1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Biochim Biophys Acta. 2009 October ; 1790(10): 1149-1160. doi:10.1016/j.bbagen.2009.07.026.

Alpha-lipoic acid as adietary supplement: Molecular mechanisms
and therapeutic potential

Kate Petersen Shayl, Régis F. Moreaul, Eric J. Smithl’z, Anthony R. Smithl, and Tory M.
Hagenli2
Linus Pauling Institute, Oregon State University, Corvallis, OR, USA

2Department of Biochemistry and Biophysics, Oregon State University, Corvallis, OR, USA

Abstract

Alpha-lipoic acid (LA) has become a common ingredient in multivitamin formulas, anti-aging
supplements, and even pet food. It is well-defined as a therapy for preventing diabetic
polyneuropathies, and scavenges free radicals, chelates metals, and restores intracellular glutathione
levels which otherwise decline with age. How do the biochemical properties of LA relate to its
biological effects? Herein, we review the molecular mechanisms of LA discovered using cell and
animal models, and the effects of LA on human subjects. Though LA has long been touted as an
antioxidant, it has also been shown to improve glucose and ascorbate handling, increase eNOS
activity, activate Phase 11 detoxification via the transcription factor Nrf2, and lower expression of
MMP-9 and VCAM-1 through repression of NF-kappa-B. LA and its reduced form, dihydrolipoic
acid, may use their chemical properties as a redox couple to alter protein conformations by forming
mixed disulfides. Beneficial effects are achieved with low micromolar levels of LA, suggesting that
some of its therapeutic potential extends beyond the strict definition of an antioxidant. Current trials
are investigating whether these beneficial properties of LA make it an appropriate treatment not just
for diabetes, but also for the prevention of vascular disease, hypertension, and inflammation.
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1. INTRODUCTION

Alpha-lipoic acid (LA), or 1,2-dithiolane-3-pentanoic acid, is a naturally occurring dithiol
compound synthesized enzymatically in the mitochondrion from octanoic acid. LA is a
necessary cofactor for mitochondrial a-ketoacid dehydrogenases, and thus serves a critical role
in mitochondrial energy metabolism. In addition to synthesis, LA is also absorbed intact from
dietary sources, and it transiently accumulates in many tissues. There is growing evidence that
orally supplied LA may not be used as a metabolic cofactor but instead, elicits a unique set of
biochemical activities with potential pharmacotherapeutic value against a host of

© 2009 Elsevier B.V. All rights reserved.

Corresponding Author: Professor Tory M. Hagen Linus Pauling Institute Oregon State University, Corvallis, OR 97331-6512 USA Tel:
(541) 737-5083 Fax: (541) 737-5077 Tory.Hagen@oregonstate.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shay et al.

Page 2

pathophysiologic insults. LA has been described as a potent biological antioxidant, a
detoxification agent, and a diabetes medicine; it has been used to improve age-associated
cardiovascular, cognitive, and neuromuscular deficits, and has been implicated as a modulator
of various inflammatory signaling pathways [1-8]. This impressive array of cellular and
molecular functions has piqued considerable interest among the lay public and the research
community for the use of LA both as a nutritive supplement and as a pharmacotherapy. In light
of this growing interest, we will attempt to provide an update on the biochemical, toxicological,
and pharmacological mechanisms of LA. As many excellent reviews already exist that outline
the metabolic role of LA as a covalently bound enzyme cofactor, only a brief summary of this
particular aspect of LA function will be presented herein. Instead, a focus mainly on the cellular
actions of orally supplied, nonprotein-bound LA will be presented. Pertinent clinical benefits
of LA will also be discussed in light of these molecular mechanisms.

2. DE NOVO SYNTHESIS OF LA AND ITS USE AS A COFACTOR

a-Lipoic acid, also known as 1,2-dithiolane-3-pentanoic acid or thioctic acid, has one chiral
center and therefore exists in both R- and S-enantiomeric forms (Fig. 1). However, only R-LA
is conjugated to conserved lysine residues in an amide linkage, thus making this isoform
essential as a cofactor in biological systems [9]. Enzymes containing lipoamide are typically
mitochondrial multi-enzyme complexes that catalyze the oxidative decarboxylation of a-keto
acids (e.g. pyruvate dehydrogenase, 2-oxo-glutarate dehydrogenase, and transketolase) and
glycine cleavage [10].

Though de novo synthesis appears to supply all the necessary LA needed for its role in
intermediary metabolism, LA can also be absorbed from the diet. While the direct roles of LA
as a cofactor are well understood, less is known about the precise metabolic functions of orally
supplied LA. The following sections will summarize the accumulating evidence suggesting
that LA from the diet is both bioavailable, safe in moderate doses, and elicits a surprising array
of metabolic and clinical effects.

3. UPTAKE, BIOAVAILABILITY, AND SAFETY OF ORALLY SUPPLIED LA
3.1. Dietary uptake

The potential biochemical and therapeutic actions of oral LA intake can only be appreciated
with an understanding of its bioavailability, tissue accumulation and metabolic fate. It is now
clear that cells maintain active systems to transport, utilize, and excrete nonprotein-bound LA.
Typical dietary sources of LA are muscle meats, heart, kidney, and liver, and to a lesser degree,
fruits and vegetables [11-13]. Though available from these normal nutritional sources, it is not
likely that appreciable amounts of LA are consumed in the typical Western diet; rather, dietary
supplements that typically range from 50 to 600 mg are the primary sources of LA, and most
information as to its bioavailability comes from studies using supplements.

Takaishi et al. explored the mechanisms involved in LA uptake from dietary sources using a
CACO-2 cell transwell model for transepithelial transport. Results showed that LA rapidly
traversed the cell monolayer in a pH-dependent manner [14]. LA transport was also inhibitable
by benzoic acid and medium-chain fatty acids, suggesting that the monocarboxylate transporter
was the likely carrier responsible for intestinal absorption of LA. In addition to this transporter,
other in vitro studies identified LA as a substrate for the Na*-dependent multivitamin
transporter, which may not only contribute to its gastrointestinal uptake, but also may be
involved in LA transport into tissues from the blood plasma [15,16]. Thus, LA bioavailability
may be dependent on multiple carrier proteins. Identification of such a multifaceted uptake and
tissue distribution system suggests that various factors (e.g. substrate competition,
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transcriptional, translational and post-translational regulatory mechanisms) could influence
overall LA absorption characteristics.

In concert with its multimodal means of transport, gastrointestinal absorption of LA appears
to be quite variable. For example, Teichert et al. measured plasma LA in volunteers given 200
mg R,S-LA (the racemic mixture obtained by the manufacturing process) and observed that
approximately 20-40% was absorbed [17]. The efficiency of LA uptake was also lowered by
its administration in food, suggesting uptake competition with other nutrients for the carrier
protein(s) involved. Carlson et al. followed appearance of R-LA in plasma following
administration of its sodium salt to human subjects, and observed that both peak plasma
appearance (Cynax) and total LA absorbed (area under the curve) were higher than that of the
free acid [18]. Thus, overall LA bioavailability may fluctuate depending on whether it is
ingested as a free acid or a salt, and with a meal or not. Table 1 lists selected studies of the
pharmacokinetics of LA in humans.

Additionally, as most commercially available LA supplements are a mixture of both R and S
enantiomers, questions as to preferential uptake of one isomer versus the other have arisen. In
one study, volunteers were given 600 mg of R,S-LA, and plasma concentrations of R-LA were
40-50% higher than S-LA [19], the latter of which was apparently more rapidly cleared than
R-LA. These results suggest that the R-enantiomer would be the most appropriate form to
provide as oral supplements; however, S-LA in the racemic mixture may prevent the
polymerization of R-LA and thereby enhance overall bioavailability. It has yet to be established
whether R-LA, its salt form, or a racemic mixture would be best to use in future clinical studies.

3.2. Tissue distribution and metabolic fate

Rapid gastrointestinal uptake of LA and appearance in the plasma is followed by an equally
rapid clearance, reflecting both transport into tissues as well as glomerular filtration and renal
excretion [25]. LA primarily but transiently accumulates in the liver, heart, and skeletal muscle,
but is found in other tissues as well. LA has been shown to cross the blood-brain barrier in a
limited number of studies; i.v. doses of 25 mg/kg b.w. given to rats resulted in its accumulation
in cerebral cortex within 60 minutes of administration [26], and i.p. doses of 100 mg/kg b.w.
for 7-14 days in both young and old rats showed LA accumulation in various brain regions
[27]. A more recent study, however, did not find significant levels of LA in the brain after oral
gavage of 50 mg/kg b.w. in rats [28], particularly after correcting for residual blood volume.
In light of the clinical benefits LA has on the brain, further research should attempt to measure
notonly LA, but its metabolites and its reduced form, dihydrolipoic acid (DHLA), any of which
may exert therapeutic effects. Methods of administration should also be compared to determine
whether this causes a difference in tissue distribution.

Following its uptake into tissues, LA is subject to extensive catabolism. Schupke et al. used
liquid chromatography/tandem mass spectrometry to confirm that 3-oxidation is the major
metabolic fate of LA in vivo [29]. For rodents and dogs, no less than twelve major LA
metabolites were observed that comprised sequential degradation of the carbon backbone and/
or mono- and bis-methylation of the sulfhydryl groups. Regardless of the animal species
studied, the most common metabolites of LA appear to be bisnorlipoate, tetranorlipoate, p-
hydroxy-bisnorlipoate, or the bis-methylated mercapto derivatives of these compounds [25]
(Fig. 2). In addition to its catabolism, in vitro studies indicate that LA is rapidly reduced to
DHLA (Fig. 2), which is equally rapidly excreted from cells [30]. In all animal models studied,
LA and its metabolites are readily excreted, primarily in the urine [33]. Thus LA, either from
dietary sources or as a nutritional supplement, is readily absorbed, metabolized and excreted,
resulting in negligible free LA being retained in tissues in the post-fed state.
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3.3. Safety and toxicity

The use of LA as a nutriceutical supplement has increased significantly, and therefore questions
as to its safety and effectiveness have also arisen. While no upper limit for LA consumption
in humans has been established, safe levels for acute oral LA intake have been defined in
animals, with marked differences depending on the species (Table 2). For dogs, a LDsg of
400-500 mg LA/kg b.w. has been reported [32]; however, rats appear to be more tolerant of
LA, as the acute LDsg for this species is >2000 mg/kg b.w. At 2000 mg/kg b.w., some rats
“were reported to show signs of reduced well-being, including sedation, apathy, piloerection,
hunched posture, and/or eye closure. There was no effect of treatment observable on body
weight gain or on gross pathological examination [35].” In the case of chronically administered
LA to male and female rats for four weeks by gavage, a “NOAEL” (no observed adverse effect
level) was calculated to be 61.9 mg LA/kg b.w. per day based on “slight alterations in liver
enzymes as well as histopathological effects on the liver and mammary gland” [35]. Additional
work on long-term (24 month) oral LA supplementation to both male and female rats showed
no adverse effects with regard to weight, histopathology and blood chemistry up to 60 mg/kg
per day LA. However, at a higher chronic dose (180 mg/kg), body weight gain and food
consumption were decreased [35,36], though no gross pathology was evident. On that basis, a
NOAEL of 60 mg/kg/day for long-term LA supplementation in rats was established.

For humans, a number of clinical trials using LA have been undertaken which also assessed
adverse health effects in the participants (Table 3). The ALADIN (I, 11, and 111), SYDNEY (I
and II), and ORPIL clinical trials used LA supplements up to 2400 mg/day with no reported
adverse effects versus placebo. LA has also been administered intravenously in doses of 600
mg/day for three weeks with no evidence of serious side-effects [37]. Oral doses of 1800 mg
LA (600 mg t.i.d.) for 6 months did not elicit significant adverse effects compared to placebo
[39]. LA has been used in Germany for over 50 years as a therapy for diabetic neuropathy and
retinopathy.

However, despite the evidence attesting to its safety in moderate doses, precautions for the oral
intake of LA have also been voiced. Cakatay et al. conducted a series of experiments in aged
rats with intraperitoneal administration of racemic LA (100 mg/kg b.w./day for 2 weeks) and
showed that this high chronic dose (the equivalent of 5to 10 grams per day in humans) increased
plasma lipid hydroperoxide levels and oxidative protein damage [48]. LA-mediated protein
damage was noted in rat heart [49] and brain [50] but lipid hydroperoxide levels were
beneficially decreased in both these organs. Apparently in keeping with its metal chelating
abilities (see below), this group noted that LA lowered selenium levels in the serum, heart,
brain, and muscle; manganese was lowered only in the heart, but increased in the brain and
muscle [51]. Thus, while intake of moderate doses of LA have relatively few adverse side-
effects, LA may mediate oxidative insult at higher doses or when administered
intraperitoneally. More research is therefore warranted regarding both the safety and optimal
dose of LA.

4. MECHANISMS OF ACTION

Despite the relatively transient and low cellular accumulation of LA following its oral intake,
numerous studies have now shown that LA elicits an array of cellular actions, ranging from a
potent antioxidant to a metal chelator to a mediator of cell signaling pathways. We will now
discuss evidence for the biochemical interactions of LA with respect to particular cellular
targets, which lead to this diverse mode of action.
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4.1. LA/DHLA as an antioxidant

The chemical reactivity of LA is mainly conferred by its dithiolane ring. The oxidized (LA)
and reduced (DHLA) forms create a potent redox couple that has a standard reduction potential
of —0.32 V. This makes DHLA one of the most potent naturally occurring antioxidants [52].
In fact, there is evidence that both LA and DHLA are capable of scavenging a variety of reactive
oxygen species (Table 4). Both LA and DHLA may scavenge hydroxyl radicals and
hypochlorous acid, while LA also terminates singlet oxygen [2,3,55,57,58,60]. Neither species
is active against hydrogen peroxide [2,60]. Furthermore, DHLA appears to regenerate other
endogenous antioxidants (e.g. vitamins C and E) [33,62] and has the salubrious property of
neutralizing free radicals without itself becoming one in the process.

4.2. LA as a metal chelator

In addition to being direct reactive oxygen species scavengers, both LA and DHLA chelate
redox-active metals in vitro and in vivo. The oxidized and reduced forms bind a number of
metal ions, but with different properties depending on the metal chelated. In vitro studies show
that LA preferentially binds to Cu?*, Zn2* and Pb2*, but cannot chelate Fe3*, while DHLA
forms complexes with Cu?*, Zn2*, Pb2*, Hg2* and Fe3* [63]. We provided in vitro evidence
that DHLA, but not LA, strongly inhibited Cu(ll)(histidine),-mediated ascorbate oxidation in
aconcentration-dependent manner [64]. These results were in agreement with a report showing
that only DHLA prevented Cu(ll)-mediated oxidation of LDL in vitro [6]. DHLA-mediated
chelation of iron and copper in the brain had a positive effect in the pathobiology of Alzheimer’s
Disease by lowering free radical damage [65]. Thus, a growing body of evidence suggests that
DHLA chelates transition metals in a redox-inactive manner, and in turn mitigates metal-
catalyzed free radical reactions in conditions where they accumulate.

Whether LA/DHLA effectively chelates and removes transition metals in vivo is still to be fully
elucidated. In this regard, Goralska and co-workers showed that treating lens epithelial cells
with LA significantly lowered the rate of iron uptake and the size of the intracellular labile iron
pool [66]. Feeding R-LA to old rats for 2 weeks reversed the age-related increase in cerebral
cortex iron [64]. Importantly, feeding LA did not affect either normal metal levels in young
rats or lower iron status in old rats below that seen in young animals. Nor was LA or DHLA
capable of removing iron from aconitase or copper from superoxide dismutase. These results
imply, but do not yet prove, that LA supplementation may modulate the labile pool of redox
active transition metals, without causing metal depletion.

4.3.1s LA a direct-acting antioxidant?

Although strong in vitro evidence supports the role of the LA/DHLA couple as a potent
antioxidant, it remains questionable whether they can scavenge free radicals effectively in
vivo. Because LA only transiently accumulates in vivo and is rapidly catabolized, it is difficult
to envision how LA could augment endogenous antioxidant capacity on a sustained basis. The
antioxidant properties of LA in vitro may be explained as follows: i) cell culture studies are
often conducted with LA concentrations that are several fold higher than what has been seen
in plasma or tissues after an oral dose (Table 1), and ii) LA and DHLA are not cleared from
the culture media in a rate that replicates disposal in the body, where 98% of radiolabeled LA
is excreted in the urine within 24 hours [29]. Thus, typical cell culture conditions likely
overestimate the direct antioxidant capacity of LA via one-on-one interaction with free radicals.
Alternatively, the ability of LA to indirectly induce or maintain endogenous antioxidant levels
even in times of oxidative or toxicological stress may be more relevant than a direct-acting
antioxidant role, and the data to support this will now be discussed.
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4.4. LA as an inducer of endogenous antioxidants

There is growing evidence that LA may act indirectly to maintain cellular antioxidant status
by either inducing the uptake or enhancing the synthesis of endogenous low molecular weight
antioxidants or antioxidant enzymes. For instance, reports show that LA increases intracellular
ascorbate levels. Even in rats, which synthesize ascorbate, LA feeding increases hepatic
ascorbate levels, which otherwise decline with age [67]. Michels et al. extended this research
to show that an age-related loss of sodium-dependent vitamin C transporter 1 (SLC23A1) was
at least partly responsible for the decline in hepatic ascorbate [68]. Feeding LA to old rats may
therefore induce ascorbate uptake from the exogenous milieu. Rat cardiomyocytes exhibit an
age-related decline in ascorbate concentrations, but dietary R-LA restored ascorbate levels and
lowered the rate of oxidant production to the level seen in young rats [69]. Moreover, Xu et
al. observed that the reduction of dehydroascorbic acid to ascorbate in rat liver mitochondria
was enhanced in the presence of LA [70]. These studies thus indicate that LA may improve
endogenous ascorbate levels indirectly by inducing uptake from the blood plasma.

In concert with improving ascorbate status, LA markedly increases intracellular glutathione
(GSH), an abundant natural thiol antioxidant and co-substrate for detoxification enzymes, in
a variety of cell types and tissues [71,72]. Packer and coworkers showed that LA treatment
enhanced GSH levels in human cell lines and primary cells, including T cells, erythrocytes,
lymphocytes, and glial and neuroblastoma cells [73]. These authors concluded that DHLA
reduced cystine to cysteine, which is the limiting substrate for GSH synthesis. Additionally,
LA may also increase cellular cysteine levels by enhancing cystine uptake from plasma
followed by its reduction to cysteine. In this regard, we reported that LA reverses the age-
related decline in myocardial GSH by increasing cysteine availability, thereby removing the
constraints of this limiting substrate on GSH synthesis [74]. These results demonstrate that LA
is an effective agent to restore both the age-associated decline in thiol redox ratio as well as
increase GSH levels that otherwise decline with age. However, LA has also proven to be an
effective regulator of signaling pathways. Some of our recent work has shown that LA induces
de novo GSH synthesis transcriptionally [5], and this process will now be discussed.

4.5. Signal Transduction

Through changes in intracellular thiol redox status, the protein structures of signaling
molecules may be changed, resulting in the alteration of transcription factor activities.
Localized bursts of H,O, upon ligand engagement of receptors has been shown to cause
autophosphorylation and the induction of signaling cascades [75]. In a similar fashion, LA may
oxidize sulfhydryl groups or form mixed disulfides on proteins. The multiplicative nature of
signal transduction may explain some of LA’s beneficial effects, since LA accumulates at only
micromolar levels, whereas the intracellular antioxidant GSH is present at millimolar levels.
Indeed, clinical studies show that a 200-600 mg LA dose of orally supplied LA results in less
than a 50 uM accumulation in the blood plasma (Table 1) with a Tyax Of less than 90 min.
[17]; hepatic levels of nonprotein-bound LA similarly peaked at ~60 uM in rats given 40 mg/
kg b.w.i.p. (TMH, personal observation). This suggests that LA may not be present at high
enough levels to directly recycle GSH, but that the positive clinical effects of LA may in fact
be due to changes in the thiol redox status of signaling molecules.

4.5.1. LA-mediated induction of GSH through transcription factor Nrf2—In several
cases, the stereochemistry of LA has been important for protection against ischemic damage,
perhaps indicating that LA was not acting as a direct antioxidant, but instead was modulating
GSH. For example, Kilic et al. [76] showed that in a cataract model, R-LA, unlike S-LA, was
protective, and that it exerted its effect by maintaining GSH levels. In arodent model of cerebral
ischemia, Wolz et al. [77] reported that R- or S-LA (100 mg/kg b.w.) were as protective as

DHLA (50 mg/kg b.w) two hours after subcutaneous administration. The investigators suggest
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that LA is reduced to DHLA to provide this effect. While both R- and S-LA are reduced to
DHLA, the conversion of S-LA by lipoamide dehydrogenase is 28 times slower than the natural
isoform [78]. Thus after 4 hours, DHLA formed from R-LA may have been cleared, because
only S-LA was protective at this time point. Hagen et al. showed that R-LA was protective
against t-BuOOH toxicity in hepatocytes from aged rats whereas S-LA provided no benefit
[79].

Building on the above work from Hagen et al. showing that GSH levels decrease with age in
rat hepatocytes [79], Suh et al. found that GSH was 35% lower on an age basis in whole liver
tissue [5]. Activity of the rate-limiting enzyme in GSH synthesis, y-glutamyl cysteine ligase
(GCL), was 50% lower with age, which resulted from a significant loss in levels of its two
protein subunits. As both subunits of GCL are products of genes that contain the Antioxidant
Response Element (ARE), it was hypothesized that GSH synthetic capacity ultimately declined
with age from deficits in ARE-mediated gene transcription. Indeed, it was observed that nuclear
Nrf2 levels, the most important transcription factor regulating ARE-mediated genes, declined
precipitously ratin livers on an age basis. However, old rats receiving R-LA (40 mg/kg b.w.i.p.)
displayed significant increases in GCL activity and GSH concentration in the liver, up to the
levels found in young control animals. As Nrf2 is critical for the Phase Il detoxification
response, it is likely that there is a mechanism in place to assure that Nrf2 responds to oxidative
or electrophilic stress. In this case, LA may act as a pro-oxidant to cause a mild cellular insult
that induces nuclear localization of Nrf2. Moini et al. [80] buttressed this concept when they
observed that administration of R-LA in a cell culture model increased GSH only after 24
hours, a result that suggests an Nrf2-dependent mechanism rather than a direct antioxidant or
GSH-recycling one.

LA, acting as a pro-oxidant, may increase Nrf2-dependent transcriptional activity by forming
lipoyl-cysteinyl mixed disulfides on Keapl [81], the protein that sequesters Nrf2 and bridges
it to ubiquitin ligases [82]. In this case, Nrf2 may not be released by Keap1, but rather, Nrf2
synthesized de novo would fail to bind Keapl and would not be degraded [83-85] (Fig. 3). In
support of this concept, recent research shows that the mutation of Keap1 critical cysteines 273
and 288 is not sufficient to release Nrf2 from Keapl, but prevents its degradation under normal
conditions [84,86]. Cysteine 151 also must be oxidized in order to halt Nrf2 degradation under
conditions of stress [86] because this residue is necessary for Keapl’s interaction with the Cul3
ubiquitin ligase [87]. The phosphorylation of Nrf2 on Ser40, which allows it to dissociate from
Keapl, represents an alternative trigger of Nrf2 nuclear translocation. It is known that certain
protein kinases can phosphorylate Nrf2 [88-90], but whether this control mechanism is also
impaired with age is not currently known. Other kinases have been investigated that could also
phosphorylate Nrf2, but direct evidence of Nrf2’s release from Keapl due to phosphorylation
by kinases other than protein kinase C (PKC) is lacking, primarily because Ser40 is the only
site on Nrf2 that has been definitively associated with the binding of Nrf2 to Keapl. It is
currently not known whether LA may directly activate PKC in a redox-active manner, but it
has been shown that PKC3 is activated in response to LA during Fas-mediated apoptosis
[91].

4.5.2. Interaction of LA with kinases and phosphatases—In addition to PKCg, LA
activates Erk1/2 [92,93], p38 MAPK [94], P13 kinase [94], and Akt [94-97]. LA was also found
to enhance expression of the insulin receptor substrate 1 (IRS1) protein in muscle of obese
Zucker rats, and it also elicited association of IRS1 with the p85 regulatory subunit of PI3K
[98]. In addition, LA decreases the activities of Protein Tyrosine Phosphatase 1B [99], Protein
Phosphatase 2A [95], and the phosphatase and tensin homolog PTEN [95], all of which contain
critical thiols that, when oxidized, repress their activities [100-103]. While LA may not target
specific signaling molecules (the insulin receptor may be an exception, see Diesel et al.
[104]), changes in the LA/DHLA redox couple may affect the redox status of critical cysteine
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residues on these proteins, causing conformational changes that activate or repress their

activities. For instance, the suppression of PTEN and PP2A activities by LA contributes to the
LA-induced increase in Akt phosphorylation observed in cultured primary hepatocytes treated
with 50 pM LA, as well as in the liver tissue of rats gavaged with LA at 120 mg/kg b.w. [95].

Moreover, the well-established regulation of muscle glucose uptake by exercise/muscle
contraction through protein kinases, including AMP-activated protein kinase (AMPK) [105,
106], is of interest because LA activates peripheral AMPK [107-109]. Thus, through AMPK,
LA is thought to i) induce the phosphorylation of IRS1 Ser789 and activation of the IRS1/PI3K
signaling [110,111] and ii) stimulate GLUTA4 translocation via inactivation of the Akt substrate
of 160 kDa (AS160) independently of the IRS1/PI3K/Akt signaling cascade [112,113].

4.5.3. Insulin pathway and glucose handling—The interaction of LA and intracellular
signaling is perceived to account for LA’s beneficial effects observed at 24 hours post-
administration [5,80], a time point that is much delayed from the plasma LA Tqax 0f ~1 hour
[18]. This temporal difference is interesting in light of the rapid metabolism of LA and suggests
a different mode of action versus other stimuli that LA mimics. For example, in cultured cells,
insulin induced glucose uptake after 10 min. and a maximal effect after 30 min. [114], while
LA required 1 hour to induce its maximal effect on glucose uptake, which could be achieved
by insulin in half the time [115]. This delay is even evident when comparing the
phosphorylation of Akt on Ser473 as induced by insulin versus LA [95]. Such a delay suggests
that the effect of LA on glucose handling is not direct but necessitates the activation of
additional mediator(s), and also supports the notion that LA or DHLA modulates the IR/PI3K/
Akt pathway at different levels (Fig. 4).

In skeletal muscle, LA is proposed to recruit GLUT4 from its storage site in the Golgi to the
sarcolemma, so that glucose uptake is stimulated by the local increase in transporter abundance.
Evidence from cell culture experiments supports the involvement of the insulin-signaling
cascade in LA-stimulated translocation of GLUT1 and GLUTA4. Klip’s group [116]
investigated the effects of R- and S-LA on glucose uptake in L6 myotubes and 3T3-L1
adipocytes. R-LA stimulated larger and more rapid glucose uptake than did S-LA or the racemic
mixture, and when used in conjunction with insulin, enhanced its glucose uptake action. The
cellular distribution of GLUT1 and GLUT4 glucose transporters responded to R-LA inasimilar
fashion as seen with insulin, and glucose uptake in response to all forms of LA was PI3K-
dependent, as determined by use of the inhibitory compound, LY294002. Using the same cell
culture models, Moini et al. [80] showed that R-LA stimulated glucose transport for up to 6
hours. While S-LA and the racemic mixture produced the same effect, DHLA did not. R-LA
also resulted in tyrosine phosphorylation of the insulin receptor, and glucose uptake was PI3K
dependent, as shown by using wortmannin.

In contrast to the above work done mainly in tissue culture, Henriksen et al. found that the
action of LA on glucose uptake is not always PI3K-dependent [117]. This group incubated 2
mM R,S-LA with skeletal muscle isolated from either lean or obese Zucker rats (a model for
insulin resistance) and showed that a significant portion (~75%) of LA-stimulated glucose
uptake was independent of PI3K. The disparity between muscle cell lines and intact muscle
preparations indicates that LA has the potential to impact various components of cellular
signaling, depending on the chosen model and experimental conditions. Of note, these in
vitro studies used LA concentrations that are much greater than peak plasma concentrations
seen in healthy volunteers administered 200-600 mg [17,18].

Tritschler’s group directly tested the effects of R-and S-LA by i.p. administration on glucose
metabolism in the skeletal muscle of Zucker rats [118]. On an acute basis (100 mg/kg b.w. for
1 hour), only R-LA increased glucose uptake. Chronic 10-day administration of S-LA (50 mg/
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kg b.w.) did improve glucose uptake, but by less than half that of R-LA (30 mg/kg b.w.). This
group also measured plasma insulin, finding it to be decreased by R-LA but increased by S-
LA. Only R-LA was able to increase glycogen synthesis and glucose oxidation. In their model,
GLUT4 levels were slightly reduced by chronic S-LA treatment, an undesirable effect. The
evidence presented argues that R- and S-LA may not be equally useful in the treatment of
diabetes.

Importantly, combining LA intake (30 mg/kg per day for 15 days) with endurance exercise
training inan animal model of insulin resistance improved glucose transport activity and whole-
body glucose tolerance further than either intervention alone [98]. A potential mechanism for
this additive effect is the upregulation of GLUT4 protein expression in exercised muscle
[119] combined with the enhanced translocation of GLUTA4 to the plasma membrane induced
by LA. Whether this combination of dietary supplement and exercise is beneficial to diabetic
subjects remains to be investigated.

5. CLINICAL AND THERAPEUTIC EFFECTS OF LA

5.1. Diabetic polyneuropathies

The interaction of LA with regulatory components of the insulin signaling cascade has proved
functionally beneficial to skeletal muscle glucose uptake, whole-body glucose tolerance, and
helpful against insulin resistance in animal models [118,120]. Improvements in glucose
disposal were also observed in human patients with type 2 diabetes receiving LA either
intravenously or orally [120-122]. Several clinical trials have been conducted to measure the
efficacy of racemic LA in decreasing symptoms of diabetic polyneuropathies; these are the
“alpha-lipoic acid in diabetic neuropathy” (ALADIN) trials and the “symptoms of diabetic
polyneuropathy” (SYDNEY) trials. LA was given orally, intravenously, or i.v. with oral
follow-up. A meta-analysis of four clinical trials using i.v. LA, including ALADIN, SYDNEY,
and the first 3 weeks of ALADIN 111, showed a significant improvement in diabetic
polyneuropathies of the feet and lower limbs in patients infused with LA 600 mg/day, for three
weeks [123]. Diabetic patients in the ALADIN Il trial were administered LA i.v. at 600 or 1200
mg/day for 5 days, then oral LA for 2 years, resulting in improved indices of neuropathy
[38]. Patients in the ALADIN I11 study received LA (600 mg/day i.v.) or placebo for three
weeks, followed by oral LA (600 mg t.i.d.) or placebo for 6 months. The oral phase of this
trial, however, was without clinically significant benefits [39]. One possible conclusion from
these studies was that LA administered intravenously was more efficacious than oral LA, which
may be due to either greater bioavailability or poor solubility of the medication in the stomach
acid. However, some additional studies have found that oral LA is very effective. For example,
the oral pilot (ORPIL) study showed a reduction in diabetic polyneuropathic symptoms after
three weeks with 600 mg LA t.i.d. [41]. While the first SYDNEY trial used i.v. LA, [42], the
SYDNEY Il study used oral LA at 600, 1200, or 1800 mg q.d. for 5 weeks [43]; consequently,
both studies showed significant improvements in neuropathic endpoints.

5.2. Effects of LA on the vascular system

Vascular endothelial cells, which line the blood vessel lumen, form the physical interface
between the blood and the vessel wall, preventing platelet adhesion and regulating blood vessel
patency. The elasticity of the vessel wall is regulated by nitric oxide (NO), a gas produced by
endothelial nitric oxide synthase (eNOS). Loss of eNOS activity causes endothelial dysfunction
due to NO limitation, and is characterized by reduced vasodilation, a proinflammatory milieu,
and a prothrombic state. Oxidative stress has been implicated in endothelial dysfunction on the
basis that antioxidants, such as ascorbate and LA, improve the redox state of the plasma and
endothelium-dependent NO-mediated vasodilation [124,125]. But the question remains as to
how LA achieves this significant result. It is known, for instance, that the PI3K/AKkt signaling

Biochim Biophys Acta. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shay et al.

Page 10

pathway, cascading from the insulin receptor and stimulated by LA, plays an important role in
eNOS activation [126,127]. Treating human aortic endothelial cells with LA significantly
increases NO synthesis [128], and LA improves the loss in eNOS phosphorylation seen in aorta
from aged rats through Akt [97]. Furthermore, i.p. injection of LA into old rats restores
vasorelaxation, characterized by an increased phosphorylation of both eNOS and Akt, as well
as a decrease in neutral sphingomyelinase activity and a concomitant decrease in ceramide
[129]. These studies using in vitro and animal models strengthen our understanding of the role
of the insulin signaling pathway in vasomotor function, and underscore the health potential of
LA therapy. Thus far, however, only the ISLAND clinical trial has examined LA as a potential
remedy for endothelial dysfunction [47]. This trial was a randomized, double-blind, placebo-
controlled study comparing LA to irbesartan, an angiotensin Il receptor antagonist used mainly
for the treatment of hypertension. Results showed that the oral administration of LA (300 mg/
day for 4 weeks) and/or irbesartan (150 mg/day for 4 weeks) to 14-15 patients with metabolic
syndrome improved endothelial-dependent flow-mediated vasodilation, which was measured
by using the noninvasive brachial artery reactivity test. However, larger and more long-term
studies are necessary in order to establish the efficacy of LA as a therapeutic for vascular
endothelial dysfunction.

5.3. LA as a hypotensive agent

Hypertension is a risk factor for stroke, heart attack and arterial aneurysm, and a leading cause
of chronic kidney failure. Even moderate elevation in arterial blood pressure correlates with
shortened life expectancy. The rationale for the therapeutic use of LA against hypertension
stemmed from its ability to increase tissue GSH levels and prevent deleterious sulfhydryl group
modification in Ca2* channels. Feeding LA to hypertensive rats normalized systolic blood
pressure and cytosolic free Ca2*, and attenuated adverse renal vascular changes [130-134].
The role of LA in regenerating reduced GSH was further put forth by El Midaoui and de
Champlain [135,136] who associated the restoration of glutathione peroxidase activity seen in
LA-fed rats with the normalization of aortic superoxide production and blood pressure. It was
also suggested that dietary LA inhibits renal and vascular overproduction of endothelin-1, a
vasoconstrictor secreted by the endothelium [137]. Because NO is the main vasodilator in
conduit arteries and the recent finding that LA improves endothelial NO synthesis [129],
pharmacologists have a new rationale to investigate the role of LA and high blood pressure.
Clinically, LA administration (in combination with acetyl-L-carnitine) showed some promise
as an antihypertensive therapy by decreasing systolic pressure in high blood pressure patients
and subjects with the metabolic syndrome [138]. In contrast, the administration of LA (300
mg/day for 4 weeks) to patients with the metabolic syndrome had no significant effect on blood
pressure compared to placebo group [47].

5.4. LA as an anti-inflammatory agent

Inflammation results from the innate biological response of vascular tissues to harmful agents,
such as pathogens or irritants. It is an attempt by the organism to remove the injurious stimuli,
protect the surrounding tissue, and initiate the healing process. However, unabated chronic
inflammation also contributes to a host of diseases, such as atherosclerosis, asthma, and
rheumatoid arthritis. Elevated levels of oxidative stress play an important role in chronic
inflammation. Oxidative stress-associated inflammation is thought to provoke early vascular
events in atherogenesis, including the upregulation of vascular adhesion molecules and matrix
metalloproteinase activity. These events require the activation of NF-kappaB, a transcription
factor that induces expression of many genes involved in inflammation and endothelial cell
migration. Given the oxidative nature of inflammation, therapeutic strategies aimed at
mitigating oxidant production and oxidative damage have been investigated for decades in
various models of inflammation.
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In keeping with this strategy, LA has been studied for its antioxidant properties in cytokine-
induced inflammation; it is also widely known as an inhibitor of NF-kappaB [32]. Results show
that LA lowers expression of vascular cell adhesion molecule-1 (VCAM-1) and endothelial
adhesion of human monocytes [139], and inhibits NF-kappaB-dependent expression of
metalloproteinase-9 in vitro [140]. Similarly, LA (25-100 pug/ml = 122-486 uM) prevents the
upregulation of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) in spinal cords and in TNF-alpha stimulated cultured brain endothelial
cells [141]. Collagen-induced arthritis was attenuated by LA (10-100 mg/kg i.p.) in DBA/1
mice by reduction of inflammatory cytokines like TNF-alpha, and partial inhibition of NF-
kappaB binding to DNA [142]. In this study, LA also inhibited osteoclast formation, suggesting
that LA may be useful in the prevention of bone erosion and joint destruction in rheumatoid
arthritis. In another study, pretreatment of collagen sheets with LA (2 mg) prior to implantation
decreased TNF-alpha-induced bone resorption in ICR mice [142]. In experimental autoimmune
encephalomyelitis (an animal model of multiple sclerosis) LA-treated mice showed marked
improvement in central nervous system infiltrating T-cells and macrophages, decreased
demyelination and spinal cord expression of adhesion molecules (ICAM-1 and VCAM-1)
[141,144]. The downregulation of surface CD4 seen in LA-treated blood mononuclear cells
was proposed to account, at least in part, for the modulation of inflammatory cell infiltration
into the central nervous system [145]. This is because co-receptor CD4 amplifies the signal
generated at the T-cell receptor by recruiting lymphocyte protein kinase Lck, which in turn
triggers a cascade of events leading to T-cell activation. Interestingly, DHLA did not
downregulate CD4 from the surface of human peripheral blood mononuclear cells [145]. As
an alternative or in addition to CD4 downregulation, the immunomodulatory properties of LA
may involve the upregulation of cAMP in T-cells and natural killer cells [146]. Cell migration
and neovascularization were also inhibited by LA (86 pg/day in drinking water) in c57/black
mice injected with Kaposi’s sarcoma in a matrigel sponge, as well as in nude mice injected
with KS cells [147]. In a mouse model of bronchial asthma, dietary LA significantly attenuated
airway hyper-responsiveness, lowered the eosinophil count among bronchoalveolar lavage
cells, and significantly improved pathologic lesion scores of the lungs [148]. LA inhibits TNF-
alpha-induced NF-kappaB activation and adhesion molecule expression in human aortic
endothelial cells via a mechanism seemingly distinct from antioxidants, such as ascorbate or
reduced GSH, but consistent with the workings of a metal chelator [149]. Recently, the
inhibition of endotoxin-induced acute inflammation by LA was associated with the stimulation
of the PI3K/Akt pathway [96].

To date, the anti-inflammatory properties of LA have rarely been investigated in humans. The
ISLAND trial showed a 15% significant decrease in serum interleukin-6 levels following 4
weeks of supplementation with LA (300 mg/day) [47]. This finding may prove important to
human health because interleukin-6 is a recognized marker of inflammation in coronary
atherosclerotic plaques, and also regulates the expression of other inflammatory cytokines,
such as interleukin-1 and TNF-alpha [150]. However, the body of evidence is currently too
limited to be conclusive.

6. SUMMARY AND FUTURE DIRECTIONS

As described in this review, the biological role(s) of diet-derived LA are quite diverse (Fig. 5).
In fact, to our knowledge there are few compounds as multifaceted as LA as a bioactive agent.
Itis an inducer of cellular signaling pathways, an insulin mimetic, a hypotriglyceridemic agent,
a vasorelaxant/anti-hypertensive compound, a metal chelator, and an adjuvant for neuro-
cognitive function. Thus, it will be important to define the precise cause-and-effect relationship
between LA and its cellular targets of immediate action. An area that warrants further study is
whether LA directly regulates hormonal signals, which in turn initiate downstream biochemical
actions on target organs. In this regard, LA stimulates an AMPK-dependent anorectic effect
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in rodents [107] and improves learning and short-term memory in aged rodents [4,31,151,
152]. Thus diet-derived LA may owe some of its diverse physiological actions on stimulating
neuro-hormonal function and thereby indirectly influencing multiple cell signaling pathways
in peripheral tissues.

In concert with its potential for centralized action, it is also apparent that orally supplied LA
affects multiple signaling and transcriptional paradigms at the cellular level. Again, the
question thatimmediately arises is whether LA has multiple or only a few actual cellular targets,
in the latter case mediating its strong antioxidant and metabolic effects indirectly. For example,
LA acts as an insulin mimetic in that it improves glucose handling; however, the timing to
which LA stimulates glucose metabolism is significantly delayed from that of insulin itself.
Thus, it is still to be determined whether LA truly targets the insulin-signaling pathway via
thiol/disulfide interactions on the insulin receptor or its direct protein substrates or
alternatively, indirectly influences this pathway by affecting phosphatases.

As this review was being compiled, we were struck by the lack of consistency and sheer
magnitude of dose used to examine LA action, particularly for in vitro models. Low micromolar
to millimolar concentrations of LA have been employed for cultured cells where LA has
variously been shown to induce apoptosis, directly act as an antioxidant, induce H,O» release,
and stimulate stress response mechanisms to name a few. Considering the transient cellular
accumulation of LA following an oral dose, which does not exceed low micromolar levels, it
is entirely possible that some of the cellular effects of LA when given at supraphysiological
concentrations may be not be clinically or physiologically relevant. This may be particularly
important in characterizing the cellular role of LA or DHLA as effective direct-acting cellular
antioxidants. One must ask how a dithiol agent that only transiently accumulates at very low
levels in vivo could act as a potent antioxidant on a stoichiometric basis. Significantly more
research is necessary to understand physiological uptake, accumulation and metabolism of LA
and its metabolites in order to set up appropriate cell-based models to examine LA action. Only
then will the most biologically relevant cellular actions of LA be elucidated.

Although some important aspects of LA’s mechanism of action in vivo are yet to be uncovered,
it is apparent that oral LA supplements are clinically effective in mitigating complications of
diabetes and potentially, other vascular diseases. Because current evidence is based mainly on
data from rodent studies, additional placebo-controlled trials are advisable to determine the
potential for LA to maintain or improve neurological disorders (e.g. Alzheimer’s disease,
multiple sclerosis), limit progression of cardiovascular disease, mitigate chronic inflammatory
conditions, as well as improve or maintain antioxidant/detoxification defenses that otherwise
decline with age. Prior to any large-scale clinical work using LA, an initial focus should be
placed on optimizing conditions as to effective dose, as well as identification of the appropriate
enantiomeric isoform.
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Enantiomeric Forms of Lipoic Acid
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Figure 1.
The R and S enantiomers of lipoic acid.
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B-Oxidation & S-Methylation
COOH

? S
CH; Cl‘H.;

6,8-Bismethylthio-octanoic Acid
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S S
CH; é'H_:
4,6-Bismethylthio-hexanoic Acid
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Lo
CH; CH;

2 ,4-Bismethylthio-butanoic Acid

Lipoic acid and its reduced form, dihydrolipoic acid, with the 5 most common metabolites.
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/ Protein),
: |
kinase

Figure 3.

Proposed action of LA for induction of Phase 11 genes through Nrf2-mediated transcription.
LA may oxidize critical thiols on the Keapl dimer to halt Nrf2 degradation, and to prevent
Keapl from binding newly synthesized Nrf2. LA may also activate protein kinase signaling
pathways that cause phosphorylation of Nrf2 on Ser40. This is the event that allows it to
dissociate from Keapl [68,69]. Nrf2 can then localize to the nucleus and bind to the ARE,
promoting transcription of genes for the Phase 11 detoxification response.
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Figure 4.

Role of lipoic acid in IR/PI13K/Akt-dependent activation of glucose uptake in skeletal muscle
Diesel et al. put forth the notion that LA may directly bind to and activate the tyrosine kinase
domain of the insulin receptor (IR) b-subunit [84]. The authors based their claim on a computer
modeling of the IR tyrosine kinase domain where LA would theoretically fit in a pocket located
between Leul133 and Phel186. In contrast to a direct role of LA on IR, LA was proposed to
oxidize critical cysteine thiols in protein tyrosine phosphatase B1 (PTPB1) thereby preventing
the PTPB1-mediated inhibitory dephosphorylation of the IR tyrosine kinase domain [79].
Alternatively, LA was found to enhance the insulin receptor substrate 1 (IRS1) protein
expression in muscle of obese Zucker rats and association of IRS1 with the p85 regulatory
subunit of PI3K [78]. Moreover, the well-established regulation of muscle glucose uptake by
exercise/muscle contraction through protein kinases, including AMP-activated protein kinase
(AMPK) [85,86] is of interest because LA activates peripheral AMPK [87,89,139]. Thus,
through AMPK, LA is thought to i) induce the phosphorylation of IRS1 Ser789 and activation
of the IRS1/P13K signaling [90,91] and ii) stimulate GLUT4 translocation via inactivation of
the Akt substrate of 160 kDa (AS160) independently of the IRS1/PI13K/AKkt signaling cascade
[92,93].

The effects of LA on IR/IRS1 will increase IRS1 association with PI3K and PI3K activity in
the membrane environment. PtdIns-3,4,5-P3 (PIP3) production by PI3K recruits PtdIns-
dependent kinase 1 (PDK1) to the membrane by Pleckstrin Homology domain:PIP3 interaction
and stimulates PDK1-mediated phosphorylation of Akt Thr308. Following Ser473
phosphorylation, fully activated Akt regulates the trafficking of GLUT4 between storage
vesicles and the plasma membrane through a mechanism involving the phosphorylation of
AS160. In its active dephosphorylated form, AS160 inhibits GLUT4 vesicle trafficking to the
plasma membrane by preventing Rab-GTP association with the vesicle. Akt-mediated
phosphorylation of AS160 opposes the repressor role of AS160 and allows Rab-GTP binding
to the GLUT4 vesicle. Domain structure analysis revealed that AS160 has a Rab-GAP

Biochim Biophys Acta. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shay et al.

Page 26

(GTPase-activating protein) domain at the C-terminus and that the Rab-GAP activity promotes
the hydrolysis of small G proteins Rab-GTP to Rab-GDP [140]. In its inactive GDP-loaded
form, Rab is unable to associate with the GLUT4 vesicle nor elicit translocation to the plasma
membrane. But Akt-mediated phosphorylation of AS160 inactivates the Rab-GAP activity of
AS160 thus favoring the association of GTP-loaded active form of Rab with the GLUT4
vesicle.
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Figure 5.

Proposed biological actions of lipoic acid
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Table 1
Select lipoic acid (LA) studies in healthy volunteers.
Reference LA dose AUC of LA in plasma i Subjects

administered to
human subjects

Cpax Of LA in plasma

Teichert et al. [17]

Carlson et al. [18]

Breithaupt-Grogler
etal. [19]

Mignini et al. [20]

Bernkop-Schnurch
etal. [21]

Amenta et al. [22]

+ Teichert et al. [23]

Teichert et al. [24]

a) 200 mg racemic
LA, oral tablet

b) 600 mg racemic
LA, oral tablets

) 200 mg racemic
LA, intravenous

600 mg Na-R-LA,
oral solution

600 mg racemic LA,
oral tablet

a) 600 mg
Thioctacid, oral
tablet

b) 600 mg Tioctil N,
oral tablet

766.8 mg LA bound
to chitosan, once by
oral

sustained release
tablets

a) 600 mg
Thioctacid, oral
tablet

b) 600 mg
Tiocronal, oral
tablet

¢) 600 mg
Biodynoral, oral
tablet

d) 600 mg Tiobec
retard, oral tablet

600 mg racemic LA,
oral dose, g.d. for 4
days

600 mg racemic LA,
oral dose, g.d. for 4
days

a) 46.82 £21.46 pg*min/ml
b) 157.83 £35.82 pg*min/ml
¢) 157.97 £35.05 pg*min/ml

441.6 £160.2 ug*min/ml

R-LA: 2348.04 h*ng/ml
S-LA: 1243.24 h*ng/ml

a) 3510.9 +1088.6 ng*h/ml
b) 3563.5 +1374.1 ng*h/ml

0-12h: 183.8 £101.4 pg*min/
ml

0-6h: 108.1 +61.5 pg*min/ml
6-12h: 75.7 £94.8 pg*min/ml

a) 3270.9 £372.8 ng*h/g
b) 2925.2 +448.4 ng*h/g
) 3142.3 £331.5 ng*h/g
d) 3187.4 £152.8 ng*h/g

Day 1: 891.0 nmol*min/ml
Day 4: 995.5 nmol*min/ml

Day 1: 923.5+216.91
nmol*min/ml
Day 4: 998.91 +145.8
nmol*min/ml

a) 0.66 +0.33 pg/ml
b) 2.85 +1.49 pg/ml
c) 8.32 £2.35 pg/ml

16.0 +6.32 pg/ml

R-LA: 1812.32 ng/ml
S-LA: 978.20 ng/ml

a) 1338.6 £751.8 ng/ml
b) 1215.8 +560.5 ng/
ml

0-12h: n/a

0-6h: 1354.5 +807.1
ng/ml
6-12h:497.5+1074 ng/
ml

a) 1266.2 +237.7 ng/g
b) 2290.5 +286.6 ng/g
€) 2262.8 £392.8 ng/g
d) 1397.7 £070.4 ng/g

Day 1: 19.8 nmol/ml
Day 4: 21.1 nmol/ml

Day 1: 36.19 +10.35
nmol/ml

Day 4: 31.45 +8.2
nmol/ml

12 (crossover)

12

15

16 (crossover)

8 (crossover)

""Values are reported in the original units.

TAreas under the curve (AUCs) are from last time measured, except the study [21] using sustained release LA tablets.

iThis study also included patients with kidney disease, not reported here.
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Toxicity of lipoic acid (LA) in animals

Page 29

Model LDg, (acute oral) Ref.
Dog 400-500 mg/kg [32]
Mouse 500 mg/kg [33]
Cat 30 mg/kg [34]
Rat >2000 mg/kg [35]
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Table 3

Select clinical trials using lipoic acid (LA).

Page 30

Clinical Trial Ref. LA Dose administered to Subjects Parameters measuredT
human subjects receiving LA
Diabetes: [37] 100, 600, or 1200 mg, 328 Neuropathic symptoms, HPAL,
ALADIN intravenous for 3 weeks NDS
Diabetes: [38] a) 600 mg, intravenous, for 5 a) 27 NDS, electrophysiological attributes
ALADIN II days + 600 mg, orally for 2 b) 18 of the sural and tibial nerves
years
b) 1200 mg, intravenous for 5
days + 1200 mg, orally for 2
years
Diabetes: [39] a) 600 mg, intravenous, for 3 a) 165 TSS, NIS
ALADIN 11l weeks + 1800 mg (600 mg b) 173
tid.)
for 6 months
b) 600 mg, intravenous, for 3
weeks + placebo for 6 months
Diabetes [40] a) 600 mg, oral, for 4 weeks a) 19 Insulin-stimulated glucose disposal
b) 1200 mg (600 mg b.i.d.), b) 18
orally for 4 weeks c) 18
c) 1800 mg (600 mg t.i.d.),
orally for 4 weeks
Diabetes: [41] 1800 mg (600 mg t.i.d.), orally 12 TSS, HPAL, NDS
ORPIL for 3 weeks
Diabetes: [42] 600 mg, intravenous, 5 days a 60 NCS, TSS, NIS, quantitative
SYDNEY week for 14 treatments sensation test, autonomic test
Diabetes: [43] a) 600 mg, orally for 5 weeks a) 45 TSS, NCS, NIS
SYDNEY I b) 1200 mg, orally for 5 weeks b) 47
) 1800 mg, orally for 5 weeks c) 46
Diabetes: [44] 800 mg (200 mg q.i.d.), orally 39 Cardiac autonomic nerve function
DEKAN for 4 months
Diabetes [45] 600 mg/day, orally for 3 33 Plasma lipid hydroperoxides, alpha-
months tocopherol,
cholesterol
Multiple [46] a) 1200 mg q.d. a)9 Serum LA, Matrix
Sclerosis b) 1200 mg (600 mg b.i.d.) b) 7 Metalloproteinase-9, and
€) 2400 mg (1200 mg b.i.d.) b) 7 Intercellular Adhesion Molecule-1
Metabolic [47] 300 mg, orally for 4 weeks 15 Endothelial function and
Syndrome: proinflammatory markers
ISLAND
+

Change Score, TSS = Total Symptom Score

HPAL = Hamburg Pain Adjective List, NDS = Neuropathy Disability Score, NIS = Neuropathy Impairment Score, NSC = Neuropathic Symptoms and
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Antioxidant activities of lipoic acid (LA) and dihydrolipoic acid (DHLA)

Table 4

Page 31

Oxidant

Scavenged by LA?
Rate constant and reference

Scavenged by DHLA?
Rate constant and reference

Peroxynitrite
Nitric Oxide
Hydroxy! radical

Superoxide

Singlet oxygen

Peroxyl radical

Hypochlorous acid

Hydrogen peroxide

Yes, 1.4 x 108 Mt s [53]
No [54]

Yes, 4.7 x 101 M1s1[2]
Yes [55]

No [2,55]

Yes, 1.3 x 108 Mt s [57]
Yes [3,58]

Yes, 1.8 x 108 M1 s [2]
No [59]

Yes [2,60]
No [2]

Yes, 2.5 x 102 Mt s [53]
Yes, 3.19 Mt st [54]

No [2]
Yes [55]

No [2]

Yes, 3.3 x 10° Mt s [55]
Yes [56]

No [58]

Yes, 2.3 x 10' M1 s1[2]
Yes [56,59]

Yes [2,60]

No [2,60]
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