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ARTICLE INFO ABSTRACT

Alpha lipoic acid (a-LA) and its reduced form dihydrolipoic acid (DHLA) have been historically considered as
excellent anti-oxidants and oxidative stress scavengers. Upon oxidation with reactive oxygen species (ROS) and
pro-oxidants, a-LA may be reconstituted from DHLA and other reduced forms. Oxidative stress is one of the
fundamental causes of functional degeneration, autophagy and apoptosis leading to cytotoxicity and loss of cell
survival, often due to exposure to xenobiotics, pollutants, heavy metals, and other environmental and en-
dogenous toxicants. a-LA and DHLA can react with these molecules to strengthen the primary antioxidant de-
fense system during cell injury. The compound a-LA is suggested for heavy metal detoxification, in particular for
supporting the mercury (Hg) detoxifying process. Mercury is one of the major environmental toxicant, parti-
cularly noxious even upon limited exposure. Oxidative stress pathways have been identified as a key upstream
event for Hg-induced toxicity in humans and animals. However, very few existing drugs to date can successfully
prevent or reduce Hg toxicity. Although several thiol-based chelators, such as British Anti-Lewisite (2,3-di-
mercaptopropanol, BAL), meso-2,3-dimercaptosuccinic acid (DMSA), and sodium 2,3-dimercapto-1-propane-
sulfonate (DMPS), have shown promise for ameliorating Hg intoxication. In this review, the potential role of a-
LA and DHLA in scavenging toxic metals and other xenobiotics is discussed, focusing especially on the me-
chanisms of actions of a-LA and DHLA as potential antioxidants towards Hg-induced toxicity.
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1. Introduction about the ability of these natural chelators to reduce possible damage

caused by mercury (Hg). Researchers are aware that stressors are

Metal and xenobiotics-derived toxicology still represent a huge and
urgent problem in environmental science and medicine. Limited recent
literature in the field highlighted the protective role of natural chela-
tors, particularly focusing on alpha lipoic acid (a-LA) and its reduced
form dihydrolipoic acid (DHLA) in environmental toxicology and re-
lated functional disorders in humans [1-3]. The chemical structure of
a-LA and DHLA is shown in Fig. 1 and the molecular model of a-LA is
shown in Fig. 2. The commonest perspective is that natural anti-oxi-
dants are still widely acknowledged molecules, which would help cells
to counteract metal toxicity and associated oxidative stress, thereby
protecting cells from damage caused by xenobiotics, chemical pollu-
tants, and heavy metals [4-7]. Moreover, very few data were published

continuously produced fundamentally from mitochondria and en-
doplasmic reticulum, representing complex machinery that is finely
tuned also by the same reactive oxygen species (ROS), acting as sig-
naling molecules [8]. The antioxidant property of a-LA has been re-
viewed in the past, yet its role in human physiology has come in the
spotlight particularly in recent years as a fundamental cofactor (nu-
trient supplementation or nutraceutical) to prevent degenerative dis-
orders caused by metals intoxication [9-12].

This may suggest why a-LA has been widely used as an antioxidant
compound in many multivitamin formulations, food supplements, anti-
aging formulas, and even in human and pet food recipes [13,14].
Alpha-LA and its reduced form DHLA gained much interest due to their
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Fig. 1. The chemical structures of alpha lipoic acid and its reduced form dihydrolipoic acid.

Fig. 2. Molecular structure of lipoic acid.
The coordinates were obtained from the Cambridge Structural Database, and
the image was created using the software Mercury 3.5.

potential role in the chelation of metals and in restoring normal levels
of intracellular glutathione (GSH) after depletion caused by toxicants,
environmental pollutants or senescence [13,15,16]. A common concept
about metal detoxification is that these pollutants can undergo clear-
ance by physiological stressor scavenging [17].

Previous reports showed that o-LA possesses functional pleio-
tropism with different signal transduction pathways, the dysfunction of
which leads to various pathologies. Therefore the use of a-LA as a po-
tential therapeutic agent could appear promising for medical therapy
and prevention [16,18,19]. In particular, a recent study showed that a-
LA is capable of efficiently scavenging free radicals in vivo [20]. In its
reduced form, DHLA can scavenge reactive free radicals via hydrogen
transfer mechanism [20]. Furthermore, it keeps GSH and protein thiols
in their reduced chemical forms [20]. In adrenocorticotropic hormone
(ACTH)- or dexamethasone-induced hypertension in rats, a-LA could
prevent hypertension from acting on mitochondria but not directly on
the mitochondrial superoxide reduction [21]. This evidence suggests
that the antioxidant activity of a-LA is not merely limited to the in-
duction of the anti-oxidant enzymatic endowment of the cell, but it
could participate in the complex machinery involving mitochondria
and endoplasmic reticulum (ER) [8].

a-LA, which can pass through the blood-brain barrier (BBB)
[22-24] is less active than DHLA in reducing the oxidation of ascorbate
mediated by Fe® -citrate, probably because iron binding requires re-
duced thiols. Also, DHLA reduces, in a dose-dependent manner, the
Cu? ™" (histidine)(2)-mediated ascorbate oxidation [25]. The functional
capacity of DHLA appears stronger than a-LA, at least in the interaction
with transition metal ions. However, its beneficial properties have been
recently debated by some controversial results indicating that DHLA
can also act as a cancer promotor under certain conditions [26], pre-
sumably when combined with tamoxifen [27]. Therefore, the cellular
context where DHLA operates is particularly important [28].

From a biochemical point of view, a-LA acts as a protector against
alterations caused by oxidative stress initiated by heavy metals or toxic
drugs [29,30]. Its ability to interact with the IRP2/IRE pathway,
modulating iron signaling, leads a-LA to reduce iron deposition in the
substantia nigra, thereby presumably inhibiting the progression of Par-
kinson's disease [31]. The interactions of a-LA with transition metals is
particularly complex because the ability of a-LA to behave as a suitable
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scavenger often occurs in a complex synergism with essential trace
elements [32].

Mercury is one of the most toxic environmental compounds, and it is
of particular interest that a-LA and DHLA have been shown to possess
chelating properties towards Hg®* when used in an appropriate
manner [33]. Mercury has been listed as the third most hazardous
substance after arsenic (As) (1st) and lead (Pb) (2nd), by the Agency for
Toxic Substances and Disease Registry (ATSDR) of the U.S. Department
of Health and Human Services, and also as the most toxic substance in
the United States. The model used by these Agencies and Expert Com-
mittees in their assessments takes into account the distribution of toxic
substances in different geographical areas, also considering any tox-
icology pattern and toxic potential for human exposure at National
Priorities Listed (NPL) sites [34,35].

The role of a-LA as a scavenger and anti-toxicant of Hg in humans
dates back several years [36-38]. A possible hypothesis on this anti-
toxicant mechanism may come from the role also exerted by vitamin C,
buthionine sulfoximine, GSH and sodium 2,3-dimercapto-1-propane-
sulfonate (DMPS) in drastically reducing Hg-mediated nephrotoxicity
and Hg levels in the liver, renal cortex, and urine of Wistar rats [39].
Lipoic acid showed promise in the reduction of Hg intake from Caco-2
cells [40]. Furthermore, a-LA can also act on the ability, shown by
selenite to inhibit Hg toxicity. Selenite is an antagonist of Hg toxicity
via the targetting of the selenoenzyme thioredoxin reductase, by which
it can detach Hg from its binding with thiol groups in enzymes, an
action also held by a-LA [41].

The toxicology of Hg is widely known [42-44]. The aim of the
present review is to report new evidence about the use of a-LA in
preventing and reducing Hg toxicity and to highlight the major tox-
icological and environmental concerns associated with Hg and transi-
tion metals. In this review, we will primarily attempt to address the
detoxifying property of a-LA and DHLA in Hg toxicity.

2. Insights on a-LA and DHLA as radical scavengers and enzymatic
cofactors

2.1. Metal chelating activity of a-lipoic acid and its derivatives compared to
other chelating agents

Alpha-lipoic acid is widely considered an anti-oxidant and chelating
agent in association with some vitamins, N-acetyl-cysteine (NAC),
taurine, and liposomal GSH [45-47]. As a metal chelating agent, a-LA
appeared in scientific papers very early, as a possible chelating agent of
arsenic [48]. In more recent years, researchers have examined whether
thioctic acid, then renamed as lipoic acid, actually exhibited the ability
to chelate trace metals in biological tissues. Some paper reported that
this compound formed a lipophilic complex with bivalent copper
(Cu?*) and inhibited Cu?* mediated liposomal peroxidation [49]. In
combination with a thiol chelator, a-LA resulted was shown to be a
good candidate for preventing lead (Pb)-mediated poisoning [50]. The
anti-oxidant property of a-LA, likewise glutathione (GSH), is considered
a major hallmark for metal detoxifying activity, including Hg toxicity
[38]. This anti-toxicant scavenging activity is also demonstrated in
toxic organic molecules, such as formaldehyde [51]. This scavenging
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capability can be achieved by the anti-oxidant ability of this natural
compound, which is usually found in tomatoes, spinach, broccoli,
Brussels sprouts, peas, and also visceral meats [52], to restore oxidized
GSH [53,54]. Current research on natural products ability to chelate
metals appears as a promising field of research; for example, poly-
phenols are possible agents for copper chelation [55]. Cysteine and
methionine are reported as suitable chelators of iron and copper [56],
and, in more general research on metal toxicology, chelation reactions
are of the utmost importance [57]. In this perspective, a-LA can be
considered only one of the increasing number of natural detoxifying
molecules able to help advance the treatment of metal toxicity.

A few chemical studies considered the interaction of British Anti-
Lewisite (BAL), meso 2,3-dimercaptosuccinic acid (DMSA) and dithiol,
sodium 2,3-dimercaptopropane 1-sulfonate (DMPS) with Hg?*. Some
of these studies also come from past research. For example, Casas and
Jones determined the complex formation constants for Hg?* complexes
with D,L-penicillamine, N-Acetyl-D,L-penicillamine, DMPS, and BAL
using a titration procedure involving simultaneous measurements with
a glass and a Hg electrode [58]. The stability constants obtained in this
manner were of the order of 10~3°-10**, Chelating agents with two
sulfhydryl groups give complexes whose k~ values are greater by a
factor of 107 than those that contain a single sulfhydryl group.

George et al. investigated the interaction of mercuric ions with
DMSA and DMPS by a combination of mercury Ly;-edge X-ray absorp-
tion spectroscopy and density functional theory calculations [59]. Ac-
cording to these authors, neither DMSA nor DMPS forms a true chelate
ring structure with mercuric ions, and these drugs should be considered
suboptimal for their clinical task in binding mercuric ions [59].

Chekmeneva et al. investigated the complexation of a-LA and DHLA
with Hg?*. Main complexes were both 1:1 Hg:a-LA and Hg:DHLA, al-
though the formation of 1:2 complexes was also gained. a-LA and DHLA
show different Hg®*binding patterns at different pH-values [60,61].
The antidotal effects against organic Hg of a combination of a-LA with
DMSA deserve to further investigation. A possible structure of the di-
nuclear Hg,(DHLA), is presented in Fig. 3.

2.2. The relationship between reactive oxygen species and mercury. A
background

The potential of a-LA to counteract Hg toxicity is fundamentally
associated with the ability of cells to activate their stress responsive
machinery [38]. It is widely known that in homeostatic conditions,
small quantities of ROS in the form of superoxide (O ~), hydrogen
peroxide (H,0,), as well as hydroxyl radical (-OH), are commonly
produced during oxygen metabolism, which mainly occurs in functional
mitochondria [62,63]. Oxidative stress, which is, in a quite simplified
version, a massive increase of ROS production, usually occurs during
mitochondria functional imbalance, endoplasmic reticulum stress (ER-
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Fig. 3. A possible chemical structure of the complex between DHLA and Hg?",
based on the considerations in the International System.
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stress), unfolded protein response (UPR), impairment in proteasome
function and disorder in peroxisomes-modulated autophagy. Such im-
balance is usually elicited by stressors such as xenobiotics or metals
[64-69]. Fundamentally, ROS are produced by the mitochondria redox
chains and the use of oxygen [70]. Mitochondrial electron transport
chain and oxidase enzymes including the NADPH oxidases, xanthine
oxidase, lipoxygenases, cyclooxygenases, cytochrome P450 enzymes,
and uncoupled nitric oxide synthases (NOSs) are considered primary
endogenous sources of ROS [71]. In this functional scenario, Hg can
easily impair many physiological activities. For example, organic Hg
(methylmercury (MeHg)) can induce apoptosis via the ROS-mediated
ER-stress [72].

Mercury derived compounds that penetrate brain cells are presumed
to initiate ROS production and induce neuroinflammation related to
autism spectrum disorder, and in this sense, detoxifying processes are of
the utmost importance in medicine [73-75].

Oxidative stress causes swelling and decoupling of the mitochondria
and decreased ATP levels in the cell, also releasing factors involved in
the cellular signal mechanisms for programmed cell death and apop-
tosis. Upon ATP deficiency, cell death takes the form of necrosis
[76,77]. In mitochondria and other cellular constituents, oxidative
stress may participate in exacerbating metal toxicity including Hg-
toxicity [78].

Possible sources, absorption nature, pharmacokinetics and meta-
bolic fates of Hg compounds are presented in Table 1. Mercury ex-
posure in humans may include both inorganic and organic Hg deriva-
tives. Organic Hg exposure occurs either from consumption of seafood
as MeHg ™" or from the use of preservatives contained in medical pro-
ducts which are rapidly metabolized to ethylmercury (EtHg). EtHg and
MeHg interact with thiols in enzymes and can pass across the blood-
brain barrier causing deposition in brain cells [79]. Elemental mercury
vapor (HgP) is easily absorbed via inhalation. A cubic meter of air can
hold 20 mg of Hg at saturation at 25 °C. The daily respired volume of air
is about 15-20 m>, so a worker staying 8 h in a place saturated by Hg
inhales from 100 to 135 mg of this toxic element [80].

Mercury is a component of dental amalgams that are still used by
dentists in large parts of the world [81]. After uptake, elemental Hg
rapidly crosses the blood-brain barrier and is converted to ionic Hg?*
intracellularly and retained in brain cells. Several studies have reported
that the cationic Hg, both Hg?*, and MeHg ", has a strong affinity for
protective nucleophiles, such as —-SH and -SeH [82,83]. Therefore, they
can target critical thiol- and selenol-molecules with antioxidant prop-
erties such as the GSH/glutathione peroxidase (GPx) enzyme complex
[78] and thus may increase oxidative stress. Because of Hg affinity for
thiol groups, organic Hg molecules can affect essential enzymes such as
the mitochondrial pyruvate dehydrogenase as well as structural com-
ponents in the neuronal cytoskeleton [84]. Although the brain is the
major targeted organ of both organic and elemental Hg, Hg exposure
can contribute to the pathogenesis of a variety of other diseases in-
cluding hypertension, coronary heart disease, myocardial infarction,
cardiac arrhythmias, generalized atherosclerosis, and renal dysfunction
[85-87]. A relationship has been reported between MeHg exposure,
glutamate action, calcium dyshomeostasis, and oxidative stress [78,38].
The relationship between Hg and oxidative stress is of fundamental
importance enabling the scavenging of Hg toxicants by a-LA. The re-
lationship between Hg toxicology and ROS-induced damage is parti-
cularly stressed in the literature [89-91]. This encouraged many re-
searchers to focus on the role of ROS scavengers to prevent Hg toxicity,
which can also affect enzymatic and hormonal pathway regulating
further physiological mechanisms, such as blood pressure [92,93], and
thereby causing cardiovascular and other systemic disorders.

2.3. Alpha lipoic and dihydrolipoic acids as antioxidants. The involvement
of thiol radicals and some controversial activity

a-LA and DHLA react with different free radicals [94,95], which are
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Table 1

Mercury: Sources, absorption, and metabolic fates.
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Methylmercury

Inorganic mercury

Organic mercury
Ethylmercury

Source Fish, poultry, pesticides

Absorption 95-100% in the intestinal tract; 100 percent of inhaled vapor

Distribution  Lipophilic, distributed throughout the body; readily crosses
blood-brain barrier and placental barrier; accumulates in the
brain and kidney

Metabolism  Cysteine complex necessary for intracellular absorption;
slowly demethylated to inorganic mercury in the brain by
tissue macrophages, fetal liver, and free radicals

Excretion 90% in bile, feces; 10% in urine

Toxicity Demethylation to inorganic (divalent) mercury; free radical

Dental amalgams, fossil fuels, old latex paint,
thermometers, incinerators, occupational

75-85% of vapor absorbed

Lipophilic, distributed throughout the body;
crosses blood-brain and placental barriers;
accumulates in the brain and kidney

Oxidized intracellularly to inorganic mercury by
catalase and hydrogen peroxide

Urine, feces, sweat, and saliva
Oxidation of inorganic (divalent) mercury

Demethylation of methylmercury by intestinal
microflora; biological oxidation of elemental
mercury

7-15% of the ingested dose is absorbed; 2-3
percent of dermal dose absorbed in animals
Does not cross the blood-brain or placental
barrier; found in the brain of neonates;
accumulates in the kidneys

Methylated by intestinal microflora; binds and
induces metallothionein biosynthesis

Urine, bile, feces, sweat, and saliva
Binding to thiols in enzymes and structural

generation; binding to thiols in enzymes and structural
proteins

proteins

characterized by having an unpaired electron or by rapidly producing
unstable and extremely reactive species. The resulting thiol radicals are
very short-lived species and therefore difficult to detect, although
confirming observations have been performed with electron spin re-
sonance [96]. Thiol radicals can react with DHLA radicals, reshaping a-
LA and DHLA. These radicals are particularly involved in ROS home-
ostasis and ROS signaling [97-99]. Much more important are protein
thyil radicals, which are major intermediates, generated in redox pro-
cesses of thiols and disulfides [100]. Oxidative stress, with its produc-
tion of ROS and reactive nitrogen species (RNS), can indirectly regulate
their homeostasis, by activating AMPK [101,102].

Reduced GSH is the primary antioxidant to react with free radicals
and is found intracellularly at millimolar concentrations. Lipoic acid
radicals can be eliminated by reacting with GSH [103]. a-LA con-
tributes to restoring functionality as antioxidants of ascorbate (vitamin
C), vitamin E, and GSH [104,105]. A potential mechanism is shown
schematically in Fig. 4. In HepG2 cells, a-LA was reported to regenerate
GSH via the Nrf2/ARE signaling pathway and thus alleviate cadmium
(Cd)-induced cell toxicity [106,107]. Macias-Barragan et al. have re-
ported a similar de novo synthesis and recycling pathway used by Cd
and a-LA to balance GSH in HepG2 cells [108]. Furthermore, a-LA
regulates numerous signal transduction pathways that are highly sus-
ceptible to oxidative stress such as nuclear factor erythroid 2-related
factor (Nrf2) [109]. This would also suggest a role for GSH/oxidized
glutathione (GSSG), whose default redox potential —0.24V is higher
than that of a-LA/DHLA (—0.32V) so that DHLA can directly reduce
GSSG.

Even though a-LA and DHLA have proven to be excellent anti-
oxidants, pro-oxidant effects of a-LA and DHLA have also been ob-
served under special circumstances, leading to peroxidation of lipids
[110-112]. This controversial effect depends on the particular cellular
condition in which ROS exert their signaling activity, rather than a

Vitamin E
a-tocopherol

_ a-tocotrienol
ROO C
/, > Semi-dehydroascorbate
ROOH
Vitamin E _/ -

(radical)

Radical

Ascorbic acid

damaging effect. Taken these issues into account, a-LA and DHLA still
behave as anti-oxidant compounds. Bhatti et al. reported that a-LA has
anti-oxidant effects on streptozotocin-induced diabetic rats as it atte-
nuated albuminuria, glomerulosclerosis, tubulointerstitial fibrosis, su-
peroxide (O, ) anion generation, and kidney expression of the NADPH
oxidase subunits p22phox and p47phox [109]. However, in non-dia-
betic rats, a-LA was reported to show pro-oxidant effects by reversing
oxidative stress factors such as increased superoxide anion generation
and NADPH oxidase subunits p22phox and p47phox expression in the
kidney [109].

Cakatay et al. reported pro-oxidant effects of a-LA by investigating
protein oxidation parameters, such as protein carbonyl (PCO), ni-
trotyrosine (NT), advanced oxidation protein products (AOPP), and
protein thiol (P-SH), as well as oxidative stress parameters such as total
thiol (T-SH), non-protein thiol (Np-SH), and lipid hydroperoxide (LHP)
in the heart muscle tissue of aged rats with a-LA supplementation
(100 mg/kg body wt/day) [112]. Except for P-SH, Np-SH, and LHP,
further tested markers were found at increased levels in the heart
muscle tissue of a-LA -treated aging rats [112]. In recent years, Silvestri
and colleagues reported very interesting findings. They showed a slight
pro-oxidant effect of a-LA and coenzyme Q10 with no damage to DNA
[113]. In their study, they tested whether oral supplementation with
200 mg/day of coenzyme Q10 alone or in association with 200 mg/day
of a-LA for 15days on 16 healthy subjects, was effective. It was re-
ported that both compounds produced antioxidant and bioenergetic
effects, thus improving the oxidative status of the lipid compartment
and mitochondrial functionality in peripheral blood lymphocytes.
Concomitantly, an increased intracellular ROS level was observed, al-
though it did not lead to enhanced DNA oxidative damage [113].

Pro-oxidant activity of flavonoids and natural compounds must be
considered as eliciting ROS-signaling, and ROS are important signals for
SOD activity and the same stress response [114-118]. Nur et al.

Ubi-semiquinone DthdrO“pOIC
Acid
Ubiquinol DHLA
o— LA
a-Lipoic
Acid

Fig. 4. Involvement of alpha lipoic acid (a-LA) and dihydrolipoic acid (DHLA) in the regeneration of vitamin C and E adapted with an update from Biewenga et al.

[90].
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reported a pro-oxidant effect of a-LA in combination with cisplatin to
modulate apoptosis and oxidative stress in MCF-7 breast cancer cells
[111]. In their study, they found an increased level of apoptosis, mi-
tochondrial membrane depolarization, ROS production, lipid perox-
idation, poly-(ADP)-ribose polymerase 1 (PARP1), caspase 3 and 9 ex-
pression levels in simultaneous a-LA (0.05mM) and cisplatin
(0.025 mM)-treated MCF-7 cells. Although cell viability, reduced GSH,
and glutathione peroxidase (GPx) values were decreased by the treat-
ments [111]. They proposed that activation of the transient receptor
potential cation channel subtype V1 (TRPV1) increased apoptosis and
oxidant effects of cisplatin, but its action on the values was further
increased by the a-LA treatment [111].

Further research showed that a-LA and DHLA enhanced the mi-
tochondrial permeability transition (MPT) [119]. a-LA was reported to
increase glucose uptake by 3T3-L1 adipocytes via elevating in-
tracellular oxidant levels and/or facilitating insulin receptor autopho-
sphorylation presumably by oxidation of critical thiol groups present in
the insulin receptor 3-subunit [110,120-122].

3. Role of a-LA as a detoxifying and anti-oxidant molecule

Despite the many, somewhat conflicting hypotheses on the role of a-
LA and its reduced form, its role is fundamentally similar to the many
natural phenolic compounds able to trigger the optimal stress response
in cells. Its activity in Hg scavenging appears to be encouraging. This
comes from a-LA's role in protecting cells from heavy metal and tran-
sition metal toxicity [123,124]. Interestingly, low doses of Cd promote
a-LA's ability to activate Nfr2 in GSH production [125]. This does not
seem to occur with Hg, suggesting that Hg is more hazardous than Cd
[126]. The activity of a-LA against the Hg toxicity is not widely pub-
lished; unfortunately, due to difficulties in investigating these issues
clinically. Current insights on its role as anti-oxidant and natural che-
lator appear promising with regard to its suitability in scavenging metal
pollutants, including Hg.

As previously described in this paper, the administration of a-LA has
been shown to reduce oxidative stress and to restore the level of anti-
oxidants in various physiological and pathophysiological states [9,127].
Thus, in humans, a reduction in peroxidation of LDL following a-LA
uptake has been reported [128]. Lipid peroxidation during sport-in-
duced oxidative stress also decreased while GSH levels increased in the
blood and liver [129]. The effect on Hg toxicology is of particular in-
terest [130,131]. Alterations to the oxidative stress response are caused
by an increase in thiol-groups availability including the availability of
reduced GSH [132,133]. Therefore, it is conceivable that a-LA may
counteract the toxic effect of Hg. As an anti-oxidant, a-LA must also
play a significant role in Hg-mediated oxidative stress [38]. However,
although o-LA has been successfully used in As toxicity, via a sy-
nergistic effect with DMSA in rats [134], its ability to decrease kidney
or brain levels of Hg showed some conflicting evidence [135].

A further effect of oxidative stress is ROS-mediated damage in se-
nescence. Aging is accompanied by deteriorations of DNA, lipids, and
proteins in various tissues such as muscle and brain. In a small scale,
randomized placebo controlled-trial study on Alzheimer's disease (AD)
treatment using omega-3 fatty acid along with a-LA slowed down the
cognitive and functional decline in mild to moderate participants over
12 months' period [9]. Damage to the mitochondrial DNA may result in
reduced cell respiration and ATP synthesis [136,137]. The role of Hg
exposure in aging has not been addressed to date. Some evidence,
showing the ability of a-LA in preventing age-related neurodegenera-
tion also caused by Hg-mediated oxidative stress [138] has been pub-
lished.

Administrating o-LA and DHLA in animal experiments also had
positive effects on tissue damage caused by oxidative processes such as
cataracts in diabetes [139-141], liver disease [127], neuronal diseases
[142,143], and heart diseases [144,145]. a-LA also reduced lipid per-
oxidation in the kidneys caused by the anticancer drug cisplatin, and
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restored the level of decreased antioxidant enzymes in rats; a role re-
cently reappraised for breast tumors [118]. Recent studies also reported
evidence about the potential therapeutic application of a-LA against
colorectal cancer cells (CRC) [146], MFC-7 [147], H460 human lung
cancer cells [148], and HepG2 [149] through different signal trans-
duction pathways. It has also been reported that a-LA enhances the
functions of various anticancer drugs such as 5-fluorouracil in CRC
[146] and cisplatin in MCF-7 cells [118].

Furthermore, a-LA also induces apoptosis in different cancer cells
[146]. Interestingly, a-LA does not necessarily always follow the oxi-
dative stress pathway. It did not affect the reactive oxygen species
(ROS) status while making synergism with 5-fluorouracil (5-FU) in
colon cancer cells (CRCs) [146]. Interestingly, Hg may induce neuro-
degeneration by targeting Janus kinase (JAK), which is a component of
a fundamental signaling pathway, i.e., the JAK-signal transducer and
activator of transcription (JAK-STAT) pathway, in cancer [150-152].
Actually, the ability of antioxidants including a-LA to reduce Hg levels
in tissues greatly depends on the level of Hg and the detoxifying en-
zymatic systems. Fundamentally, low doses of organic and inorganic
Hg, most probably do not interact with the oxidative stress machinery
despite targeting important signaling pathways [153].

In addition, to inhibiting pro-oxidant damage and enhancing anti-
oxidant capacity, the a-LA administration may also result in further
benefits. a-LA was shown to lower the blood glucose levels in patients
with type 2 diabetes [154,155]. This may be due to increased glucose
uptake in cells by stimulation of insulin pathways via redox effects on
the insulin receptor [156]. Mercury exposure has been recently asso-
ciated with the risk of developing diabetes in later life [157].

Considering the effect of Hg-containing compounds on sulfur-con-
taining antioxidants (N-acetyl-L-cysteine, a-LA, and GSH), it is rea-
sonable that such exposure will decrease the cellular mechanisms of
oxidant defense and thus increases oxidative stress.

A range of agents has been used for the treatment of Hg toxicity
including minerals (zinc and selenium), endogenous thiols (N-acetyl-
cysteine, GSH), synthetic dithiols (DMPS, DMSA, and endogenous dis-
ulfide (a-LA)). The role of a-LA and DHLA in the treatment of Hg
toxicity, in particular, the neurological and developmental deficits
precipitated by exposure to mercurials, has been extensively discussed
in previous reports [158,159]. ROS are reported to be involved in the
MeHg-induced neurotoxicity in different experimental models
[160-162]. The available chelating agents, such as DMSA and DMPS,
have limited ability to counteract the MeHg neurotoxicity [163,164].
Scientists are looking for drugs that are more effective in counteracting
Hg neurotoxicity or drug combinations for the treatment of MeHg
neurotoxicity [165].

Interestingly, a-LA has been shown to regulate the release of GSH
into bile secretions [134]. In past studies, a significant increase of GSH
in bile was reported to induce a drastic elevation of inorganic Hg [166].
A moderate dose of lipoic acid resulted in a substantially increased
biliary excretion of MeHg [134]. Yang et al. studied the potential of a-
LA as a pretreatment to inhibit MeHg-induced neurotoxicity in rat
cerebral cortex [167]. In their study, they report ameliorated effects of
a moderate dose of a-LA on MeHg induced oxidative stress in the cer-
ebral cortex of rats. Furthermore, they provided a clue about the pos-
sible relationship between oxidative stress and glutamate metabolism/
transport disorders [168].

In a previously reported study on 64 rats, either treated with MeHg
alone or pretreated with a-LA [135], a significant inhibition of SOD and
GPx accompanied by ROS generation, and neuronal damage was in-
duced by MeHg alone, whereas pretreatment with a-LA at least par-
tially reduced the MeHg-induced neuronal damage via antioxidant
pathways. Moreover, the similar protective effects of a-LA were found
via antioxidant pathways against MeHg-induced neuronal injury in
primary cultured neurons [169]. Aposhian et al. tested the hypothesis
that GSH, vitamin C, or lipoic acid alone or in combination with DMPS
or DMSA would decrease brain deposits of inorganic Hg [135],
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evidence-based upon original studies on rabbits [170]. To investigate
the hypothesis, they exposed young rats to Hg® vapor for seven con-
secutive days. After exposure, the subjects were administered with
DMPS, DMSA, GSH, vitamin C, lipoic acid given alone, or in combi-
nations, given simultaneously. They found no significant additive ef-
fects of a-LA combined with DMPS or DMSA in alleviating the inorganic
Hg concentration in rat brain [170].

4. Concluding remarks

Accumulating evidence in the literature indicates that a-LA and
DHLA have antioxidant activity both in vitro and in vivo. However, the
application of a-LA and DHLA is still not approved as they also induce
some undesired effects. Nevertheless, according to the reviewed find-
ings, it can be concluded that a-LA and DHLA have well-documented
abilities to prevent oxidative stress, albeit the potential threat to act as a
pro-oxidant. It has also been shown that a-LA and DHLA act through a
variety of signaling pathways that might attract clinical interest and
possibly pharmacological applications. a-LA has been reported to have
a number of potentially beneficial effects in both prevention and
treatment of peroxidative-related diseases. The selection of appropriate
pharmacological doses of a-LA for use in such oxygen-related disorders
is therefore particularly critical [110].

Of particular relevance is that several studies have indicated that a-
LA and DHLA have a promising role in MeHg detoxification; many
studies reported that these compounds can increase excretion of MeHg
in bile, while DMSA increases the urinary excretion of this mercurial. a-
LA and DHLA showed a potential antioxidant role in MeHg-induced
oxidative stress. Considering all the promising factors reviewed re-
garding their anti-oxidative potentials, both a-LA and DHLA merit
further careful investigations in experimental organisms and cellular
models.

Acronyms

ACTH adrenocorticotropic hormone

AMPK  adenosine monophosphate kinase

ARE anti-oxidant responsive element

BAL British Anti-Lewisite

DMSA  meso 2,3-dimercaptosuccinic acid

DMPS  dithiol, sodium 2,3-dimercaptopropane 1-sulfonate

ER endoplasmic reticulum

LDL low-density lipoproteins

NPL National Priorities Listed

Nrf2 nuclear factor E2-related factor 2

p22phox p47 phox components of the NADPH oxidase (protein 22
oxidase...)

SOD superoxide dismutase

STAT signal transducers and activators of transcription

Conflicts of interest

The authors declare no conflicts of interest.

References

[1] S. Park, U. Karunakaran, N.H. Jeoung, J.H. Jeon, LK. Lee, Physiological effect and
therapeutic application of alpha lipoic acid, Curr. Med. Chem. 21 (2014)
3636-3645.

A. Scaramuzza, E. Giani, F. Redaelli, S. Ungheri, M. Macedoni, V. Giudici,

A. Bosetti, M. Ferrari, G.V. Zuccotti, Alpha-lipoic acid and antioxidant diet help to
improve endothelial dysfunction in adolescents with type 1 diabetes: a pilot trial,
J. Diabetes Res. 2015 (2015) 1-7, https://doi.org/10.1155/2015/474561.

L. Rochette, S. Ghibu, A. Muresan, C. Vergely, Alpha-lipoic acid: molecular me-
chanisms and therapeutic potential in diabetes, Can. J. Physiol. Pharmacol. 93
(2015) 1021-1027, https://doi.org/10.1139/¢jpp-2014-0353.

V.J. Thannickal, B.L. Fanburg, Reactive oxygen species in cell signaling, Am. J.
Phys. 279 (2000) 1005-1028.

[2]

[3

=

[4]

116

[5]

[6]

[7]

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Journal of Inorganic Biochemistry 195 (2019) 111-119

V. Sindhi, V. Gupta, K. Sharma, S. Bhatnagar, R. Kumari, N. Dhaka, Potential
applications of antioxidants — a review, J. Pharm. Res. 7 (2013) 828-835.

B. Gesslbauer, V. Bochkov, Biochemical targets of drugs mitigating oxidative stress
via redox-independent mechanisms, Biochem. Soc. Trans. 45 (2017) 1225-1252,
https://doi.org/10.1042/BST20160473.

M.M. Rahman, K.F.B. Hossain, S. Banik, M.T. Sikder, M. Akter, S.E.C. Bondad,
M.S. Rahaman, T. Hosokawa, T. Saito, M. Kurasaki, Selenium and zinc protections
against metal-(loids)-induced toxicity and disease manifestations: a review,
Ecotoxicol. Environ. Saf. 168 (2019) 146-163, https://doi.org/10.1016/j.ecoenv.
2018.10.054.

S. Chirumbolo, G. Bjgrklund, PERM hypothesis: the fundamental machinery able
to elucidate the role of xenobiotics and hormesis in cell survival and homeostasis,
Int. J. Mol. Sci. 18 (1) (2017) E165, , https://doi.org/10.3390/ijms18010165.

L. Shinto, J. Quinn, T. Montine, H.H. Dodge, W. Woodward, S. Baldauf-Wagner,
D. Waichunas, L. Bumgarner, D. Bourdette, L. Silbert, J. Kaye, A randomized
placebo-controlled pilot trial of omega-3 fatty acids and alpha lipoic acid in
Alzheimer's disease, J. Alzheimers Dis. 38 (2014) 111-120.

F. Haghighatdoost, M. Hariri, The effect of alpha-lipoic acid on inflammatory
mediators: a systematic review and meta-analysis on randomized clinical trials,
Eur. J. Pharmacol. 849 (2019) 115-123, https://doi.org/10.1016/j.ejphar.2019.
01.065.

O.M. Omran, O.H. Omer, The effects of alpha-lipoic acid on the breast of female
albino rats exposed to malathion: Histopathological and immunohistochemical
study, Pathol. Res. Pract. 211 (2015) 462-469.

M. Jalali-Nadoushan, M. Roghani, Alpha-lipoic acid protects against 6-hydro-
xydopamine-induced neurotoxicity in a rat model of hemi-parkinsonism, Brain
Res. 1505 (2013) 68-74.

K.P. Shay, R.F. Moreau, E.J. Smith, A.R. Smith, T.M. Hagen, Alpha-lipoic acid as a
dietary supplement: molecular mechanisms and therapeutic potential, Biochim.
Biophys. Acta 1790 (2009) 1149-1160.

H.K. El-Senousey, B. Chen, J.Y. Wang, A.M. Atta, F.R. Mohamed, Q.H. Nie, Effects
of dietary vitamin C, vitamin E, and alpha-lipoic acid supplementation on the
antioxidant defence system and immune-related gene expression in broilers ex-
posed to oxidative stress by dexamethasone, Poult. Sci. 97 (2017) 30-38 https://
doi.org/10.3382/ps/pex298.

L. Holmquist, G. Stuchbury, K. Berbaum, S. Muscat, S. Young, K. Hager, J. Engel,
G. Miinch, Lipoic acid as a novel treatment for Alzheimer's disease and related
dementias, Pharmacol. Ther. 113 (2017) 154-164.

D. Tibullo, L.G. Volti, C. Giallongo, S. Grasso, D. Tomassoni, C.D. Anfuso, G. Lupo,
F. Amenta, R. Avola, V. Bramanti, Biochemical and clinical relevance of alpha
lipoic acid: antioxidant and anti-inflammatory activity, molecular pathways and
therapeutic potential, Inflamm. Res. 66 (2017) 947-959, https://doi.org/10.
1007/s00011-017-1079-6.

X. Zhong, R. de Cassia da Silveira E S4, C. Zhong, Mitochondrial biogenesis in
response to chromium (VI) toxicity in human liver, Cells, Int. J. Mol. Sci. 18
(2017), https://doi.org/10.3390/ijms18091877.

L.L.O. Sanders, C.E. de Souza Menezes, A.J.M. Chaves Filho, G. de Almeida Viana,
F.V. Fechine, M.G. Rodrigues de Queiroz, S. Gongalvez da Cruz Fonseca,

S.M. Mendes Vasconcelos, M.E. Amaral de Moraes, C.S. Gama, S. Seybolt, E. de
Moura Campos, D. Macédo, D. Freitas de Lucena, a-Lipoic acid as adjunctive
treatment for schizophrenia: an open-label trial, J. Clin. Psychopharmacol. 37
(2017) 697-701.

N.P. Sudheesh, T.A. Ajith, K.K. Janardhanan, C.V. Krishnan, Palladium-a-lipoic
acid complex attenuates alloxan-induced hyperglycemia and enhances the de-
clined blood antioxidant status in diabetic rats, J. Diabetes. 3 (2011) 293-300,
https://doi.org/10.1111/j.1753-0407.2011.00142.x.

R. Castafieda-Arriaga, J.R. Alvarez-Idaboy, Lipoic acid and dihydrolipoic acid. A
comprehensive theoretical study of their antioxidant activity supported by avail-
able experimental kinetic data, J. Chem. Inf. Model. 54 (2014) 1642—1652,
https://doi.org/10.1021/ci500213p.

S.L. Ong, H. Vohra, Y. Zhang, M. Sutton, J.A. Whitworth, The effect of alpha-lipoic
acid on mitochondrial superoxide and glucocorticoid-induced hypertension,
Oxidative Med. Cell. Longev. 2013 (2013) 517045https://doi.org/10.1155/2013/
517045.

L. Rochette, S. Ghibu, C. Richard, M. Zeller, Y. Cottin, C. Vergely, Direct and in-
direct antioxidant properties of a-lipoic acid and therapeutic potential, Mol. Nutr.
Food Res. 57 (2013) 114-125.

M. Venigalla, S. Sonego, E. Gyengesi, M.J. Sharman, G. Miinch, Novel promising
therapeutics against chronic neuroinflammation and neurodegeneration in
Alzheimer's disease, Neurochem. Int. 95 (2016) 63-74.

E. Kan, O. Alici, E.K. Kan, A. Ayar, Effects of alpha-lipoic acid on retinal ganglion
cells, retinal thicknesses, and VEGF production in an experimental model of dia-
betes, Int. Ophthalmol. 37 (2017) 1269-1278.

J.H. Suh, B.Z. Zhu, E. deSzoeke, B. Frei, T.M. Hagen, Dihydrolipoic acid lowers the
redox activity of transition metal ions but does not remove them from the active
site of enzymes, Redox Rep. 9 (2004) 57-61.

B. Wang, X. Chen, Z. Wang, W. Xiong, T. Xu, X. Zhao, Y. Cao, Y. Guo, L. Li, S. Chen,
S. Huang, X. Wang, M. Fang, Z. Shen, Aldehyde dehydrogenase 1A1 increases
NADH levels and promotes tumor growth via glutathione/dihydrolipoic acid-de-
pendent NAD(+) reduction, Oncotarget 8 (2017) 67043-67055, https://doi.org/
10.18632/0oncotarget.17688.

J.A. Belmont-Diaz, L.F. Calleja-Castafieda, B. Yoval-Sanchez, J.S. Rodriguez-
Zavala, Tamoxifen, an anticancer drug, is an activator of human aldehyde dehy-
drogenase 1A1, Proteins 83 (2015) 105-116.

G. Muzio, M. Maggiora, E. Paiuzzi, M. Oraldi, R.A. Canuto, Aldehyde dehy-
drogenases and cell proliferation, Free Radic. Biol. Med. 52 (2012) 735-746.


http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0005
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0005
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0005
https://doi.org/10.1155/2015/474561
https://doi.org/10.1139/cjpp-2014-0353
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0020
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0020
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0025
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0025
https://doi.org/10.1042/BST20160473
https://doi.org/10.1016/j.ecoenv.2018.10.054
https://doi.org/10.1016/j.ecoenv.2018.10.054
https://doi.org/10.3390/ijms18010165
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0045
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0045
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0045
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0045
https://doi.org/10.1016/j.ejphar.2019.01.065
https://doi.org/10.1016/j.ejphar.2019.01.065
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0055
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0055
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0055
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0060
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0060
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0060
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0065
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0065
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0065
https://doi.org/10.3382/ps/pex298
https://doi.org/10.3382/ps/pex298
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0075
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0075
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0075
https://doi.org/10.1007/s00011-017-1079-6
https://doi.org/10.1007/s00011-017-1079-6
https://doi.org/10.3390/ijms18091877
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0090
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0090
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0090
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0090
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0090
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0090
https://doi.org/10.1111/j.1753-0407.2011.00142.x
https://doi.org/10.1021/ci500213p
https://doi.org/10.1155/2013/517045
https://doi.org/10.1155/2013/517045
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0110
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0110
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0110
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0115
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0115
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0115
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0120
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0120
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0120
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0125
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0125
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0125
https://doi.org/10.18632/oncotarget.17688
https://doi.org/10.18632/oncotarget.17688
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0135
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0135
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0135
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0140
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0140

G. Bjgrklund, et al.

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

S.A. El-Maraghy, N.N. Nassar, Modulatory effects of lipoic acid and selenium
against cadmium-induced biochemical alterations in testicular steroidogenesis, J.
Biochem. Mol. Toxicol. 25 (2011) 15-25.

A. Tahira, U. Saleem, S. Mahmood, F.K. Hashmi, K. Hussain, N.I. Bukhari,

B. Ahmad, Evaluation of protective and curative role of a-lipoic acid and selenium
in gentamicin-induced nephrotoxicity in rabbits, Pak. J. Pharm. Sci. 25 (2012)
103-110.

T. Cai, C. Wei, S. Zhai, S. Tai, C. Zhang, L. Jiao, Mechanism of a-lipoic acid
promoting iron efflux in substantia nigra cells of Parkinson's disease rats (in
Chinese), Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 34 (2018) 35-40.

Z. Sahin, A. Ozkaya, O. Yilmaz, A. Yuce, M. Gunes, Investigation of the role of a-
lipoic acid on fatty acids profile, some minerals (zinc, copper, iron) and anti-
oxidant activity against aluminum-induced oxidative stress in the liver of male
rats, J. Basic Clin. Physiol. Pharmacol. 28 (2017) 355-361.

J.P. Rooney, The role of thiols, dithiols, nutritional factors and interacting ligands
in the toxicology of mercury, Toxicology 234 (2007) 145-156 https://doi.org/10.
1016/j.tox.2007.02.016.

P.J. Kowalski, B.A. Anderson, S. Moore, L. Wilder, Spotlight on ATSDR: exposure
investigations, J. Environ. Health 76 (2013) 40-42.

ATSDR - Agency for Toxic Substances and Disease Registry (2017), ATSDR's
Substance Priority List. (2018). https://www.atsdr.cdc.gov/spl/index.html.

B. Anuradha, P. Varalakshmi, Protective role of DL-alpha-lipoic acid against
mercury-induced neural lipid peroxidation, Pharmacol. Res. 39 (1999) 67-80.
H.V. Aposhian, D.L. Morgan, H.L. Queen, R.M. Maiorino, M.M. Aposhian, Vitamin
C, glutathione, or lipoic acid did not decrease brain or kidney mercury in rats
exposed to mercury vapor, J. Toxicol. Clin. Toxicol. 41 (2003) 339-347.

L. Patrick, Mercury toxicity and antioxidants: part 1: role of glutathione and alpha-
lipoic acid in the treatment of mercury toxicity, Altern. Med. Rev. 7 (2002)
456-471.

X. Zhao-Fa, Y. Jing-Hua, Y. Jia-Ming, Y. Zhong-Wei, Experimental study on the
effects of BSO, GSH, vitamin C and DMPS on the nephrotoxicity induced by
mercury (in Chinese), Wei Sheng Yan Jiu 34 (2005) 533-536.

C. Jadéan-Piedra, D. Vélez, V. Devesa, In vitro evaluation of dietary compounds to
reduce mercury bioavailability, Food Chem. 248 (2018) 353-359.

C.M. Carvalho, J. Lu, X. Zhang, E.S. Arnér, A. Holmgren, Effects of selenite and
chelating agents on mammalian thioredoxin reductase inhibited by mercury: im-
plications for treatment of mercury poisoning, FASEB J. 25 (2011) 370-381.

G. Bjorklund, M. Dadar, J. Mutter, J. Aaseth, The toxicology of mercury: current
research and emerging trends, Environ. Res. 159 (2017) 545-554.

F. Magbool, K. Niaz, F.I. Hassan, F. Khan, M. Abdollahi, Immunotoxicity of mer-
cury: pathological and toxicological effects, J. Environ. Sci. Health C. Environ.
Carcinog. Ecotoxicol. Rev. 35 (2017) 29-46.

G. Bjgrklund, A.V. Skalny, M.M. Rahman, M. Dadar, H.A. Yassa, J. Aaseth,

S. Chirumbolo, M.G. Skalnaya, A.A. Tinkov, Toxic metal(loid)-based pollutants
and their possible role in autism spectrum disorder, Environ. Res. 166 (2018)
234-250.

S.J.S. Flora, Metal poisoning: threat and management, Al Ameen J. Med. Sci. 2
(2009) 4-26.

M. Rosenblat, N. Volkova, R. Coleman, M. Aviram, Anti-oxidant and anti-athero-
genic properties of liposomal glutathione: studies in vitro, and in the athero-
sclerotic apolipoprotein E-deficient mice, Atherosclerosis 195 (2007) e61-e68
https://doi.org/10.1016/j.atherosclerosis.2007.05.012.

G.D. Zeevalk, L.P. Bernard, F.T. Guilford, Liposomal-glutathione provides main-
tenance of intracellular glutathione and neuroprotection in mesencephalic neu-
ronal cells, Neurochem. Res. 35 (2010) 1575-1587.

R.R. Grunert, The effect of DL-a-lipoic acid on heavy-metal intoxication in mice
and dogs, Arch. Biochem. Biophys. 86 (1960) 190-194.

P. Ou, H.J. Tritschler, S.P. Wolff, Thioctic (lipoic) acid: a therapeutic metal-che-
lating antioxidant? Biochem. Pharmacol. 50 (1995) 123-126.

M. Pande, S.J. Flora, Lead induced oxidative damage and its response to combined
administration of alpha-lipoic acid and succimers in rats, Toxicology 177 (2002)
187-196.

A.V. Shindyapina, T.V. Komarova, E.V. Sheshukova, N.M. Ershova,

V.N. Tashlitsky, A.V. Kurkin, I.R. Yusupov, G.V. Mkrtchyan, M.Y. Shagidulin,
Y.L. Dorokhov, The antioxidant cofactor alpha-lipoic acid may control endogenous
formaldehyde metabolism in mammals, Front. Neurosci. 11 (651) (2017), https://
doi.org/10.3389/fnins.2017.00651.

M.B. Gomes, C.A. Negrato, Alpha-lipoic acid as a pleiotropic compound with po-
tential therapeutic use in diabetes and other chronic diseases, Diabetol. Metab.
Syndr. 6 (2014) 80, https://doi.org/10.1186/1758-5996-6-80.

R.E. Hodges, D.M. Minich, Modulation of metabolic detoxification pathways using
foods and food-derived components: a scientific review with clinical application,
J. Nutr. Metab. (2015) 760689, , https://doi.org/10.1155/2015/760689.

R.W. Kalpravidh, N. Siritanaratkul, P. Insain, R. Charoensakdi, N. Panichkul,

S. Hatairaktham, S. Srichairatanakool, C. Phisalaphong, E. Rachmilewitz,

S. Fucharoen, Improvement in oxidative stress and antioxidant parameters in beta-
thalassemia/Hb E patients treated with curcuminoids, Clin. Biochem. 43 (2010)
424-429, https://doi.org/10.1016/j.clinbiochem.2009.10.057.

1. Volf, A. Stingu, V. Popa, New natural chelating agents with modulator effects on
copper phytoextraction, Environ. Eng. Mang. J. 11 (2012) 487-491, https://doi.
org/10.30638/eem;j.2012.061.

M.K. Lawson, M. Valko, M.T.D. Cronin et al., Chelators in iron and copper toxicity,
Curr. Pharmacol. Rep. 2 (2016) 271. https://doi.org/10.1007/s40495-016-0068-8
J. Aaseth, M.A. Skaug, Y. Cao, O. Andersen, Chelation in metal in-
toxication—principles and paradigms, J. Trace Elem. Med. Biol. 31 (2015)
260-266.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

[691]

[70]
[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Journal of Inorganic Biochemistry 195 (2019) 111-119

J.S. Casas, M.M. Jones, Mercury(II) complexes with sulfhydryl containing che-
lating agents: stability constant inconsistencies and their resolution, J. Inorg. Nucl.
Chem. 42 (1980) 99-102.

G.N. George, R.C. Prince, J. Gailer, G.A. Buttigieg, M. Bonner Denton, H.H. Harris,
1.J. Pickering, Mercury binding to the chelation therapy agents DMSA and DMPS
and the rational design of custom chelators for mercury, Chem. Res. Toxicol. 17
(2004) 999-1006.

E. Chekmeneva, J.M. Diaz-Cruz, C. Arifio, M. Esteban, Study of the Hg*" binding
with chelation therapy agents by differential pulse voltammetry on rotating Au-
disk electrode and electrospray ionization mass-spectrometry, Anal. Chim. Acta
653 (2009) 77-85.

E. Chekmeneva, J.M. Diaz-Cruz, C. Arifio, M. Esteban, Complexation of Hg** with
a-lipoic and dihydrolipoic acids: study by differential pulse voltammetry on ro-
tating Au-disk electrode and ESI-MS, Electroanalysis 22 (2010) 177-184.

C.K. Sen, Antioxidant and redox regulation of cellular signaling: introduction,
Med. Sci. Sports Exerc. 33 (2001) 368-370.

N.D. Vaziri, B. Rodriguez-Iturbe, Mechanisms of disease: oxidative stress and in-
flammation in the pathogenesis of hypertension, Nat. Clin. Pract. Nephrol. 2
(2006) 582-593.

M. Schieber, S. Navdeep, R.O.S. Chandel, Function in redox signaling and oxida-
tive stress, Curr. Biol. 24 (2014) R453-R462.

S. Agrawal, G. Flora, P. Bhatnagar, S.J. Flora, Comparative oxidative stress, me-
tallothionein induction and organ toxicity following chronic exposure to arsenic,
lead and mercury in rats, Cell. Mol. Biol. 60 (2014) 13-21 (Noisy-le-Grand).

S.S. Cao, R.J. Kaufman, Endoplasmic reticulum stress and oxidative stress in cell
fate decision and human disease, Antioxid. Redox Signal. 21 (2014) 396-413.

A. Kupsco, D. Schlenk, Oxidative stress, unfolded protein response, and apoptosis
in developmental toxicity, Int. Rev. Cell Mol. Biol. 317 (2015) 1-66.

P.B. Pal, S. Pal, J. Das, P.C. Sil, Modulation of mercury-induced mitochondria-
dependent apoptosis by glycine in hepatocytes, Amino Acids 42 (2012)
1669-1683.

K. Sinha, J. Das, P.B. Pal, P.C. Sil, Oxidative stress: the mitochondria-dependent
and mitochondria-independent pathways of apoptosis, Arch. Toxicol. 87 (2013)
1157-1180.

E. Cadenas, K.J. Davies, Mitochondrial free radical generation, oxidative stress,
and aging, free Radic, Biol. Med. 29 (2000) 222-230.

F.L. Muller, Y. Liu, H. Van Remmen, Complex III releases superoxide to both sides
of the inner mitochondrial membrane, J. Biol. Chem. 279 (2004) 49064-49073.
W. Liu, T. Yang, Z. Xu, B. Xu, Y. Deng, Methyl-mercury induces apoptosis through
ROS-mediated endoplasmic reticulum stress and mitochondrial apoptosis path-
ways activation in rat cortical neurons, Free Radic. Res. 4 (2018) 1-19, https://
doi.org/10.1080/10715762.2018.1546852.

H. Li, H. Li, Y. Li, Y. Liu, Z. Zhao, Blood mercury, arsenic, cadmium, and lead in
children with autism spectrum disorder, Biol. Trace Elem. Res. 181 (2018) 31-37.
G.A. Mostafa, G. Bjgrklund, M.A. Urbina, L.Y. Al-Ayadhi, The levels of blood
mercury and inflammatory-related neuropeptides in the serum are correlated in
children with autism spectrum disorder, Metab. Brain Dis. 31 (2016) 593-599.
J.K. Kern, D.A. Geier, T. Audhya, P.G. King, L.K. Sykes, M.R. Geier, Evidence of
parallels between mercury intoxication and the brain pathology in autism, Acta
Neurobiol. Exp. (Wars) 72 (2012) 113-153.

J. Pearson-Smith, M. Patel, Metabolic dysfunction and oxidative stress in epilepsy,
Int. J. Mol. Sci. 18 (2017), https://doi.org/10.3390/ijms18112365.

R. Stefanatos, A. Sanz, The role of mitochondrial ROS in the aging brain, FEBS
Lett. 592 (2018) 743-758 https://doi.org/10.1002/1873-3468.12902.

M. Farina, D.S. Avila, J.B. Teixeira da Rocha, M. Aschner, Metals, oxidative stress
and neurodegeneration: a focus on iron, manganese and mercury, Neurochem. Int.
62 (2013) 575-594.

T.A. Simmons-Willis, T.W. Clarkson, N. Ballatori, Transport of a neurotoxicant by
molecular mimicry: the methylmercury-L-cysteine complex is a substrate for
human L-type large neutral amino acid transporter (LAT) 1 and LAT2, Biochem. J.
367 (2002) 239-246.

G. Crisponi, V.M. Nurchi, Metal ion toxicity, in: R.A. Scott (Ed.), Encyclopedia of
Inorganic and Bioinorganic Chemistry, Wiley, Chichester, 2015, , https://doi.org/
10.1002/9781119951438.eibc0126.pub2.

G. Bjorklund, U. Lindh, J. Aaseth, J. Mutter, S. Chirumbolo, Mercury in dental
amalgams: a great concern for clinical toxicology in developing countries? J. Trace
Elem. Med. Biol. 51 (2019) 9-11 https://doi.org/10.1016/j.jtemb.2018.09.002.
J. Aaseth, L. Gerhardsson, M.A. Skaug, J. Alexander, General chemistry of metal
toxicity and basis for metal complexation, in: J. Aaseth, G. Crisponi, O. Anderson
(Eds.), Chelation Therapy in the Treatment of Metal Intoxication, Academic Press,
London, 2016, pp. 1-33.

G. Bjgrklund, J. Aaseth, O.P. Ajsuvakova, A.A. Nikonorov, A.V. Skalny,

M.G. Skalnaya, A.A. Tinkov, Molecular interaction between mercury and selenium
in neurotoxicity, Coord. Chem. Rev. 332 (2017) 30-37.

T. Syversen, P. Kaur, The toxicology of mercury and its compounds, J. Trace Elem.
Med. Biol. 26 (2012) 215-226.

M.C. Houston, Role of mercury toxicity in hypertension, cardiovascular disease,
and stroke, J. Clin. Hypertens. (Greenwich). 13 (2011) 621-627 https://doi.org/
10.1111/j.1751-7176.2011.00489.x.

N.V. Solenkova, J.D. Newman, J.S. Berger, G. Thurston, J.S. Hochman,

G.A. Lamas, Metal pollutants and cardiovascular disease: mechanisms and con-
sequences of exposure, Am. Heart J. 168 (2014) 812-822.

N.H. Kim, Y.Y. Hyun, K.B. Lee, Y. Chang, S. Rhu, K.H. Oh, C. Ahn, Environmental
heavy metal exposure and chronic kidney disease in the general population, J.
Korean Med. Sci. 30 (2015) 272-277.

M. Farina, M. Aschner, J.B. Rocha, Oxidative stress in MeHg-induced


http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0145
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0145
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0145
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0150
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0150
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0150
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0150
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0155
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0155
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0155
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0160
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0160
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0160
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0160
https://doi.org/10.1016/j.tox.2007.02.016
https://doi.org/10.1016/j.tox.2007.02.016
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0170
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0170
https://www.atsdr.cdc.gov/spl/index.html
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0175
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0175
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0180
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0180
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0180
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0185
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0185
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0185
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0190
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0190
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0190
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0195
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0195
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0200
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0200
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0200
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0205
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0205
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0210
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0210
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0210
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0215
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0215
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0215
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0215
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0220
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0220
https://doi.org/10.1016/j.atherosclerosis.2007.05.012
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0230
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0230
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0230
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0235
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0235
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0240
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0240
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0245
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0245
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0245
https://doi.org/10.3389/fnins.2017.00651
https://doi.org/10.3389/fnins.2017.00651
https://doi.org/10.1186/1758-5996-6-80
https://doi.org/10.1155/2015/760689
https://doi.org/10.1016/j.clinbiochem.2009.10.057
https://doi.org/10.30638/eemj.2012.061
https://doi.org/10.30638/eemj.2012.061
https://doi.org/10.1007/s40495-016-0068-8
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0275
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0275
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0275
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0280
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0280
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0280
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0285
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0285
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0285
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0285
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0290
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0290
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0290
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0290
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0295
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0295
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0295
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0300
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0300
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0305
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0305
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0305
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0310
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0310
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0315
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0315
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0315
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0320
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0320
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0325
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0325
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0330
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0330
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0330
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0335
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0335
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0335
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0340
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0340
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0345
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0345
https://doi.org/10.1080/10715762.2018.1546852
https://doi.org/10.1080/10715762.2018.1546852
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0355
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0355
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0360
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0360
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0360
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0365
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0365
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0365
https://doi.org/10.3390/ijms18112365
https://doi.org/10.1002/1873-3468.12902
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0380
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0380
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0380
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0385
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0385
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0385
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0385
https://doi.org/10.1002/9781119951438.eibc0126.pub2
https://doi.org/10.1002/9781119951438.eibc0126.pub2
https://doi.org/10.1016/j.jtemb.2018.09.002
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0400
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0400
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0400
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0400
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0405
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0405
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0405
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0410
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0410
https://doi.org/10.1111/j.1751-7176.2011.00489.x
https://doi.org/10.1111/j.1751-7176.2011.00489.x
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0420
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0420
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0420
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0425
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0425
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0425
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0430

G. Bjgrklund, et al.

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[971
[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

neurotoxicity, Toxicol. Appl. Pharmacol. 256 (2011) 405-417.

X. Xu, W. Liao, Y. Lin, Y. Dai, Z. Shi, X. Huo, Blood concentrations of lead, cad-
mium, mercury and their association with biomarkers of DNA oxidative damage in
preschool children living in an e-waste recycling area, Environ. Geochem. Health
40 (2018) 1481-1494.

Y. Wang, M. Gao, Q. Chen, F. Yu, G. Jiang, L. Chen, Associated detection of su-
peroxide anion and mercury(II) under chronic mercury exposure in cells and mice
models via a three-channel fluorescent probe, Anal. Chem. 90 (2018) 9769-9778.
A. Officioso, L. Panzella, F. Tortora, M.L. Alfieri, A. Napolitano, C. Manna,
Comparative analysis of the effects of olive oil hydroxytyrosol and its 5-S-lipoyl
conjugate in protecting human erythrocytes from mercury toxicity, Oxidative
Med. Cell. Longev. 2018 (2018) 9042192https://doi.org/10.1155/2018/
9042192.

D.A. Rizzetti, T.M. da Silva, A.G. Escobar, J. Piagette, F.M. Pecanha, D.V. Vassallo,
M.J. Alonso, M. Salaices, G.A. Wiggers, Mercury-induced vascular dysfunction is
mediated by angiotensin II AT-1 receptor upregulation, Environ. Res. 162 (2018)
287-296.

D.A. Rizzetti, A. Martin, P. Corrales, F. Fernandez, M.R. Simodes, F.M. Pecanha,
D.V. Vassallo, M. Miguel, G.A. Wiggers, Egg white-derived peptides prevent car-
diovascular disorders induced by mercury in rats: role of angiotensin-converting
enzyme (ACE) and NADPH oxidase, Toxicol. Lett. 281 (2017) 158-174.

V.E. Kagan, H.J. Freisleben, M. Tsuchiya, T. Forte, L. Packer, Generation of pro-
bocol radicals and their reduction by ascorbate and dihydrolipoic acid in human
low density lipoproteins, Free Radic. Res. Commun. 25 (1991) 265-276.

B.C. Scott, O.1. Aruoma, P.J. Evans, C. O'Neill, A. Van der Vliet, C.E. Cross,

H. Tritschler, B. Halliwell, Lipoic and dihydrolipoic acids as antioxidants. A critical
evaluation, Free Radic. Res. 20 (1994) 119-133.

C. Mottley, R.P. Moson, Sulfur-centered radical formation from the antioxidant
dihydrolipoic acid, J. Biol. Chem. 276 (2001) 42677-42683.

C.C. Winterbourn, Are free radicals involved in thiol-based redox signaling? Free
Radic. Biol. Med. 80 (2015) 164-170.

L.B. Poole, The basics of thiols and cysteines in redox biology and chemistry, Free
Radic. Biol. Med. 80 (2015) 148-157.

A. Fra, E.D. Yoboue, R. Sitia, Cysteines as redox molecular switches and targets of
disease, Front. Mol. Neurosci. 10 (2017) 167, https://doi.org/10.3389/fnmol.
2017.00167.

T. Nauser, W.H. Koppenol, C. Schéneich, Protein thiyl radical reactions and pro-
duct formation: a kinetic simulation, Free Radic. Biol. Med. 80 (2015) 158-163.
E.C. Hinchy, A.V. Gruszczyk, R. Willows, N. Navaratnam, A.R. Hall, G. Bates,
T.P. Bright, T. Krieg, D. Carling, M.P. Murphy, Mitochondria-derived ROS activate
AMP-activated protein kinase (AMPK) indirectly, J. Biol. Chem. 293 (2018)
17208-17217 https://doi.org/10.1074/jbc.RA118.002579.

R.C. Rabinovitch, B. Samborska, B. Faubert, E.H. Ma, S.P. Gravel, S. Andrzejewski,
T.C. Raissi, A. Pause, J. St-Pierre, R.G. Jones, AMPK maintains cellular metabolic
homeostasis through regulation of mitochondrial reactive oxygen species, Cell
Rep. 21 (2017) 1-9, https://doi.org/10.1016/j.celrep.2017.09.026.

B. Halliwell, J.M. Gutteridge, Free Radicals in Biology and Medicine, fifth ed.,
Oxford University Press, Oxford, 2015.

S. Golbidi, M. Badran, I. Laher, Diabetes and alpha lipoic acid, Front. Pharmacol. 2
(2011) 69. 10.3389/fphar.2011.00069.

J. Zhang, X. Zhou, W. Wu, J. Wang, H. Xie, Z. Wu, Regeneration of glutathione by
a-lipoic acid via Nrf2/ARE signaling pathway alleviates cadmium-induced HepG2
cell toxicity, Environ. Toxicol. Pharmacol. 51 (2017) 30-37.

C. Shi, X. Zhoua, J. Zhanga, J. Wanga, H. Xiea, Z. Wu, a-Lipoic acid protects
against the cytotoxicity and oxidative stress induced by cadmium in HepG2 cells
through regeneration of glutathione by glutathione reductase via Nrf2/ARE sig-
naling pathway, Environ. Toxicol. Pharmacol. 45 (2016) 274-281.

J. Macias-Barragana, S.G. Huerta-Olvera, I. Hernandez-Canaveral, A.L. Pereira-
Suarez, M. Montoya-Buelna, Cadmium and lipoic acid activate similar de novo
synthesis and recycling pathways for glutathione balance, Environ. Toxicol.
Pharmacol. 52 (2017) 38-46.

B. Chen, Y. Lu, Y. Chen, J. Cheng, The role of Nrf2 in oxidative stress-induced
endothelial injuries, J. Endocrinol. 225 (2015) R83-R99.

F. Bhatti, R.W. Mankhey, L. Asico, M.T. Quinn, W.J. Welch, C. Maric, Mechanisms
of antioxidant and pro-oxidant effects of a-lipoic acid in the diabetic and non-
diabetic kidney, Kidney Int. 67 (2005) 1371-1380.

U. Cakatay, Pro-oxidant actions of a-lipoic acid and dihydrolipoic acid, Med.
Hypotheses 66 (2006) 110-117.

G. Nur, M. Naziroglub, H.A. Devecia, Synergic prooxidant, apoptotic and TRPV1
channel activator effects of alpha-lipoic acid and cisplatin in MCF-7 breast cancer
cells, J Recept Signal Transduct. 37 (2017) 569-577, https://doi.org/10.1080/
10799893.2017.1369121.

U. Cakatay, R. Kayali, A. Sivas, F. Tekeli, Prooxidant activities of alpha-lipoic acid
on oxidative protein damage in the aging rat heart muscle, Arch. Gerontol. Geriatr.
40 (2005) 231-240.

S. Silvestri, P. Orlando, T. Armeni, L. Padella, F. Bruge, G. Seddaiu, G.P. Littarru,
G. Tiano, Coenzyme Q10 and a-lipoic acid: antioxidant and pro-oxidant effects in
plasma and peripheral blood lymphocytes of supplemented subjects, J. Clin.
Biochem. Nutr. 57 (2015) 21-26.

E.J. Choi, K.M. Chee, B.H. Lee, Anti- and prooxidant effects of chronic quercetin
administration in rats, Eur. J. Pharmacol. 482 (2003) 281-285.

P. Lepetsos, A.G. Papavassiliou, ROS/oxidative stress signaling in osteoarthritis,
Biochim. Biophys. Acta 1862 (2016) 576-591.

Y. Wang, R. Branicky, A. Noé, S. Hekimi, Superoxide dismutases: dual roles in
controlling ROS damage and regulating ROS signalling, J. Cell Biol. 217 (2018)
1915-1928.

118

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]
[143]

[144]

Journal of Inorganic Biochemistry 195 (2019) 111-119

J. Zhang, X. Wang, V. Vikash, Q. Ye, D. Wu, Y. Liu, W. Dong, ROS and ROS-
mediated cellular signaling, Oxidative Med. Cell. Longev. (2016) 4350965. 1010.
1155/2016/4350965.

R. Mittler, S. Vanderauwera, N. Suzuki, G. Miller, V.B. Tognetti, K. Vandepoele,
M. Gollery, V. Shulaev, F. Van Breusegem, ROS signaling: the new wave? Trends
Plant Sci. 16 (2011) 300-309.

S. Aoyama, Y. Okimura, H. Fujita, E.F. Sato, T. Umegaki, K. Abe, M. Inoue,

K. Utsumi, J. Sasaki, Stimulation of membrane permeability transition by alpha-
lipoic acid and its biochemical characteristics, Physiol. Chem. Phys. Med. NMR 38
(2006) 1-20.

H. Moini, O. Tirosh, Y.C. Park, K.J. Cho, L. Packer, R-alpha-lipoic acid action on
cell redox status, the insulin receptor, and glucose uptake in 3T3-L1 adipocytes,
Arch. Biochem. Biophys. 397 (2002) 384-391.

A.D. Genazzani, K. Shefer, D. Della Casa, A. Prati, A. Napolitano, A. Manzo,

G. Despini, T. Simoncini, Modulatory effects of alpha-lipoic acid (ALA) adminis-
tration on insulin sensitivity in obese PCOS patients, J. Endocrinol. Investig. 41
(2017) 583-590, https://doi.org/10.1007/540618-017-0782-z.

Y. Yang, W. Li, Y. Liu, Y. Li, L. Gao, J.J. Zhao, Alpha-lipoic acid attenuates insulin
resistance and improves glucose metabolism in high fat diet-fed mice, Acta
Pharmacol. Sin. 35 (2014) 1285-1292.

H. Zou, X. Liu, T. Han, D. Hu, Y. Yuan, J. Gu, J. Bian, Z. Liu, Alpha-lipoic acid
protects against cadmium-induced hepatotoxicity via calcium signalling and gap
junctional intercellular communication in rat hepatocytes, J. Toxicol. Sci. 40
(2015) 469-477.

H.M. Saleh, Y.S. El-Sayed, S.M. Naser, A.S. Eltahawy, A. Onoda, M. Umezawa,
Efficacy of a-lipoic acid against cadmium toxicity on metal ion and oxidative
imbalance, and expression of metallothionein and antioxidant genes in rabbit
brain, Environ. Sci. Pollut. Res. Int. 24 (2017) 24593-24601.

J. Macias-Barragan, S.G. Huerta-Olvera, I. Hernandez-Canaveral, A.L. Pereira-
Suarez, M. Montoya-Buelna, Cadmium and a-lipoic acid activate similar de novo
synthesis and recycling pathways for glutathione balance, Environ. Toxicol.
Pharmacol. 52 (2017) 38-46.

Y. Ma, Y.X. Zheng, X.Y. Dong, X.T. Zou, Effect of mercury chloride on oxidative
stress and nuclear factor erythroid 2-related factor 2 signalling molecule in liver
and kidney of laying hens, J. Anim. Physiol. Anim. Nutr. (Berl). 102 (2018)
1199-1209.

Y. Yang, W. Li, Y. Liu, Y. Sun, Y. Li, Q. Yao, J. Li, Q. Zhang, Y. Gao, L. Gao, J. Zhao,
Alpha-lipoic acid improves high-fat diet-induced hepatic steatosis by modulating
the transcription factors SREBP-1, FoxO1 and Nrf2 via the SIRT1/LKB1/AMPK
pathway, J. Nutr. Biochem. 25 (2014) 1207-1217.

A.K. Sabharwal, J.M. May, Alpha-lipoic acid and ascorbate prevent LDL oxidation
and oxidant stress in endothelial cells, Mol. Cell. Biochem. 309 (2008) 125-132.
A. Pingitore, G.P.P. Lima, F. Mastorci, A. Quinones, G. Iervasi, C. Vassalle, Exercise
and oxidative stress: potential effects of antioxidant dietary strategies in sports,
Nutrition 31 (2015) 916-922.

B. Hultberg, Modulation of extracellular homocysteine concentration in human
cell lines, Clin. Chim. Acta 330 (2003) 151-159.

B. Hultberg, A. Andersson, A. Isaksson, Alterations of thiol metabolism in human
cell lines induced by low amounts of copper, mercury or cadmium ions,
Toxicology 126 (1998) 203-212.

B. Hultberg, A. Andersson, A. Isaksson, Copper ions differ from other thiol reactive
metal ions in their effects on the concentration and redox status of thiols in HeLa
cell cultures, Toxicology 117 (1997) 89-97.

M. Hultberg, A. Isaksson, A. Andersson, B. Hultberg, Traces of copper ions deplete
glutathione in human hepatoma cell cultures with low cysteine content, Chem.
Biol. Interact. 167 (2007) 56-62.

V. Kokilavani, M.A. Devi, K. Sivarajan, C. Panneerselvam, Combined efficacies of
DL-alpha-lipoic acid and meso 2,3 dimercaptosuccinic acid against arsenic in-
duced toxicity in antioxidant systems of rats, Toxicol. Lett. 160 (2005) 1-7
https://doi.org/10.1016/j.toxlet.2005.05.018.

H.V. Aposhian, D.L. Morgan, H.L. Queen, R.M. Maiorino, M.M. Aposhian, Vitamin
C, glutathione, or lipoic acid did not decrease brain or kidney mercury in rats
exposed to mercury vapor, J. Toxicol. Clin. Toxicol. 41 (2003) 339-347.

U.T. Brunk, A. Terman, The mitochondrial-lysosomal axis theory of aging: accu-
mulation of damaged mitochondria as a result of imperfect autophagocytosis, Eur.
J. Biochem. 269 (2002) 1996-2002.

W.J. Smiles, D.M. Camera, The guardian of the genome p53 regulates exercise-
induced mitochondrial plasticity beyond organelle biogenesis, Acta Physiol. (Oxf).
222 (2017), https://doi.org/10.1111/apha.13004.

P.M. Kidd, Neurodegeneration from mitochondrial insufficiency: nutrients, stem
cells, growth factors, and prospects for brain rebuilding using integrative man-
agement, Altern. Med. Rev. 10 (2005) 268-293.

P. Arivazhagan, K. Ramanathan, C. Panneerselvam, Effect of DL-alpha-lipoic acid
on mitochondrial enzymes in aged rats, Chem. Biol. Interact. 138 (2001) 189-198.
X. Yi, L. Xu, S. Hiller, H.-S. Kim, N. Maeda, Reduced alpha-lipoic acid synthase
gene expression exacerbates atherosclerosis in diabetic apolipoprotein E-deficient
mice, Atherosclerosis 223 (2012) 137-143.

H. Lin, S. Ye, J. Xu, W. Wang, The alpha-lipoic acid decreases urinary podocalyxin
excretion in type 2 diabetics by inhibiting oxidative stress in vivo, J. Diabetes
Complicat. 29 (2015) 64-67.

L. Packer, S. Roy, C.K. Sen, Alpha-lipoic acid: a metabolic antioxidant and po-
tential redox modulator of transcription, Adv. Pharmacol. 38 (1997) 79-101.

L. Packer, H.J. Tritschler, K. Wessel, Neuroprotection by the metabolic antioxidant
alpha-lipoic acid, Free Radic. Biol. Med. 22 (1997) 359-378.

C.-J. Li, L. Lv, H. Li, D.-M. Yu, Cardiac fibrosis and dysfunction in experimental
diabetic cardiomyopathy are ameliorated by alpha-lipoic acid, Cardiovasc.


http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0430
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0435
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0435
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0435
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0435
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0440
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0440
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0440
https://doi.org/10.1155/2018/9042192
https://doi.org/10.1155/2018/9042192
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0450
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0450
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0450
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0450
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0455
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0455
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0455
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0455
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0460
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0460
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0460
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0465
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0465
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0465
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0470
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0470
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0475
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0475
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0480
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0480
https://doi.org/10.3389/fnmol.2017.00167
https://doi.org/10.3389/fnmol.2017.00167
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0490
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0490
https://doi.org/10.1074/jbc.RA118.002579
https://doi.org/10.1016/j.celrep.2017.09.026
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0505
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0505
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0510
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0510
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0510
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0515
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0515
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0515
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0515
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0520
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0520
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0520
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0520
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0525
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0525
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0530
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0530
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0530
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0535
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0535
https://doi.org/10.1080/10799893.2017.1369121
https://doi.org/10.1080/10799893.2017.1369121
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0545
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0545
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0545
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0550
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0550
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0550
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0550
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0555
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0555
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0560
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0560
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0565
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0565
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0565
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0570
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0570
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0570
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0575
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0575
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0575
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0575
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0580
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0580
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0580
https://doi.org/10.1007/s40618-017-0782-z
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0590
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0590
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0590
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0595
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0595
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0595
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0595
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0600
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0600
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0600
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0600
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0605
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0605
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0605
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0605
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0610
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0610
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0610
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0610
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0615
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0615
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0615
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0615
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0620
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0620
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0625
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0625
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0625
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0630
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0630
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0635
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0635
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0635
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0640
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0640
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0640
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0645
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0645
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0645
https://doi.org/10.1016/j.toxlet.2005.05.018
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0655
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0655
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0655
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0660
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0660
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0660
https://doi.org/10.1111/apha.13004
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0670
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0670
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0670
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0675
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0675
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0680
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0680
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0680
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0685
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0685
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0685
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0690
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0690
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0695
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0695

G. Bjorklund, et al.

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Diabetol. 11 (2012) 73 https://doi.org/10.1186/1475-2840-11-73.

M. Dudek, J. Knutelska, M. Bednarski, L. Nowiriski, M. Zygmunt, A. Bilska-
Wilkosz, M. Iciek, M. Otto, I. Zytka, J. Sapa, L. Wtodek, B. Filipek, Alpha lipoic
acid protects the heart against myocardial post ischemia-reperfusion arrhythmias
via KATP channel activation in isolated rat hearts, Pharmacol. Rep. 66 (2014)
499-504.

B. Dorsam, A. Goder, N. Seiwert, B. Kaina, J. Fahrer, Lipoic acid induces p53-
independent cell death in colorectal cancer cells and potentiates the cytotoxicity of
5-fluorouracil, Arch. Toxicol. 89 (2015) 1829-1846 https://doi.org/10.1007/
$00204-014-1434-0.

E. Dozio, M. Ruscica, L. Passafaro, G. Dogliotti, L. Steffani, A. Pagani,

G. Demartini, D. Esposti, F. Fraschini, P. Magni, The natural antioxidant alpha-
lipoic acid induces p27(Kip1)-dependent cell cycle arrest and apoptosis in MCF-7
human breast cancer cells, Eur. J. Pharmacol. 641 (2010) 29-34 https://doi.org/
10.1016/j.ejphar.2010.05.009.

J. Moungjaroen, U. Nimmannit, P.S. Callery, L. Wang, N. Azad, V. Lipipun,

P. Chanvorachote, Y. Rojanasakul, Reactive oxygen species mediate caspase ac-
tivation and apoptosis induced by lipoic acid in human lung epithelial cancer cells
through Bcl-2 down-regulation, J. Pharmacol. Exp. Ther. 319 (2006) 1062-1069
https://doi.org/10.1124/jpet.106.110965.

G. Simbula, A. Columbano, G.M. Ledda-Columbano, L. Sanna, M. Deidda,

A. Diana, M. Pibiri, Increased ROS generation and p53 activation in alpha-lipoic
acid-induced apoptosis of hepatoma cells, Apoptosis 12 (2007) 113-123 https://
doi.org/10.1007/s10495-006-0487-9.

R.K. Monroe, S.W. Halvorsen, Environmental toxicants inhibit neuronal Jak tyr-
osine kinase by mitochondrial disruption, Neurotoxicology 30 (2009) 589-598.
R.K. Monroe, S.W. Halvorsen, Mercury abolishes neurotrophic factor-stimulated
Jak-STAT signaling in nerve cells by oxidative stress, Toxicol. Sci. 94 (2006)
129-138.

S.N. Constantinescu, M. Girardot, C. Pecquet, Mining for JAK-STAT mutations in
cancer, Trends Biochem. Sci. 33 (2008) 122-131.

N.J. Jebbett, J.W. Hamilton, M.D. Rand, F. Eckenstein, Low level methylmercury
enhances CNTF-evoked STAT3 signaling and glial differentiation in cultured cor-
tical progenitor cells, Neurotoxicology 38 (2013) 91-100.

AL Durrani, H. Schwartz, M. Nagl, G. Sontag, Determination of free [alpha]-lipoic
acid in foodstuffs by HPLC coupled with CEAD and ESI-MS, Food Chem. 120
(2010) 38329-38336, https://doi.org/10.1016/j.foodchem.2009.11.045.

G.P. Biewenga, G.R. Haenen, A. Bast, The pharmacology of the antioxidant lipoic
acid, Gen. Pharmacol. 29 (1997) 315-331.

S.M. Somani, K. Husain, C. Whitworth, G.L. Trammell, M. Malafa, L.P. Rybak,
Dose-dependent protection by lipoic acid against cisplatin-induced nephrotoxicity
in rats: antioxidant defense system, Pharmacol. Toxicol. 86 (2000) 234-241.

119

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]
[166]

[167]

[168]

[169]

[170]

Journal of Inorganic Biochemistry 195 (2019) 111-119

K. He, P. Xun, K. Liu, S. Morris, J. Reis, E. Guallar, Mercury exposure in young
adulthood and incidence of diabetes later in life: the CARDIA Trace Element Study,
Diabetes Care 36 (2013) 1584-1589.

T.W. Clarkson, L. Magos, G.J. Myers, The toxicology of mercury—current ex-
posures and clinical manifestations, N. Engl. J. Med. 349 (2003) 1731-1737.

P. Grandjean, H. Satoh, K. Murata, K. Eto, Adverse effects of methylmercury:
environmental health research implications, Environ. Health Perspect. 118 (2010)
1137-1145.

J.L. Franco, T. Posser, P.R. Dunkley, P.W. Dickson, J.J. Mattos, R. Martins,

A.C. Bainy, M.R. Marques, A.L. Dafre, M. Farina, Methylmercury neurotoxicity is
associated with inhibition of the antioxidant enzyme glutathione peroxidase, Free
Radic. Biol. Med. 47 (2009) 449-457.

X.H. Cao, S.S. Zhao, D.Y. Liu, Z. Wang, L.L. Niu, L.H. Hou, C.L. Wang, ROS-Ca(2+)
is associated with mitochondria permeability transition pore involved in surfactin-
induced MCF-7 cells apoptosis, Chem. Biol. Interact. 190 (2011) 16-27.

S. Ceccatelli, E. Daré, M. Moors, Methylmercury-induced neurotoxicity and
apoptosis, Chem. Biol. Interact. 188 (2010) 301-308.

T.W. Clarkson, L. Magos, C. Cox, M.R. Greenwood, L. Amin-Zaki, M.A. Majeed,
S.F. Al-Damluji, Tests of efficacy of antidotes for removal of methylmercury in
human poisoning during the Iraq outbreak, J. Pharmacol. Exp. Ther. 218 (1981)
74-83.

J. Aaseth, D. Jacobsen, O. Andersen, E. Wickstrgm, Treatment of mercury and lead
poisonings with dimercaptosuccinic acid and sodium dimercaptopropanesulfo-
nate. A review, Analyst 120 (1995) 853-854.

G. Bjorklund, J. Mutter, J. Aaseth, Metal chelators and neurotoxicity: lead, mer-
cury, and arsenic, Arch. Toxicol. 91 (2017) 3787-3797.

Z. Gregus, AF. Stein, F. Varga, C.D. Klassen, Effect of lipoic acid on biliary ex-
cretion of glutathione and metals, Toxicol. Appl. Pharmacol. 114 (1992) 88-96.
T. Yang, Z. Xu, W. Liu, B. Xu, Y. Deng, Y. Li, S. Feng, Alpha-lipoic acid protects
against methylmercury-induced neurotoxic effects via inhibition of oxidative stress
in rat cerebral cortex, Environ. Toxicol. Pharmacol. 39 (2015) 157-166.

T. Yang, Z. Xu, W. Liu, S. Feng, H. Li, M. Guo, Y. Deng, B. Xu, Alpha-lipoic acid
reduces methylmercury induced neuronal injury in rat cerebral cortex via anti-
oxidation pathways, Environ. Toxicol. 32 (2017) 931-943.

T. Yang, Z. Xu, W. Liu, B. Xu, Y. Deng, Protective effects of alpha-lipoic acid on
MeHg-induced oxidative damage and intracellular Ca2+ dyshomeostasis in pri-
mary cultured neurons, Free Radic. Res. 50 (2016) 542-556.

S. Ali, S. Hussain, R. Khan, S. Mumtaz, N. Ashraf, S. Andleeb, H.A. Shakir,

H.M. Tahir, M.K.A. Khan, M. Ulhaq, Renal toxicity of heavy metals (cadmium and
mercury) and their amelioration with ascorbic acid in rabbits, Environ. Sci. Pollut.
Res. Int. (2018), https://doi.org/10.1007/s11356-018-3819-8.


https://doi.org/10.1186/1475-2840-11-73
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0705
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0705
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0705
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0705
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0705
https://doi.org/10.1007/s00204-014-1434-0
https://doi.org/10.1007/s00204-014-1434-0
https://doi.org/10.1016/j.ejphar.2010.05.009
https://doi.org/10.1016/j.ejphar.2010.05.009
https://doi.org/10.1124/jpet.106.110965
https://doi.org/10.1007/s10495-006-0487-9
https://doi.org/10.1007/s10495-006-0487-9
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0730
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0730
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0735
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0735
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0735
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0740
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0740
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0745
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0745
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0745
https://doi.org/10.1016/j.foodchem.2009.11.045
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0755
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0755
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0760
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0760
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0760
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0765
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0765
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0765
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0770
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0770
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0775
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0775
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0775
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0780
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0780
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0780
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0780
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0785
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0785
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0785
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0790
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0790
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0795
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0795
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0795
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0795
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0800
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0800
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0800
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0805
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0805
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0810
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0810
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0815
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0815
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0815
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0820
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0820
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0820
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0825
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0825
http://refhub.elsevier.com/S0162-0134(18)30490-2/rf0825
https://doi.org/10.1007/s11356-018-3819-8

	Insights on alpha lipoic and dihydrolipoic acids as promising scavengers of oxidative stress and possible chelators in mercury toxicology
	Introduction
	Insights on α-LA and DHLA as radical scavengers and enzymatic cofactors
	Metal chelating activity of α-lipoic acid and its derivatives compared to other chelating agents
	The relationship between reactive oxygen species and mercury. A background
	Alpha lipoic and dihydrolipoic acids as antioxidants. The involvement of thiol radicals and some controversial activity

	Role of α-LA as a detoxifying and anti-oxidant molecule
	Concluding remarks
	Acronyms
	Conflicts of interest
	References




