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Introduction
Diabetes mellitus (DM) is considered as a global public health 

problem worldwide. The development of cardiovascular and nervous 
complications is a complex pathological process with a pivotal role 
of oxidative stress (OS) caused by reactive oxygen species (ROS) 
and reactive nitrogen species, that is strongly associated with insulin 
resistance (IR) and DM.1–3 The manifestation of DM is accompanied 
by impaired activity of endothelial nitric oxide synthase (eNOS) 
and increase of ROS production, thus resulting in increased OS and 
diminished nitric oxide (NO) bioavailability.4 The prevalence of 
neuropathy in diabetic patients is about 30%, whereas up to 50% of 
patients will certainly develop neuropathy during the disease.5,6

Discussion
OS is considered as a main pathophysiological pathway of diabetic 

neuropathy (DN) development. Increased level of intracellular 
glucose leads to activation of polyol pathway and formation of 
advanced glycation end-products (AGE’s), resulting in the subsequent 
formation of ROS.7 In the development of DN are involved the 
following mechanisms: 1. Fructose and sorbitol accumulation due 
to increased flux through the polyol pathway that is associated with 
compensatory depletion of other organic osmolytes such as taurine and 
myo-inositol. 2. Endoneurial microvascular damage and hypoxia due 
to NO inactivation. Nitric oxide is a signaling molecule with cellular 
effects, cardiovascular and metabolic process involved in much 
biological regulation such as cell proliferation, neurotransmission, 
antimicrobial defence, vasodilatation and inflammatory response. 
Myeloperoxidase and NO affect the process of inflammation by 
molecular mechanisms and reaction between them is a sign of local 
inflammation and cardiovascular events initiation and progression in 
the body.8,9 3. Accumulation of AGE’s and subsequent activation of 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB). 4. Homocysteinemia. 5. Increased nerve lipid peroxidation 

(LPO). 6. Modulation of mitogen- activated protein kinases 
(MAPK’s). 7. Abnormal Ca2+ homeostasis and signaling. 8. Decreased 
expression and level of neurotrophic factors, such as nerve growth 
factor, neurotrophin 3, and insulin-like growth factor as well as 
alterations in axonal transport. Given the role of OS in the progression 
of diabetic peripheral neuropathy (DPN) antioxidants such as alpha 
lipoic acid (ALA), taurine and acetyl-L-carnitine have been proven to 
be effective in preventing or delaying the onset of DPN. 7,6,10–13,

Alpha-lipoic acid is a cofactor for α-ketoglutarate dehydrogenase 
and pyruvate dehydrogenase activity, is required for the oxidative 
decarboxylation of pyruvate to acetyl coenzyme A, which has links 
citric acid cycle and glycolysis. Both ALA and dihydrolipoic acid 
(DHLA) are considered as potent antioxidants with the ability to 
regenerating other factors such as vitamins C and E in addition to 
raising glutathione (GSH) intracellularly.12 The following ways are 
thought to explain the beneficial effects of ALA in reducing the age-
associated alterations in GSH: 1. Impossible delivery of exogenous 
GSH to tissues such as the brain and heart. 2. The bioavailability of 
cysteine delivery agents (e.g., N-acetylcysteine) is low. However, ALA 
can modulate the age-related alteration in GSH levels as it is easily 
taken up into neural tissues.12,14 It was suggested that ALA provides its 
antioxidant effect especially through GSH. Some in vivo and in vitro 
experimental trials showed that ALA administration increased the 
intracellular GSH level by 30–70%.15 ALA antioxidant properties in 
vitro can be explained in different ways: 1. The concentration of ALA 
by conduction cell culture studies is often several folds higher than 
what has been seen in tissues or plasma after a per oral administration. 
2. DHLA and ALA are cleared from the culture media slower while 
in the body 98% of radiolabeled ALA is excreted in the urine within 
24hrs.16

Nowadays it is believed that ALA/DHLA are acting as metal 
chelators and biological antioxidants, modulating the signaling 
transduction of several pathways, like nuclear factor kappa-light-
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Abstract

Alpha-lipoic acid (ALA) has been widely prescribed drug for treatment and prevention 
of diabetic complications since it affects the main pathogenesis links. ALA has many 
biochemical functions acting as a biological antioxidant, anti-inflammatory properties, 
metal chelators, reducing the oxidized forms of other antioxidant agents such as vitamin 
C and E and glutathione, and modulating the signaling transduction of several pathways, 
like insulin and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). 
ALA can protect albumin from glycation, improves the redox state of the plasma and 
endothelium-dependent vasodilation; induces protein kinase B phosphorylation in vascular 
endothelial cells; shows a protective effect on oxidative stress-induced apoptosis. In 
skeletal muscle ALA reduce triglyceride accumulation, enhances expression of the insulin 
receptor substrate 1 protein and improves insulin sensitivity by activating 5′-AMP-activated 
protein kinase, recruits glucose transporter type 4 from its storage site in the Golgi to the 
sarcolemma. Prescription of ALA can have both detrimental and cytoprotective effects on 
pancreatic β-cells.
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chain-enhancer of activated B cells (NF-kB) and insulin, reducing 
the oxidized forms of other antioxidant agents (vitamin E, C and 
GSH). Both ALA and DHLA prevent protein carbonyl formation 
and DHLA alone can regenerate the oxidized forms of vitamins E, 
C and to neutralize free radicals.12,17 DHLA reduces the oxidized 
form of ubiquinone (CoQ10), which can additionally reduce the 
alpha-tocopheroxyl radical.12,17,18 Alpha-lipoic acid is a pleiotropic 
medication with anti-inflammatory and antioxidant properties, of 
which the effects are exerted through the modulation of NF-kB. In 
fact NF-kB modulates inflammatory cytokines, including interleukin 
(IL) IL-1β and IL-6, in different cell types and tissues. IL-1β and IL-6 
undergo DNA methylation-dependent modulation in neural models 
and pave the road to study the epigenetic mechanisms triggered by 
ALA.19

It is shown that ALA inhibits of nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitor (IκB) degradation and 
NF-κB-dependent gene expression by inhibition of small-molecule 
inhibitors of IκB kinase 2 (IKK2), suggesting that ALA inhibits NF-
κB activation independent of its antioxidant function. ALA inhibits 
NF-κB activation at the level of or upstream of, IKK-α and IKK-β, by 
modulating the mammalian serine/threonine kinase (MEK) MEKK1–
MKK4–IKK pathway.12,20 Alpha-lipoic acid can significantly increase 
the cellular capacity of GSH synthesis by inducing of nuclear factor 
erythroid 2-related factor 2 (Nrf-2)-mediated antioxidant gene 
expression. ALA activates 5′-AMP-activated protein kinase (AMPK) 
and inhibits NF-κB, which in turn have a plethora of metabolic 
consequences. ALA can modulate peroxisome proliferator activated 
receptors (PPARs)-regulated genes by activating both PPAR-α and -γ. 
PPAR-α regulates the expression of acetyl-CoA synthase and carnitine 
palmitoyltransferase 1A and PPAR-γ increases the expression of 
lipoprotein lipase, adipocyte fatty acid binding protein and fatty 
acid translocase/CD36.21,12 ALA may increase Nrf2-dependent 
transcriptional activity by forming lipoyl-cysteinyl mixed disulfides 
on Kelch-like ECH-associated protein 1 (Keap1), the protein that 
sequesters Nrf2 and bridges it to ubiquitin ligases.22,23 Activated 
protein kinase C (PKC) increase expression of vascular endothelial 
growth factor, endothelin, transforming growth factor-β, plasminogen 
activator inhibitor-1, NFκB and the reduced form of nicotinamide 
adenine dinucleotide phosphate (NAD(P)H) oxidases and decrease 
expression of eNOS.12 ALA may directly activate PKC in a redox-
active manner, but it has been shown that PKCδ is activated in 
response to ALA during a type-II transmebrane protein that belongs to 
the tumor necrosis factor (TNF) family (Fas)-mediated apoptosis. In 
addition to PKCδ, ALA activates extracellular signal-regulated kinase 
1/2 (Erk1/2), p38 MAPK, phosphatidylinositol-4,5-bisphosphate 3 
(PI3)-kinase, and protein kinase B (Akt).24,25

Alpha-lipoic acid is effective in reducing OS by preventing LPO 
and protein damage as other antioxidants significantly inhibit the ROS 
such as proxy nitrite, NO, hydroxyl radicals, superoxide anion in the 
membrane and aquatic environment.9 Antioxidant action of ALA is 
mediated by two essential nuclear factors: Nrf2 and NF-kB.19 ALA 
is a powerful lipophilic free radical scavenger of peripheral nerve 
both in vitro and in vivo. As DM has been associated with increased 
production and decreased clearance of ROS, OS has been suggested 
to contribute to defective nerve blood supply and endoneurial 
oxidative damage.11,26,27 Results of some studies show that ALA 
lowers expression of vascular cell adhesion molecule-1 (VCAM-1) 
and endothelial adhesion of human monocytes, and inhibits NF-κB-
dependent expression of metalloproteinase-9 in vitro. Similarly, ALA 
prevents the upregulation of intercellular adhesion molecule-1 and 

VCAM-1 in spinal cords and TNF-alpha stimulated cultured brain 
endothelial cells.23,28 ALA is increasingly proposed as an adjuvant in 
the treatment of many diseases by its pleiotropic properties that allow it 
to act on different fronts. The conditions that respond to treatment with 
ALA are characterized by the presence of acclaimed OS or an altered 
biochemical and molecular mechanism (gene transcription, regulation 
of enzymatic or receptor activity), ALA can regulate that. Ultimately, 
diseases with different aetiologies (for example, metabolic syndrome, 
obesity, DM, multiple sclerosis, heavy metal poisoning, etc.) or 
physiological conditions such as ageing could benefit from common 
treatment with ALA.29 OS is associated with hyperglycaemia, and the 
existence of other triggers factors are supposed to phosphorylate IkB 
resulting in its degradation and activation of NF-kB which induce 
the transcription of several molecules related to the migration of 
monocytes, vascular adhesion and inflammation. The inhibition of 
NF-kB by ALA is probably related to its possibility to decrease the 
IkB degradation through modulation of upstream kinases like MAPK 
or to inhibit PKC which is also able to phosphorylate IkB.30

ALA has drawn considerable attention for treatment and prevention 
of chronic DM complications.4 ALA supplementation is an effective 
strategy for mitochondrial function in chronic inflammatory states; 
increased mitochondrial capacity, partially restored mitochondrial 
enzyme activity and increased ATP production, when in the presence of 
inflammatory induced NO. Other research also shows small molecular 
S-nitosothiols, which act as reservoirs and donors for NO, down-
regulate mitochondrial function. The pro-oxidant action of ALA/
DHLA is not fully understood but could be related to different direct or 
indirect reactions such as oxidation of DHLA by ubisemiquinone, to 
the maintenance of NrF2 into the cytosol through a linkage to Keap1 
protein, resulting in the inhibition of the transcription of cytoprotective 
genes which include many antioxidant genes or to an ubiquination 
of Nrf2 in a Keap1-dependent action. Considering the latter action, 
ALA/DHLA is an activator/inducer of translocation of Nrf2 to the 
nucleus for regulation of antioxidant gene expression.30–32 ALA had a 
protective effect on mitochondrial damage and neurotoxicity caused 
by chemotherapeutic agents; has protective activity on nervous 
system lesions caused by chronic constriction injury of the peripheral 
nerve; topical administration of ALA in a transaction model of sciatic 
nerve provided faster healing; ALA that was administered 3d before 
ischemia resulted in a significant protective effect from moderate 
ischemia-reperfusion injury of the peripheral nerve.15 

The regulatory functions of ALA may now include altering 
protein S-nitrosylation and regulating the expression of some 
proteins affected by S-nitrosylation mechanisms. GSH levels were 
also analyzed and it is proposed that this new mechanism of ALA 
may be through the regulation of GSH, as this antioxidant protects 
mitochondrial complexes from NO-induced damage. The diminished 
mitochondrial enzyme function central to energy production, due 
to nitrosative stress, can be alleviated with ALA supplementation 
through S-nitrosylation regulation. When ALA was introduced, it 
significantly reduced S-nitrosylation in both of these mitochondrial 
enzyme complexes and effectively restored mitochondrial enzyme 
activities inhibited by excess NO, while significantly increasing ATP 
production.33–35 Alpha-lipoic acid has shown considerable promise 
as an antiosteoclastogenic agent due to its potent ROS-scavenging 
capabilities along with a proven clinical safety record. Collectively, 
current data indicate that ALA protects from bone loss via a who-
pronged mechanism involving inhibition of osteoclastogenic ROS 
generation and upregulation of redox gene expression.36
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ALA/DHLA are considered as chelator compounds, in particular 
ALA chelates mostly the Cu2+, Mn2+, Pb2+ and Zn2+ and DHLA, in 
addition, is also able to chelate Fe3+ and Hg2+. The administration 
of ALA was followed by decreased iron uptake and its diminished 
cytosolic reactive pool in cultured lens epithelial cells that was 
associated with increased cell resistance to a H2O2 challenge 
and reduction of the iron-induced OS.12,15,30 ALA treatment of 
immortalized mouse myoblast cell line (C2C12) myotubes increased 
the intracellular Ca2+ concentration, suggesting that ALA may activate 
AMPK by stimulating the calmodulin-dependent protein kinase 
kinase (CaMKK) pathway.12 Another potential benefit of using ALA 
in the treatment of DM complications is connected with glycation 
reactions inhibition. Both ALA and DHLA can protect albumin from 
glycation, in particular ALA reduces protein glycosylation, lower 
LPO, and increase Na+/K+-ATPase activity in human red blood cells 
exposed to high glucose concentration. The effects of ALA on DN 
have also been studied in streptozotocin-induced diabetic rats, where 
ALA promoted glucose uptake by nerve cells, increased nerve myo-
inositol, GSH levels, Na+/K+-ATPase activity, and nerve blood flow 
while normalizing NAD/NADH ratios.12,37

ALA improves the redox state of the plasma and endothelium-
dependent vasodilation. ALA also induces Akt phosphorylation in 
human umbilical vascular endothelial cells and the human monocytic 
leukemia cell line-1. These studies suggest that improved endothelial 
function due to ALA is at least partially attributed to recoupling 
of eNOS and increased NO bioavailability.12,38,39 ALA was shown 
to reduce asymmetric dimethylarginine in diabetic patients with 
end-stage renal disease and with normal renal function. These data 
provide a novel mechanism by which ALA regulates endothelial 
function.12,40,41 Another possible mechanism of ALA’s protective 
effect may be decrease of apoptosis. Apoptosis plays an important 
role in the death of the cell body of injured axons, Schwann cells, 
phagocytic neutrophils and macrophages after peripheral nerve injury. 
The incidence of apoptosis-related cell death in dorsal root ganglion 
neurons following axonotmesis ranges from 20 to 50%. Death occurs 
more frequently when axonotmesis occurs it was shown that ALA 
causes a down-regulation of NF-κB that plays a fundamental role in 
the expression of various genes that are involved in the inflammatory 
response and also that are involved in cell apoptosis processes. Also, 
it was shown that ALA pre-treatment reduced radiation-induced 
apoptotic and necrotic cell death of granule cells and Purkinje 
cells in two experimental studies. Acute treatments with ALA were 
shown to cause to both reduction of expression of NF-κB and matrix 
metalloproteinase-9, an enzyme responsible for the degradation of the 
extracellular matrix.15,42–44

ALA 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. 
In skeletal muscle, ALA is proposed to recruit glucose transporter 
type 4 (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 ALA-stimulated 
translocation of GLUT1 and GLUT4.23,45,46 Improvement of insulin 
sensitivity induced by ALA is mediated by AMPK activation and 
reduction of triglyceride accumulation in skeletal muscle. The 
cytoprotective or detrimental effects of ALA on pancreatic β-cells 
depends on the concentration of ALA and underlying pathophysiologic 
state. It is considered that at high concentations ALA is detrimental to 
β-cells, but at clinically relevant concentrations exerts cytoprotective 

effects.12 ALA has many actions in the glucose uptake, glycogen 
synthesis and insulin metabolic pathways with some differences 
between both isomers. The results of some studies performed in 
vitro have proved that R-ALA increases the translocation of GLUT4 
and GLUT1 to the skeletal muscle cells and plasmatic membrane 
of adipocytes kept in a culture milieu.30,47 ALA has some important 
functions in the AMPK expression and activity in the brain and 
peripheral tissues. AMPK is involved in many intracellular pathways 
related to cell cycle, stress response, metabolism and ageing. ALA 
could increase the activation of AMPK indirectly by activating 
CaMKK. ALA is also able to modulate the AMPK activity in the brain 
by metabolic stresses that inhibit ATP production such as OS, glucose 
deprivation, hypoxia and ischemia.30,48

Conclusion
The many unique properties of ALA, namely antioxidant effects, 

inhibition of glycation reactions, prevention of beta-cell destruction, 
enhancement of glucose uptake, restoration of vitamins levels 
(such as vitamin E and C), improvement of neurons function and 
conduction has been shown in some experimental and clinical trials. 
ALA due to its essential role in mitochondrial bioenergetic reactions 
was considered as a valuable therapeutic option in prevention and 
treatment of chronic diabetes mellitus complications. However, 
further work with better-designed protocol and appropriate selection 
of study population, doses and duration may provide evidence for the 
hidden therapeutic potential of ALA and its potential properties for 
other diabetic complications such as diabetic autonomic neuropathy. 
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