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o-lipoic acid (ALA, thioctic acid) is an organosulfur component produced from plants, animals, and humans. It has various
properties, among them great antioxidant potential and is widely used as a racemic drug for diabetic polyneuropathy-
associated pain and paresthesia. Naturally, ALA is located in mitochondria, where it is used as a cofactor for pyruvate
dehydrogenase (PDH) and a-ketoglutarate dehydrogenase complexes. Despite its various potentials, ALA therapeutic
efficacy is relatively low due to its pharmacokinetic profile. Data suggests that ALA has a short half-life and bioavailability
(about 30%) triggered by its hepatic degradation, reduced solubility as well as instability in the stomach. However, the use
of various innovative formulations has greatly improved ALA bioavailability. The R enantiomer of ALA shows better
pharmacokinetic parameters, including increased bioavailability as compared to its S enantiomer. Indeed, the use of
amphiphilic matrices has capability to improve ALA bioavailability and intestinal absorption.
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| 1. Introduction

a-lipoic acid (ALA), also known as 1,2-dithiolane-3-pentanoic acid or thioctic acid, is a compound commonly found in
mitochondria, necessary for different enzymatic functions. ALA was isolated by Reed in 1951 & as an acetate replacing
factor and its first clinical use dates from 1959 in the treatment of acute poisoning by Amanita phalloides, also known
death cap (from mushrooms) 2.

Briefly, ALA is an organosulfur compound produced from plants, animals, and humans and exists in nature. In the Krebs
cycle, ALA plays important roles in various chemical reactions, acting as a cofactor for some enzymatic complexes
involved in energy generation for the cell. It also forms covalent bonds with proteins and has therapeutic potential. It has a
single chiral center and asymmetric carbon which results in two optical isomers: R- and S- lipoic acid (Figure 1) Bl Thus,
ALA has two enantiomeric forms, called S and R enantiomers, considered mirror images of each other. Both S and R
enantiomers are present equally in ALA, being however the R isomeric form present naturally, while the S isomer is
prepared through chemical processes. Foods are a natural source of the R enantiomer, naturally produced inside the
living organisms forming covalent bonds with proteins. While ALA exists in nature as R enantiomer, synthetic
supplementation consists of a racemic composition of R and S forms &, Although synthetized by the human body at low
amount, the ALA quantities produced are not enough to fulfill the energy requirement of the cell. Thus, it is mostly
obtained from diet, especially from meat and vegetables. Fruits are also a source of this acid &,
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Figure 1. The chemical structure of optical isomers of ALA.

On the other hand, ALA has numerous clinically valuable properties BIE, |t acts as an enzymatic cofactor [4 and is also
involved in glucose & and lipid 2% metabolism and manages gene transcription. ALA also acts as antioxidant because it
not only improves but also restores the intrinsic antioxidant systems, and supports their production or cell accessibility 1]
[12113] 1t also efficiently removes heavy metals from blood stream, responsible for oxidative stress 1181141 The most
unique characteristic of ALA over other antioxidant substances is that it reacts as both lipid and water soluble compound
B8, There is no doubt that it is a strong antioxidant, but due to certain reasons its use for medicinal purposes is
prohibited; however, in some states it is used as a supplement and in others as a remedy BIEILS These restrictions are



due to some endogenous characteristics of substance by itself, such as the changeableness due to the disclosing of
dithiolane ring and the emergence of disulfide bond between molecules. Other properties that limit the oral use of ALA are
its decreased ability to become dissolved in the gastrointestinal tract and increased rate of hepatic metabolism. In
addition, besides it is widely known antioxidant potential, ALA has also many other functions, as it is its involvement in
mitochondria producing energy, by acting as cofactor for various enzymes involved in metabolism &I,

Moreover, ALA plays a vital role in glucose humiliation during metabolism. For instance, ALA has been applied as a
racemic medication for diabetic polyneuropathy-associated pain and paresthesia 18, ALA has also an important function
in energy transduction through mitochondria L4, Two reduced or oxidized thiol groups are present in the small molecule
of ALA. The oxidized form is known as ALA or simply as lipoic acid, while the reduced form is noted as dihydrolipoic acid
(DHLA). ALA inactivates free radicals and the reduced form also interacts with reactive oxygen species (ROS) [l
Naturally, ALA is found in mitochondria where it binds to the E2 subunit and is used as a cofactor for both pyruvate
dehydrogenase (PDH) and a-ketoglutarate dehydrogenase complexes 8. ALA is synthesized de novo at very small
amounts in the body from cysteine and fatty acids, because of which there is a need to supplement it from exogenous
sources 12,

ALA improves the glycemic control € alleviates diabetes mellitus (DM) complications 2%l gnd even symptoms of
peripheral neuropathy, at same time that effectively lessens the heavy metals toxicity 22,

| 2. a-Lipoic Acid Pharmacological Activities: An Overview

Over the years, ALA has gained a considerable attention as a food additive with beneficial effects both in the treatment or
management of several ailments [L123124] o] A's pharmacological effects are primarily related with its antioxidant activity,
but ALA and DHLA have also demonstrated interesting cardiovascular, cognitive, anti-ageing, detoxifying, anti-
inflammatory, anti-cancer, and neuroprotective properties 241,

2.1. o-Lipoic Acid Antioxidant Potential

There are vast literature data on ALA and DHLA antioxidant effects, namely acting as metal chelating agents, free radical
scavengers, regenerator of endogenous antioxidants, such as glutathione, vitamins C and E and repair of oxidized
damage 2], The existence of thiol groups in ALA is responsible for its metal chelating abilities 141241, Moreover, it is able
to increase the glutathione levels inside the cells, that chelate and excrete a wide variety of toxins, especially toxic metals
from the body 24, For instance, the study of Goralska et al. 28! showed that ALA administration led to a decrease in iron
ions in epithelial cells. This change was associated with elevated cell resistance to hydrogen peroxide challenge, meaning
that ALA exerts a direct impact in oxidative stress reduction 28, Briefly, ALA is conceived as a biological antioxidant that is
both water- and fat-soluble and is capable to neutralize ROS everywhere in the body, inside and outside the cells, and for
this reason, ALA is being referred as the universal antioxidant [2Z281(29],

2.2. a-Lipoic Acid Antidiabetic Potential

Among the metabolic disorders, diabetes mellitus (DM) represent a serious health problem, currently affecting
approximately 422-million people worldwide B9, It is designated by disturbances on carbohydrates, lipids, and proteins
metabolism B, Also, it has been recognized as a major risk factor for the development of several human diseases,
including atherosclerosis, hypertension, heart failure, myocardial infarction, neuropathic pain and even stroke 2,
Emerging evidences demonstrate that DM results from the excessive ROS generation and impairment of the antioxidant
potential [B31B435] Several studies have highlighted the potential use of ALA in diabetes, due to its ability to increasing
both sugar uptake in insulin-sensitive and insulin-resistant muscle tissues 428l and to stimulate the glucose uptake by
the repartition of glucose transporters to the plasma membrane, and tyrosine phosphorylation of insulin receptor
substrate-1 [,

2.3. ao-Lipoic Acid and Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurological disease characterized by cognitive, functional, and behavioral alterations.
Memory loss has been linked to the formation of beta-amyloid plaques and the uprise of tau in a pathological form in
patients with AD 738l sybstantial evidences have supported the implication of oxidative stress in the pathogenesis of
AD [B249I41] Non-steroidal anti-inflammatory drugs (NSAIDs) have been proposed for the therapy of neurodegenerative
diseases, including AD. However, the prolonged NSAIDs administration results in gastrointestinal toxicity due
cyclooxygenase (COX) inhibition 2442, To overcome this limitation, ALA has been selected based on the intended role of
oxidative stress in the development of AD.



In vitro investigations have indicated that ALA has neuroprotective effects on Ap-mediated cytotoxicity 231441451 namely
through defending cortical neurons from cytotoxicity induced by Ap or H,0, “8 partially attributed to the activation of
PKB/Akt signaling pathway. Another study revealed that ALA has ability to effectively protect cultured hippocampal
neurons against both Ap peptide and Fe/H,0, mediated toxicity [44.

Studies have also shown that ALA show anti-dementia or anti-AD properties by increasing acetylcholine (ACh) production
through activation of choline acetyltransferase, which increases glucose absorption and, hence, supply more acetyl-CoA
for ACh production 8. Haugaard and Levin (2000) reported that DHLA significantly increased the activity of a purified
preparation of choline acetyltransferase, and that its removal by dialysis from a partially purified of choline
acetyltransferase led to a complete disappearance of enzyme activity and that its addition restores activity towards normal
levels. The same finding was obtained when the experiments were repeated with extracts of rat brain and heart as well as

rabbit bladder tissue. Thus, the authors concluded that it may act as a coenzyme in the choline acetyltransferase reaction
149]

On the other hand, inflammation has a key function in AD. It is engaged around amyloid plaques, surrounded by activated
astrocytes and microglia, and is characterized by elevated levels of free radicals and pro-inflammatory cytokines B, with
TNF-a being considered an indicator from mild cognitive impairment to AD [48IE1 Al A has multiple and complex effects in
this way, hamely scavenging ROS, transition metal ions, increasing the levels of reduced glutathione 4852l scavenging of
lipid peroxidation products B34 and even acting on signal transduction pathways 22551 Similarly, Dinicola et al. 28]
found that ALA downregulated the levels of the inflammatory cytokines IL-1B and IL-6 in SK-N-BE human neuroblastoma
cells through DNA methylation-dependent modulation, paving the way for the impact of epigenetic mechanisms in AD
control/prevention.

2.4. a-Lipoic Acid and Cancer

An increasing body of literature highlight on the potential application of ALA in cancer therapy 2458l Cancer cells convert
glucose preferentially to lactate for ATP generation, a phenomenon known as the Warburg effect or aerobic glycolysis.
The persistent activation of aerobic glycolysis in cancerous cells lead to oncogenes activation or loss of tumor
suppressors, thereby causing cancer progression. In this respect, the inhibition of aerobic cycle may contribute to
anticancer effects 2260, pyryvate dehydrogenase catalyzes pyruvate to acetyl CoA conversion, thus preventing lactate
production. Feuerecker et al. investigated whether ALA is capable of activating pyruvate dehydrogenase in tumor cells.
The results show that ALA inhibited cell proliferation, [18F]-FDG uptake and lactate formation and increased apoptosis in
neuroblastoma cell lines Kelly, SK-N-SH, Neuro-2a and in the breast cancer cell line SkBr3. In the mouse xenograft model
with subcutaneously SkBr3 cells, daily treatment with ALA has delayed tumor growth (11,

ALA suppressed thyroid cancer cell proliferation and growth through activation of AMPK and subsequent down-regulation
of MTOR-S6 signaling pathway in BCPAP, HTH-83, CAL-62 and FTC-133 cells lines. In the same study, it was also found
that ALA also significantly inhibited tumor growth in mouse xenograft model using BCPAP and FTC-133 cells 82, In lung
cancer cells, ALA inhibited cell proliferation through Grb2-mediated EGFR down-regulation 82I.

Studies have also shown that ALA is able to generate ROS, which promote ALA-dependent cell death in lung cancer [€4],
breast cancer 2 and colon cancer [B8l671 syggesting that it triggers the mitochondrial pathway of apoptosis in cancer
cells. Recently, the effects of ALA on the migration and invasion of breast cancer cells were assessed 8. The results
have showed that ALA inhibited metastatic breast cancer cells migration and invasion, partly through ERK1/2 and AKT
signaling. In summary, the scientific data show that ALA could be applied for cancer management and prevention.

| 3. Preclinical Actability of a-Lipoic Acid
3.1. Anti-diabetic Properties of a-Lipoic Acid

As previously noted, ALA have shown to be useful for increasing sugar uptake in insulin-sensitive and insulin-resistant
muscle tissues BIB8. |n addition, the triglycerides’ storage in the body led to type-2 DM progression. When activated,
AMP-activated protein kinase (AMPK) increase sugar uptake, fatty acids oxidation and mitochondrial biogenesis. In obese
rats, muscle AMPK levels are reduced. However, when these rats were submitted to ALA administration, a raise in insulin-
stimulated glucose disposal in skeletal muscle and in the whole body was observed. ALA was also found to increase lipid
oxidation and activated AMPK. These results suggest that ALA ameliorate insulin sensitivity through AMPK activation 69,
Konrad et al. & have demonstrated that ALA stimulates glucose uptake by the repartition of glucose transporters to the
plasma membrane, and tyrosine phosphorylation of insulin receptor substrate-1. In a study carried out by Bitar et al. 9 it
was found that the intake of 50 mg/kg for 30 days averted diabetes-mediated mitochondrial and endothelial dysfunction in



rats, via a signal transduction pathway. It is known that in DM, the NO bioavailability is reduced through modulation of the
endothelial nitric oxide synthase (eNOS) activity and oxidative stress . In endothelial cells of aged rats, ALA intake
resulted in a decrease in eNOS phosphorylation through Akt 22 ALA is able to trigger Akt phosphorylation in human
umbilical vascular endothelial cells and in THP-1 human monocyte cell lines 374 These findings propose that the
improved endothelial function due to ALA is partially ascribed to eNOS recoupling and increased NO bioavailability 4.
Thus, the use of ALA as an adjuvant in DM management is related to its capability to inhibit glycation which generates free
radicals U6l Overall, the information amassed herein indicated the potential therapeutic value of ALA for the
treatment of DM.

3.2. a-Lipoic Acid and Alzheimer’s Disease

Given the above highlighted aspects on the use of ALA for neurodegenerative conditions, specifically in AD, Quinn et al.
l7] assessed the effect of a diet supplemented with ALA on hippocampus-dependent memory of aged Tg2576 mice with
AD. The authors found that ALA led to a marked improvement in learning and memory retention 4, and no significant
differences were found in B-amyloid levels between ALA-treated and untreated Tg2576 mice [8],

3.3. a-Lipoic Acid and Preghancy

Considering the promising antioxidant potential of ALA and its impact in multiple inflammatory conditions, recent
evidences have increasingly highlighted its impact in physiological processes, such as pregnancy. Interestingly, Micili et al.
(79 assessed the impact of ALA vaginal administration in female Wistar rats, namely testing its tissue distribution, impact
on implantation process and effectiveness in contrasting induced preterm birth. Curiously, the authors found that vaginal
ALA is well-absorbed and distributed, without affecting the implantation process and was even able to significantly revert
mifepristone plus prostaglandin E2 effects, thus, delaying the delivery timing and decreasing the synthesis of mMRNA and
pro-inflammatory cytokines release [,
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