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Lipoic acid — the drug of the future?
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Abstract:

Numerous experimental and clinical studies proved efficiency of treatment with lipoic acid-containing drugs in diseases, in which
pro- and antioxidant balance is disrupted (diabetes, neurodegenerative diseases, acquired immune deficiency syndrom (AIDS),
tumors, etc.). Efficiency of lipoate has been attributed to unique antioxidant properties of lipoate/dihydrolipoate system, its reactive
oxygen species (ROS) scavenging ability and significant effect on the tissue concentrations of reduced forms of other antioxidants,
including one of the most powerful, glutathione (thus lipoate is called an antioxidant of antioxidants). Moreover, analysis of
literature data suggests participation of lipoic acid in processes of cell growth and differentiation. This fact can be crucial to clinical

practice, however, this problem requires further studies.
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Introduction

a-Lipoic acid was isolated from bovine liver in 1950
[34]. In the next years, its chemical structure was es-
tablished and confirmed by synthesis. a-Lipoic acid is
6,8-dithio-octanoic acid. Due to the presence of asym-
metrical carbon atom, it is an optically active com-
pound. Naturally occurring a-lipoic acid is in R con-
figuration and is dextrorotary (Fig. 1). Amide of lip-
oic acid (Fig. 2) is a coenzyme of E, (dihydrolipoate
acyltransferase) subunit of multienzymatic mitochon-
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drial complexes catalyzing oxidative decarboxylation
of pyruvate, o-ketoglutarate and branched-chain
o-ketoacids, formed during transamination of leucine,
isoleucine and valine. These reactions share the
mechanism consisting in o-ketonic group transfer
onto coenzyme A. Lipoic acid is also an essential ele-
ment of mitochondrial complex of four proteins par-
ticipating in glycine synthesis and degradation
(glycine cleavage system).

Considering its role in biochemical processes, lip-
oic acid was initially included into vitamin B com-
plex. However, at present, a majority of researchers
believe that lipoic acid is not a vitamin. It is supposed
that it is synthesized in human and animal body in
mitochondria, where, similarly as in bacterial and
plant cells, octanoic acid and cysteine, which is the
source of sulfur, are direct precursors of lipoic acid [31].

In the last decade, we have witnessed a surge of in-
terest in pharmacological properties of lipoic acid
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Fig. 1. Lipoic acid (a) and its reduced form — dihydrolipoic acid (b)
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Fig. 2 Lipoamide and its reduced form-dihydrolipoamide

[29]. There is an avalanche rise in the number of pub-
lications confirming beneficial effect of lipoic acid in
therapy of many diseases, including diabetes, athero-
sclerosis, degenerative processes in neurons, diseases
of joints, or acquired immune deficiency syndrome
(AIDS). An interest of contemporary medicine in this
compound results principally from unique reductive
power of lipoic acid. Due to low redox potential of li-
poate/dihydrolipoate system (Tab. 1), reduced lipoic
acid participates as well in reactions neutralizing reac-
tive oxygen species (ROS scavenger) as in reduction
of the oxidized forms of other antioxidants. The more
so that lipoic acid is soluble as well in water as in fats,
which is a unique feature among antioxidants [35].
For this reason, it is called an antioxidant of antioxi-
dants.

Already dozens of years ago Linus Pauling stated
that progress in medicine will be decided by so-called
“orthomolecular chemistry” [32]. This concept as-
sumed that the most important goal of medical assis-
tance would involve aiding the cellular metabolism
with natural compounds, which administered at ap-
propriate dose and time would maintain or restore
proper bodily functions. Considering almost countless
publications devoted to lipoic acid pharmacology, one
can conclude that, in line with the Pauling’s idea, lip-
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oic acid will appear in the future as a key component
of practically all drug formulations at amounts corre-
sponding to a contribution of oxidative stress to ethio-
pathogenesis of a given disease. At present, not only
the role of ROS in pathomechanism of many diseases

Tab.1. The values of standard biological redox potentials E,’ of reac-
tive oxygen species (ROS) and selected redox systems

System Ey (V)
NAD*+ 2 € + 2H* <> NADH + H* -0.32
lipoate + 2 & + 2H* < dihydrolipoate -0.29
GSSG + 2H* + 2 & < 2GSH -0.23
FAD +2¢ + 2H < FADH, -0.06
dehydroascorbate + 2 & + 2H*<> ascorbate —0.058
TO" + H*+ & < TOH (chromanoxy! radical of tocopherol) 0.48
1/20,+ 2 & + 2H+ H,0 0.82
Ho0p+2 ¢ + 2Ht < 0, 0.87
Ho0o/ H20 1.32
‘OH+H +e < H0 2.31
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is not questioned but compounds endowed with anti-
oxidant properties and able to aid maintaining high
level of the reduced form of glutathione (GSH) gain
greater and greater significance in studies focused on
search for new drugs. Already first successes have
been achieved.

* Lipoic acid is under intensive preclinical and
clinical trials for therapy of diabetes and dia-
betic neuropathy [41, 44].

* This compound has gained also attention of cos-
metologists and dermatologists since available
data indicate positive effect of lipoic acid-
containing preparations (creams, oinments, etc.)
on the skin [4]. Creams containing lipoic acid
are presently available on the market (also in
Poland).

* Sportsmen in many sport clubs receive lipoic
acid-containing preparations. This compound
alleviates effects of oxidative stress caused by
exercise and accelerates muscle regeneration
[website www. apz.pl]. They are marketed in
Poland as well.

Lipoic acid in the therapy of some
diseases accompanied by oxidative stress

Diabetes and its complications

The reaction of glucose with oxygen leads to forma-
tion of superoxide radical anion and glucose radical.

CeH 1,06 + O, » ‘CiH ,06 + H + O,

This reaction proceeds in healthy people as well but
due to high glucose level in diabetic patients, super-
oxide radical anion is formed in dramatically large
quantities. This leads to oxidation of hemoglobin to
methemoglobin, cysteine to cysteinic acid and me-
thionione to sulfoxides. It is also known that in the
presence of transition metal ions (e.g. copper ions),
glucose stimulates lipid peroxidation, biodegeneration
of proteins and modification of amino acid residues,
which frequently change activity of enzymes. Hor-
owitz et al. [13] demonstrated that incubation of rho-
danase with reducing sugars (fructose, glucose and
mannose) inactivated this enzyme, while catalase and
superoxide dismutase protected it from loss of activity
under these conditions. The presence of oxidative
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stress in diabetes is corroborated by the fact that dia-
betic patients have significantly lower cellular and
plasma levels of antioxidants, particularly GSH,
ascorbate (vitamin C) and tocopherol (vitamin E) in
comparison with healthy people [31]. The elevated
level of N-g-carboxymethyllysine (CML) and pento-
sidine, the products of nonenzymatic glycosylation
(glycation) of proteins is also one of proofs of sys-
temic oxidative stress in diabetes. Neuropathic
changes, cataract, neurological disturbances, degen-
erative joint disease belong to frequent complications
of diabetes, while atherosclerosis, cardiovascular dis-
eases (heart attack, embolism, stroke) are the main
causes of death of diabetic patients. Many of these
problems are connected with glycation of three long-
lived proteins: myelin, collagen and crystallin.

Studies on an influence of lipoic acid on glycation
of animal proteins was first conducted in the labora-
tory of Packer [40]. They showed that formation of
advanced glycation end products (AGEs) was mark-
edly reduced by lipoic acid and other antioxidants.
These studies were later confirmed by human studies.
It was demonstrated that lipoic acid lowered protein
glycation rate and decreased CML level [36].

Cataract is one of complications of diabetes melli-
tus, in which AGEs play a certain role. Cells of eye
lenses maintain high level of GSH to protect them-
selves from glycation and reactions related to free
radicals. However, in diabetes, glutathione concentra-
tion in eye lenses is considerably reduced. Research
conducted on an animal model of cataract produced
by the use of a known GSH synthesis inhibitor,
L-buthionine-(S,R)-sulfoximine (BSO), revealed that
administration of lipoic acid to animals caused a rise
in cellular level of GSH, vitamin C and vitamin E, and
contributed to an increase in activity of glutathione
peroxidase, catalase and ascorbate reductase in the
lenses [23]. These results prompted Kilic et al. to
make an attempt to evaluate efficiency of lipoic acid
in cataract induced by high glucose level [21]. The
experiments were carried out on normal rat lenses at
normal and elevated glucose concentration. Opacifi-
cation of the lenses at high glucose level was signifi-
cantly weaker in the presence of lipoic acid in com-
parison with opacification observed in lenses in the
absence of lipoate.

At present, medications preventing chronic compli-
cations of diabetes, like neuropathy and nephropathy,
are intensively searched for because currently used
therapies are not satisfactorily efficient in combating
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these complaints. These complications develop not
only when diabetes is treated too late but also when
the disease is managed from the beginning (e.g. type 1
diabetes). Patients were randomly divided into
4 groups (including one control group which did not
take the drug), who were administered 600 mg of
a-lipoic acid (group 1), 100 mg of selenium (sodium
salt, group 2) or 1200 units of D-a-tocopherol (group
3) once a day for 3 months. The patients receiving an-
tioxidants were observed to have significantly lower
level of thiobarbituric acid-reactive substances and
statistically significantly lower albumin excretion
with urine. An improvement of sensibility in lower
limbs [19] was also noted.

One of the first controlled clinical trials of lipoic
acid (without supplementation of other antioxidants)
was the program ALADIN, in which, apart from ran-
dom assignment of subjects to experimental and con-
trol group, double-blind, placebo-controlled proce-
dure was implemented [43]. A total of 328 patients
with type 2 diabetes and symptoms of peripheral neu-
ropathy participated in this study. The patients re-
ceived iv lipoic acid at doses of 1200, 600 and 100 mg
or placebo for 3 weeks. Response rates (lowered
blood glucose level, improvement of sensibility in
lower limbs and reduction of plasma concentration of
lipid peroxidation products) in treatment groups were
24, 26 and 8%, respectively, in comparison with the
control group given placebo.

Administration of lipoic acid in experimental
model of diabetes induced by administration of
streptozotocin, which destroys pancreatic 3 cells

In this model, impairment of glucose utilization is
manifested by a 50% drop in glucose uptake and an
increase in lactate and pyruvate concentrations, while
lipoic acid administration normalizes these parame-
ters [39]. In cyclophosphamide-induced diabetes in
experimental animals, concomitant administration of
lipoic acid markedly decreased inflammatory process
of pancreatic islands and percentage of animals devel-
oping the disease (by about 30%) [10]. Moreover, the
studies on genetically obese animals with diabetes
and muscle resistance to insulin showed that lipoic
acid improved glucose uptake by muscle tissue by
62% and accelerated glucose oxidation in glycolysis
by over 30%. Furthermore, lipoic acid administration
increased glycogen concentration in muscles (21%)
and lowered (by 15-17%) plasma concentration of

free fatty acids. It was also shown that a-lipoic acid
considerably stimulated glucose transport systems
and aerobic and anaerobic glycolysis rate in insulin-
resistant skeletal muscles in rats [17]. This indicates
protective action of lipoate on B cells of pancreatic is-
lands. Similar results were obtained in a trial involv-
ing 20 patients with type 2 diabetes, who received iv
injections of lipoic acid at a dose of 500 mg/day for
10 days, viz. acceleration of glucose removal was
documented [15]. Preliminary studies have shown
that oral administration of lipoic acid to patients with
type 2 diabetes increased tissue sensitivity to insulin
and lowered glycemia level [16].

Neurodegenerative diseases

Although investigations of an influence of lipoic acid
on preservation and/or improvement of the central
nervous system function are only in their initial phase,
the results are promising [28]. A potential of lipoic
acid to exert protective effect on nervous cells was
first mentioned in a comprehensive review on oxygen
toxicity published as early as in 1968 [12].

Brain damage due to stroke, heart arrest, hemor-
rhage or head injury is a result of sudden reoxygena-
tion of tissues (reperfusion) after a period of more or
less enhanced hypoxia. Administration of lipoic acid
to animals subjected to ischemia-reperfusion (e.g. by
occlusion of cerebral artery) alleviated effects of
reperfusion, viz. level of ROS in the brain cells was
lower, extent of the damage was reduced and survival
time of animals was decidedly longer in comparison
with the control group [30, 33, 42].

Byrd from Medical Research Center from San
Bruno suggests on the website www.lipoic.com that
administration of lipoic acid to pregnant women, par-
ticularly during parturition can be advisable. He sup-
ports his view by the fact that childbirth is almost al-
ways connected with weaker or stronger hypoxia and
then reperfusion and sudden oxygenation of the new-
born. Since cytoprotective action of lipoic acid in
reperfusion has been proven, it is conceivable that ad-
ministration of this compound to women in labor
could prevent quite high loss of neurons in a child and
could have beneficial effect on health and intelligence
of a newborn. This is only a hypothesis, nevertheless,
pediatricians should promptly try to verify it.

A confirmation of the mutual relationship between
oxidative stress level and redox state of cells, and pro-
gression of neurodegenerative processes comes from
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studies showing the lowered level of the reduced GSH
in neurons of the substantia nigra of patients who died
of Parkinson’s disease [1, 2]. Post mortem studies of
the brains of Parkinson’s disease patients demon-
strated an elevated dopamine (DA) turnover in the ex-
trapyramidal system [1, 2]. The increased DA turn-
over results in the enhanced production of H,O,,
thereby increasing concentration of the neurotoxic hy-
droxyl radical ‘OH. Monoamine oxidase type B
(MAO-B) catalyzes the following reaction with DA as
a substrate:

DA + 02+ H20 —> DOPAC + NH3 + HzOz
Fe'? + Hy0,—— Fe*+ OH™ + 'OH

where: DOPAC — aldehyde of dihydroxyphenylacetic
acid.

At present, the role of free radicals and mitochon-
drial disturbances in pathogenesis of Parkinson’s
disease not only is not questioned but just the oppo-
site, in view of these data, a problem has emerged
with the use of a direct DA precursor L-DOPA (3,4-
dihydroxyphenyl-L-alanine) in the Parkinson’s dis-
ease therapy, hitherto considered to be a golden stan-
dard of the treatment. Namely, it was shown that pro-
duction of hydrogen peroxide, and consequently,
a rise in hydroxyl radical concentration results not
only from oxidation of DA but also from oxidation of
its precursor, L-DOPA [18].

Therefore, currently new drugs and substances
with neuroprotective potential are intensely searched
for, among which antioxidants and compounds aiding
preservation of high GSH level in the cells of the
CNS, are seriously taken into consideration. In animal
model of Parkinson’s disease induced by intraven-
tricular administration of glutathione synthase inhibi-
tor, BSO and 6-hydroxydopamine, which lowers DA
level, lipoic acid administration did not cause signifi-
cant increase in the reduced GSH in the substantia ni-
gra neurons of experimental animals. Lipoic acid also
did not increase DA level in the striatum, but turnover
of this neurotransmitter was increased in the extrapy-
ramidal system. Furthermore, a rise in 5-hydroxy-
indoleacetic acid (5-HIAA), a product of serotonin
(5-hydroxytryptamine, 5-HT) metabolism was ob-
served [37].

Post mortem studies in Parkinson’s disease patients
showed the presence of adducts of free-radical forms
of DA, L-DOPA and DOPAC with GSH and cysteine.
Particularly high level of these adducts was noted in
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the substantia nigra and in the shell. Dihydrolipoic
acid was demonstrated to suppress formation of these
conjugates under in vitro conditions, but lipoic acid
was ineffective [38].

Alzheimer’s disease is a progressive disease of the
CNS, whose symptoms include loss of memory and
cognitive capacities, accompanied by personality dis-
integration. It is believed that ROS also contribute to
the course of this disease.

Histopathological hallmark of this disease is the
presence of extracellular deposits of $-amyloid (amy-
loid plaques, senile plaques), which is formed from
a precursor called PB-amyloid precursor protein
(B-APP). Under physiological conditions, -APP is
proteolytically split by several types of secretases
yielding soluble amyloid-f peptide composed of 40
amino acids (BAy4). A change in activity of secretases
leads to formation of insoluble peptides containing 42
(BA4,) and 43 (BA43) amino acids. These peptides are
the main constituents of senile plaques in Alzheimer’s
disease, and, as suggested by some studies, are
a source of ROS [6, 22].

Lipoic acid applied in patients with the diagnosed
dementia inhibited progress of the disease, which was
confirmed by two neuropsychological tests, minimal-
mental state examinatio (MMSE) and Alzheimer’s
disease assessment scale, cognitive subscale (ASAScog)
[11]. Although these studies are preliminary, and, as
underscored by the authors, they do not comply with
methodology of a controlled trial, they indicate a po-
tential neuroprotective effect of lipoic acid in the
course of Alzheimer’s disease.

Is lipoic acid only an antioxidant?

Authors attribute efficiency of therapy with lipoic acid
in diabetes mellitus and neurodegenerative diseases to
unique antioxidant properties of lipoate/dihydrolipoate
system, i.e. ROS scavenging ability and significant in-
fluence on tissue concentrations of the reduced forms
of other antioxidants, including one of the most power-
ful, GSH (lipoate as an antioxidant of antioxidants).

It is known that oxygen shock can trigger binding
of signal molecules, like cytokines, to membrane re-
ceptors. In this situation, ROS are considered to be
second messengers within the cell [7, §]. Binding of
cytokines (TNF, IL-1B) to a specific receptor triggers
oxygen shock in the cell, resulting in a rise in cellular
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level of ROS, which transmit the signal to transcrip-
tion factors, that activate expression of specific genes
[20]. In mammalian cells, response to oxygen shock
includes activation of heme oxidase and tyrosine
phosphatase genes and AP-1 and NF-xB-dependent
promoters [24]. Several studies demonstrated that lip-
oic acid counteracted NF-kB activation [27], which
could be significant in the therapy of AIDS, since ac-
tive NF-kB was shown to be able to bind to certain
DNA sequences of provirus HIV, which led to accel-
eration of virus replication in the infected Ty lympho-
cytes, culminating in their apoptosis [26].

NF-xB is also responsible for proproliferative ac-
tion in many tumor cells. Preliminary results of our
studies indicate that lipoic acid at doses between
10-30 uM slightly suppressed proliferation of WM35
melanoma cell line derived from radial growth phase
with clear tendency to a drop in proliferation with in-
creasing concentrations of lipoic acid. It was also
shown using the method of BrdU incorporation that
lipoic acid at a concentration of 15 mM inhibited pro-
liferation of both, cells derived from primary focus of
WM35 tumor growth and cells originating from fully
developed metastatizing A350 melanoma [unpub-
lished data]. Analysis of these results suggests that
this property can be accounted for by completely dif-
ferent mechanism of action of lipoic acid, not con-
nected with NF-kB and ROS. Tumor tissues are char-
acterized by high concentration of the reduced GSH
[14, 25] and strong activity of enzymes involved in its
metabolism and antioxidant action. In addition, mela-
nin present in the cells shows antioxidant properties.
High level of the reduced GSH in tumor cells indi-
cates that the intensively proliferating cells are distin-
guished by the elevated demand for this peptide. Pros-
taglandins PGA and PGJ suppress growth of tumor
cells, but they lose these potential upon conjugation
with GSH. Antiproliferative action of PGJ, strongly
rises with a drop in GSH level in the cells [3].

It may be expected that lipoic acid, whose stimula-
tory effect on GSH level was unequivocally proven,
not only will not block proliferation of tumor cells but
will even increase it. Literature data also indicate that
lipoic acid effect depends on its dose. At low lipoate
concentrations (1 pmol/l), the authors observed an in-
creased cell proliferation rate (lipoate acted as
a growth factor). At high concentrations (100 pmol/l),
lipoic acid exhibited distinct antiproliferative effect
[9]. It is not excluded that lipoic acid indeed has
a dual nature, and its mechanism of action is more

complex than first expected. A property of lipoic acid
to act as growth factor or to stimulate growth factors
and/or receptors is corroborated by results of therapy
in patients with posthepatitic cirrhosis (after hepatitic
viralis C). These patients received lipoic acid, and se-
lenium preparations and silymarin. After a one year long
therapy, their liver function was fully normalized [5].

Concluding remarks

Redox reactions belong to the basic metabolic path-
ways of all cells. Displacement of a balance between
pro- and antioxidants can account for mechanisms in-
volved in etiopathogenesis and/or progression of
many, apparently unconnected pathological states,
like tumors, AIDS, neurodegenerative diseases, dia-
betes, etc. This underlines significance of antioxidants
in the therapy of these diseases. It seems that lipoic
acid is the most efficient drug of all antioxidants,
which is confirmed by the following data.

* Low potential of lipoate/dihydrolipoate system
is decisive for strong antioxidant properties of
dihydrolipoate. Therefore, lipoic acid is charac-
terized by high reactivity towards free radicals
and is capable of regeneration of vitamin C and
E, in addition, it elevates tissue level of GSH.

* Lipoic acid can be administered perorally since
it is easily absorbed in the stomach. It crosses
blood-brain barrier and does not show toxic ac-
tions at doses used for prophylactic and thera-
peutic purposes.

* Many experimental and clinical studies proved
beneficial effect of lipoic acid in such diseases
as diabetes, atherosclerosis and heart diseases,
cataract, neurodegenerative diseases, liver dis-
eases and AIDS.

* Preliminary results on lipoic acid effect on alle-
viation of old age-related disorders and adverse
influence of exercise are promising.

Hence, it seems that beneficial properties of lipoic acid
should not be questioned. However, very interesting
problems related to involvement of lipoic acid in cell
growth and differentiation require further intense studies.
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