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A detailed evaluation of the antioxidant and pro-oxidant properties of lipoic acid (LA) and dihydrolipoic 
acid (DHLA) was performed. Both compounds are powerful scavengers of hypochlorous acid, able to pro- 
tect a’-antiproteinase against inactivation by HOCI. LA was a powerful scavenger of hydroxyl radicals 
(OH .) and could inhibit both iron-dependent OH’ generation and peroxidation of ox-brain phospholipid 
liposomes in the presence of FeC13 -ascorbate, presumably by binding iron ions and rendering them redox- 
inactive. By contrast DHLA accelerated iron-dependent OH ’ generation and lipid peroxidation. pro- 
bably by reducing Fe” to Fez+. LA inhibited this pro-oxidant action of DHLA. However, DHLA did 
not accelerate DNA degradation by a ferric bleomycin complex and slightly inhibited peroxidation of 
arachidonic acid by the myoglobin-H2Oz system. Under certain circumstances, DHLA accelerated the 
loss of activity of a-antiproteinase exposed to ionizing radiation under a N20/02 atmosphere and also 
the loss of creatine kinase activity in human plasma exposed to gas-phase cigarette smoke. Neither LA 
nor DHLA reacted with superoxide radical (02-) or Hz02  at significant rates, but both were good 
scavengers of trichloromethylperoxyl radical (CC13 03. We conclude that LA and DHLA have powerful 
antioxidant properties. However, DHLA can also exert pro-oxidant properties. both by its iron ion- 
reducing ability and probably by its ability to generate reactive sulphur-containing radicals that can 
damage certain proteins, such as al-antiproteinase and creatine kinase. 

KEY WORDS: Lipoic acid, dihydrolipoic acid, antioxidant, superoxide, hydroxyl radical, lipid 
peroxidation, hypochlorous acid, trichloromethylperoxyl radical. 

INTRODUCTION 

Lipoic acid (LA) is a derivative of the fatty acid octanoic acid containing a disulphide 
bond (Figure 1). In its reduced form (DHLA), two thiol groups are present (Figure 
1). Lipoic acid plays an essential metabolic role as a component of a-keto acid 
dehydrogenases, in which the -SH groups of its reduced form serve to carry acyl 
groups. In addition, however, there is considerable interest in the possibility of using 
LAIDHLA in the treatment of diabeteslS2 and neurodegenerative  disorder^'.^ and as 
a radioprotective agent.5 Some or all of the beneficial effects claimed may be due to 
the antioxidant ability of LA/DHLA, since reactive oxygen species are implicated in 
most, if not all, human  disease^.^.' 

*Author for correspondence 
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120 B.C. SCOTT ET AL. 

a-LIPOIC ACID 

HS SH 

FIGURE 1 Structures of iipoic acid (LA) and dihydroiipoic acid (DHLA). 

The antioxidant properties of LAIDHLA have been described in several papers. 
Both LA and DHLA are powerful scavengers of hypochlorous acid, able to protect 
a-antiproteinase against inactivation.' DHLA was reported' to scavenge 0; - with 
a rate constant of 3.3 x lo5 M-ls-'  and also to scavenge hydroxyl radicals, OH'. 
However, reports of the effects of LA and DHLA on lipid peroxidation are contra- 
dictory. Thus, DHLA inhibited H202-induced peroxidation in rat heart mitochon- 
dria" and rat liver microsomes".'2 but LA had no protective effect in the latter 
system." By contrast, another group13 reported that DHLA had a pro-oxidant effect 
on microsomal peroxidation, apparently by reducing Fe3+ to Fe2+. Indeed, any 
protective effects of DHLA against peroxidation may involve "recycling" of other 
antioxidants (such as GSH, ascorbate or vitamin E) rather than direct antioxidant 
effects of DHLA Bonomi et al.I7 found that DHLA could reductively 
release iron from ferritin, a potentially-worrying observation since iron is a powerful 
promoter of free radical damage" and is normally largely "sequestered- in safe 
forms in v ~ v o . ~ * ~ * ' ~  The ability of dihydrolipoamide to accelerate the redox cycling of 
quinones has recently been reported.20 

Before proposing antioxidants for therapeutic use in the treatment of human 
disease, it is important to assess their antioxidant ability in a wide range of different 

In the present paper, we present a detailed characterization of the anti- 
oxidant and potential pro-oxidant properties of LA and DHLA. In addition, we have 
examined the effects of LA and DHLA upon biological damage produced by certain 
drug-derived radicals, since it has been proposed that several drugs in therapeutic use 
can be converted in vivo to damaging drug-derived radicals that contribute to the 
side-effects of the 
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LIPOATE AND DIHYDROLIPOATE AS ANTIOXIDANTS 121 

MATERIALS AND METHODS 

LA and DHLA were provided by Asta Medica, Frankfurt, Germany. The purity of 
DHLA was checked by measurement of -SH groups using DTNB and found to 
be always >95%. All other reagents were of the highest quality available from 
Sigma Chemical Company (Poole, Dorset, UK) or the BDH Chemical Company 
(Gillingham, Kent, UK). a-Antiproteinase was Sigma type A9024 and elastase was 
type E0258. Superoxide dismutase was the bovine erythrocyte copper-zinc enzyme. 

Deoxyribose Assay 

This was carried out essentially as described inzs with some modifications. Reaction 
mixtures contained, in a total volume of 1.2 ml, the following reagents at the final 
concentrations stated: deoxyribose (2.8 mM), FeC13 (50 pM), EDTA (100 pM), 
KH2P04-KOH buffer pH 7.4 (IOmM), Hz02 (2.8mM) and ascorbate (100pM). 
The FeCIJ and EDTA were pre-mixed before addition to the reaction mixture. After 
incubation at 37°C for lh, the products of attack of OH’ on deoxyribose were 
measured by the thiobarbituric acid (TBA) test.= 

Liposomal Lipid Peroxidation 
Ox-brain phospholipid liposomes were preparedM, and induced to peroxidize by 
addition of FeC13 (100pM) and ascorbate (100pM). Peroxidation was measured by 
the TBA test as described inx, except that 0.1 To butylated hydroxyluene was added 
with the TBA reagents to inhibit peroxidation during the TBA test itself.” 

Reaction with Trichlomethyl’roxyl Radical 

CCl30i was generated using the Linear Accelerator Facility at the Paterson 
Institute, Christie Hospital, Manchester, by courtesy of Dr. John Butler. Reaction 
mixtures contained 1% (v/v) CCl,, 50% (v/v) isopropyl alcohol and 49% (v/v) 
lOmM KHzP04-KOH buffer pH 7.4. 

Bleomycin-dependent DNA Damage 

The bleomycin assay2* was carried out using minor modifications as described in.29 

Reaction with HypochIorous Acid 
Reaction of LA and DHLA with HOCl was studied essentially as described by Wasil 
et aLm Hypochlorous acid damages a,-antiproteinase so that it can no longer inhibit 
elastase. A compound that scavenges HOCl protects the a,-AP, so its elastase- 
inhibitory capacity is retained. 

Reaction with Superoxide 

Superoxide was generated by a mixture of hypoxanthine and xanthine oxidase and 
detected by its ability to reduce cytochrome c (as Us%) or nitro-blue tetrazolium 
(as AA560).31 Final concentrations of cytochrome c or NBT were 100 pM. Xanthine 
oxidase activity was measured by omitting cytochrome c or NBT from the reaction 
mixtures and measuring the rise in absorbance at 290 nm. 
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122 B.C. SCOTT ET AL. 

Reaction with Hydrogen Peroxide 

Reaction of LA with H202 was studied using a peroxidase-based assay system.32 
Because of the possibility that DHLA could interfere with such assay the 
reaction of DHLA with H202 was studied by incubating DHLA and H202 at pH 7.4 
and measuring the loss of -SH groups using Ellmans reagent.32 We also looked for 
spectral changes accompanying the conversion of DHLA to LA in the presence of 
H202.Y 

Exposure to Cigarette Smoke 

Human plasma prepared from blood drawn from healthy adult male volunteers 
was exposed to gas-phase cigarette smoke at 37°C as described University of 
Kentucky research-grade Rl cigarettes were used together with a Cambridge filter 
to remove  particulate^.^' Creatine kinase activity was measured by hospital auto- 
analyzer.36 This uses a coupled enzyme assay in which the creatine phosphate- 
dependent formation of ATP from ADP is linked to the reduction of NADP' in 
the presence of hexokinase and glucose-&phosphate dehydrogenase. Results are pre- 
sented as international units/litre (normal range 22-250 unitdlitre). 

Peroxidation by Haem Protein/HzOz Systems 
Peroxidation of arachidonic acid was studied in reaction mixtures containing myo- 
globin and H202, essentially as described in." Reaction mixtures contained final con- 
centrations of 500 pM arachidonic acid, 50 pM myoglobin, 25 mM NaH2P0,-NaOH 
buffer pH 7.4 and 0.5 mM H202 in a final volume of 1 ml. They were incubated at 
37°C for 10 min. Then 0.5 ml 1070 (w/v) thiobarbituric acid (TBA) in 50 mM NaOH 
was added, followed by 0.1 ml of 0.22% (w/v) butylated hydroxytoluene (in ethanol) 
and 0.5ml of 2.8% (w/v) trichloroacetic acid. Tubes were heated at 80°C for 
20min., cooled, and the chromogen extracted into 2.5ml of butan-1-01 prior to 
measuring absorbance at 532 nm. 

RESULTS 

Scavenging of Hydroxyl Radicak 

A mixture of ascorbate, H202 and FeC1,-EDTA was used2' to generate OH' at 
pH 7.4. 

Fe(II1) - EDTA + ascorbate - ascorbate- + Fe(I1) - EDTA (1) 

Fe (11) - EDTA + H202 + Fe(II1) - EDTA + OH' + OH- (2) 
The OH' reacts with deoxyribose, which is degraded. The reaction of LA and DHLA 
with OH' was measured by assessing their ability to inhibit deoxyribose degradation. 
Lipoic acid was a powerful inhibitor of deoxyribose degradation, competitive with 
deoxyribose (Figure 2). From the slope of the competition plots, a rate constant 
for the reaction of LA with OH' of 4.71 x lO'%-'s-' was calculated, essentially a 
diffusioncontrolled rate. 

If ascorbate is omitted from the reaction mixture, a low rate of OH' formation 
is still observed, since FeC13-EDTA reacts s10wly'~ with H202 to generate OH'. 
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LIPOATE AND DIHYDROLIPOATE AS ANTIOXIDANTS 123 

CONCENTRATION mM 

FlGURE 2 Scavenging of hydroxyl radicals by lipoic acid. Experiments were carried out as described 
in the materials 99 methods section. The second-order rate constant for reaction of LA with OH' (line 
A) was calculated 

k2 = gradient X kDR X A' X [DR] where kDR is 3.1 X lo9 M-'s-', 

A' is the absorbance in the absence of LA and [DR] is the deoxyribose concentration in the reaction 
mixture. Line A Iron present in reaction mixture as FeCI3 -EDTA Line B No EDTA present (iron added 
as FeC13). 

from the equation 

Lipoic acid did not increase this low rate of deoxyribose degradation, suggesting that 
it cannot reduce FeC13-EDTA (which would have accelerated OH' generation). In 
fact, LA inhibited, presumably due to OH' scavenging. 

By contrast, DHLA had no inhibitory effect on deoxyribose degradation by the 
ascorbate/H202 /FeC13 -EDTA system. If ascorbate was omitted from the reaction 
mixture, DHLA showed a pro-oxidant action, accelerating deoxyribose degradation 
(Figure 3). It seems that, although DHLA, being a thiol, is probably a powerful 
~cavenger~t~~ of OH', this effect is more than counterbalanced under our reaction 
conditions by its ability to reduce FeCIB -EDTA and accelerate OH' production 
(equation 2). Another possibility is that DHLA was recycling ascorbic acid16 in reac- 
tion mixtures containing both ascorbate and DHLA. 

If EDTA is omitted from the deoxyribose assay reaction mixture, iron ions bind to 
deoxyribose and any OH' produced attacks this sugar in a sitespecific manner.4ov41 
The only molecules that can inhibit site-specific OH'-dependent deoxyribose degra- 
dation are those that can bind iron ions, withdraw them from the deoxyribose and 
render them inactive or poorly active in reacting with H202 to form OH' Lipoic 
acid was again a good inhibitor of deoxyribose degradation (Figure 2), suggesting 
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124 B.C. SCOTT ET AL. 

A 

2.0 '1 

6 

A532 

2.5 40 

CONCENTRATION m Y  

2.01 

I 
2.5 5 0  

CONCENTRATION mM 

FIGURE 3 m e  effects of dihydmlipoate on deoxyribase degradation by hydmxyl radicals. A Reaction 
mixtures contained HzOz. ascorbate and FeCI,-EDTA at pH 7.4 as described in the materials and 
methods section. together with DHLA at the fmal concentration stated (Line 1). Line 2 - ascorbate 
omitted from the reaction mixture. B Reaction mixtures did not contain EDTA. Line 1 , ascorbate present, 
Line 2 - ascorbate omitted. 

that it can bind iron and render it redo~-inactive."*~' By contrast, DHLA was still 
pro-oxidant in the absence of EDTA (Figure 3B). 

Control experiments showed that neither LA nor DHLA interfered with the assay 
of deoxyribose degradation (they had no effect when added with the TBA reagents) 
nor did either compound generate any chromogen when deoxyribose was omitted 
from the reaction mixture. 
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LIPOATE AND DIHYDROLIPOATE AS ANTIOXIDANTS 

TABLE 1 
Action of lipoic and dihydrolipoic acids on reduction of nitro-blue tctrazolium by 0;- generated by 

hypoxanthine-xanthine oxidasc 

I25 

Addition to reaction mixture L\Assd= 
Complete (HX/XO) 
Omit enzyme or hypoxanthine 
+10 units SOD 
5 mM DHLA. no enzyme 
5 mM DHLA 
AAsa corrected for direct reduction by DHLA 

0.0099 f 0.0013 
0 
O.OOO6 f 0.0003 
0.0039 f O.Oo20 
0.01168 a 0.0018 
0.0100 f 0.0018 

Units of SOD are as defined in the cytwhromc c assay. Results are mean a SEM of four different 
experiments. 

Scavenging of Hypochlorous Acid 
Both LA and DHLA were found to be powerful scavengers of HOCl, able to protect 
a,-antiproteinase against inactivation by this molecule (data not shown as essen- 
tially confirmatory of a previous report8). 

Scavenging of Superoxide 

Superoxide, generated by a mixture of hypoxanthine and xanthine oxidase, was 
detected by reduction of cytochrome c or nitro-blue tetrazolium. Even at lOmM 
concentrations, lipoic acid had no effect on 0; --dependent cytochrome c reduc- 
tion, nor did it reduce cytochrome c itself. By contrast, superoxide dismutase 
inhibited reduction almost completely. 

In agreement with its expected reducing capacity, DHLA was found to reduce 
cytochrome c directly and rapidly, and so could not be tested in the cytochrome 
c assay. However, its rate of reduction of NBT was slow. When this background 
rate was accounted for, DHLA had no effect on 0;- dependent NBT reduction 
(Table l), suggesting that DHLA has no significant ability to scavenge 0; -. 

Scavenging of Hydrogen Peroxide 

A peroxidase-based assay system32 was used to show that LA, tested at concentra- 
tions up to 6 mM, did not react with H202 at a significant rate. By contrast, DHLA 
decreased the absorbance changes in this assay. However, because it is possible that 
thiols can act as substrates for peroxidases,” the reaction of DHLA with H202 was 
studied directly by measuring loss of the -SH group. No loss of -SH groups was 
observed when 2mM DHLA was incubated with H202 at concentrations up to 
2 mM for up to 2 h. Conversion of DHLA to LA also causes an absorbance change at 
333 nm? no such change was observed during incubations of DHLA with H202. 

Action in the Bleomycin Assay 
Bleomycin is an antitumoQr antibiotic that degrades DNA in the presence of iron ions 
and a reducing agent,B and the ability of a compound to accelerate DNA degrada- 
tion by Fe(II1)-bleomycin is often used as a measure of its iron reducing pro-oxidant 

Table 2 shows the effects of LA and DHLA in this system. In the 
absence of a reducing agent, there is little DNA degradation. Addition of ascorbic 
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126 B.C. SCOTT ET AL. 

TABLE 2 
uf?ct.s of lipoic acid and dihydroli'ic acid on bleomycin-dependent DNA degradation. DNA degrada- 
tion in the presence of bleomycin and FeC13 was measured as described in the materials and methods 

section in the presence of compounds at the final concentrations stated below 

Test compound added DNA degradation 
AS32 

None 
Lipoic acid (1 mM) 
Dihydrolipoic acid (1 mM) 
Ascorbic acid (0.2 rnM) 

plus DHLA (0.1 mM) 
(0.2 mM) 
(0.3 mM) 
(0.5 mM) 
(1.OmM) 

Ascorbic acid (0.1 mM) 
plus DHLA (0.1 mM) 

(0.2 mM) 
(0.3 mM) 
(0.5 mM) 
(1 .O mM) 

0 
0 
0 
1.03 
1.37 
1.37 
1.31 
1.16 
0.87 
0.27 
0.42 
0.51 
0.53 
0.53 
0.46 

acid greatly accelerates DNA breakdown. However, LA and DHLA had no pro- 
oxidant effect in this assay. By contrast, when DHLA was added together with 
ascorbate, it accelerated bleomycin-dependent DNA degradation, especially at low 
ascorbate concentrations (Table 2). 

Effects on Lipid Peroxidation 
Previous studies of the effects of LA and DHLA have used microsomes as a substrate 
for peroxidation, which can cause problems because of variations in the levels of 
endogenous antioxidants (e.g. tocopherols) that could interact with DHLA to give 
variable To avoid this problem, we used ox-brain phospholipid lipo- 
somes as a substrate, and peroxidation was staged by adding FeC13 and ascorbate. 
Figure 4 shows that LA was an inhibitor of peroxidation in this system, whereas 
DHLA was not. If ascorbate was omitted from the reaction mixture, the rate 
of peroxidation was greatly decreased and LA had little effect. By contrast, DHLA 
exerted a pro-oxidant action, in that it accelerated peroxidation (Figure 4). LA 
inhibited the pro-oxidant actions of DHLA (data not shown). 

Experiments were also performed using liposomes containing dl-a-tocopherol 
incorporated during their preparation. The extent of peroxidation was lower, but LA 
and DHLA had essentially the same effects. 

Scavenging of a Peroxyl Radical 
The trichlomethyl peroxyl radical, CC130i is a reactive peroxyl radical often used as 
a model to study the reaction of antioxidants with peroxyl r a d i ~ a l s . ~ ~ * ~ ~ ~ ~  It was 
generated by radiolysis of an aqueous solution containing CCl, and propan-2-01 

e, + CC14 -, 'CC13 + C1- 
'OH + CH3CHOHCH3 + H20 + CH3COHCH3 

(3) 
(4) 
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1.5- 

127 

a 
06 1.2 

CONCENTRATION rnM 

I 1 
1.74 3.48 

CONCENTRATION mM 

FIGURE 4 The effects of lipoic and dihydrolipoic acid on lipid peroxidation in ox-brain phospholipid 
lipomes. Peroxidation was studied as described in the materials and methods section. Results are 
presented as A532. Top graph: lipoic acid: bottom graph, DHLA. All reaction mixtures contained FeCI3 
and ascorbic acid. 

CH3COHCH3 + CCll -+ CH3COCH3 + H+ + 'CCb 
'CC13 + O2 + CC130i 

(5 )  
(6) 

Rates of reaction were measured at 44Onm. Both LA and DHLA were good 
scavengers of CCl,O;, with rate constants of 1.8 x 10' and 2.3 x 10' M"s-' 
respectively. 

Effects on Oxidative Damage to Plasma by Cigarette Smoke 

Exposure of human blood plasma to gas phase cigarette smoke causes lipid peroxida- 
tion, oxidative protein damage and depletions of -SH groups, ascorbate and 
c~-tocopherol.~~*~~ Dihydrolipoate, but not LA, offers some protection against all of 
these events." Table 3 shows the effect of DHLA on the activity of plasma creatine 
kinase, an enzyme that has an essential -SH group at its active site.* Creatine 
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128 B.C. SCOTT ET AL. 

TABLE 3 
Effect of lipoic and dihvdrolipoic acids on creatine kinase activity in human plasma. Freshly-prepared 
human plasma was incubated at 37’C under air or posed to 9 puffs of gas-phase cigarette smoke (I  per 
U)min, 3h total incubation) as described in.)s’3rCrcatine kinase activity was measured by a spec- 
trophotomctric method. Where indicated, thiols were added to the plasma at a final concentration of 

1 mM. Results are mean f SD. n in parentheses. DlTdithiothreitol 

Enzyme activity 
Treatment of plasma Thiol added units/litre 

AirIxposed 
Smoke exposed 
Smoke exposed 
Smoke exposed 
Smoke exposed 

- 77 5 (8) 
- 56 f 6 (8) 

DHLA 34 * 4 (6) 
GSH 28 t 2 (3) 
DTT 22 (1) 

kinase activity is slowly lost when plasma is incubated at 37°C under airm, and 
DHLA prevents this loss (data not shown). By contrast, smoke greatly accelerates the 
loss of enzyme activity and DHLA produced a further acceleration of this loss, 
perhaps suggesting that products generated when DHLA interacts with cigarette 
smoke can aggravate damage to creatine kinase. Dithiothreitol and GSH similarly 
accelerated the loss of enzyme activity (Table 3). 

Effects on Protein Damage by Drug-derived Radicals 

The anti-inflammatory drugs phenylbutazone and penicillamine can generate 
free radicals which can damage Such damage is often detected using 
a,-antiproteinase, a biologically-important inhibitor of serine protease enzymes that 
is highly sensitive to inactivation by reactive oxygen For example, 
exposure of al-AP to OH’ generated by pulse radiolysis causes some loss of 
activity. Addition of either penicillamine or phenylbutazone can accelerate this 
inactivation, because both react with OH’ to form drug-derived radicals that are 
efficient at inactivating a I ~ . 3 7 * 4 7  

Table 4 shows that both LA and DHLA, at low concentrations, exacerbated 
inactivation of alAP but at higher concentrations they were protective. Neither LA 
nor DHLA prevented phenylbutazone from accelerating a, Ap inactivation. Indeed 
both worsened its effect. However, mixtures of penicillamine with LA, and especially 
with DHLA, were highly-protective towards a, AP. These variable results are pro- 
bably due to the extremely complex radical interactions that occur in irradiated thiol 
 solution^.^^*^*" 

Effects of DHLA and LA on Peroxidation Stimulated by Myoglobin 

Mixtures of haem proteins with H202 generate ferry1 species and amino acid side- 
chains radicals that can stimulate lipid peroxidation 51*52 and such reactions may 
play deleterious roles in ~ i v o . ~ * ~ O - ”  The effects of LA and DHLA on peroxidation 
of arachidonic acid by the myoglobin/H202 system are shown in Table 5 .  Lipoic 
acid had little effect. DHLA decreased peroxidation partially but reproducibly: con- 
trol experiments showed that this was not due to interference with the TBA test. As 
observed previously, phenylbutazone accelerated arachidonic acid peroxidation3? 
DHLA again reproducibly decreased peroxidation in reaction mixtures containing 
phenylbutazone. 
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LIPOATE AND DIHYDROLIPOATE AS ANTIOXIDANTS 

TABLE 4 
Effects of lipoic acid and dihydrolipoic acid on inactivation of irradiated ul-antiproteinase. Solutions 
were bubbled with N20/02 (8020) prior to irradiation and then exposed to a total amount of 180 pM 
OH' using a linear accelerator. They contained 10 mM KH~POI-KOH buffer pH 7.4. al-antiprotanax 
(5 mg/ml) and other compounds at the final concentrations stated. After irradiation. aliquots of the assay 
mixture were withdrawn and tested for elastase-inhibitory capacity. Control experiments showed that 
compounds irradiated in the absence of ul-antiproteinase had no effect on elastase directly. A represen- 

tative experiment is shown 
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a,-Antiproteinase 
Elastase aqvity activity (as lo&% 

Addition to reaction mixture -10 x 10 /set Clastase activity) 

N O U ~  AP 26.8 0 
uI AP. not irradiated 0.40 99 
uI AP. irradiated 9.94 63 

- PIUS LA (50 pM) 15.49 42 
(100 pM) 12.87 52 
(200 pM) 10.45 61 
(500 pM) 6.60 75 

- PIUS DHLA (50 pM) 12.62 53 
(100 rM) 0.52 98 
(200 rM) 0.77 97 
(500 cM) 0.08 99 

- plus phenylbutazone (ulo pM) 18.63 30 
- plus phenylbutamne (Zoo pM) and LA (100 pM) 23.13 14 

(200 rM) 20.37 24 
(500 pM) 23.18 14 

- plus phenylbutazone (ulo pM) and DHLA (100 pM) 20.56 23 
(zoo PM) 23.18 14 
(500 rM) 25.53 5 

- plus DL-penicillamine (100 pM) 13.35 50 
9.27 

(u lo rn  7.16 73 

- plus penicillamine (100pM) and DHLA (100 pM) 3.80 86 
(200 rM) 0.99 96 
(500 rM) 0.07 99 

- plus penicillamine (100 pM) and LA (100 p M )  65 

(500 PM) 7.45 72 - 

TABLE 5 
4fects of lipoic and dihydrolipoic acids on arachidonic acid penxitiation by the myoglobin/Hfl2 
system. Reaction mixtures were as described in the materials and mahods section. All contained 
arachidonic acid, myoglobin, and H 2 4  and, where indicated, LA, DHLA or phenylbutazone at the con- 
centrations stated. Paoxidation was measured by the TBA test and m p r d  as absorbance at 532 nm. 

Results are the means of two determinations 

Addition to reaction mixture Peroxidation ~ACYV) 
- 

Lipoic acid (1 mM) 
DHLA (I mM) 
Phenylbuene (0.5 mM) 
Phenylbutazone + LA (I mM) 
Phenylbutazone + DHLA (1 mM) 

0.45 
0.50 
0.34 
0.72 
0.67 
0.46 
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DISCUSSION 

Dihydrolipoic acid has been claimed to have substantial antioxidant properties 
in vitro'-16 and these may be relevant to its effects in viva.'-' However, caution has 
previously been expressed that DHLA may be able to exert pro-oxidant effects by 
interaction with metal  ion^.'^*'^ We therefore undertook a detailed characteriza- 
tion= of the antioxidant and potential pro-oxidant effects of DHLA and lipoic acid. 

Lipoic acid was a good scavenger of OH', reacting at essentially a diffusion- 
controlled rate (rate constant 4.71 x 10" M-ls-' at 37'C). Results of the de- 
oxyribose assay indicated that it could also bind iron ions and diminish their activity 
in forming OH', detectable by deoxyribose, from H202. Of course, it may be that 
the iron-LA complex still forms OH', which reacts with the LA and is not detected 
in free solution. By contrast, DHLA had pro-oxidant effects in the deoxyribose 
assay. Although it almost c e r t a i n l ~ ~ . ~ ~  reacts fast with OH', its ability to interact 
with iron (either directly or by recycling ascorbic acid) and reduce it to Fe2+ gave it 
an overall pro-oxidant effect under our reaction conditions. 

Despite these results in the deoxyribose assay, DHLA did not accelerate bleomycin- 
induced DNA degradation, suggesting that it cannot reduce the ferric bleomycin 
complex to ferrous bleomycin. However, it potentiated the action of ascorbate, 
presumably by recycling this molecule. 

We confirmed a previous report' that both DHLA and LA are excellent 
scavengers of HOC1. However, we found no evidence for any significant reaction of 
either compound with 0; - or H202.  This is not perhaps surprising, since thiols are 
fairly poor scavengers of either of these  molecule^^^*^. 

The effects of LA and DHLA on lipid peroxidation depended on the assay system 
used. At fairly high concentrations, DHLA decreased peroxidation induced by the 
myoglobin-H,02 system, as previously reported for other th i~ ls . " -~~ By contrast, it 
accelerated peroxidation of ox-brain phospholipid liposomes in the presence of Fe3+ 
and ascorbate: this system was chosen to avoid complications due to the alleged 
ability of DHLA to recycle endogenous antioxidants in natural membranes." Even 
when a-tocopherol was incorporated into the liposomes, DHLA was still pro- 
oxidant. Our data are consistent with earlier studies of Bast and Haenen on micro- 
~0mes.I~ By contrast, LA inhibited liposomal peroxidation, presumably by binding 
iron ions and rendering them redox-inactive, as observed also in the deoxyribose 
assay (see above). Both LA and DHLA scavenged trichlomethylperoxyl radicals at 
significant rates. 

One potential problem with thiol compounds is that free radical scavenging by 
these molecules could generate damaging thiyl and oxysulphur This 
has been demonstrated for penicillamine, which generates a radical capable of 
inactivating q-antipr~teinase.~~ At low concentrations, LA and DHLA accelerated 
a,-antiproteinase inactivation in the presence of OH'. An especially surprising 
result was that both LA and DHLA decreased damage to a,-antiproteinase by peni- 
cillamine radicals, but not by phenylbutazone radicals. Sulphur radical chemistry is 
extremely complex39*49*50 and the overall effect of thiols is highly concentration- 
dependent (as may be seen from the data in Table 4). 

Another indication that there may be problems with radicals derived from DHLA 
is the data in Table 3. DHLA prevented the slow loss of creatine kinase activity in 
human plasma incubated under air. This enzyme has an -SH group essential for 
activity, and DHLA presumably prevented its oxidation. By contrast, in plasma 
exposed to gas-phase cigarette smoke, DHLA reproducibly accelerated loss of CK 
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activity. A possible explanation of these results is that scavenging of radicals in smoke 
by DHLA generates sulphur-containing radicals that can damage creatine kinase. 
The dithiol dithiothreitol and the monothiol GSH also accelerated loss of enzyme 
activity. 

Overall, LA and DHLA are interesting compounds with good antioxidant proper- 
ties. Most, but not all (Tables 3,4) of the pro-oxidant actions of DHLA in vitro 
involve interaction with metal ions, either directly or by the recycling of other metal 
ion-reducing agents such as ascorbate. In health, metal ions catalytic for free radical 
reactions are safely seq~estered.’~’” However, in tissue damage by disease or other 
mechanisms, transition metal ions can become more a~ailable.~.’ For example, 
advanced human atherosclerotic lesions contain metal ions “catalytic” for free radical 
reactions.” Any effects of DHLA in the treatment of human disease may then 
represent a balance between antioxidant and pro-oxidant properties. However, it 
should be noted that LA is a powerful inhibitor of irondependent lipid peroxidation 
and OH’ generation (Figure 2, Figure 4). Perhaps LA should be the therapeutic agent 
of choice. The ability of LA to diminish some of the pro-oxidant effects of DHLA 
is also worthy of note. 

Acknowledgements 
We are grateful for the generous support of Asta Medica. 

References 
1. J. Jorg, F. Metz and H. Scharafinsky (1988) Drug treatment of diabetic polyneuropathy with alpha- 

lipoic acid or vitamin B preparations. A clinical and neurophysiologic study. Nervenartz. 59, 36-44. 
2. V. Burkart. T. Koike. H.H. Brmner. Y. Imai and H. Kolb (1993) Dihydrolipoic acid protects 

pancreatic islet cells from inflammatory attack. Agents Actions. 38, 60-65. 
3. H. Altenkirch, H. Stoltenburg-Didinger, M. Wagner, J. Herrmann and G. Walter (1990) Effects of 

lipoic acid in hucacarbon-induced neuropathy. Neurotoxicology and Temrology, 12, 619-622. 
4. J.H.M. Prehm. C. Karkovtly. J. Nuglisch, B. Peniche and J. Kri&an (1992) Dihydrolipoate 

reducts neuronal injury after cerebral ischaemia. Journal of Cerebral Blood Flow and Metabolism, 

5 .  N. Ramkrishnan. W.W. Wolfe and G.N. Catravas (1992) Radioprotection of hanatopoietic tissues 
in mice by lipoic acid. Radiation Raeurch, 130, 360-365. 

6. J.M.C. Gutteridge (1993) Free radicals in disease processes: a compilation of cause and consequence. 
Free Radical Research Communications, 19, 141-158. 

7. B. Halliwell, C.E. Cross and J.M.C. Gutteridge (1992) Free radicals, antioxidants and human disease. 
Where are we now? Journal of Laboratory and Clinical Medicine, 119, 598-620. 

8. G.R.M.M. Haenen and A. Bast (1991) Scavenging of hypochlorous acid by lipoic acid. Biochemical 
Pharmacology. 42,2246. 

9. Y.J. Swuki, M. Tsuchiya and L. Packer (1991) Thioctic acid and dihydrolipoic acid are novel anti- 
oxidants which interact with reactive oxygen species. Free Radical Resmrch Communications. 15. 

10. B. Scheer and G. Zimmer (1993) Dihydrolipoic acid prevents hypoxic/reoxygcnation and peroxidative 
damage in rat heart mitochondria. Archives of Biochemistry and Biophysics, 302, 385-390. 

11. H. Scholich. M.E. Murphy and H. Sics (1989) Antioxidant activity of dihydrolipoate against 
microsomal lipid peroxidation and its dependence on u-tocopherol. Biochimica et Biophysica Acta. 
1001. 256-261. 

12. M.E. Murphy, H. Scholich and H. Sics (1992) Protection by glutathione and other thiol compounds 
against the loss of protein thiols and tocopherol homologs during miaosomal lipid peroxidation. 
European Journal of Biochemistry, 210. 139-146. 

13. A. Bast and G.R.M.M. Haenen (1988) Interplay between lipoic acid and glutathione in the protection 
against microsomal lipid peroxidation. Biochimica et Biophysica Acta, 963, 558-561. 

12, 78-87. 

255-263. 

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
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



132 B.C. SCOTT ET AL. 

14. V.E. Kagan. H.J. Freisleben, M. Tsuchiya, T. Forte and L. Packer (1991) Generation of probucol 
radicals and their reduction by ascorbate and dihydrolipoic acid in human low density lipoproteins. 
Free Radical Research Communications. 15. 265-276. 

IS. E. Busse. G. zimmer. B. Schopohl and B. Kornhuber (1992) Influence of a-lipoic acid on intracellular 
glutathione in vitro and in vivo. Arzneimittel-Forschung Drug Research, 42, 829-831. 

16. V.E. Kagan. A. Shvedova, E. Serbinova. S. Khan, C. Swanson, R. Powell and L. Packer (1992) 
Dihydrolipoic acid - a universal antioxidant both in the membrane and in the aqueous phase. 
Biochemical Pharmacology. 44, 1637-1649. 

17. F. Bonomi, A. Cerioli and S. Pagani (1989) Molecular aspects of the removal of femtin-bound iron 
by D,L-dihydrolipoate. Biochimica et Biophysica Acta. 994. 180-186. 

18. B. Halliwell and J.M.C. Gutteridge (1984) Oxygen toxicity, oxygen radicals, transition metals and 
disease. Biochemical Journal. 219. 1-14. 

19. B. Halliwell and J.M.C. Gutteridge (1986) Oxygen free radicals and iron in relation to biology and 
medicine: some problems and concepts. Archives of Biochemistv and Biophysics. 246. 501-514. 

20. Z.J. Anusevicius and N.K. Cenas (1993) Dihydrolipoamide-mediated redox cycling of quinones. 
Archives of Biochemistty and Biophysics, 302, 420-424. 

21. B. Halliwell (1991) Drug antioxidant effects - a basis for drug selection? Drugs, 42. 569-605. 
22. B. Halliwell(1990) How to characterize a biological antioxidant. Free Radical Research Communica- 

tions. 9. 1-32. 
23. J.P. Uetrecht (1990) Drug metabolism by leukocytes. Its role in drug-induced lupus and other idio- 

syncratic drug reactions. Critical Reviews in Toxicology, 20,213-235. 
24. B. Halliwell, P.J. Evans, H. Kaur and S. Chirico (1992) Drug derived radicals: mediators of the side 

effects of anti-inflammatory drugs? Annals of the Rheumatic Diseases, 51, 1261-1263. 
25. B. Halliwell, J.M.C. Gutteridge and 0.1. Aruoma (1987) The deoxyribose method: a simple test tube 

assay for determination of rate constants for reactions of hydroxyl radicals. Analytical Biochemistry. 

26. G.J. Quinlan. B. Halliwell, C.P. Moorhouse and J.M.C. Gutteridge (1988) Action of lead(I1) and 
aluminum(II1) ions on iron-stimulated lipid peroxidation in liposomes, erythrocytes and rat liver 
microsomal fractions. Biochimica et Biophysica Acra, 962. 196-200. 

27. R. Cecchini. 0.1. Aruoma and B. Hallwell (1990) The action of hydrogen peroxide on the formation 
of thiobarbituric acid-reactive material from microsomes. liposomes or from DNA damaged by 
bleomycin or phenanthroline. Artefacts in the thiobarbituric acid test. Free Radical Reearch Com- 
munications, 10,245-258. 

28. J.M.C. Gutteridge. D.A. Rowley and B. Halliwell (1981) Superoxide-dependent formation of 
hydroxyl radicals in the presence of iron salts. Detection of ‘free” iron in biological systems using 
bleomycin-dependent degradation of DNA. Biochemical Journal, 199.263-265. 

29. 0.1. Aruoma (1993) Experimental tools in free radical research. In Free Radicals in Tropical Diseases 
(ed. Aruoma. 01). Harwood Academic Publishers, London, 233-267. 

30. M. Was&. B. Halliwell. C.P. Moorhouse, D.C.S. Hutchison and H. Baum (1987) Biologically- 
significant scavenging of the myeloperoxidase derived oxidant hypochlorous acid by some anti- 
inflammatory drugs. Biochemical Pharmacology. 36, 3847-3850. 

31. B. Halliwell (1985) Use of desferrioxamine as a probe for iron-dependent formation of hydroxyl 
radicals: evidence for a direct reaction between desferal and the superoxide radical. Biochemical Phar- 
macology. 34.229-233. 

32. 0.1. Aruoma. B. Halliwell, B.M. Hoey and J. Butler (1989) The antioxidant action of N- 
acetylcysteine: its reaction with hydrogen peroxide. hydroxyl radical, superoxide and hypochlorous 
acid. Free Radical Biology and Medicine, 6. 593-59. 

33. J. De Rycker and B. Halliwell(1978) Superoxide and peroxidase-catalysed r d o n s .  Oxidation of 
dihydroxyfumarate. NADH and dithiothreitol by horseradish peroxidase. Photochemistry and 
Photobiology. 28. 157-763. 

34. S.W. Chan. P.C. Chan and B.H.J. Bielski (1974) Studies on the lipoic acid free radical Biochimica 
et Biophysica Acta. 338, 213-223. 

35. B. Frei, T.M. Forte, B.N. Ames and C.E. Cross (1991) Gas phase oxidants of cigarette smoke induce 
lipid peroxidation and changes in lipoprotein properties in human blood plasma. Biochemical .lour- 
nu/, 277, 133-138. 

36. A.Z. Remick, C.E. Cross, M.L. Hu, Y.J. Suzuki. S. Khwaja. A. Safadi, P.A. Motchnik. L. Packer 
and B. Halliwell(l992) Modification of plasma proteins by cigarette smoke as measured by protein 
carbonyl formation. Biochemical Journal, 2%. 607-611. 

37. P.J. Evans. R. Cccchini and B. Halliwell(l992) Oxidative damage to lipids and q-antiproteinase by 
phenylbutazone in the prescnce of ham proteins: protection by ascorbic acid. Biochemical Phar- 
macology. 44.981-984. 

165,215-219. 

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
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LIPOATE AND DIHYDROLIPOATE AS ANTIOXIDANTS 133 

38. J.M.C. Gutteridge (1985) Superoxide dismutase inhibits the superoxide-driven Fenton reaction at two 
different levels: Implications for a wider protective role. FEES Letters, 185. 19-24. 

39. C. von Sonntag (1987) The Chemical Basis of Radiation Biology. Taylor and Francis, London. 
40. J.M.C. Gutteridge (1984) Reactivity of hydroxyl and hydroxyl-like radical discriminated by release 

of thiobarbituric-acid-reactive material from deoxyribose. nucleosides, and benzoates. Biochemical 
Journal. 224. 761-767. 

41. 0.1. Aruoma and B. Halliwell(l988) The iron-binding and hydroxyl radical scavenging action of anti- 
inflammatory drugs. Xenobiotica. 18, 459-470. 

42. M.J. Laughton. B. HalliweU. P.J. Evans and J.R.S. Hoult (1989) Antioxidant and prwxidant 
actions of the plant phenolics quercctin, gosypol and myricetin. Biochemical Pharmacology. 38. 

43. M. Lal. C. Schoneich and K.D. Asmus (1988) Rate constants for the reactions of halogenated organic 
2859-2865. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

51. 

58. 

59. 

60. 

radicals. International Journal of Radiation Biology, 54, 773-785. 
0.1. Aruoma, B. Halliwell, R. AeJchebach and J. Liiliger (1992) Antioxidant and prosxidant proper- 
ties of active rosemary constituents: carnosol and carnosic acid. Xenobiotica, 22,257-268. 
C.E. Cross, C.A. O'Neill, A.Z. Rcznick, M.L. Hu. L. Marcocci, L. Packer and B. Frei (1993) 
Cigarette smoke oxidation of human plasma constituents. Annals of the New York Academy of 
Sciences, 686,72-90. 
D.C. Watts (1973) Creatine Kinase (adenosine 5 '-triphosphatecreatine-phosphotransferasc). In The 
Enzymes (ed. P.D. Boyer). Academic Press. pp. 383-455. 
0.1. Aruoma. B. Halliwell. J. Butler and B.M. Hoey (1987) Apparent inactivation of 
Q, -antiproteinase by sulphurcontaining radicals derived from penicillarnine. Biochemical Pharma- 
cology. 38, 43534357. 
M.D. &villa. D. Becker and M. Yan (1990) The formation and structure of the sulfoxyl radicals 
RSO', RSOO', RSOj and RS0200' from the reaction of cysteine, glutathione and penicillamine 
thiyl radicals with molecular oxygen. International Journal of Radiation Biology. 57. 65-81. 
L. Grierson. K. Hildenbrand and E. Bothe (1992) Intramolecular transformation of the glutathione 
thiyl radical into a non-sulphurcentered radical: a pulse radiolysis and EPR study. International 
Journal of Radiation Biology, 62, 265-277. 
M.J. Davies (1990) Detection of myoglobin-derived radicals on reaction of metmyoglobin with 
hydrogen peroxide and other peroxidic compounds. Free Radical Rgcorch Communications. 10. 

C. Rice-Evans, G. Okunade and R. Khan (1989) The suppression of iron release from activated 
myoglobin by physiological electron donors and by desfctrioxaminc. F m  Radical Research Com- 
munications, 1, 45-54. 
D. Galaris, D. Mira, A. Sevanian, E. Cadenas and P. Hochstein (1988) Co-oxidation of salicylate and 
cholesterol during the oxidation of myoglobin by H 2 4 .  Arehives of Biochemistry and Biophysics, 

A. Puppo and B. Halliwell (1988) Formation of hydroxyl radicals from hydrogen peroxide in the 
presence of iron. Is haanoglobin a biological Fenton reagent? Biochemical Journal, U9. 185-190. 
B.H.J. Bielski. D.E. Cabelli and R.L. Arudi (1985) Reactivity of H%/@- radicals in aqueous solu- 
tion. Journal of Physical and Chemical Reference Data, 14, 1041-1100. 
S.E. Mitsos. D. Kim, B.R. Lucchesi and J.C. Fantone (1988) Modulation of rnyoglobin-Hz02- 
mediated peroxidation reactions by sulfhydryl compounds. Laboratoty Investigation. 59. 824-830. 
T.J.O. Turner, C. Rice-Evans, M.J. Davies and E.S.R. Nmmaa (1991) The formation of free 
radicals by cardiac myocytes under oxidative stress and the effects of electron-donating drugs. 
Biochemical Journal, 277, 833-831. 
A. Puppo, R. Cecchini. 0.1. Aruoma. R. Bolli and B. Halliwell(1990) Scavenging of hypochlorous 
acid and of myoglobin-derived oxidants by the cardioprotective agent mercaptopropionylglycine. 
Free Radical Research Communications, 10, 371-381. 
B. Halliwell and J.M.C. Gutteridge (1990) The antioxidants of human extracellular fluids. Archives 
of Biochemistry and Biophysics, u#). 1-8. 
C. Smith. M.J. Mitchinson, 0.1. Aruoma and B. Halliwell(l992) Stimulation of lipid peroxidation 
and hydroxyl radical generation by the contents of human atherosclerotic Lesions. Biochemical Jour- 
nal, 286. 901-905. 
G. Szasz, W. Gerhardt and W. Gruber (1978) Creatine kinase in serum. 5. Effect of thiols on 
isoenzyme activity during storage at various temperatures. Clinical Chemistry. 24. 1557-1563. 

- 

361 -370. 

262, 221-231. 

Accepted by Professor J.M.C. Gutteridge 

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
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


