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Abstract—R-a-Lipoic acid is found naturally occurring as a prosthetic group ina-keto acid dehydrogenase complexes
of the mitochondria, and as such plays a fundamental role in metabolism. Although this has been known for decades,
only recently has free supplementeda-lipoic acid been found to affect cellular metabolic processes in vitro, as it has the
ability to alter the redox status of cells and interact with thiols and other antioxidants. Therefore, it appears that this
compound has important therapeutic potential in conditions where oxidative stress is involved. Early case studies with
a-lipoic acid were performed with little knowledge of the action ofa-lipoic acid at a cellular level, but with the rationale
that because the naturally occurring protein bound form ofa-lipoic acid has a pivotal role in metabolism, that
supplementation may have some beneficial effect. Such studies sought to evaluate the effect of supplementeda-lipoic
acid, using low doses, on lipid or carbohydrate metabolism, but little or no effect was observed. A common response
in these trials was an increase in glucose uptake, but increased plasma levels of pyruvate and lactate were also observed,
suggesting that an inhibitory effect on the pyruvate dehydrogenase complex was occurring. During the same period,
a-lipoic acid was also used as a therapeutic agent in a number of conditions relating to liver disease, including
alcohol-induced damage, mushroom poisoning, metal intoxification, and CCl4 poisoning.a-Lipoic acid supplementation
was successful in the treatment for these conditions in many cases. Experimental studies and clinical trials in the last
5 years using high doses ofa-lipoic acid (600 mg in humans) have provided new and consistent evidence for the
therapeutic role of antioxidanta-lipoic acid in the treatment of insulin resistance and diabetic polyneuropathy. This new
insight should encourage clinicians to usea-lipoic acid in diseases affecting liver in which oxidative stress is
involved. © 1998 Elsevier Science Inc.
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INTRODUCTION

a-Lipoic acid, a disulphide derivative of octanoic acid,
has been known for decades to be a crucial prosthetic
group of various cellular enzymatic complexes. Re-
cently, a-lipoic acid has been characterized as an effi-
cient antioxidant. It has been proposed to be a potential
therapeutic agent in the treatment or prevention of dif-
ferent pathologies that may be related to an imbalance of
the oxidoreductive cellular status. This occurs in the case
of neurodegeneration, ischemia–reperfusion, polyneu-
ropathy, diabetes, AIDS, and hepatic disorder status (see
Packer et al.1).

Although various studies on experimental models,
as well as on clinical trials, suggest a beneficial effect
of a-lipoic acid in the treatment of neurodegenerative
conditions, AIDS, and diabetes, the efficacy ofa-li-
poic acid in hepatic and hepatic-associated diseases is
controversial.

To critically evaluate the potential effectiveness of
a-lipoic acid in hepatic and hepatic-associated dis-
eases, we will discuss information obtained from in
vitro or in vivo experimental models on the role of
endogenous or administereda-lipoic acid on physio-
logical functions of cells, and review the available
reports on its efficacy as a therapeutic agent when used
in clinical trials.

UPTAKE, METABOLISM, AND DEGRADATION OF

ALPHA-LIPOIC ACID

Various studies on the distribution of radioactivity in rat
tissues after intraperitoneal or oral administration ofdl-
[14C]- or [35S]-lipoic acid led to the observation thata-li-
poic acid is rapidly absorbed in the gut, taken up into
various tissues where it is metabolically altered, and then
excreted. After supplementation witha-lipoic acid for 5
weeks, freea-lipoic acid was found in various tissues, the
highest being the heart.2 When given to cells in vitro,
a-lipoic acid is rapidly taken up by the cells and reduced to
dihydrolipoic acid, which is released by the cell. A detailed
study of the uptake ofa-lipoic acid in hepatocytes was
carried out by Peinado et al.3 The biliary excretion of
[35S]-compounds after administration of [35S]-a-lipoic acid
showed that lipoate is transported into the hepatocyte, and
not merely bound to the hepatocyte membrane. Thin-layer
chromatography analysis showed that these compounds
consist mainly of metabolic products not identical to li-
poate. The hepatic uptake ofa-lipoic acid, and the excretion
of [35S] compounds into the bile, were found to be simul-
taneously suppressed by the presence of medium chain fatty
acids (octanoate), which suggests that lipoate and medium
chain fatty acids are transported via the same translocater.3

The lipoate uptake followed kinetics with saturable and

nonsaturable components. The saturable component
showed aKm of 38 mM and predominates at concentrations
below 75 mM. The authors suggested that hepatic lipoate
uptake is carrier mediated at low concentrations, while at
higher concentrations diffusion can become a major uptake
pathway. The physiological concentration in the blood
(80 6 17 nM), is well below theKm value;4 therefore,
normal cellular uptake would be via the transport mecha-
nism.

Urinary excretion is maximal 3–6 h after administra-
tion of a-lipoic acid, suggesting that the clearance of
lipoate metabolites from the rat is even faster than indi-
cated in many studies.5–7 It has been reported that ap-
proximately 45% of the radioactivity administered with
isotopically labeleda-lipoic acid is excreted in the urine
during the first 24 h, and only 3% is excreted in the
feces.6 In any case, several studies on its metabolism in
humans and rats have shown that very little administered
a-lipoic acid is excreted in the unaltered form.5–8 After
4 h of intraperitoneal or oral administration ofdl-[14C]-
lipoic acid, the highest amount of radioactivity was ob-
served in the liver, but 24 h later, radioactivity was found
in the skeletal muscle.6 Other studies showed that after 5
to 200 mM [35S]-lipoate infusion into the liver, about 7
mmol/g liver of lipoate or lipoate metabolites were
found.3 This demonstrates that the liver has a high ca-
pacity for uptake and accumulation of these compounds,
in accordance with the in vivo studies. It has been dem-
onstrated that catabolic pathways involved in lipoate
metabolism are largely throughb-oxidation of the va-
leric acid side chain, but the carbon skeleton of the
dithioline ring portion is much more resistant to
alteration.7 Such metabolites include the short chain an-
alogues bisnorlipoate and tetranorlipoate, which were
found at 0.5 and 0.7% of the injected radioactivity. A
hydroxy derivative ofb-hydroxybisnorlipoate was also
found and represented 4.9% of the injected radioactivity.
Such low levels of metabolites suggests that the fate of
the majority of supplementeda-lipoic acid is in the
unaltered form. Other metabolites have also been sug-
gested, because unknown compounds were found to re-
act with dinitrophenylhydrazine, implying the presence
of carbonyl groups.

ROLE OF ALPHA-LIPOIC ACID ON PHYSIOLOGICAL

FUNCTIONS OF EUKARYOTIC CELLS

The unique physico-chemical properties ofa-lipoic
acid make it a powerful and reactive biological molecule,
chosen by evolution to carry out biochemical reactions
crucial for oxidative metabolism, and shown by research-
ers to modulate various cellular functions (Fig. 1).

A strain on the oxidized dithiolane ring cyclic struc-
ture ofa-lipoic acid (3 to 6 kcal/mol) gives the molecule
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a high tendency for reduction according to environmen-
tal conditions. On the other hand, the low negative redox
potential (E09 5 20.29 V) makes the lipoic acid/dihy-
drolipoic acid couple a strong reductant. Similar to other
vicinal thiols, dihydrolipoic acid (which has a high pK
value for the —SH, around 10.7) is more easily oxidized
in comparison with monothiols, leading to high activity
in —SH/S—S— interchange reactions.9 Furthermore,
both a-lipoic acid and dihydrolipoic acid have high hy-
drophobicity, which allow them to permeate biological
membranes at a high rate.

Described below are the biological properties ofa-li-

poic acid as a prosthetic group bound to proteins and as
a free molecule administered to cellular systems under in
vitro or in vivo conditions.

Protein-bounda-lipoic acid

a-Lipoic acid is present as a cofactor ina-keto-acid
dehydrogenases and in the glycine cleavage system.
These enzyme complexes are involved in the metabolic
pathways of pyruvate oxidation, the citric acid cycle, and
amino acid degradation and biosynthesis.

a-Keto acid dehydrogenase complexes. The a-keto acid
dehydrogenase complexes, i.e., the pyruvate dehydrogenase
complex (PDC), thea-ketoglutarate dehydrogenase com-
plex (a-KGDC), and the branched chaina-ketoacid dehy-
drogenase complex (BCKADC) constitute an almost ubiq-
uitous family of enzymes (see Patel et al.10 for a review).
They are located in the mitochondrial matrix, associated
with the inner membrane, and catalyze the oxidative decar-
boxylation of variousa-keto-acid substrates (pyruvate,
a-keto-glutarate and the short branched-chaina-keto-acids
produced by transamination of leucine, isoleucine, and va-
line) to the corresponding acyl-CoA forms (acetyl-CoA,
succinyl-CoA, and isovaleryl-CoA, respectively, Table 1)
forming NADH.

The complexes share structural similarities being
composed of multiple copies of three enzymes: the
a-keto dehydrogenase component or E1 (pyruvate,
2-oxoglutarate or 2-oxo-isovalerate dehydrogenase), the
dihydrolipoyl acyltransferase component or E2, and the
dihydrolipoyl dehydrogenase component or E3, which is
an enzyme common to all complexes.

Fig. 1. The intracellular fate of protein-bound andexogenously supple-
menteda-lipoic. Naturally occurringa-lipoic acid, present in the five
mitochondrial proteins as described, is interconvertable with the re-
duced form DHLA by the enzyme E3, which requires NADH/NAD1.
Supplementeda-lipoic acid enters the cell and is reduced by the
cytosolic enzymes glutathione reductase and thioredoxin reductase at
the expense of NADH, and also the mitochondrial enzyme E3. The
activities of each enzyme is dependent upon the form of lipoic acid and
the tissue (courtesy of Dr. Mulchand S. Patel and Dr. Lester Packer).

Table 1. Enzymes with Lipoyl or Biotinyl-Bounded Lysine

Enzyme Substrate Product

Lysine Position
(Accession
Number)

Moiety-Bound
to Lysine

E2 component of pyruvate dehydrogenase (human) pyruvate acetyl-CoA K # 100
(P10515)

lipoyl

E2 component ofa-ketoglutarate dehydrogenase (human) a-ketoglutarate succinyl-CoA K # 110
(P36957)

lipoyl

E2 component of branched chaina-ketoacid dehydrogenase
(human)

leucine,
isoleucine
and valine
oxoacids

isovaleryl-CoA K # 105
(P11182)

lipoyl

E3 binding protein (protein X, human) E3 supramolecular complex K # 97 lipoyl
Glycine cleavage system (H protein, human) glycine CO2 and NH4

1 K # 107
(P23434)

lipoyl

a-Propionyl-CoAa carboxylase (rat) propionyl-CoA (D,L)-methyl-malonyl-CoA K # 668
(P05165)

biotinyl

# As defined in the SWISS-PROT database.
a Interestingly a G-X15-K-X10-G structural motif is highly conserved in various mitochondrial enzymes such asa-propionyl-CoA carboxylase,

pyruvate carboxylase, acetyl-CoA carboxylase, methyl crotonyl-CoA carboxylase, and the E2 component of the branched chaina-ketoacid
dehydrogenase complex.11 These enzymes share the common property to possess a biotinylated or a lipoylated lysine residue, respectively, which play
a central role for enzyme activity.
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In each complex the E2 component plays a crucial
functional and structural role. Multiple copies of E2

constitute the structural core of the complex to which
multiple copies of the E1 and E3 components are bound
in a peripheral position tighly but noncovalently. Each E2

protein chain has a pronounced domain and linker struc-
ture. Three domains may be identified that are connected
by flexible linker regions: (1) theC-terminal inner core
housing the active site responsible for the acyltransferase
activity; (2) the peripheral subunit binding domain re-
sponsible, at least in part, for binding E1 and E3 together;
and (3) theN-terminal domain containing the lipoyl
group(s).

The lipoyl domains, whose number depends on the
species, contain thea-lipoic acid attached in an amide
linkage to thee-amino group of a lysine residue and this
acts as a ‘‘swinging arm’’ ferrying the substrate between
the active sites of the complex. In the enzymatic cataly-
sis, E1, which has thiamine pyrophosphate (TPP) as a
prosthetic group, catalyzes first the decarboxylation of
the keto-acid to form hydroxyethyl-TPP. Then the E2

catalyses the reductive acetylation ofa-lipoic acid. The
lipoyl group of E2 receives the acylated TPP from E1 and
transfers this group to coenzyme A forming acetylcoen-
zyme A. During this process, lipoamide is reduced to
dihydrolipoamide. E3 (dihydrolipoyl dehydrogenase) re-
stores the catalytic activity by oxidizing this back to
lipoamide through the reduction of NAD1 to NADH.

In the PDC, the structure of the E2 core is further
complicated by the presence of an additional protein
designed protein X or E3BP. This protein is similar to E2
and also contains a lipoyl domain, a peripheral subunit-
binding domain, and aC-terminal domain which, how-
ever, does not have acetyltransferase activity. Protein X
is required for the proper association of the E3 compo-
nent in yeast and mammalian PDC, and its lipoyl group
can also participate in the catalytic reaction.

The relative activities of two enzymes (PDC kinase
and PDC phosphatase) control PDC activity via a phos-
phorylation/dephosphorylation cycle. The E2 component
has been reported to be crucial for such regulation. In
bovine PDC, it was demonstrated that the PD kinase
binds to the E2 lipoyl domain region, and that selective
removal of the lipoyl prosthetic group leads to dissocia-
tion of the kinase.

Glycine cleavage system (GCS). The glycine cleavage
system is a multienzyme complex that is located only in
the hepatic mitochondrial matrix and catalyzes the oxi-
dation of glycine to carbon dioxide and ammonia, form-
ing NADH and (N5, N10)-methylenetetrahydrofolate.
The complex consists of four proteins termed P-, T-, L-,
and H-protein.a-Lipoic acid is covalently attached to a
lysine in the H-protein (Table 1). During the enzymatic

catalysis, P-protein, a pyridoxal phosphate-dependent
decarboxylase, catalyzes the release of carbon dioxide
from glycine and transfers the methylamine moiety to the
lipoyl prosthetic group of H-protein. Thea-lipoic acid
group is reduced during the transfer. T-protein catalyzes
the formation of ammonia and the transfer of one-carbon
group from the lipoyl residue of H-protein to tetrahydro-
folate. L-protein is a lipoamide dehydrogenase that cat-
alyzes the oxidation of the dihydrolipoyl residue of H-
protein and the reduction of NAD1. Thus, thea-lipoic
acid prosthetic group of the H-protein interacts with the
active sites of three different enzymes in a similar man-
ner as was found in thea-keto-acid dehydrogenase com-
plexes (KADC).

Free a-lipoic acid

Evidence is accumulating that freea-lipoic acid can
act at various levels in biochemical pathways. Interaction
of a-lipoic acid with various protein systems has been
analyzed, anda-lipoic acid has been observed to be a
substrate, an inhibitor, or an effector.

a-Lipoic acid as an enzyme substrate. Both the E2 and E3

components of the KADC have been reported to use free
a-lipoic acid as a substrate.12 In particular, E3 has been
observed to catalyze the reduction ofa-lipoic acid to
dihydrolipoic acid at the expense of NADH. This reduc-
tion is at a rate slower than that of the reverse reaction,
and with a marked stereospecificity for the naturally
occurring R-enantiomer.13 In the absence of NAD1,
however, the E3 component can use freea-lipoic acid as
the terminal acceptor of electrons, and catalyze the oxi-
dation of dihydrolipoic acid bound to the E2 component
with concomitant production of freea-lipoic acid.14

An effect of freea-lipoic acid on the enzyme activity
of the glycine cleavage system has also been reported.15

Free a-lipoic acid was able to replace the entire H-
protein of this complex as an acceptor of the methyl-
amine carbanion (the intermediate that is formed during
the conversion of glycine to CO2, NH4, and N5, N10-
methylenetetrahydrofolic acid) although with an efficacy
1000-fold lower than that of H-protein containinga-li-
poic acid as a prosthetic group.

It has also been observed that serine hydroxymethyl-
transferase, the enzyme responsible for the transforma-
tion of a large number of amino acids to glycine, can
catalyze in the presence of freea-lipoic acid, the direct
decarboxylation of glycine with subsequent formation of
methylamine-lipoate.16 a-Lipoic acid has been reported
to be a substrate for a lipoamide dehydrogenase detected
in human serum. In this case, the efficacy ofa-lipoic acid
as substrate was eightfold lower than that of lipoamide.17
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The ability of thea-lipoic/dihydrolipoic couple to act
as hydrogen donors in the reaction catalyzed by Se–
peroxidase has also been studied.18 In the presence of
H2O2 as a substrate, dihydrolipoic acid reduced the ac-
tive site of glutathione peroxidase and of hydroperoxide
glutathione peroxidase. The efficacy of dihydrolipoic
acid was far lower than that of the natural substrate GSH
(11 and 15% of the activity observed with GSH as
electron donor substrate for glutathione peroxidase and
for hydroperoxide glutathione peroxidase, respectively).
On the other hand,a-lipoic acid in millimolar concen-
trations was observed to inhibit both hydroperoxide glu-
tathione peroxidase or glutathione peroxidase activity,
with 10-fold more efficiency for hydroperoxide glutathi-
one peroxidase than for glutathione peroxidase. How-
ever, due to the high cellular concentration of GSH
(which is near 10 mM in hepatocytes), an interference of
supplementeda-lipoic acid in the cellular function of
glutathione peroxidase system was excluded by the au-
thors.

Glutathione reductase was also reported to usea-li-
poic acid as a substrate,19 leading to a NADPH-depen-
dent formation of dihydrolipoic acid. For glutathione
reductase, purified from bovine intestinal gut or human
erythrocytes, a higher kinetic efficiency towards the S-
stereoisomer occurred; however, for the yeast enzyme a
similar rate of oxidation ofa-lipoic acid was measured.19

Recently, it was found that thioredoxin reductase
from calf thymus, calf liver, human placenta, and rat
liver can efficiently reducea-lipoic acid in a NADPH-
dependent reaction.20 Thioredoxin reductase was found
to be 2.5 times faster in reducinga-lipoic acid with
NADPH than in catalyzing the oxidation of dihydroli-
poic acid toa-lipoic acid.

The activity of the enzymes described above are re-
sponsible for the formation of dihydrolipoic acid ob-
served in cells or tissue extracts exposed to freea-lipoic
acid.21–23 The relative contribution of the different en-
zymes in the cellular reduction ofa-lipoic acid is con-
troversial. It has been reported that the activity of dihy-
drolipoyl dehydrogenase (E3) in the rat liver alone is
sufficient for the reduction of 100–150mmol a-lipoic
acid/min/kg body weight.21 Indeed, nonglutathione thi-
ols, assumed to be dihydrolipoate, appear rapidly in the
effluent of the isolated rat liver perfused with lipoate.3

On the other hand, data from our laboratory indicates that
the pattern ofa-lipoic acid reduction is tissue specific:
the liver appears to reduce lipoate to an equal extent by
both the cytosolic glutathione reductase and the mito-
chondrial E3, whereas reduction in the heart occurs al-
most completely by E3.

24

a-Lipoic acid as enzyme inhibitor. An inhibitory effect
of a-lipoic acid on the activity of various enzymes has

also been observed.a-Lipoic acid (at a dose ranging
between 50 and 150 mg/kg) prevents the conversion of
xanthine dehydrogenase to xanthine oxidase in rat intes-
tine homogenates (at a level ranging from 40 to 52%)
after 20 min of incubation at 10°C. An inhibition of
buttermilk xanthine oxidase activity by 50 and 42% was
observed in the presence of 3 mMa-lipoic acid or
dihydrolipoic acid, respectively.25 However, contrasting
results were obtained in our laboratory, where 3 mM
dihydrolipoic acid was shown not to have a significant
effect on cow milk xanthine oxidase activity.26

The effect of freea-lipoic acid on catalase activity
has also been analyzed. Dihydrolipoic acid (but not
a-lipoic acid) inhibited the in vitro activity of horse
liver crystal-pure catalase.27 According to the authors,
the inhibition of catalase might be responsible for the
toxic effect observed in pigeons and rats upon endog-
enous administration of dihydrolipoic acid ora-lipoic
acid. Both compounds were more toxic in pigeons
(LD50 is 80 mg/kg for botha-lipoic acid and dihydro-
lipoic acid) than in rats (LD50 is 187 mg/kg and 182
mg/kg for a-lipoic acid and dihydrolipoic acid, re-
spectively) probably due to the lower blood level of
catalase in birds. However, an analysis performed in
our laboratory indicated that a 24-h treatment of Jurkat
cells with a-lipoic acid (0.1–2 mM) did not result in
any inhibition of the enzymatic activity of catalase
(Marcocci, personnal communication).

A contribution of the aldose reductase pathway has
been hypothesized in diabetic complications, due to the
increase in aldose reductase activity during hypergly-
cemia.28 However, aldose reductase inhibitors show a
beneficial effect on the development of cataract, ne-
phropathy, and neuropathy in experimental diabetic ro-
dents. A dose of 0.5 mMa-lipoic acid inhibited the
hyperglycemia-activated aldose reductase activity ob-
served in rat lens incubated for 20 h in the presence of
100 mM glucose.29 The metal chelation properties of
a-lipoic acid may be responsible for this protection;
however, a redox action ofa-lipoic acid on the aldose
reductase sulfhydril groups cannot be excluded.30

High doses ofa-lipoic acid also has inhibitory effects
on the PDC, leading to lactic acidosis. This inhibitory
effect was also observed in suicide attempts with doses
ranging from 10 to 40 g ofa-lipoic acid. However, 500
to 1000 mg are considered as well-tolerated doses with-
out adverse effect in placebo-controlled studies.31–33 It
was shown that the absolute bioavailability (Fabs) of
R(1) enantiomers was significantly higher compared to
the Fabs of the S(2) enantiomers ofa-lipoic acid in
humans.34

Recently it has been observed that chronic adminis-
tration (15.6mmol/kg) of lipoic acid to rats resulted in a
;30% decrease in the activity of the biotin-dependent
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enzymes pyruvate carboxylase andb-methylcrotonyl-
CoA carboxylase in the liver.140 The chemical structure
of lipoic acid is similar to that of biotin, and the authors
suggest that lipoic acid can either displace biotin from its
binding site at holocarboxylase synthetase, or compete
with biotin for transport across the cell membrane. These
findings were only observed in chronic administration,
because lipoic acid would not affect biotin-dependent
carboxylases once biotin is covalently bound to the
enzymes.140 Also, enzyme activities remain normal if
biotin is present in the diet;140 hence, such enzyme
effects would presumably not cause pathology in pa-
tients. Such is the case in heterozygote individuals for
carboxylase deficiencies that have a 50% decrease in
enzyme activity but show no symptoms.140 Interestingly,
biotinidase (the enzyme that cleaves biotinyllysine) can
cleave lipoyllysine141 (the protein-bound form of lipoic
acid), and vice versa with lipoamidase. Such results has
led to the suggestion that lipoamidase and biotinidase
are, in fact, the same enzyme in plasma.141

a-Lipoic acid as protein modifier: redox dependent and
redox independent action. It was reported that dihydro-
lipoic acid, the structural homologues bis- and tetranor
lipoate (with carbon chains being 2 and 4 atoms shorter
than lipoate, respectively) and the amide form lipoamide,
reduce the disulfide group of purifiedEscherischia coli
thioredoxin,14,35 thus promoting the disulfide reductase
activity of this small protein that is a crucial element in
the cellular systems for the regulation of enzyme activ-
ities by thiol oxidation-reduction control.36

A dihydrolipoic acid-dependent activation of the oli-
gomycin-sensitive mitochondrial SH-groups in rat heart
mitochondria and mitoplasts was observed, concomi-
tantly, with an activation of ATP-synthase and a decrease
of ATPase activities.37 Furthermore, results have been
presented suggesting that the oxidation of some vicinal
thiols by a-lipoic acid may underlie the release of Ca21

from rat liver mitochondria exposed toa-lipoic acid.38

a-Lipoic acid was also reported to modify, via thiol-
disulfide exchange, the —SH groups of the NADPH–
cytochrome P450 reductase thus causing the loss of the
enzyme reducing activity.39,40 A dihydrolipoic acid-de-
pendent reduction of met-hemoglobin to oxy-myoglobin,
as well as of ferryl-myoglobin to oxy-myoglobin, was
reported in vitro.41 In the same study,a-lipoic acid was
observed to interact efficiently with ferryl-myoglobin.
Depending on the presence of hydrogen peroxide,a-li-
poic acid may either reduce directly the heme iron to
form met-myoglobin or may react with a pyrrole ring to
form sulfhydryl-myoglobin.

An in vitro effect of a-lipoic acid on structural mod-
ifications induced by glucose on bovine serum albumin
(BSA) and lysozyme, has also been documented.42 Di-

hydrolipoic acid inhibited BSA glycation, but thea-li-
poic acid-derivative tetranorlipoate did not.43 The pro-
tective effect ofa-lipoate in this system was suggested to
be due to a hydrophobic binding of lipoate near the
glycation sites of BSA. For the binding ofa-lipoic acid
to BSA, a binding ratio of 6 mola-lipoic acid per mol
BSA and a formation constant of 8.73 1043 M21 was
calculated. Under the same experimental conditions,
a-lipoic acid did not inhibit glycation of low density
lipoproteins.

An a-lipoic acid-dependent decrease in the oxidative
formation of Na-(carboxymethyl)lysine (a major product
of the oxidative modification of glycated proteins) was
recently demonstrated in human serum albumin.44 More-
over,a-lipoic acid counteracted the decrease of red cell
membrane fluidity and the reactivity of protein —SH
groups due to hyperglycemic conditions.45

Activity of the a-lipoate as scavenger of free radical
species (Table 2). The dithiol nature of lipoate renders
this compound highly reactive against a number of reac-
tive oxygen species, and it also has the ability to regen-
erate oxidized antioxidants. Interest in the antioxidant
properties of lipoate originated from the studies of
Rosenburg and Culik,46 who noticed that the administra-
tion of a-lipoic acid prevented the symptoms of both
vitamin C and E deficiency in guinea pigs and vitamin E
deficiency in rats.

Various reaction pathways result in the formation of
free radicals. The respiratory burst of neutrophils in
response to inflammatory stimuli produces highly reac-
tive oxygen species. Superoxide is formed, which in the
presence of superoxide dismutase, forms H2O2. This can

Table 2. Summary of the Antioxidant and Metabolic Effects of the
a-Lipoate/Dihydrolipoate Couple In Vitro

Action Effect Reference

Involvement of lipoate OH scavenging 50, 51, 52
in scavenging O2

z 2 scavenging 26, 49
reactive oxygen 1O2 scavenging 70
species ROO scavenging 57

HOCl scavenging 47, 48
metal chelation 61, 62

Interactions of lipoate reduction of GSSG 58
with other vitamin C/E recycling 52, 56, 57
antioxidants ubiquinol recycling 59

thioredoxin reduction 71
NADH/NADPH 57

Effects of supplemented
lipoate on metabolic

increased NAD1/NADH
ratio

72

processes increased intracellular GSH 67
stabilization of oxidant-

induced increase in
intracellular Ca21

73

inhibition of NF-kB
activation

74
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then be converted to hyperchlorous acid (HOCl) by the
action of myeloperoxidase.a-Lipoic acid and dihydroli-
poic acid can scavenge both hydrogen peroxide and
HOCl,47,48 while dihydrolipoic acid can scavenge
superoxide.26,49Hydrogen peroxide may react with tran-
sition metals producing highly reactive hydroxyl radi-
cals. Botha-lipoic acid and dihydrolipoic acid have been
shown to scavenge hydroxyl radicals in a metal-catalysis
system26 and in a metal-free reaction of ultraviolet irra-
diation (UVA) induced by decomposition of the aromatic
hydroperoxide model compound NP-III.50,51 During the
course of lipid peroxidation, peroxyl radicals are formed
that propagate the reaction. Dihydrolipoic acid can scav-
enge these radicals, formed from both lipophilic and
hydrophilic peroxyl radical generators.52 Therefore, the
lipoate couple represents a potent radical scavenging
unit.

When antioxidants react with reactive oxygen species,
the antioxidant is converted to a form that is no longer
able to function, and is said to be consumed. Therefore,
this oxidized product needs to be recycled to its native
form to function again. Vitamin E, being a potent per-
oxyl radical scavenger, is the major chain-breaking an-
tioxidant protecting biological membranes from lipid
peroxidation.53 This task appears difficult because there
are approximately 1500 phospholipid molecules to 1
molecule of vitamin E; however, membrane oxidation
does not naturally occur and vitamin E is not rapidly
depleted. This apparent paradox can be explained by
vitamin E recycling from circulating antioxidants. A
number of antioxidants can recycle vitamin E including
vitamin C, ubiquinols and glutathione.54,55Dihydrolipoic
acid has only a weak interaction with the tocopheroxyl
radical, so the major recycling of vitamin E by dihydro-
lipoic acid occurs via the intermediary recycling of other
antioxidants. Electronic spin resonance studies have
demonstrated the recycling of the ascorbyl radical by

dihydrolipoic acid, which in turn recycles the chroman-
oxyl radical produced by oxidation. This has been shown
in dioleylphosphatidyl liposomes,52 erythrocyte mem-
branes,56 and low-density lipoproteins.57 Dihydrolipoic
acid may also recycle vitamin E by reducing oxidized
glutathione,58 which then reduces the vitamin E radicals.
There is now evidence that lipoate supplementation in-
creases tissue ubiquinol content,59 and ubiquinol can also
recycle vitamin E.60 Therefore, there exists a network of
antioxidants in which dihydrolipoic acid can interact and
replenish to maintain both lipid and aqueous phase anti-
oxidant status.

Effect of a-lipoic acid as metal chelator (Table 2). In
addition to the activities described above,a-lipoic acid
and dihydrolipoic acid can chelate a number of metal
ions including Cu21, Fe31,61 Mn21, Zn21, and Cd21.62

Chelation of Cu21 by a-lipoic acid was reported to (1)
inhibit the Cu21-catalyzed oxidations in vitro, (2) assist
the partition of Cu21 into n-octanol, and (3) inhibit the
flux of H2O2 induced within erythrocytes by exposure
to ascorbic acid.63 It has been shown in vitro that
dihydrolipoic acid as well as dihydrolipoamide can
remove iron stored inside ferritin by complexing it in
the ferric form. The rate of the reaction increased as a
function of the ratio of dihydrolipoic acid/ferritin, was
unaffected by the iron content of the ferritin itself, and
was pH dependent.64

Effect ofa-lipoic acid on glutathione metabolism.Mod-
ulation of cellular glutathione status has long been dis-
cussed as a potential therapeutic strategy, taking into
account the role of reduced glutathione in a variety of
detoxification reactions against oxidizing species, pro-
duced during the metabolism of xenobiotics, as well as
its involvement in the formation of conjugates with elec-
trophilic metabolites.62,65

Table 3. Use ofa-Lipoic Acid in Clinical Trials Involving Hepatic or Hepatic-Related Diseases

Disease a-Lipoic acid dose Endpoint Reference, year

Type II diabetes 1000 mg i.v., 1 d increased glucose disposal 33, 1996
Type II diabetes 500 mg i.v., 10 d increased glucose disposal increased insulin-sensitivity

index
82, 1996

Diabetic neuropathy 200 mg/d 3 weeks alleviation of pain 83, 1980
Diabetic neuropathy 600 mg/d, 3 weeks

300 mg/d 10 weeks
decrease of blood malondialdehyde level and decrease of

albuminuria
84, 1993

Diabetic neuropathy 600 mg/d 15 weeks alleviation of pain and paresthesia 32, 85, 1993
Hypercholesterolemia 50 mg/d 1 week decrease of serum cholesterol 88, 1958
Lipids 500 mg/d 10 days no change in cholesterol, HDL-cholesterol and

triglyceride levels
82, 1996

Alcohol clearance 90 mg/d 1 week no effect on blood clearance 94, 1961
Hepatic cirrhosis 30 mg/d 3 days no effect on disease progression 111, 1961
Hepatic cirrhosis 300 mg/d 6 months no effect on disease progression 112, 1982
Mushroom intoxication 400 mg/d one week regression of hepatomegaly 113, 1972
Radiation in Chernobyl accident 400 mg/d 4 weeks spontaneous leukocyte chemoluminescence decrease liver

function normalization
118, 1993
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The influence ofa-lipoic acid on the cellular status of
glutathione was investigated in various in vitro and in
vivo systems. In accordance with the lower redox poten-
tial of the a-lipoic acid/dihydrolipoic acid couple, with
respect to the GSH/GSSG couple, dihydrolipoic acid is a
powerful reductant for GSSG.66 Moreover, in various
cellular systems (human T-lymphocytes cell lines, C6
glial, NB41A3 neuroblastoma, Jurkat cells, Wurzburg
cells, human erythrocytes, and peripheral blood lympho-
cytes)a-lipoic acid treatment (10–100mM) induced an
increase in the cellular level of GSH by 30–70%.22,67,68

In the Jurkat cell line, thea-lipoic acid dependent in-
crease in cellular glutathione levels was proposed to be
due to improved cysteine utilization. The authors suggest
that dihydrolipoic acid (formed via cellulara-lipoic acid
reduction) reduced extracellular cystine to cysteine,
which is transported to the cells more efficiently than
cystine, and is promptly used as sources for glutathione
synthesis.67

An increase in the tissue levels of glutathione in the
lung, liver, and kidney, concomitantly with an improve-
ment in the survival after whole-body irradiation, was
observed in rats after 11 d of an i.p. treatment ofa-lipoic
acid at doses of 4.8–16 mg/kg/d.68 An increase in total
glutathione levels in the liver and blood, but not in the
kidney, heart, and skeletal muscles of rats, occurred after
intragastric supplementation with lipoate (150 mg/kg for
8 weeks). Lipoate-supplemented rats also had lower lev-
els of thiobarbituric reactive species in the liver, heart,
and red gastronemius muscle.69

a-LIPOIC ACID AS A METABOLIC REGULATOR

Soon after the discovery of the role ofa-lipoic acid as
an enzyme cofactor in oxidative metabolism, various
studies were performed to address its effects on carbo-
hydrate and lipid metabolism.

Effect ofa-lipoic acid on carbohydrate metabolism

Data from early studies indicate thata-lipoic acid can
improve carbohydrate metabolism, probably acting at
various levels of metabolic pathways. Addition ofa-li-
poic acid (40mg) to liver slices (45–50 mg) was reported
to: (1) increase the incorporation of [14C] from [14C]-
glucose into expired CO2, (2) have little effect on the
incorporation from [14C]-2-pyruvate, and (3) decrease
the incorporation from [14C]-1-acetate.75

Treatment of guinea pigs (250 g weight) witha-lipoic
acid (0.5 mg) for 10 d substantially increased the level of
lactic acid (30% increase with respect to control values),
and decreased the level of citric acid (60% decrease
compared to control).76 These data have been interpreted

asa-lipoic acid stimulating the anaerobic conversion of
pyruvic acid to lactic acid, a reaction that other authors
have indicated to occur in both directions.77,78

The liver plays an essential role in maintaining and
modulating the serum level of glucose (between 80 and
120 mg/100 ml) by glycogenolysis, glycolysis, and glu-
coneogenesis. But one of the major features in the patho-
genesis of type II diabetes is insulin resistance leading to
hyperinsulinemia. Recent studies in experimental type I
and type II diabetes has provided emerging evidence that
a-lipoic acid can facilitate nonoxidative and oxidative
glucose metabolism. Singh79 observed thata-lipoic acid
stimulates glucose uptake in perfused hearts of normal
and diabetic rats. Haugaard and Haugaard80 also found
an increase in glucose utilization by rat diaphragms in
vitro after a-lipoic acid administration. A similar stimu-
lation of glucose transport activity bya-lipoic acid was
observed in isolated epitrochlearis muscle from either
insulin-sensitive lean or insulin-resistent obese Zucker
rats.135

A dose-dependent increase in glucose uptake was
observed in L6 muscle cells and adipocytes after treat-
ment with a-lipoic acid, due to translocation of Glut-1
and Glut-4 transporters from the intracellular pool to the
membrane.136 In a type I model of diabetes (streptozo-
tocin-diabetic rats),a-lipoic acid treatment increased
muscle Glut-4 content.138 Jacob et al.81 found that treat-
ment witha-lipoic acid (100 mg/kg for 10 d) improved
(1) insulin mediated 2-deoxyglucose uptake, (2) glucose
oxidation, (3) glycogen synthesis, and (4) lowered the
plasma level of insulin and the plasma level of fatty
acids, thus leading to the conclusion thata-lipoic acid is
able to facilitate either nonoxidative or oxidative glucose
metabolism in animal models. Also, a dose dependent
increase in glucose uptake was observed in human T-cell
line (Wurzburg cells) treated witha-lipoate.72

A recent study has shown the R2 enantimer ofa-li-
poic acid to be the most effective in enhancing insulin-
stimulated glucose transport.137

In diabetic patients (Table 3) Jacob et al.33 demon-
strated thata-lipoic acid administration (1000 mg IV)
enhanced the insulin-stimulated whole body glucose dis-
posal by about 59%. It was hypothesized thata-lipoic
acid could act as an antioxidant protecting the sulfhy-
dryls groups of the glucose transporter systems (Glut-1
and Glut-4). Jacob et al.82 also showed that a 10-d trial of
500 mg ofa-lipoic acid in perfusion resulted in a sig-
nificant increase in insulin-stimulated glucose disposal
(30%) and an increase in the insulin-sensitivity index in
type II diabetes patients.

One consequence and major complication of diabetic
patients is peripheral neuropathy due in part to reduced
endoneuronal bioavailability of glucose and the conse-
quent increase in oxidative stress. But hyperglycemia
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leads to the glycation of proteins within the endoneural
blood vessels. This biochemical process is associated
with a reduction of blood flow in the diabetic nerve,
which in turn leads to endoneural hypoxia and finally
ischemia. It is well established that ischemia leads to
elevated levels of free radicals mediating oxidative
stress, which in turn is thought to damage the peripheral
nerve. As shown by Packer et al.,1 a-lipoic acid can
prevent the glycation of protein, thus leading to a dose-
dependent normalization of nerve blood flow in experi-
mental diabetic neuropathy.

This is the basis of supplementation bya-lipoic acid,
approved in Germany for the treatment of diabetic neurop-
athy. In three clinical trials (Table 3),a-lipoic acid was
administered daily with doses ranging from 300 to 600 mg
for up to 15 weeks.32,83–85There was a reduction of clinical
symptoms (alleviation of pain, decrease of paresthesia,
burning, and numbness) and biological endpoints (reduc-
tion of blood malondialdehyde level, reduction of albumin-
uria, reduction of hydroperoxides) but there was no mea-
surable change in neurophysiologic endpoints as assessed
by sensory or motor nerve velocity.

Effect of alpha-lipoic acid on lipid metabolism

The effect ofa-lipoic acid on the metabolism of lipids
was investigated in rabbits (2.5–3 kg), receiving a diet
containing an excess of cholesterol (1 g cholesterol, 9 g
of shredded carrots/d for 7 d). Treatment witha-lipoic
acid (5 mg/kg intramuscular injection) starting with the
diet, limited the diet-dependent increase of lipids in the
plasma, liver, and aorta, measured 15 d following the
beginning of the experiment. The antilipidemic effect of
a-lipoic acid was also observed whena-lipoic acid treat-
ment started at the end of the high cholesterol feeding,
although at a lower extent.86 However, in male Dutch
belted rabbits, maintained for 2 months on a diet con-
taining 2% cholesterol and 6% corn oil, the intraperito-
neal injection of 1 mg/kga-lipoic acid did not have any
effect on the diet-dependent increase in serum choles-
terol and lipoproteins, or on the formation of atheroscle-
rotic plaques in the aorta. However, the weight gain in
animals treated witha-lipoic acid was lower than in
those not treated.87 A drop in both total cholesterol and
cholesterol esters levels in blood occurred in a series of
cardiovascular patients affected by atherosclerosis,
which were treated i.m. for 7 d with 50 mg/d ofa-lipoic
acid88 (Table 3). Evidence has also been reported that i.v.
treatment of patients witha-lipoic acid improves the
process of lipid catabolism,89 as well as inducing an
increase in the serum protein content, suggesting an
action ofa-lipoic acid at a common step in the metabolic
process of degradation and synthesis of lipids and
proteins.90 However,a-lipoic acid treatment had no ef-

fect on the level of cholesterol, HDL-cholesterol, and
triglycerides in diabetic patients.83

INVOLVEMENT OF LIPOIC ACID IN HEPATOLOGY

AND THERAPEUTIC USE

Clinical trials have been carried out usinga-lipoic
acid as a therapeutic agent in various disorders involving
liver diseases. Also,a-lipoic acid has been widely stud-
ied in experimental designs. We will discuss briefly some
of these to critically evaluate the results and to reach
conclusions as to the effectiveness ofa-lipoic acid in
such pathologic conditions.

Animal experiments

Numerous experiments were performed using rodents
for investigating the putative role ofa-lipoic acid in
alcohol, solvent, heavy metal intoxications, and radiation
exposure. All these toxic agents alter the redox status of
organs, in particular the liver.

Ethanol is metabolized to acetate by alcohol dehydro-
genase and aldehyde dehydrogenase, using NAD1. Ac-
etaldehyde and the increased production of NADH and
hydrogen ions are believed to be responsible for many of
the hepatotoxic effects of ethanol.91 The hydrogen gen-
eration and the associated alteration of redox state pro-
duces changes in the flux and metabolism of various
hepatic substrates, and this has been associated with the
development of lactic acidosis, ketosis, and hyper-
uricemia.92 The excess of produced NADH inhibits
NAD1, requiring reactions such as gluconeogenesis,
fatty acid oxidation, and xanthine dehydrogenase. Inhi-
bition of the latter results in a shift of purine oxidation to
xanthine oxidase and subsequent formation of reactive
oxygen species.93 There is also a significant increase in
inductable cytochrome P450 2E1 contributing to lipid
peroxidation and subsequent increase of superoxide rad-
icals. In addition, alcohol intoxication leads to a decrease
of the hepatic content in GSH as shown in animals and
humans.93

Akabane et al.94 studied the effect ofa-lipoic acid on
the disappearance rate of alcohol and acetaldehyde in
rabbit alcohol intoxication. The results in experimental
animals receiving 2 mg/kg i.v.a-lipoic acid 15 min
before 1 g/kg of alcohol i.v. showed thata-lipoic acid
had no influence on blood glucose, lactate, and pyruvate
levels, but following an acetaldehyde injection (the met-
abolic product of alcohol) lactate,a-ketoglutarate, and
pyruvate blood concentrations declined and remained
significantly lower than those of a control, in a range
varying from 10 to 30%. So, in acute alcohol intoxica-
tion, the beneficial effect ofa-lipoic acid can be ex-
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plained by the opposing actions of alcohol anda-lipoic
acid on the NADH/NAD1 ratio: alcohol lowering this
ratio, in contrast toa-lipoic acid, which increases this
ratio via its cellular reduction to dihydrolipoic acid using
NADH and NADPH to produce NAD1 and NAPD1,
allowing reactions such as gluconeogenesis and fatty
acid oxidation.72 However,a-lipoic acid caused a dose-
dependent inhibition of gluconeogenesis in rat hepato-
cytes, which could be abolished by octanoate.139 This
effect was proposed to be due to a sequestration of
intramitochondrial coenzyme A.139

Halogenated hydrocarbons are lipophilic toxicants
readily absorbed after inhalation or ingestion. Like most
other organic solvents, halogenated hydrocarbons de-
press the central nervous system. However, the most
serious delayed toxic effects of carbon tetrachloride
(CCl4) are hepatotoxicity and nephrotoxicity. This can be
examined by the measurement of serum transaminase
levels. Serum glutamic pyruvic transaminase (SGPT)
and serum glutamic oxaloacetic transaminase levels
(SGOT) were determined during experimental CCl4 poi-
soning of rats, with and withouta-lipoic acid pretreat-
ment. One experimental CCl4-poisoning study reported
that lipoic acid administration was effective in hepatic
function restoration.95 These studies showed that lipoate
pretreatment lowered the levels of SGOT and SGPT
significantly.96 Recently, it was shown that the biotrans-
formation of CCl4 (1) produces reactive oxygen species
by cytochrome P450; and (2) activates calcium channels
by increasing the binding of ryanodine, which is a spe-
cific ligant of these channels. This activation could be
explained by the oxidation of lipophilic thiols, as this
effect was partially reverted bya-tocopherol treatment.97

This fact has to be connected with the finding that
a-lipoic acid is able to modulate cytochrome P450 reduc-
tase. It was shown by Slepneva et al.39 thata-lipoic acid
is able to inhibit both purified and microsomal P450

reductase by inducing a chemical modification of the
SH-groups via a thiol–disulfide exchange reaction.39,40

This fact could explain the lower CCl4 toxicity observed
in presence ofa-lipoic acid.

The protective affects ofa-lipoic acid against free
radical-mediated injury interested several groups in ex-
amining whether lipoic acid or dihydrolipoic acid pro-
tects hematopoietic tissues in mice from free radical
damage induced by ionizing radiation. Recently, protec-
tive effects of a-lipoic acid against radiation damage
were observed by Ramakrishnan et al.98 They deter-
mined the LD50 by the endogenous and exogenous
spleen colony assay. Intraperitoneal administration of
a-lipoic acid at a nontoxic dose of 200 mg/kg body, 30
min before irradiation increased the LD50 from 8.67 to
10.97 Gy in male CD2F mice. Dihydrolipoic acid also
protects against UVB radiation in mice skin.99

Arsenic is found in soil, water, and air as a common
environmental toxicant. The trivalent arsenicals are the
basic compounds responsible for this toxic action, and of
these the aromatics are the most toxic. Arsenic can bind
to thiols, and many enzymes are dependent on free thiols
for their action. A common example is the pyruvate
dehydrogenase complex (PDC) requiring protein-bound
a-lipoic acid for the acetylation of CoA. Peters100

showed that SH-groups present in PDC were a selective
target of lewisite and phenyl arsenoxide, as a smaller
concentration of As31 was needed to poison these en-
zymes. As a consequence of that inhibition, pyruvate
oxidation was selectively inhibited in vivo and pyruvate
accumulated in the blood of poisoned animals. The se-
lective toxicity of arsenicals for PDC was attributed to
their affinity and their binding to thea-lipoic acid pros-
thetic group. In addition, in experiments using dogs, a 17
mg/kg sodium arsenite intoxication was shown to be
prevented and reversed bya-lipoic acid.101 Similarly, a
protective action of 2,3-dimercaptoethanol and lipoic
acid was observed in a mice viability test by Marino and
Reduzzi102 following a 600 mg/kg of novarsobenzene
injection. a-Lipoic acid also strongly inhibited arsenic
uptake in rat digestive tracts.103 These experimental data
showed thata-lipoic acid can reverse arsenic-induced
enzyme inhibition. If we rate that arsenic is an environ-
mental contaminant in specific populations the effect of
lipoic acid could be beneficial in chronic arsenic poison-
ing treatment.

It has to be noted thata-lipoic acid increases the
sulfhydryl content of bile not only by his own reduction
by hepatocytes104 but also by increasing the hepatobili-
ary transfer of glutathione.105 This fact is important in
considering studies on the effect ofa-lipoic acid as a
treatment of mercury, lead, and gold poisoning. The
results obtained with mercuric chloride intoxicated ani-
mals (20 mg/kg) showed that simultaneous administra-
tion of a-lipoic acid (177 mg/kg) completely protected
mice that had received a lethal dose of mercuric chloride.
The number of molar equivalents necessary for protec-
tion (8:1) was, however, greater than that observed in the
case of arsenite. Similarly, the hepatobiliary transfer of
mercuric chloride (10 mmol/kg) was increased in rats
(from 12- to 37-fold) following an i.v. administration of
37.5 to 300 mmol/kg ofa-lipoic acid. As inorganic
mercury is minimally affected by glutathione depletion,
Gregus et al.105 concluded that endogenously reduced
dihydrolipoic acid can form stable complexes with mer-
curic ions, and play the role of an inorganic mercury
carrier in bile. In contrast, no effect was shown on the
biliary excretion of methylmercury.104,105However, al-
though hepatobiliary transport of metals is reported to be
glutathione dependent,106,107 a-lipoic acid did not in-
crease, but rather decreased, the biliary excretion of
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methylmercury, cadmium, zinc, and copper.105 In this
case, a temporary formation of dihydrolipoic acid–glu-
tathione mixed disulfide was postulated. The glutathio-
ne–a-lipoic acid complex was hypothized to be unable to
chelate the metals, and after being translocated into bile
was thought to be cleaved toa-lipoic acid and reduced
glutathione.

In the case of gold and lead intoxication, it was not
possible to protect mice from the lethal effect because of the
limit imposed on the use ofa-lipoic acid by its own
toxicity.101 Concerning hepatocytes exposed to cadmium
(150 mM Cd21),108 the addition ofa-lipoic acid (1 to 6
mM) or dihydrolipoic acid (17 to 89 mM) resulted in the
amelioration of cadmium-induced membrane damage (ev-
idenced by lesser aspartate aminotransferase leakage), the
decrease of lipid peroxidation (measured by thiobarbituric
acid-reactant) and the depletion of cellular glutathione.

As exemplified by numerous animal studies, the role
of a-lipoic acid is either as a metabolic stimulant or an
antioxidant displaying a broad range of beneficial effects
on chemical and physical agents causing metabolic al-
terations.

a-Lipoic acid in clinical use

The use ofa-lipoic acid in the treatment of alcohol
intoxication was reported by Rausch in 1956 and Deut-
sch in 1960 (cited by Wirtschafter and Smith109). They
showed thata-lipoic acid was effective in the treatment
of hepatic coma and hepatitis, and recommendeda-li-
poic acid administration during acute alcohol intoxica-
tion (Table 3). Shigeta et al.110 detected lower levels of
a-lipoic acid in the sera of cirrhotic patients without
determining whether it was due to diet depleted ofa-li-
poic acid or to the impairment of hepatic functions. This
observation led to various trials usinga-lipoic acid in
cirrhotic patients. The first one, performed on 20 patients
treated with 30 mg daily for 3 d, failed to demonstrate
any change in serum pyruvate or lactate levels111 (Table
3). A double-blind trial showed thata-lipoic acid did not
influence the course of the disease. Serum aspartate
transaminase andg-glutamyl transpeptidase were only
improved in both control and treated patients (300 mg of
a-lipoic acid daily for 6 months) following ethanol
abstinence.112 It was reported that in human acute drink-
ing experiments,a-lipoic acid pretreatment (90 mg/d for
7 d) before 540 ml/d of Japanese Sake (equivalent to 1
g/kg of alcohol), had no influence on the blood concen-
tration of alcohol, or acetaldehyde, for a period of 6 h. In
humans (in contrast to animals as previously noted),
following the ingestion of alcoholic beverages, the blood
glucose level roses temporarily, then fell again to the
initial values. More interestingly, the blood levels of

lactate, pyruvate, anda-ketoglutarate were lower than
those seen in the control group withouta-lipoic acid.94

In recent years the number of cases of mushroom
poisoning (mycetism) has increased as a result of the
current popularity in the consumption of wild mush-
rooms. The most serious form of mycetism is produced
by Amanita phalloidesandAmanita capensis,which are
fairly common in both North America and Europe. These
species account for over 90% of all fatal cases. They
induce severe and frequent fatal poisoning by virtue of
the presence of cyclopeptides (phalloidine, amanitin).
The amatoxins (a- andb-amanitin) are a group of cyclic
octapeptides that inhibit RNA polymerase II and, hence,
block the synthesis of mRNA.a-Lipoic acid has been
used successfully in this type of intoxication. Kubicka in
1968 (cited by Zulick et al.113) was the first to use
a-lipoic acid in this type of mycetism. A significant
reduction in hepatorenal damage after administration of
a-lipoic acid intravenously was observed. Zulik et al.113

reported the treatment of 12 patients in Bohemia aged
between 16–77 years with transaminases levels over 100
IU/100 ml. They administereda-lipoic acid at 200 mg/
daily in two intravenous injections. In these cases hepa-
tomegaly decreased after a week of treatment. The mor-
tality rate was decreased and all patients recovered nor-
mal hepatic and renal function. A dose of 300 mg/daily
was recommended by Cohen et al.114 to be given in
mushroom poisoning as soon as the serum transaminase
levels were raised. It was reported that 39 out of 40
poisoned patients recovered hepatic and renal function in
Ceske Budejovice (Bohemia) following this treatment
with a-lipoic acid.115 In the contrary, an analysis of a
series of 205 cases ofAmanitapoisoning did not result in
any change in the fatality rate followinga-lipoic
treatment.116 Based on these facts, the previous author
did not recommend treatment witha-lipoic acid, in con-
trast to Piqueras,117 who recommended 5 to 10 mg/kg/d
in three to four administrations.

Interestingly, a radioprotective effect ofa-lipoic acid
was observed by Korkina et al.118 following the Cher-
nobyl accident. Children living in contamined areas
(15–40 Ci/km2) were given either 400 mg daily ofa-li-
poic acid or the same dose with 200 mg daily ofa-to-
copherol for 4 weeks. The spontaneous leukocyte chemi-
luminescence, as assessed by the luminol test, returned to
normal levels following 1 month of both treatments. In
addition, only the high doseda-lipoic acid group resulted
in a significant decrease in the erythrocyte content of
glutathione. It was also mentioned thata-lipoic treatment
allowed the normalization of kidney and liver functions.

Lipoamide dehydrogenase deficiency should also be
mentioned. This inherited disease affects the activity of
PDC, OADC, and BCKADC resulting in blood lactic
acidosis, increase of urinary excretion of lactate, 2-keto-
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glutarate, and 3-hydroxybutyrate. Dietary supplementa-
tion with a-lipoic acid (50 mg/kg/d) over a 2-year period
improved the lactic and pyruvic acidosis and the toler-
ance to protein intake in young patients.119

However, it should be noted that only recent trials
were correctly conducted using double-blind studies and
well-defined end points, especially in lipid and carbohy-
drate liver metabolism. Moreover, the first human studies
involving clinical trials were done with poorly purified
and racemic forms ofa-lipoic acid. Trials involving
more patients in selected liver diseases or liver-related
diseases should be performed in the future to better
evaluate the exact incidence on lipid and carbohydrate
metabolism ofa-lipoic acid.

a-Lipoic acid and primary biliary cirrhosis (PBC)

A special mention of the role ofa-lipoic acid in
hepatology is the role of this cofactor not in the treatment
of liver diseases as mentioned in the previous section but
as a target for autoantibodies in the rare autoimmune
disease, Primary Biliary Cirrhosis.

PBC is an autoimmune disease of the liver occurring
mainly in women associated in more than 95% of the
patients with antimitochondrial antibodies. This disease
is characterized by a destruction of the intrahepatic bile
ducts due to the inflammatory response. Antimitochon-
drial antibodies are directed against a major inner mito-
chondrial autoantigen consisting of a constituent (E2) of
the pyruvate dehydrogenase complex (PDC-E2) contain-
ing the naturally occurring protein bound lipoic acid.120

The antigens. The E2 component (dihydrolipoyl acetyl-
transferase) forms the central core of the pyruvate dehy-
drogenase complex (PDC) and requires protein-bound
lipoic acid for its activity. The autoantibodies in PBC are
only directed against the E2 component. This was first
shown by Van de Water et al.,121 who cloned the rat
PDH-E2 and showed that the antigenicity was elicited in
a region between amino acids 81 and 100. This residue
contains two hydrophilic peaks joined by a hydrophobic
region, and also contains the KATIGF (lysine-alanine-
threonine-isoleucine-glycine-phenylalanine) motif with
lipoic acid covalently bound to thee group of lysine (K).
This antigen is often designated as the M2 (for mitochon-
drial) antigen.122

The other antigens implicated in the immune response
are the E2 component of the branched chaina-keto acid
dehydrogenase complex (BCKADC) and the E2 compo-
nent of the a-ketoglutarate dehydrogenase complex
(KGDC). The E2 subunits of the PDC the BCKADC and
the KGDC both possess an inner lipoyl domain consist-
ing of a lipoylated lysine.123

All E2 components of these 2-ketoacid dehydrogenase
multienzyme complexes share some sequence homology.
The major epitope is close, if not identical, with the
lipoic binding site. Furthermore, two other proteins are
also detected by PBC patient’s autoantibodies:124 E3BP
(previously protein X) and the E1a and E1b subunits of
the pyruvate dehydrogenase complex (PDC). E3BP also
contain a lipoylated region (Table 1). It must be noted
that the antimitochondrial antibodies display an inhibi-
tory action in vitro against 2-ketoacid dehydrogenase
enzymes (KADC).

The antibodies. What is the minimal epitope needed for
antibody recognition? Doesa-lipoic acid need to be
bound to the lipoylated domain for antibody recognition?
These are the two central questions to be answered.

Van de Water et al.121 showed that a 603 bp fragment
of the rat dihyrolipoamide acetyltransferase cDNA clone
contained all the antigenic reactivity and is recognized
specifically by sera of patients with PBC. One synthetic
peptide (20 mer) absorbed all serum reactivity to the
entire cloned protein. This 20-mer peptide contains the
previously discussed KATIGF motif. In the same manner
Briand et al.125 showed that the immunodominant
epitope of the E2 component of the PDC could be mim-
icked by a synthetic octamer. This synthetic peptide is
centered around lysine 173 associated witha-lipoic acid.
Interestingly, this approach avoids the use of a carrier
molecule by using eight copies of this peptide sequence
and allowed the detection of 85% of PBC M21 sera
(antimitochondrial type 2 antibodies). This study pointed
out that the same multiple peptide construction without
a-lipoic acid was unable to react in an ELISA with M21

sera. With PDC-E2, amino acids 128 to 221 are
necessary,126 but larger regions are important for strong
antibody recognition. These studies confirmed that the
inner lipoate binding site is a major conformational
epitope of E2 and needs the presence ofa-lipoic acid for
autoantibody recognition. The importance of the lipoyl
moiety was also demonstrated by Fusey et al.,127because
an octanoyl E2 PDC was not recognized by patients
antimitochondrial antibodies as effectively as the lipoy-
lated counterparts.

Quinn et al.123 showed that the lipoylated inner do-
main of E2 is crucial for the binding and the recognition
by the antimitochondrial antibodies of the PBC patients.
The patients antibodies directed against the E2 compo-
nent of PDC showed higher affinity for the lipoylated
form. In contrast, Flannery et al.129 reported that the
presence ofa-lipoic acid, or its amide onto the lipoylated
domain, is not necessary for displaying antigenicity of
the three major antigens. They found other epitopes
carried by the E1a component, a 41 KDa nonlipoylated
protein, recognized by 70% sera of PBC patients. The E2
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component of BCKADC and PDC are recognized by
different non crossreacting antimitochondrial antibody
populations, as shown by immunoadsorption studies,
even if 70% of PBC sera react with the E2 component of
BCKADC. For the last enzyme complex, Leung129

showed that (1) the region spanning residue 1 to 227
(including thea-lipoic acid inner region) is reacting with
antimitochondrial antibodies, and (2) that in contrast to
the PDC-E2 component, the antimitochondrial antibodies
recognize the recombinant protein even in absence of
a-lipoic acid bound to the lipoylated domain.

Pathogenesis. Rowley et al.130 failed to induce this ex-
perimental autoimmune disease by immunizing rats and
rabbits with (1) bovine heart, (2) human recombinant
and, (3) synthetic peptides of PDC-E2. The animal anti-
bodies failed also to inhibit the PDC in vitro. The au-
thors’ hypothesis was that a critical epitope was not
engaged in their experimental paradigm by the immune
response. In mice the same fact was demonstrated, even
if human recombinant PDC-E2 induced strong polyclonal
and monoclonal antibody response, and even if these
antibodies inhibit the function of PDC-E2, they were
unable to reproduce hepatic lesion.131 But in this study,
no experimentally induced antibody was directed against
the E3BP (anothera-lipoic acid containing protein of the
PDC) or against the outer lipoyl domain, or the mouse
PDC-E2. According to Surh’s hypothesis,131 the autoan-
tibodies are likely the result of a breakdown of tolerance
to an unique epitope. A bacterial etiology of PBC has
been proposed, as antimitochondrial antibodies recog-
nize both bacterial and mammalian E2 components.127

Moreover, an inhibiting monoclonal antibody (C355.1)
raised against PDC-E2 has been shown by electron micros-
copy studies to be located around the biliary lumen in the
microvilli and the secretory substance of biliary
epithelium.132

During the last decade the molecular basis of PBC has
been clarified; however, the exact pathogenesis of this
disease involving lipoic acid remains to be discovered.

At this point, a treatment of PBC could be proposed as
the antimitochondrial antibodies are directed against the
lipoyl inner motif of PDC. As a synthetic 20-mer121 or a
polymer of an octamer125of this motif can react specifically
with antimitochondrial antibodies, this disease should ben-
efit from plamapheresis treatment using an affinity column
bonded witha-lipoyl synthetic antigens to specifically re-
move all antimitochondrial antibodies. This should achieve
a better clearance of the antimitochondrial antibodies with-
out removing all antibodies, as already carried out using
double filtration plasmapheresis, anion exchange, and char-
coal adsorption chromatography.133,134

CONCLUSIONS

Due to its biochemical characteristics,a-lipoic acid
can be considered as a powerful effector of cellular
metabolism at different levels and a potential therapeutic
agent for the treatment of energy-impaired and redox-
unbalanced diseases. A clear pharmacological beneficial
effect ofa-lipoic acid in diabetes and diabetic-dependent
polyneuropathy has emerged from recent studies. For
other pathologic conditions further investigation needs to
be performed. This is the case in the use ofa-lipoic acid
in the treatment of hepatic or hepatic-related disorders.
Although positive results ofa-lipoic acid were observed
in animal models, in particular for pathologies related to
alcohol assumption, metal, and chemical poisoning, stud-
ies in humans often show limitation, discrepancy, and
contradiction. Most of the human studies have been done
on a limited number of cases, and they lack proper
controls. Also, often the dose-dependent effect of the
drug has not been evaluated carefully. In this context,
recently, it is becoming clear from studies on diabetic
neuropathy that beneficial effects ofa-lipoic acid may be
observed at a relatively high dose, i.e., 600 mg/d. This
could explain negative results reported in some previous
studies. On the other hand, we have to consider that the
liver is the primary organ wherea-lipoic acid is metab-
olized. This can raise the question of the efficiency of the
chemical form (redox state, enantiomer, dose), the use of
vectors (as cyclodextrins) for better internalization of
a-lipoic acid in cells, and should encourage other clinical
trials in disorders where oxidative stress, especially in
liver diseases, plays a major pathogenic role.
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M.; Schütte, K.; Gries, F. A. Treatment of symptomatic diabetic
peripheral neuropathy with the anti-oxidanta-lipoic acid. A
3-week multicentre randomized controlled trial (ALADIN
Study).Diabetologia38:1425–1433; 1995.

86. Angelucci, L.; Mascitelli-Coriandoli, E. Anticholesterol activity
of a-lipoic acid.Nature181:911–912; 1958.

87. Kritchevsky, D. Anticholesterol activity ofa-lipoic acid.Nature
182:396–397; 1958.

88. Cattaneo, R.; Levi, E.; Prinotti, C. Acido tioctico e modificazioni
di alcuni aspetti del ricambio lipidico in cardioangiopatici atero-
sclerotici.Acta Gerontol.8:123–140; 1958.

89. Consolo, F.; Gallone, P.; Janni, A. Acido tioctico e metabolismo
lipidico. Bull. Soc. Ital. Biol. Sper.33:1318–1328; 1957.

90. Gallone, P.; Consolo, F. Acido tioctico e metabolismo protidico.
Bull. Soc. Ital. Biol. Sper.33:1329–1335; 1957.

91. Van Thiel, D. H. Alcoholic liver disease.Gastroenterology81:
594–615; 1981.

1037a-Lipoic acid and the liver



92. Kreisberg, R. A.; Owen, W. C.; Siega, A. M. Ethanol-induced
hyperlacidemia: Inhibition of lactate utilization.J. Clin. Invest.
50:166–174; 1971.

93. Lieber, C. S. Role of oxidative stress and antioxidant therapy in
alcoholic and nonalcoholic liver diseases. In: Sies, H. ed.Anti-
oxidants in disease mechanisms and therapy: Advances in phar-
macology,vol. 38. San Diego: Academic Press; 1996;601–628.

94. Akabane, J.; Nakanishi, S.; Kohei, H. Experimental alcohol in-
toxication and thioctic acid (II).Med. J. Shinshu Univ.6:13–18;
1961.

95. Paterni, L. Thioctic acid in experimental poisoning with carbon
tetrachloride.Folia Medica (Napoli)40:665–671; 1957.

96. Vancini, B. Glutamic-oxaloacetic and glutamic-pyruvic transami-
nases in rats subjected to chronic poisoning with carbon tetra-
chloride. Protective action of thioctic acid.Arch. Ital. Mal. Appar.
Dig. 25:352; 1959.

97. Stoyanosvsky, D. A.; Cederbaum, A. I. Thiol oxidation and
cytochrome P450-dependent metabolism of CCl4 triggers Ca21

release from liver microsomes.Biochemistry35:15839–15845;
1996.

98. Ramakrishnan, N.; Wolfe, W.; Catravas, G. Radioprotection of
hematopoietic tissues in mice by lipoic acid.Radiat. Res.130:
360–365; 1992.

99. Fuchs, J.; Milbradt, R.; Zimmer, G. Dihydrolipoate inhibits reac-
tive oxygen species mediated skin inflammation.J. Invest. Der-
matol.94:526; 1990.

100. Peters, R. A. Biochemistry of some toxic agents I: Present state of
knowledge of biochemical lesions induced by trivalent arsenical
poisoning.Bull. Johns Hopkins Hosp.97:1–20; 1955.

101. Grunert, R. R. The effect of dl-a-lipoic acid on heavy-metal
intoxication in mice and dogs.Arch. Biochem. Biophys.86:190–
194; 1960.

102. Marino, A.; Reduzzi, F. Thioctic acid and acute intoxication by
organic and inorganic arsenicals.Boll. Soc. Ital. Biol. Sper.32:
368–370; 1956.

103. Tsutsumi, S.; Hattori, K.; Sato, H.; Kawaguchi, M. Studies on the
arsenic metabolism. Report 18. On the effects of various antidotes
on the enteral absorption of arsenical.Bull. Tokyo Dent. Coll.
17:73–82; 1976.

104. Refsvik, T. Excretion of methylmercury in rat bile: The effect of
thiotic acid, thionalide, hexadecyl- and octadecylmercaptoacetate.
Acta Pharmacol. Toxicol.50:196–205; 1982.

105. Gregus, Z.; Stein, A. F.; Varga, F.; Klaassen, C. D. Effect of
lipoic acid on biliary excretion of glutathione and metals.Toxicol.
Appl. Pharmacol.114:88–96; 1992.

106. Ballatori, N.; Clarkson, T. Biliary excretion of glutathione and of
glutathione–metal complexes.Fundam. Appl. Toxicol.5:816–
831; 1985.

107. Gregus, Z.; Varga, F. Role of glutathione and hepatic glutathione
s-transferase in the biliary excretion of methylmercury, cadmium
and zinc: A study with enzyme inducers and glutathione deple-
tors.Acta Pharmacol. Toxicol.56:398–403; 1985.

108. Müller, L.; Menzel, H. Studies on the efficacity of lipoate and
dihydrolipoate in the alteration on cadmium toxicity in isolated
hepatocytes.Biochim. Biophys. Acta1053:386–391; 1990.

109. Wirtschafter, Z. T.; Smith, F. W. Effect of lipoic acid on the
normal rat liver.J. Lab. Clin. Med.60:649–654; 1962.

110. Shigeta, K.; Hirauzumi, G.; Wada, M.; Oji, K.; Yoshida, T. Study
of the serum level of thioctic acid in patients with various dis-
eases.J. Vitaminol.7:48–52; 1961.

111. Bravo, M.; Orrego-Matte, H.; Walshe, J. M. Carbohydrate inter-
mediates in hepatic cirrhosis: Role of lipoic acid.J. Lab. Clin.
Med.57:213–222; 1961.

112. Marshall, A. W.; Graul, R. S.; Morgan, M. Y.; Sherlock, S.
Treatment of alcohol-related liver disease with thioctic acid. A six
month randomized double-blind trial.Gut 23:1088–1093; 1982.

113. Zulik, R.; Bako, F.; Budavari, J. Death-cap poisoning.Lancet
2:228; 1972.

114. Cohen, M. R.; Turco, S.; Davis, N. M. Amanita (phalloides
group) mushroom poisoning. Treatment methods including use of
thioctic acid.Drug Intell. Clin. Pharmacol.5:207–209; 1971.

115. Steyn, D. G. The treatment of cases ofAmanita phalloidesand
Amanita capensispoisoning.S.A. Med. J.40:405–406; 1966.

116. Floersheim, G. L. Treatment of humanamatoxin mushroom poi-
soning. Myths and advances in therapy.Med. Toxicol.2:1–9;
1987.

117. Piqueras, J. Hepatotoxic mushroom poisoning: Diagnosis and
management.Mycopathologia105:99–110; 1989.

118. Korkina, L. G.; Afanas’ef, I. B.; Diplock, A. T. Antioxidant
therapy in children affected by irradiation from the chernobyl
nuclear accident.Biochem. Soc. Trans.21:314S; 1993.

119. Matalon, R.; Stumpf, D. A.; Kimberlee, M.; Hart, R.; Parks, J. K.;
Goodman, S. I. Lipoamide dehydrogenase deficiency with pri-
mary lactic acidosis: Favorable response to treatment with oral
lipoic acid.J. Pediatr.104:65–69; 1984.

120. Gershwin, M. E.; Mackay, I.; Coppel, C.; Nakamura, Y. Clinical
Immunologic and molecular features of primary biliary cirrhosis.
Semin. Clin. Immunol.7:5–16; 1994.

121. Van de Water, J.; Gershwin, M. E.; Leung, P.; Ansari, A.; Coppel,
R. L. The autoepitope of the 74-kD mitochondrial autoantigen of
primary biliary cirrhosis corresponds to the functional site of
dihydrolipoamide acetyltransferase.J. Exp. Med.167:1791–
1800; 1988.

122. Tuaillon, N.; Andre, C.; Briand, J.-P.; Penner, E.; Muller, S. A
lipoyl synthetic octadecapeptide of dihydrolipamide acetyltrans-
ferase specifically recognized by anti-M2 autoantibodies in pri-
mary biliary cirrhosis.J. Immunol.148:445–450; 1992.

123. Quinn, J.; Diamond, A. G.; Palmer, J. M.; Bassendine, M. F.;
James, O. F. W.; Yeaman, S. J. Lipoylated and unlipoated do-
mains of human PDC-E2 as autoantigens in primary biliary
cirrhosis: Significance of lipoate attachment.Hepatology 18:
1384–1391; 1993.

124. Iwayama, T.; Leung, P. S. C.; Coppel, R. L.; Roche, T. E.; Patel,
M. S.; Mizushima, Y.; Nakagawa, T.; Dickson, R.; Gershwin,
M. E. Specific reactivity of recombinant human PDC-E1a in
primary biliary cirrhosis.J. Autoimmun.4:769–778; 1991.

125. Briand, J.-P.; Andre, C.; Tuaillon, N.; Herve, L.; Neimark, J.;
Muller, S. Multiple autoepitope presentation for specific detection
of antibodies in primary biliary cirrhosis.Hepatology16:1395–
1403; 1992.

126. Surh, C. D.; Coppel, R.; Gershwin, M. E. Structural requirement
for autoreactivity on human pyruvate dehydrogenase-E2, the ma-
jor autoantigen of primary biliary cirrhosis: Implication for a
conformational autoepitope.J. Immunol.144:3367–3374; 1990.

127. Fusey, S. P. M.; Ali, S. T.; Guest, J. R.; James, O. F. W.;
Bassendine, M. F.; Yeaman, S. J. Reactivity of primary biliary
cirrhosis sera withEscherichia colidihydrolipoamide acetyltrans-
ferase (E2p): Characterization of the main immunogenic region.
Proc. Natl. Acad. Sci. USA87:3987–3991; 1990.

128. Flannery, G. R.; Burroughs, A. K.; Butler, P.; Chelliah, J.; Ham-
ilton-Miller, J.; Brumfitt, W.; Baum, H. Antimitochondrial anti-
bodies in primary biliary cirrhosis recognize both specific pep-
tides and shared epitopes of the M2 family of antigens.Hepatol-
ogy 10:370–374; 1989.

129. Leung, P. S. C.; Chuang, D. T.; Wynn, R. M.; Cha, S.; Danner,
D. J.; Ansari, A.; Coppel, R. L.; Gershwin, M. E. Autoantibodies
to BCOADC-E2 in patients with primary biliary cirrhosis recog-
nize a conformational epitope.Hepatology22:505–513; 1995.

130. Rowley, M.; Maeda, T.; Mackay, I. R.; Loveland, B. E.; Mc-
Mullen, G. L.; Tribbick, G.; Bernard, C. C. A. Differing epitope
selection of experimentally induced and natural antibodies to a
disease-specific autoantigen the E2 subunit of pyruvate dehydro-
genase complex PDC-E2.Int. Immunol.4:1245–1253; 1992.

131. Surh, C. D.; Ahmed-Ansari, A.; Gershwin, M. E. Comparative
epitope mapping of murine monoclonal and human autoantibod-
ies to human PDH-E2, the major mitochondrial autoantigen of
primary biliary cirrhosis.J. Immunol.144:2647–2652; 1990.

132. Nakanuma, Y.; Tsuneyama, K.; Kono, N.; Hoso, M.; Van de
Water, J.; Gershwin, M. E. Biliary epithelial expression of pyru-
vate dehydrogenase complex in primary biliary cirrhosis: An
immunohistochemical and immunoelectron microscopy study.
Hum. Pathol.26:92–98; 1995.

1038 J. BUSTAMANTE et al.



133. Kogan, A. I.; Findor, J. A.; Igartua, E. B.; Villaravid, N. Intensive
plasmapherisis as an alternative therapy for intractable pruritus of
primary biliary cirrhosis.Transfus. Sci.12:197–200; 1991.

134. Yamashita, M.; Sakamoto, H.; Kanao, M.; Shimoyama, T. A
long-term double filtration plasmapherisis in the treatment of
primary biliary cirrhosis.Artif. Organs17:143–144; 1993.

135. Henrikson, E. J.; Jacob, S.; Streeper, R. S.; Fogt, D. L.; Hokama,
J. Y.; Tritschler, H. J. Stimulation bya-lipoic acid of glucose
transport activity in skeletal muscle of lean and obese Zucker rats
a-lipoic acid.Life Sci.61:805–812; 1997.

136. Estrada, E. D.; Ewart, S. H.; Tsakiridis, T.; Volchuk, A.; Ramlal,
T.; Tritschler, H. J.; Klip, A. Stimulation of glucose uptake by the
natural coenzymea-lipoic acid/thioctic acid.Diabetes45:1798–
1804; 1996.

137. Streeper, R. S.; Henriksen, E. J.; Jacob, S. J.; Hokama, J. Y.; Fogt,
D. L.; Tritschler, H. Differential effects of lipoic acid stereoiso-

mers on glucose metabolism in insulin-resistant skeletal muscle.
Am. J. Physiol.273:E185–E191; 1997.

138. Khamaisi, M.; Potashnik, R.; Tirosh, A.; Demshchak, E.; Rudich,
A.; Tritschler, H. J.; Wessel, K.; Bashan, N. Lipoic acid reduces
glycemia and increases muscle GLUT4 content in streptozotocin-
diabetic rats.Metabolism46:763–768; 1997.

139. Blumenthal, S. A. Inhibition of gluconeogenesis in rat liver by
lipoic acid: Evidence for more than one site of action.Biochem.
J. 219:773–780; 1984.

140. Zempleni, J.; Trusty, T. A.; Mock, D. M. Lipoic acid reduces the
activities of biotin-dependent carboxylases in rat liver.J. Nutr.
127:1776–1781; 1997.

141. Nilsson, L.; Ronge, E. Lipoamidase and biotinidase deficiency:
Evidence that lipoamidase and biotinidase are the same enzyme in
human serum.Eur. J. Clin. Chem. Clin. Biochem.30:119–126;
1992.

1039a-Lipoic acid and the liver


