glycation involve further reaction to Amadori products, 
and eventually the formation of advanced glycosolated 
end-products (AGE). These steps may involve oxida- 
tive mechanisms. It is worth noting in this regard that 
a-lipoic acid has been found to be protective of human 
LDL exposed to oxidative s t ress  4°'91 (F ig .  6). Hence, 
over the long-term, a-lipoic acid may help protect dia- 
betics from the atherosclerosis that is a common com- 
ponent of the disease. 

Diabetic polyneuropathy. Endoneural blood flow and 
oxygen tension are reduced in experimental diabetic 
neuropathy. This process of endoneural hypoxia is as- 
sociated with an increase of oxidative stress and an 
impairment of the nerve conduction velocity. 92 

Antioxidants such as glutathione have been shown 
to prevent neuropathy in animal models, 93 and a-lipoic 
acid induces sprouting of neurites in culture. 94 

Clinical trials have been carried out on the effects 
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ct-Lipoate bound (raM) 

Fig. 5. (A) Effect of tr-lipoate on LDL glycation. LDL (1 mg protein/ml) was incubated with 200 mM glucose in the presence 
(open circles) or absence (filled squares) of ,~-lipoate (20 mM) in Hepes-saline (pH 7.4) at 37°C. At the indicated times, 
glycated LDL were separated by affinity chromatography and protein concentrations measured. Values are averages of duplicate 
observations. LDL was also incubated without glucose as a negative control (filled circles). (B) The binding of ot-lipoate to 
BSA. BSA (1 mM) was incubated with various concentrations of a-lipoate in Hepes-saline (pH 7.4) at 37°(2 for 18 h. The 
sample was centrifuged in a centricon 30 and the a-lipoate concentration in the filtrate was measured by absorption spectroscopy 
(e = 150 M- '  • cm-').  

of a-lipoic acid supplementation on diabetic neuropa- 
thy, and its use for this condition is approved in Ger- 
many. 

In one placebo-controlled double blind study, 95 21 
days of intravenous administration of a-lipoic acid 
(200 mg daily) caused alleviation of some clinical 
symptoms: before treatment six patients had moderate 
pain and four had severe pain, and after treatment five 

patients had no pain, four had moderate pain, and only 
one had severe pain. Despite these dramatic clinical 
improvements, neurophysiological measures, such as 
vibration sense and nerve conduction velocity, showed 
no change with IV lipoic acid administration. The au- 
thors note that 21 days may have been too short a time 
in which to observe changes in neuronal characteris- 
tics. 
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Fig. 6. Time course of UV-induced vitamin E chromanoxyl and ascorbyl ESR signals in LDL suspensions. (A) Effect of 
ascorbate: ascorbate, 500 #M. Insert: dependence of the lag period (during which the vitamin E chromanoxyl radical ESR signal 
was not observed) on the concentration of ascorbate. (B) Effect of dihydrolipoic acid plus ascorbate, ascorbate 500/zM; DHLA 
2 mM. Insert: dependence of the lag period (during which vitamin E chromanoxyl radical ESR signal was not observed) on the 
concentration of adihydrolipoic acid (the ascorbate concentration was 500 #M). Incubation medium (100 #1) contained: LDL 
samples with endogenous vitamin E (6.2 nmol/mg protein, 14 mg protein/ml), ascorbate, 500 #M inphosphate buffer, pH 7.4, 
at 250(2. All values are given as a percentage of the maximum magnitude obtained. Vitamin E chromanoxyl radicals were 
generated by irradiation with UV light (290-400 nm). 
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In a longer study, ot-lipoic was compared to vitamin 
B 1 as treatment for diabetic neuropathy in a single- 
blind study, ct-Lipoic acid (600 mg/day) or vitamin 
B 1 (400 mg/day) were administered intravenously and 
intramuscularly, respectively, to diabetics for 3 weeks, 
followed by 12 weeks of oral administration of the 
s a m e  d o s e .  96 Pain and parathesia were reduced in the 
a-lipoic acid patients when compared with the vitamin 
B 1 patients, but again in this study no improvement 
in motor or sensory nerve conduction velocity could 
be demonstrated due to lipoic acid administration. 
However, these authors point out that a period of 
months or years is required to observe improvement 
in diabetic neuropathy due to normalization of blood 
glucose levels, so it is not surprising that no measurable 
neurophysiological changes occurred over a period of 
15 weeks of a-lipoic acid supplementation. However, 
clinical improvement, evaluated by blinded observers, 
has clearly occurred in these studies. 

In a nonblinded study in which several parameters 
were studied, 97 diabetic patients (both type I and type 
II) were given oral supplements of either t~-lipoic acid 
(600 mg/day for 2 weeks, then 300 mg/day for 10 
weeks), a-tocopherol (1575 IU daily), or selenium 
(100/zg daily), and compared to controls (no supple- 
ments, no placebo) after 12 weeks. Blood malondialde- 
hyde decreased from 14.4 #mol/1 to 10.9 #mol/l in the 
a-lipoic acid group. Similar reductions were seen in 
the a-tocopherol and selenium groups. No change was 
seen in the control group. Albuminuria decreased 50%, 
46%, and 26% in the a-lipoic acid, a-tocopherol sup- 
plemented, and selenium supplemented groups, respec- 
tively. There was clinical improvement in neurological 
symptoms in all supplemented groups but not in the 
control group. In addition, while retinopathy worsened 
in 5 of 9 in the control group, there was only one case 
of worsening of retinopathy in any of the antioxidant 
supplemented groups. This study showed that mitigat- 
ing oxidation, whether by a-lipoic acid supplementa- 
tion or supplementation with other antioxidants, im- 
proved biochemical and functional parameters in dia- 
betics; however, the study suffered from lack of 
placebo control and lack of double-blind. 

Cataracts. Another common complication of diabetes 
is cataract formation, a-Lipoic acid dietary supplemen- 
tation has been shown to prevent cataract formation 
caused by BSO-induced inhibition of GSH synthesis in 
newborn rats, while sparing lens ascorbate, tocopherol, 
and GSH. 98 100% of BSO-treated rats developed cata- 
racts, but if they also received a-lipoic acid, the inci- 
dence of cataract formation dropped to 40%. Signifi- 
cant protection of lens ascorbate, tocopherol, and gluta- 
thione was also observed in the lipoate-supplemented 
rats compared to nonsupplemented. 

Also, in vitro diabetic cataractogenesis in rat lens 
cell cultures exposed to high concentrations of glucose 
was prevented by t~-lipoic acid 99 (Fig. 7). Our group l°° 
has hypothesized that a-lipoic acid prevents oxidative 
stress in diabetic conditions by sparing vitamin C, 
whose transport is affected by the disease. Since vita- 
min C and glucose share the same carrier in noninsulin 
dependent tissues, the elevated blood glucose in diabe- 
tes competitively inhibits the cell entry of vitamin C, 
thus resulting in localized intracellular vitamin C defi- 
ciency (Fig. 8). Exogenously supplemented ot-lipoic 
acid utilizes other transport systems to enter the cells, 
is converted to dihydrolipoate, and recycles vitamin 
C. This would explain its protective effect in diabetic 
cataractogenesis, as well as other complications of dia- 
betes. 

Conclusions. a-Lipoic acid has been shown to have a 
number of beneficial effects, both in prevention and 
treatment of diabetes, c~-Lipoic acid may act in a num- 
ber of ways that are especially protective in diabetes. 
It prevents/~-cell destruction leading to Type I diabe- 
tes. It enhances glucose uptake in Type II diabetes. 
It prevents glycation reactions in some proteins. Its 
antioxidant effects may be particularly useful in slow- 
ing the development of diabetic neuropathy and cata- 
ractogenesis, and this may be especially significant in 
alleviating diabetes-induced reduction in intracellular 
vitamin C levels. 

Very few of these effects will manifest as objective 
improvement over the course of weeks or even months. 
This is demonstrated in trials for treatment of neuropa- 
thy, which lasted up to 12 weeks, in which objective 
improvement was not observed but clear subjective 
improvement was present, even in double-blinded 
studies. Given the array of beneficial effects of ct-lipoic 
acid that have been shown in both animal and human 
diabetes, large, long-term, well-controlled studies seem 
warranted. It is unrealistic to expect dramatic effects 
in weeks, since diabetic complications develop over 
years and decades. 

Ischemia-reperfusion injury 

Ischemia-reperfusion injury occurs when a burst of 
free radicals is produced during reoxygenation of tissue 
that has become hypoxic. It is important in cardiac 
tissue (especially with the introduction of clot-dissolv- 
ing drugs for the treatment of heart attack) and in brain. 
Agents that prevent ischemia-reperfusion injury may 
therefore prove important in the treatment of cardiac 
infarct, during open-heart surgery, and in the treatment 
of stroke and other conditions that cause interruption 
of blood flow to the brain. 

In vitro, DHLA prevents ischemia-reperfusion in- 



242 L. PACKER e t  al. 

Fig. 7. Effect of a-lipoate on glucose induced lens opacity. Lenses as seen through a dissection microscope, after 8 days of 
incubation. Rat lenses with intact capsules were incubated in Modified Eagle Medium 199, with (A) normal glucose (5.56 mM) 
and 1 mM R-a-lipoic acid, (B) normal glucose (5.56 mM) and i mM S-ot-lipoic acid, (C) normal glucose (5.56 raM) and 1 
mM racemic a-lipoic acid, (D) elevated glucose (55.6 mM) and I mM R-a-lipoic acid, (E) elevated glucose (55.6 mM) and 1 
mM S-a-lipoic acid, and (F) elevated glucose (55.6 mM) and 1 mM racemic a-lipoic acid. 

duced changes in fluidity and polarity of rat heart mito- 
chondria, j°j Several studies extend these experiments 
to more closely match in vivo situations. 

Serbinova et al. j°2 reported that hearts from rats fed a- 
lipoic acid were protected against ischemia-reperfusion 
injury induced in an isolated perfused Langendorff heart 
system, a-Lipoic acid preserved vitamin E in heart tissue, 
improved postischemic left ventricular functional recov- 
ery, and decreased lipid pemxidation and lactate dehydro- 
genase leakage (a marker of membrane damage). Ha- 
ramaki et al., ~°3 using Langendorff and working heart 
systems, further observed that the protective effects of 
dihydrolipoic acid against rat myocardial ischemia-re- 
perfusion injury are dependent on vitamin E, suggesting 
that a-lipoic acid functions in this system by regenerating 
tocopherol from the tocopheroxyl radical. Assadnazari et 
ai., ~°4 using a working heart system in an NMR magnet, 
found that DHLA added to the reperfusion buffer acceler- 
ated the recovery of aortic flow during reperfusion. 
DHLA also appeared to increase ATP synthesis in the 
heart. 

The brain is another area where ischemia-reperfusion 
injury can have serious consequences; for example, in 

head trauma, subarachnoid hemorrhage, stroke, or cardiac 
arrest. Prehn et al., in a study with middle cerebral artery 
occlusion in mice, demonstrated that in this model of 
focal ischemia, treatment with DHLA, but not a-fipoic 
acid, reduced the size of the infarct. 1°5"1°6 The authors 
also noted a hypoglycemic effect at the doses used (100 
mg/kg body weight). In another model of rat brain isch- 
emia-reperfusion injury, in which the carotid arteries 
are occluded, pretreatment with a-lipoic acid decreased 
mortality from 80% to 20%; this marked decrease in 
mortality was accompanied by protection of glutathione 
(which was depleted in controls) and decreased levels of 
lipid peroxidation product formation. 

In other ischemia-reperfusion systems, Boveris et 
al. 1°7 reported that a-lipoic acid administration pre- 
vented rat intestinal short-term ischemia-reperfusion 
induced overshoot of chemiluminescence, which is in- 
dicative of an increased steady-state level of singlet 
oxygen and an increased rate of lipid peroxidation. 
Boveris also observed that ot-lipoic acid can inhibit 
xanthine oxidase activity; xanthine oxidase is postu- 
lated to play an important role in the mechanism of 
ischemia-reperfusion injury. 



Antioxidant properties of lipoic acid 243 

"Starvation Amidst Plenty" 
I Insulin insufficiency -~ Diabetes ->. Glucose Elevation I 

J 
Glucosylation 

Reactions 

AGE (Advanced 
Glucosylation 
End Products) 

"Aging" 

Impaired Cellular 
Uptake of 

Dehydroascorbate (DHA)* 

Ascorbate Deficiency 

"Localiz!d ~ [ Scurvy" 

* Since glucose and dehydroascorbate use the 
same sugar transporter system, high glucose 
competitively inhibits vitamin C uptake. 

Thioctic (o<-Lipoic) Acid Supplementation I 

L~oate Elevation 

Enhanced Cellular Uptake** .. Lipoate uses fatty acid 
transporter system 

Accumulation of Dihydrolipoate (DHLA) 

Increased efficiency of the 
Vitamin C and Vitamin E Cycles 

\ 
ROO o ~  Vitamin E ~ -  DHA ~ _  D H L A ~  NAD+ 

ROOH Vitamin E Ascorbate Lipoate NADH 
Free Radical 

Fig. 8. Schematic diagram of the pathobiochemical situation in diabetes mellitus and the possible correction by oral administration 
of a-lipoic acid. Since glucose competitively inhibits the absorption of ascorbic acid into the cells, a-lipoic acid increases the 
efficiency of the vitamin C cycle and thereby also activates the vitamin E cycle. 

Thus, in a number of ischemia-reperfusion model 
systems, DHLAJct-lipoic acid has been shown to be 
effective in ameliorating or preventing damage. In 
none of these studies were the cellular contents of 
DHLA or c~-lipoic acid measured, so it is difficult to 
say with certainty exactly what the mechanism of pro- 
tection was. In the cardiac system the effect appears 
due to recycling. 

Liver diseases 

a-Lipoic acid is often used for therapy in conditions 
that involve liver pathology. The basis for such treat- 
ment is the metabolic role of a-lipoic acid, not its 
antioxidant properties. The two most extensively stud- 
ied conditions are mushroom poisoning and alcoholic 
liver degeneration. There is little evidence that a-lipoic 
acid is useful in either of these conditions. 

Mushroom poisoning. There have been many case 
studies in which treatment with a-lipoic acid has been 
associated with complete recovery from mushroom 
(Amanita) poisoning. ~°8'~°9 However, 10-50% of vic- 
tims recover without a-lipoic acid treatment, so such 
reports may be coincidental. In animal studies, a-lipoic 
acid has proved completely ineffective as a treatment 
for Amanita poisoning, and some groups recommend 

its elimination from a treatment regimen for this condi- 
tion. "° 

Alcoholic liver disease. Several studies indicated that 
a-lipoic acid administration might be beneficial in liver 
disease, especially alcoholic liver disease, m - m  How- 
ever, these studies suffered one or more of the follow- 
ing flaws: lack of control groups, lack of statistical 
analysis, or the use of other treatments in addition to 
~r-lipoic acid. 

In a controlled, double-blind, long-term study, a- 
lipoic acid had no effect on the course of alcohol- 
related liver disease. 1~4 Twenty patients with precir- 
rhotic liver disease received a-lipoic acid (300 mg/ 
daily, orally) for 6 months, and 20 patients received 
placebo. Twenty-two of the patients abstained from 
alcohol, and the other 18 reduced daily alcohol intake. 
Significant improvements in blood parameters (serum 
aspartate transaminase, serum gamma glutamyl trans- 
peptidase, and mean corpuscular volume) occurred in 
the abstainers, as well as histological improvement in 
17; 5 of the reduced intake group also showed histolog- 
ical improvement but there was no significant improve- 
ment in blood characteristics. ~-Lipoic acid did not 
influence the course of the disease. 

Nf-Kb activation, hiv, and aids 
Oxidative stress may play a role in several aspects 

of HIV infection, including activation of virus replica- 
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tion, 115 immunosuppression,~ 16.117 and tumor initiation 
and promotion. 118 HIV-infected patients have been re- 
ported to be deficient in various antioxidants. H9-~21 
Hence, there may be a role for antioxidant therapy in 
retarding the progress of the disease. 

Following this reasoning, a pilot study was recently 
conducted on the effects of a-lipoic acid supplementa- 
tion on blood antioxidant status and blood peroxidation 
products in HIV-positive individuals. 122 Twelve pa- 
tients (HIV positive, classified CDC IV) received oral 
doses of 150 mg of lipoate three times daily for a 
period of 14 days. At the end of that time, 9 of 10 
patients exhibited increases in plasma ascorbate, 7 of 
7 showed increased plasma glutathione, 8 of 9 had 
decreased plasma malondialdehyde, and 7 of 9 bad 
decreased 4-hydroxynonenal. Accompanying these 
changes, the number of T-helper cells increased in 6 
of 9 patients, and the T-helper/T-suppresser cell ratio 
improved in 6 of 10 patients. 

Also, in cultured cells, a-lipoic acid and dihydroli- 
poic acid prevented HIV replication, 123 the activation 
of NF-KB transcription factor, 56 which are regulated 
by oxidative stress. 

These studies suggest that further research is war- 
ranted on the effect of a-lipoic acid in HIV infection. 

Neurodegenerative diseases 

Tissues of the central nervous system may be espe- 
cially vulnerable to oxidative stress because of their 
constant high rate of oxygen consumption and high 
mitochondrial density. Mitochondria inevitably pro- 
duce free radicals as "byproducts"  of normal oxida- 
tive metabolism, 124'125 and these free radicals damage 
the mitochondrial DNA. 126 The defective proteins 
coded for by the damaged DNA can lead to synthesis 
of mitochondria in which components of the electron 
transport chain preceding the damaged protein become 
reduced, leading to greater free radical production ~27- 
J29 and more mitochondrial damage, in a vicious cycle. 
Such a vicious cycle may be responsible, in part for 
neurodegenerative diseases. 

Support for this view comes from the observation of 
high degrees of oxidative damage as well as damaged 
mitochondria in tissues from patients with neurodegen- 
erative disease. 129-134 Logical therapy or prevention 
would therefore involve antioxidant treatment. 

a-Lipoic acid is a good candidate as an antioxidant 
agent in neurodegenerative diseases. It can interrupt 
the chain at several points: by competing for free tran- 
sition metals as a chelator, 19'2~ by scavenging hydroxyl 
or superoxide radicals, ~2 and by scavenging peroxyl 
radicals. 9 Few other antioxidants possess this kind of 
versatility, and it will be interesting to see what effect 

a-lipoic acid has in various neurodegenerative disor- 
ders. 

Studies are underway in animals. For example, a 
recent study examined the effect of a-lipoic acid on 
memory loss in aging mice. ~35 Many species, including 
man, monkeys, rats, and mice, exhibit aging-related 
cognitive deficits that may be caused, at least in part, 
by oxidative stress. In mice, a-lipoic acid (100 mg/kg 
body weight for 15 days) improved performance in an 
open-field memory tes t - - in  fact, the a-lipoic acid- 
treated animals performed better than young animals 
24 h after the first test (though the difference was not 
significant). 135 Treatment with a-lipoic acid did not 
improve memory in young animals. The a-lipoic acid- 
treated animals exhibited decreased age-related N- 
methyl-o-aspartate (NMDA) receptor deficits (Bmax) 
compared to controls, but showed no improvement in 
muscarinic, benzodiazepine, or aE-adrenergic receptor 
deficits. The authors concluded that a-lipoic acid's free 
radical scavenging ability may improve NMDA recep- 
tor density, leading to improved memory. These intri- 
guing results suggest further tests in other species, in- 
cluding humans. 

Recently, Greenamyre et al. ~36 observed that the in- 
traperitoneal administration of a-lipoic acid or DHLA 
reduced the rat striatum lesions induced by excitotox- 
ins which affect NMDA receptors, which may lead to 
calcium influx and generation of nitric oxide and other 
free radicals. ~37 Both a-lipoic acid and DHLA treat- 
ment decreased the area of lesion by 50%. 

Another way in which mitochondria may be im- 
portant in neurodegeneration is through alterations in 
their effects on calcium homeostasis. In this regard, 
the recent report of Christof Richter (personal commu- 
nication) that a-lipoic acid inhibits mitochondirial cal- 
cium transport may be relevant to its beneficial effects 
noted in neurodegenerative disorders noted by Greena- 
myre. 136 

Ischemia-reperfusion injury, induced by head 
trauma, subarachnoid hemorrhage, stroke, or cardiac 
arrest, is another potential source of free radical dam- 
age to neuronal structures. The protective effect of a-  
lipoic acid in this condition has already been discussed 
(see Ischemia-Reperfusion Injury). In addition, a-li- 
poic acid treatment of rats exposed to inhalation of n- 
hexane (constant exposure to 700 ppm) delayed the 
onset of severe neuropathy by 3 weeks: control rats 
displayed severe motor neuropathy by 6 weeks, while 
in rats which also received a-lipoic acid, severe neu- 
ropathy did not appear until the ninth week. m 

Radiation injury 

Irradiation is known to produce a cascade of free 
radicals, and antioxidant compounds have long been 
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used to treat irradiation injury, a-Lipoic acid, but not 
DHLA, protected against radiation injury to hemato- 
poietic tissues in mice, and increased the LDso from 
8.67 to 10.93 Gy. 139 c~-Lipoic acid administration to 
murine neroblastoma cells 43 increased cell survival 
after irradiation from 2% to about 10%, and the effect 
correlated with an increase of the intracellular GSH/ 
GSSG ratio induced by c~-lipoate. These results ex- 
tended to mice irradiated with 8 Gy; a-lipoic acid ad- 
ministration (16 mg/kg) increased survival rates from 
35% in untreated animals to 90% in oL-lipoic acid- 
treated animals. 

The worst recent widespread human radiation expo- 
sure occurred after the Chernobyl accident. People 
continue to live in areas where the soil is contaminated 
with 15-40 Ci/km2, and are thus exposed to constant, 
low-level radiation. In an effort to determine whether 
antioxidant treatment might help prevent damage due 
to such constant exposure, Korkina, Afanas'ef, and 
Diplock recently examined the effects of 28 days of 
antioxidant treatment on a variety of blood and urinary 
parameter in children living in areas affected by the 
Chernobyl accident. 14° Using spontaneous chemilumi- 
nescence as a marker for blood peroxidation, they 
found that treatment with c~-lipoic acid alone lowered 
this value to that seen in nonradiation-exposed chil- 
dren; a-lipoic acid + vitamin E treatment further low- 
ered chemiluminescence to below-normal values; vita- 
min E alone was without effect. Urinary excretion of 
radioactive metabolites was also lowered by a-lipoic 
acid but not by E, presumably due to chelation by 
a-lipoic acid. Liver and kidney functions were also 
normalized by a-lipoic acid treatment. 

Hence it appears that a-lipoic acid, alone or together 
with vitamin E, is an effective treatment for radiation 
exposure, lessening indices of oxidative damage and 
normalizing organ function. 

Cigarette smoke effects on plasma proteins 

Although the exact mechanisms by which cigarette 
smoke (CS) exposure causes such pathologies as ath- 
erosclerosis, pulmonary emphysema, and cancer have 
not yet been elucidated, it is known that CS contains 
a number of free radical species. 141'~42 Since many of 
the diseases caused by smoking involve, at least in 
part, free-radical-mediated processes, it has been pro- 
posed that the free radicals in CS contribute to these 
diseases. The effects of CS on lung lining fluids has 
been investigated using plasma as a model system. 
Freshly obtained human plasma is exposed to "puffs"  
of gas-phase or whole CS, and antioxidants and mark- 
ers of oxidative damage are measured. In this system, 
ascorbic acid is consumed first, followed by protein 
thiol groups. 143.144 Lipid hydroperoxides as well as pro- 

tein carbonyls (a marker of protein oxidation) ap- 
pear. 143"145 Exogenously supplied DHLA is protective 
against CS-induced oxidation of antioxidants, proteins, 
and lipids.144 DHLA also partially protected polymor- 
phonuclear leukocytes from the damaging effects of 
CS. 146 This effect may be due to scavenging of oxidants 
in the aqueous or lipid phases, or to regeneration of 
ascorbic acid that has been converted to ascorbyl radi- 
cal as it is oxidized by CS components. In this regard, 
DHLA could play a role in minimizing the pathologic 
consequences of smoking. To extend these studies to 
the in vivo situation, it will be necessary to know what 
levels of DHLA are achieved in plasma after dietary 
supplementation with a-lipoic acid. 

Heavy metal poisoning 

The possible chelating effects of  a-l ipoic acid, 
together with its antioxidant effects, make it a good 
candidate for the treatment of heavy metal poison- 
ing. For arsenite, cadmium, and mercury, especially, 
it may be effective. Grunert t47 demonstrated that a-  
lipoic acid administration completely protected mice 
and dogs from arsenite poisoning, if the ratio of a-  
lipoic acid to arsenite was at least 8:1. This was 
true even if the ot-lipoic acid was administered after 
severe symptoms of  poisoning were already seen. 
Similar complete protection was seen for Hg 2÷ poi- 
soning in mice, although at low doses (2:1 molar 
ratio) ot-lipoic acid appeared to potentiate the lethal 
effect of  Hg 2÷. a-Lipoic  acid was ineffective against 
lead and gold poisoning in mice in this study. Expo- 
sure of isolated hepatocytes to a-lipoic acid or 
DHLA resulted in the amelioration of  cadmium 2÷- 
induced membrane damage, lipid peroxidation, and 
the depletion of  cellular glutathione. 2~ These findings 
were extended to a rat model, in which o~-lipoic acid 
at a dose of 30 mg completely prevented cadmium- 
induced lipid peroxidation in brain, heart, and tes- 
tes. 148 In this study it also completely abolished cad- 
mium-induced decreases in the activities of Ca 2÷-, 
Na ÷-, and Mg+-ATPases in these organs, a-Lipoic 
acid administration to rats also increased biliary ex- 
cretion of  injected Hg 2÷ (the major route of  excre- 
tion) by 12-37-fold,  L49 but dramatically decreased 
biliary excretion of Cd 2÷, methyl mercury, Zn 2÷, and 
Cu 2÷. It is not clear whether this was due to chelation 
of  these metals in the circulation by ot-lipoic acid or 
other effects of  a-l ipoic acid. a-l ipoic acid adminis- 
tration has also been found to greatly increase the 
rate of  elimination of radiomercury in rabbits. 15° 
Hence, a-l ipoic acid may be of  clinical value in the 
treatment of mercury and cadmium poisoning. Its 
effect on other heavy metals is not yet completely 
clear. 
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Chagas disease 

Chagas disease is common in South America and 
is caused by the protozoan Trypanosoma cruzi. It is 
treated with benznidazole, but side effects in up to 
50% of cases are a major problem. In a double blind 
study of 50 patients with Chagas disease, tS~ 25 were 
treated with benznidazole + a-lipoic acid (20 mg/day) 
and 25 with benznidazole + placebo. In the benznida- 
zole + a-lipoic acid group, only 8% of the patients 
developed side effects and all of the patients were able 
to complete treatment, whereas in the benznidazole + 
placebo group 44% of the patients developed side ef- 
fects and two had to abandon treatment, a-Lipoic acid 
is a beneficial adjuvant therapy in the treatment of this 
disease. 

Side effects 

tions in both membrane and aqueous phases. 9 Both 
a-lipoic acid and DHLA have substantial antioxidant 
properties. These include their ability to directly 
quench a variety of reactive oxygen species, inhibit 
reactive oxygen-generators, and spare other antioxi- 
dants. 

A number of experimental as well as clinical studies 
point to the usefulness of ot-lipoic acid as a therapeutic 
agent for such diverse disease conditions as myocardial 
and cerebral ischemia-reperfusion injury, heavy-metal 
poisoning, radiation damage, diabetes, neurodegenera- 
tive diseases, and AIDS. High doses of ot-lipoic acid 
are approved in Germany for treatment of diabetic 
polyneuropathy. Furthermore, the interesting antioxi- 
dant properties of a-lipoic acid and its interaction with 
other important antioxidants like vitamin E, ascorbate, 
and glutathione will provide a fertile field for continued 
research. 

Neither animal nor human studies to date have 
shown serious side effects with administration of a-  
lipoic acid. 152 The LDs0 is approximately 400-500  mg/ 
kg following intravenous administration in rats and 
400-500  mg/kg after oral dosing in dogs. In long-term 
oral supplementation at doses sufficient to reduce body 
weight gain, no functional or laboratory adverse effects 
were seen in animals. No evidence suggests carcino- 
genic or teratogenic effects, but it is recommended that 
pregnant women avoid taking supplemental a-lipoic 
acid until more data are available. 152 Although few 
adverse effects are noted in studies of administration 
of a-lipoic acid, it has been observed in thiamine defi- 
cient rats that a high dose of lipoic acid (20 mg/kg), 
delivered intraperitoneally, caused fatal complications; 
thiamine-sufficient rats suffered no adverse effects 
from c~-lipoic acid supplementation, and the action of 
lipoic acid in the deficient rats could be prevented 
by administration of thiamine just prior to lipoic acid 
administration. ~53 The animals in this study were se- 
verely thiamine-deficient, showing frank polyneuritis 
from thiamine deficiency before lipoic acid was admin- 
istered, and the dose of  lipoic acid was large; neverthe- 
less, it may be prudent that any group likely to be 
severely thiamine-deficient, for example, alcoholics, 
should receive supplemental thiamine if c~-lipoic acid 
is given. 

In humans, side effects include allergic skin reac- 
tions and possible hypoglycemia in diabetic patients 
as a consequence of improved glucose utilization with 
high doses of ot-lipoic acid. tS: 

CONCLUSIONS 

a-Lipoic acid and its reduced form, DHLA, have 
been referred to as "a  universal antioxidant" that func- 
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