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Developmental Neurotoxicity of Lead

Samuel Caito and Michael Aschner

Abstract Lead exposure is a major concern for the developing nervous system. 
Environmental exposures to lead, predominantly from contaminated water or lead 
paint chips, account for the majority of exposures to children. In utero and early life 
exposures to lead have been associated with lower IQ, antisocial and delinquent 
behaviors, and attention-deficit hyperactivity disorder. In this review, we will dis-
cuss sources of developmental lead exposure and mechanisms of lead neurotoxicity. 
We will highlight both human epidemiological studies showing associations 
between lead exposure and behavioral abnormalities as well as experimental data 
from animal studies. Finally, we will discuss the effects of lead on neurological 
endpoint past childhood, namely, development of Alzheimer’s disease in old age.

Keywords  Air  quality  criteria  • Behavioral  impairments  •  Permissible  exposure 
limit (PEL) • Encephalopathy • Metalloproteins • Alzheimer’s disease

 Introduction

Lead is a widely used metal that has a long history of toxicity in humans. It is a very 
common element in the Earth’s crust but not very prevalent on the Earth’s surface. 
Therefore, developmental exposures to lead are the result of industrial processes/
products. Lead is not an essential metal, such as iron, cobalt, or copper, as there are 
no physiological processes in humans that are dependent on lead. Exposure to lead 
does not confer any benefits and can result in toxicity.

Lead has many uses in industry and consumer products, primarily due to its 
chemical properties: softness, low melting temperature, malleability, ductility, poor 
conductivity, and resistance to corrosion and easily combined with other metals to 
form alloys. Currently lead is used in batteries, ammunition, electrodes for elec-
trolysis, radiation shielding and reactor coolant, semiconductors, polyvinyl chloride 
(PVC) plastics, and sailing ballasts. However, lead is a persistent contaminant in our 
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environment. It has been estimated that the Greeks and Romans deposited around 
400  tons  of  lead  into  the  environment, which  can  still  be measured  in  the  polar 
regions of Greenland (Needleman 2004). Lead has been used in the past in pipes, 
kitchen utensils and tableware, ceramic pigment, cosmetics, and, due to its sweet 
taste, a wine sweetener. More recently, lead was used in paints, stain glass, book 
printing, and antiknock agents (Hernberg 2000).

The  toxicity of  lead has been appreciated since ancient  times, with  the Greek 
physician Dioscorides describing how “lead makes the mind give way” and that by 
the eighteenth century, Benjamin Franklin remarked how he did not understand how 
lead  poisonings  could  still  be  occurring  (Major  1931). Lead  affects  every  organ 
system, but the nervous system is the most sensitive. The toxicity of lead has been 
expertly reviewed extensively (White et al. 2007; Neal and Guilarte 2010; Winneke 
et al. 1996); herein we give an overview of its effects on the developing nervous 
system. The US Environmental Protection Agency has performed a series of assess-
ments on the safety of lead concluding that the developing organism is of greatest 
risk, there is no evident threshold that has been found for lead’s effects on the ner-
vous system, and behavioral impairments of developmental exposures persist into 
childhood and adulthood (US Environmental Protection Agency 1977, 1986, 2006). 
Blood lead levels are the predominant biomarker used in both human and animal 
studies, where blood lead levels of 80–100 μg/dl result in encephalopathy, 30–80 μg/
dl disrupt cognitive function, and 30–50 μg/dl lower IQ in humans (US Environmental 
Protection Agency 1986, 2006). Rat and monkey studies have demonstrated  that 
blood lead levels as low as 10 μg/dl can cause neurobehavioral deficits and learning 
impairments that can persist into adulthood (US Environmental Protection Agency 
2006).

The developing brain is susceptible to a variety of toxins, including lead, due to 
its unique characteristics. The developing brain of children is highly susceptible to 
lead and more vulnerable than the adult brain. The high susceptibility and vulnera-
bility as compared to adults are due to differences in exposure and toxicokinetics. 
Children under the age of 5 absorb triple the amount of lead from their GI tract than 
adults (Chamberlain et al. 1978). Brain development is a long process, with waves 
of cell division, migration, synaptogenesis, cellular pruning, and myelination. These 
processes occur at varying rates and persist into childhood. For this reason, lead has 
been shown to interrupt trimming and pruning of synapses, migration of neurons, 
and formation of neuron-glia interactions, all of which can result in failure to estab-
lish the proper connections between structures and lead to functional deficits. The 
duration and time of exposure are important determinants to the extent of damage. 
As different brain areas mature at varying rates, exposure to lead in utero can have 
different effects on the developing brain than a pediatric exposure.

Environmental exposures to lead have multiple effects on the developing nervous 
system. Some effects manifest early in an individual’s life; however, recent research 
has associated developmental exposure with lead in the development of neurological 
and psychological diseases later in life. In this review, we will discuss exposure to 
lead in children and fetuses, mechanisms of lead toxicity, and effects of lead on cog-
nition, attention, IQ, behavior, and the development of Alzheimer’s disease (AD).

S. Caito and M. Aschner
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 Developmental Exposures to Lead

Environmental exposures to lead compromise the major source of lead for develop-
mental exposures in children. Pregnant mothers can be exposed to lead occupation-
ally if they are involved in the manufacture of lead-containing products or battery 
recycling.  Regulations  from  Occupational  Safety  and  Health  Administration 
(OSHA)  have  reduced  lead  exposure  in  the workplace,  setting  their  permissible 
exposure limit (PEL) at 30 μg/m3 averaged over 8 hours and a reduction in the PEL 
for shifts longer than 8 hours. However, the PEL is set for adults and may not be low 
enough for fetuses in utero.

Geographic location influences a child’s exposure to lead. Lead contaminates the 
soil and groundwater around sites of its use, including mines, industrial sites, power 
plants,  incinerators,  and  hazardous waste  sites  (Mielke  and Reagan 1998).  Food 
crops grown in areas of lead contamination will absorb lead from the groundwater 
and  incorporate  into  the vegetable  or  fruits.  Public  drinking water  contains  only 
trace levels of lead; however, acidic (soft) water is corrosive to older lead pipes and 
solder, which results in lead dissolving into the water. This has been observed 
recently  in Flint, Michigan,  in 2014 and Washington, D.C.,  in 2001, where  there 
was a 9.6-fold  increase of  elevated blood  lead  levels  in  children  (Edwards  et  al. 
2009).

Living in older homes and low-income urban dwellings that contain lead paint 
increases one’s exposure to lead. Lead paints were desirable for their vibrant colors 
and durability; however, due to health concerns, leaded paints and dyes have been 
phased out of use to minimize lead’s harmful effect on people. Ingestion of paint 
chips by children remains a major source of exposure in the United States. Young 
children are especially prone to hand-to-mouth behavior, which increases the likeli-
hood of children eating lead paint chips. This is of great concern since children 
under the age of 5 absorb triple the amount of lead in their gastrointestinal tract than 
adults (Chamberlain et al. 1978). As paint peels and chips, paint can disintegrate 
into dust along friction surfaces. Lead dusts can be inhaled, and alarmingly it has 
been shown that particulate lead between 2 and 10 μm does not degrade but remains 
as a persistent contaminant (Mielke and Reagan 1998; Gasana and Chamorro 2002). 
The removal of lead from paints and gasoline has caused a remarkable reduction in 
exposures seen in the United States. In the 1970s, the median blood lead level of 
preschool children was 15 μg/dl, and 88% of children had a level exceeding 10 μg/
dl  (Mahaffey  et  al.  1983),  according  to  the  current  Centers  for Disease Control 
screening guideline. Presently, the mean blood lead level of preschool children in 
the United States is less than 2 μg/dl, and less than 2% are above 10 μg/dl (Bellinger 
and Bellinger 2006).

Children can be exposed to lead from its mother through the placenta in utero or 
through breast milk. Pregnancy allows  for  lead being  released  from bone  stores. 
Studies using lead isotope ratios demonstrated that 80% of lead in fetal cord blood 
derives from maternal bone stores, whereas 20% derive from the more recent expo-
sure (Gulson et al. 2003). Alcohol consumption late in pregnancy and high blood 
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pressure have been shown to increase lead deposition from the mother into cord 
blood, while high hemoglobin content or sickle cell trait is associated with decreased 
cord blood levels of lead (Harville et al. 2005). Unlike in utero lead exposure, lead 
exposure through breast milk is more influenced by maternal blood lead concentra-
tions than by maternal bone lead levels (Ettinger et al. 2006).

 Neurobehavioral Effects of Lead

Extremely high levels of lead exposure (blood lead levels between 60 and 300 μg/
dL) result in encephalopathy in children. Lead encephalopathy can present as hyper-
irritability, ataxia, convulsions, stupor, coma, and death. Pathologically, it is charac-
terized by endothelial cell swelling and necrosis of the cerebral and cerebellar 
capillaries, capillary leakage and cerebral edema, loss of neuronal cells, cytoplas-
mic vacuolization, interstitial edema, and demyelination of nerve fibers. Nonfatal 
neurobehavioral effects occur at much lower blood lead levels than lead 
encephalopathy.

Lead exposure has been associated with delinquent behavior, attention deficit 
hyperactivity disorder (ADHD), and decrements in IQ. The effects of lead on delin-
quent behavior come from analyses on school-aged children, teenagers, and crime 
statistics.  Bone  lead  levels  have  been  associated with  aggression,  attention,  and 
delinquency in children as well as with arrest and adjudication in the juvenile court 
system (Needleman et al. 2002). Prenatal lead exposure also has a positive correla-
tion with delinquent behavior and drug use as a teenager (Dietrich et al. 2001). It has 
also been noted that in areas of lead air pollution from gasoline, there is increased 
incidence of homicides and violent crimes in the Unites States after adjusting for 
unemployment and percent of population in the high-crime age group (Nevin 2000; 
Stretesky and Lynch 2001). The mechanism behind lead-induced delinquency is not 
fully understood. Delinquent behavior in adolescence has been associated with 
alterations in the hypothalamus pituitary adrenal (HPA) axis (Popma et al. 2006). 
The HPA axis has been shown to be a target of lead toxicity. In rats exposed to lead 
either maternally or early in life, there were changes in the functioning of the HPA 
axis,  including  altered  corticosterone  levels  (Virgolini  et  al.  2006; Cory-Slechta 
et al. 2004). One of the many functions of the HPA axis is to respond to and manage 
stress; rats exposed to lead had poor stress responses, which were worse in rats 
exposed to lead and stress (Virgolini et al. 2006).

ADHD is a chronic condition where those affected have difficulty with attention 
and concentration and are hyperactive and impulsive. An assessment of child behav-
ior  by  classroom  teachers  using  the  Child  Behavior  Checklist  and  Disruptive 
Behavior  Disorders  Rating  Scale  of  279  Inuit  children  aged  11  years  in Arctic 
Quebec found low levels of childhood lead exposure were associated with ADHD 
behaviors (Boucher et al. 2012). This population was characterized as a predomi-
nantly fish-eating population and had significant blood methylmercury levels, which 
may be a confounder. However, in a case-control study with 71 medically diagnosed 
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ADHD cases and 58 controls performed near a former lead refinery in Omaha, NE, 
there was a clear increase in the odds ratio that for each natural log unit of blood 
lead,  there was an odds ratio of 2.52 having ADHD, after adjusting for maternal 
smoking,  socioeconomic  status,  and  environmental  smoke  exposure  (Kim  et  al. 
2013). No similar risk was found for blood mercury or cadmium levels (Kim et al. 
2013). Furthermore, a performance and questionnaire study of children in Romania 
found correlations between blood lead levels, but not mercury or aluminum 
(Nicolescu  et  al.  2010).  Lead  exposure  causes  similar  hyperactive  and  attention 
deficits in wild-type rodents (Luo et al. 2014; Sanchez-Martin et al. 2013) or in a 
genetic rat model prone to neuropsychiatric problems (Ruocco et al. 2015).

Intelligence is negatively affected by lead exposure. The amount of IQ points 
that are decreased in an individual lead-exposed child is small; however, the trou-
bling effect of lead is on the population as a whole. Lead shifts the population’s IQ, 
leading to fewer individuals in the higher end of the IQ spectrum and more individu-
als in the lower end. In a study performed from 1978 to 2007, researchers compared 
blood lead levels in Swedish children ages 7–12, school performance at age 16, and 
overall IQ at ages 18–19. Over the course of 29 years, there was a statistically sig-
nificant negative association between school performance, IQ, and blood lead levels 
below 50 μg/dL. Low exposures of lead (<60 μg/dL blood lead level) early in life 
cause a decrease in IQ around the time children enter school even though at school 
age blood lead levels are lower than at the time of exposure (Chen et al. 2005). In a 
study, 780 children were followed from age 2 to age 7 after being treated for ele-
vated blood lead levels (20–44 μg/dL), and serial IQ tests were administrated, show-
ing decreased IQ, while average lead level at age 7 was 8 μg/dL (Chen et al. 2005). 
Furthermore, in utero exposures to lead as early as during the first trimester of preg-
nancy have been associated with decreases in intelligence scores (Hu et al. 2006). 
Areas of intelligence that have shown decrements include arithmetic skills, reading 
skills,  nonverbal  reasoning,  reaction  time,  visual-motor  integration,  fine  motor 
skills,  attention,  and  short-term memory  (White  et  al.  2007;  US  Environmental 
Protection Agency 1977, 1986, 2006). While multiple studies have examined the 
effects of lead on IQ in various locations around the globe, there are variables that 
affect  the effects of  lead. Socioeconomic status, prenatal  smoking, maternal age, 
and prenatal alcohol use exacerbate the effects of lead on IQ (Lanphear et al. 2005).

 Molecular Mechanisms of Neurotoxicity

Following inhalation or ingestion, lead enters the bloodstream and will find its way 
to the brain through both the blood-brain barrier (BBB) and the blood-cerebrospinal 
fluid (CSF) barrier. The endothelial cells in the BBB microvasculature and the cho-
roid plexus cells that comprise the blood-CSF barrier accumulate lead, causing the 
barriers to become leaky. This can result in increased permeability of the barriers, 
brain swelling, herniation, ventricular compression, petechial and cerebral hemor-
rhages, thrombosis, and arteriosclerosis (Zheng et al. 2003). Lead mimics the action 
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of both iron and calcium, altering these ions’ homeostasis and signaling. In the BBB 
and blood-CSF cells, lead can bind to calcium-dependent protein kinase C (PKC) 
enzymes, activating the kinases and increasing endothelial permeability (Markovac 
and Goldstein 1988). Additionally,  accumulation  of  lead  by  the  choroid  plexus 
causes a decrease in transthyretin production (Zheng et al. 1996), disrupting thyroid 
hormone signaling. The thyroid itself is also targeted by lead and, upon develop-
mental exposure, shows abnormal architecture and decreased functioning (Kumar 
et al. 2016). Whether the effects on the thyroid are direct actions of lead or indirect 
due to altered transthyretin production remains to be determined.

Alteration in calcium signaling has important implications on learning and mem-
ory  deficits  in  lead-exposed  children.  Neurotransmitter  release  through  voltage- 
gated Ca2+ channels has been shown to either impede or spontaneously release 
neurotransmitters (Minnema et al. 1988; Atchison and Narahashi 1984). Cognitive 
function in rodent studies is usually measured by long-term potentiation (LTP) from 
hippocampal slices, which require presynaptic glutamate release and subsequent 
activation of  the postsynaptic N-methyl-D-aspartate  (NMDA) glutamate  receptor 
(Sui et al. 2000a, b; Altmann et al. 1993). Chronic exposures to lead beginning in 
utero and continued past weaning as well as transient exposures to lead from in 
utero to weaning altered presynaptic release of glutamate in the hippocampus 
(Gilbert et al. 1996, 1999; Lasley et al. 1999). This data suggests that continual pres-
ence of lead is not necessary for neurochemical changes but that there is a window 
of exposure that can produce irreversible deficits. Acute exposures to lead in cell 
culture  or  brain  tissue  homogenates  have  demonstrated  its  ability  to  block  the 
NMDA receptor (Neal et al. 2010; Lasley and Gilbert 1999; Alkondon et al. 1990). 
Blockade of the NMDA receptor by lead further disrupts calcium signaling. In alter-
ing both the presynaptic glutamate release and postsynaptic receptor signaling, lead 
significantly changes the ways in which the hippocampus produces LTPs. This has 
implications on memory function, as a neuronal mechanism for memory has differ-
ent phases of LTPs (short term, intermediate, and long term) (Matthies et al. 1990; 
Reymann and Frey 2007). Lead exposure results in very long-lasting LTPs, which 
hinders  the  formation  of  short-term  and  intermediate  phases  (Gilbert  and Mack 
1998).

In addition to altering calcium homeostasis, lead can displace metals in metal-
loproteins and induce oxidative stress. Lead can substitute for physiologic metals in 
metalloproteins, leading to alteration in protein function. For example, lead binds to 
the zinc-binding site of the Cys2/His2 zinc finger transcription factors TFIIIA and 
Sp1 (Hanas et al. 1999; Rodgers et al. 2001), the function of which is important for 
the developing brain. Lead also substitutes for divalent metals present in Cu/Zn 
superoxide  dismutase  (SOD), MnSOD,  and  glutathione  peroxidase  (GPx)  1  and 
GPx4, inhibiting these enzymes which are responsible for scavenging reactive oxy-
gen species (ROS). As with many heavy metal exposures, lead can bind to glutathi-
one  (GSH)  and  decrease  the  reactive  thiol  pool,  increasing  the  oxidative  stress. 
Disruption of mitochondrial calcium signaling can lead to the generation of ROS 
and loss of mitochondrial membrane potential, initiate apoptosis, and inhibit the 
Na+/K+ ATPase, decreasing cellular ATP levels (Baranowska-Bosiacka et al. 2011).

S. Caito and M. Aschner
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 Developmental Exposures to Lead and Alzheimer’s Disease

While several studies investigate the influence of lead exposure on IQ and cognition 
in children, developmental lead exposure in rodents and nonhuman primates has 
shown links to the development of Alzheimer’s disease (AD) later in life. Alzheimer’s 
disease is the most common neurodegenerative disease. It is characterized by 
dementia and loss of cognition, with a brain pathology comprised of proteinaceous 
plaques comprised of amyloid beta (Aβ).  In  postmortem  human  brains  of AD 
patients, lead levels have been measured to be significantly higher in the globus pal-
lidus, dentate gyrus, temporal cortex, and temporal white matter than in control 
healthy age-matched brains (Haraguchi et al. 2001a, b). An observational study of 
elderly individuals exposed to multiple heavy metals living near the volcano Etna in 
Sicily found increased lead in the blood of AD patients than in healthy controls 
(Giacoppo  et  al.  2014).  Pb  exposure  increases  amyloid  precursor  protein  (APP) 
mRNA and aggregation of Aβ in rats, amyloidogenesis, and senile plaque deposi-
tion and upregulates APP proteins in nonhuman primates exposed to lead as infants 
(Basha et al. 2005a, b; Wu et al. 2008). After exposing mice to lead during different 
life span periods, Bihaqi et al. found that a window of vulnerability to lead toxicity 
exists in the developing brain, where cognitive impairment occurred only in mice 
exposed to Pb as infants, but not as adults (Bihaqi et al. 2014a). Early life exposure 
of mice to lead enhances the expression of AD-associated protein tau and alters 
epigenetic markers associated with  the development of AD (Bihaqi et al. 2014b; 
Masoud et al. 2016). An epigenetic basis for the increased expression of AD-related 
proteins and cognitive decline is an emerging hypothesis to explain the link between 
early life exposure to lead and AD. Exposures that occur during fetal or early life 
stages can produce epigenetic changes in the brain leading reprogramming of genes. 
In a study of rats exposed in utero or postnatally to Pb, decreased DNA methyltrans-
ferase expression was found in the hippocampus of exposed females (Schneider 
et al. 2013), suggesting that less DNA methylation may be occurring and allowing 
for genes that are normally repressed to be expressed. Gene expression for DNA 
methyltransferases in this study was performed at postnatal day 55 (Schneider et al. 
2013). Conversely, in a genome-wide expression and methylation profiling experi-
ment carried out in infant Pb-exposed mice aged to postnatal day 700, there was a 
repression of a set of genes that are normally expressed in aged mice (Dosunmu 
et al. 2012). These genes were involved in the immune response, metal binding, and 
metabolism, repression of which due to developmental exposure to Pb compromises 
the brain’s ability to defend against age-related stressors.

Developmental Neurotoxicity of Lead
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 Conclusions

Lead is a highly toxic metal that poses great risks to the developing nervous system. 
Environmental exposures to lead are a major problem for children growing up com-
munities with old homes and water systems, as the recent mass exposure in Flint, 
Michigan (USA),  illustrates. While  the effects of  lead have been associated with 
behavioral and cognitive deficits in childhood, we are starting to understand the 
long-term effects of developmental lead exposure as the population ages.
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Manganese and Developmental Neurotoxicity

Roberto Lucchini, Donatella Placidi, Giuseppa Cagna, Chiara Fedrighi, 
Manuela Oppini, Marco Peli, and Silvia Zoni

Abstract Manganese (Mn) is an essential metal that plays a fundamental role for 
brain development and functioning. Environmental exposure to Mn may lead to 
accumulation in the basal ganglia and development of Parkinson-like disorders. The 
most recent research is focusing on early-life overexposure to Mn and the potential 
vulnerability of younger individuals to Mn toxicity also in regard to cognitive and 
executive functions through the involvement of the frontal cortex.

Neurodevelopmental disturbances are increasing in the society, and understand-
ing the potential role of environmental determinants is a key for prevention. 
Therefore, assessing the environmental sources of Mn exposure and the mecha-
nisms of developmental neurotoxicity and defining appropriate biomarkers of expo-
sure and early functional alterations represent key issues to improve and address 
preventive strategies. These themes will be reviewed in this chapter.

Keywords Basal ganglia • Vehicle emissions • Methylcyclopentadienyl Mn tricar-
bonyl (MMT) • Fungicides • Deposited dust • Revised Conners’ Teacher Rating 
Scale • Wechsler Intelligence Scale for Children (WISC) • Olfactory loss

 Manganese in the Environment

The assessment of Mn occupational or environmental exposure is a key factor in order 
to investigate Mn toxicity. While in the occupational contexts personal air monitoring 
to different particles’ granulometry (respirable vs inhalable) is essential to control and 
prevent Mn excessive exposure, an increasing variety of natural and anthropogenic 
sources of Mn in the environment can increase pre- and postnatal early-life exposure: 
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(i) groundwater contamination, as a consequence of the weathering and leaching of 
Mn-bearing minerals and rocks into aquifers; (ii) use of the fungicides maneb and 
mancozeb, which contain approximately 21% Mn by weight; and (iii) emission from 
ferromanganese and iron industry (FAO 1979; Gulson et al. 2006; Wasserman et al. 
2006; Menezes-Filho et  al. 2009a, 2009b; Bouchard et  al. 2011; ATSDR 2012; 
Lucchini et al. 2012b; Borgese et al. 2013; Gunier et al. 2013). Early-life exposure to 
Mn may be caused also by contamination of houses and cars used by Mn workers in 
various occupations, including welders and agricultural workers (Gunier et al. 2013). 
Manganese concentration in airborne particles is also higher in areas with intense traf-
fic (Poulakis et al. 2015), showing a contribution of vehicle emissions in relation to 
non-exhaust sources such as road dust resuspension, break and tire wear, and road-
wear abrasion (Thorpe and Harrison 2008) and to exhaust of potential combustion of 
the gasoline additive methylcyclopentadienyl Mn tricarbonyl (MMT) (Walsh 2007).

In order to investigate all the different ways in which Mn moves from the surround-
ing environment inside the human body, many studies have been conducted in various 
locations around the world during the last 30 years, targeting different environmental 
matrices: airborne particles, drinking water, deposited dust, soil, and vegetables.

 Airborne Particles

Industrial activities, agricultural use of fungicides (maneb, mancozeb), and vehicle 
traffic can increase the ambient levels of Mn. Average air concentrations have been 
reported to range between 220 and 300 ng/m3 near industrial sources, whereas in 
urban and rural areas without point sources have been reported to range from 10 to 
70 ng/m3 (WHO 2011).

Sampling for ambient levels and personal exposures provides direct measures of 
Mn exposure, but it may be difficult to obtain many data since such samples are 
time-consuming and expensive. Additionally, sampling only captures levels of 
exposure associated with the location and environmental conditions during the time 
of sampling, and this represents a limitation when the concern is cumulative expo-
sure. Proximity measures used as surrogates for Mn exposure are inexpensive and 
easy to obtain but are limited in their ability to capture other factors that impact 
ambient air Mn concentrations such as wind direction, precipitation, and terrain. Air 
dispersion modeling may provide a viable alternative to ambient Mn exposure 
assessment: the AERMOD model (USEPA 2005) from the US Environmental 
Protection Agency, for example, estimates ambient air Mn values accounting for 
Mn emissions, terrain, and weather within a spatial and temporal context, all factors 
that influence the magnitude of exposure to an air pollutant (Fulk et al. 2016).

The inhalation of airborne particulate matter is the primary source of early-life 
exposure to Mn in the USA. Populations living in close proximity to industrial and 
agricultural sources may be at higher risk for developmental effects among children.

R. Lucchini et al.
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 Deposited Dust

Deposited dust in houses and schools is another relevant potential source of pediat-
ric Mn exposure, through both ingestion of contaminated hands and foods and inha-
lation of resuspended particles (Lioy et al. 2002; Zota et al. 2011). Dust sampling 
yields information on Mn concentration and loading. Samples are generally col-
lected from a given measured surface of the main living area and of furniture or 
floor, sieved to the desired particle size (e.g., <250 μm), microwave-digested with 
HNO3, and analyzed using ICP-MS or XRF techniques. If the dust sample has suf-
ficient mass (>0.1 g), this procedure has detection limits of 0.2 μg/g for Mn concen-
tration. Dust loadings (μg/m2) are usually calculated as [(concentration × mass 
collected)/area vacuumed].

Zota et al. (2016) evaluated 53 infants at the Tar Creek Superfund site (Oklahoma, 
USA) in two points in time corresponding to developmental stages before and dur-
ing initial ambulation (0–6 and 6–12 months). They measured Mn, lead (Pb), arse-
nic (As), and cadmium (Cd) in indoor air, house dust, tap water, and yard soil and 
found that except for Cd, metals were detected in all dust samples and at a lesser 
extent in indoor air, tap water, and soil. They found hair Mn, Pb, and Cd associated 
to the dust levels, concluding that deposited dust may represent a better measure-
ment of infant exposure to Mn and Pb, compared to air and soil. In fact, infants 
spend most of their time indoors, and therefore risk assessments and exposure miti-
gation strategies should prioritize intervention on house dust for early-life 
prevention.

Gulson et al. (2014) conducted a 5-year longitudinal study to assess potential 
changes to the environment and exposure of young children associated with the 
introduction of MMT into Australia in 2001 and its cessation of use in 2004. They 
evaluated a cohort of 108 children aged 0–5 in Sydney collecting longitudinal sam-
ples of Mn and Pb blood, soil, duplicate diet samples, and several types of house 
dust samples: interior house and day-care dust fall accumulation using Petri dishes, 
exterior dust fall accumulation, and exterior dust sweepings. Although they did not 
stratify their results for age, they found dust accumulation (μg/m2 /30 day) being the 
only significant predictor for blood Pb, while no medium predicted blood Mn. More 
recently, Menezes-Filho et al. (2016) measured Mn and Pb dust fall accumulation 
on Petri dishes in 15 elementary schools, located between 1.25 and 6.48 km from a 
Mn alloy production plant in the municipality of Simões Filho, Bahia, Brazil. Their 
sampling method was similar to the one adopted by Gulson et al. (2014), but they 
found that the interior school environments, located within a 2-km radius from the 
plant, showed loading rates on average 190 times higher than the Mn levels mea-
sured in the day-care centers in Sydney, while Pb loading rates were not associated 
with distance from the plant and were lower than the rates observed in the same 
day-care centers in Sydney.

Manganese and Developmental Neurotoxicity
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 Surface Soil

Exposure through soil is especially relevant for children playing in contaminated 
playground or environment, due to their hand-to-mouth behavior and maxi-
mized gastrointestinal absorption. Manganese is in soils both in organic and 
inorganic forms and oxidation states, i.e., 0, +2, +3, +4, +6, and +7. Its mobility 
is extremely sensitive to soil conditions such as acidity, wetness, organic matter 
content, and biological activity (Nadaska et al. 2012). Research emphasis has 
been placed on the toxic effects of compounds containing inorganic Mn2+, Mn3+, 
and Mn4+ ions since these are the forms most commonly encountered in biologi-
cal systems (Millaleo et al. 2010). With decreasing pH, the amount of exchange-
able Mn – mainly Mn2+ form – increases in the soil solution. This Mn form is 
available for plants and can be readily transported into the root cells and trans-
located to the shoots, where it is finally accumulated. In contrast, other forms of 
Mn predominate at higher pH values, such as Mn(III) and Mn(IV), which are 
not available and cannot be accumulated in plants (Millaleo et  al. 2010). 
Different techniques have been applied to laboratory determination of total Mn 
in soil, including spectrophotometry, polarography, atomic absorption spec-
trometry (AAS), and inductively coupled plasma atomic emission spectrometry 
(ICP-AES) or mass spectrometry (ICP-MS) (Pearson and Greenway 2005). 
Field portable x-ray fluorescence (XRF) is an exemplary field method, offering 
extremely rapid, cost-effective screening of total heavy metal concentration in 
soil by in situ measurement.

The total Mn content in soils is variable. Some authors reported small amounts 
of Mn in soils, ranging from 20 to 10,000 mg/kg soil, whereas other authors have 
registered total Mn contents between 450 and ~4000 mg Mn/kg soil (Adriano 2001). 
Potential bioavailability may not be properly addressed by the measure of total soil 
and can be investigated by means of sequential chemical extraction procedures, 
where a soil sample is divided into its composing fractions: metal compounds pres-
ent in the first fraction are those that are weakly bound at cation exchange sites in 
the matrix and hence chemically very labile. Subsequent processing steps typically 
extract metals from the carbonate phase, organic matter, etc. Metals in the water/
acid soluble and exchangeable fractions are considered the most mobile and poten-
tially bioavailable forms present in soils and may best capture the anthropogenic 
contribution of greatest possible concern for children exposure, followed by the 
carbonate phase (Borgese et al. 2013).

Metal soil contamination resulting from anthropogenic activities is associ-
ated to increased health risks among children in the surrounding of smelters 
(Carrizales et  al. 2006) and mines (Pruvot et  al. 2006). A significant positive 
association between soil Mn exposure and both impaired motor coordination 
and odor discrimination was observed among Italian adolescents (Lucchini 
et al. 2012b,) and elderly (Zoni et al. 2012; Lucchini et al. 2014) residing near 
ferroalloy emission sites.
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 Edible Vegetables

Manganese occurs naturally in many food sources, such as leafy vegetables, nuts, grains, 
and animal products. For vegetables and vegetable products, mean concentrations range 
between 0.42 and 6.64 mg/kg (IOM 2002). The Food and Nutrition Board of the Institute 
of Medicine set adequate intake levels for Mn at 2.3 mg/day for adult men and 1.8 mg/
day for adult women (IOM 2002). Adequate intake levels for Mn were also set for other 
age groups; the values were 0.003 mg/day for infants from birth to 6 months, 0.6 mg/day 
for infants from 7 months to 1 year, 1.2 mg/day for children aged 1–3 years, 1.5–1.9 mg/
day for children aged 4–13 years, and 1.6–2.3 mg/day for adolescents and adults (WHO 
2011). Higher levels on Mn were measured in lattice, but not in Cichorium spp. or tur-
nip, cultivated in the vicinities of ferroalloy emissions (Ferri et al. 2012, 2015).

 Drinking Water

The detection of Mn in groundwater in the USA is approximately 70% of the sites 
due to the ubiquity of Mn in soil and rock, although the levels detected are generally 
not considered of public health concern (USEPA 2002). ATSDR (2012) reported 
Mn levels from <11 to >51 μg/l in a river water survey in the USA. Higher levels 
found in aerobic waters are usually associated with industrial pollution. 
Concentrations in seawater have been reported from 0.4 to 10 μg/l, averaging 2 μg/l, 
whereas in freshwater, they typically range from 1 to 200 μg/l (ATSDR 2012).

Manganese intake from drinking water is substantially lower than the food 
intake. At the median drinking water level of 10 μg/l determined by the National 
Inorganic and Radionuclide Survey, the intake of Mn would be 20 μg/day for an 
adult, assuming a daily water intake of 2 liters. In Germany, the drinking water sup-
plied to 90% of all households contains less than 20 μg/l of Mn (WHO 2011). 
Gonzalez-Merizalde et al. (2016) investigated the case of artisanal and small-scale 
gold mining activities performed in mountain areas of the southern Ecuadorian 
Amazon, which contaminated the aquatic system of the Nangaritza River Basin 
with mercury (Hg) and Mn, posing health risks for the populations living in the 
adjacent zones. Children living in alluvial areas showed the highest Mn concentra-
tions in hair, whereas greater values of urinary Hg were found in children living in 
the high mountain areas, where the ore processing takes place inside or close to 
houses and schools. This suggests that Hg vapors impact directly the area where 
they are produced, while waterborne Mn can travel significant distances before 
impacting the population.

Studies about high level of Mn in drinking water in Quebec reported that the 
Revised Conners’ Teacher Rating Scale oppositional and hyperactivity subscales 
(Bouchard et al. 2007) were inversely related to hair Mn. Among Bangladeshi chil-
dren drinking tube-well water, it was found that IQ (Wasserman et al. 2006) and 
 academic achievement (Khan et al. 2012) were inversely related to the level of Mn 
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in drinking water. In the fourth edition of Guidelines for Drinking-Water Quality 
(WHO 2011), the 400-μg/L drinking-water guideline for manganese (Mn) was dis-
continued. Concentrations > 400 μg/L are found in a substantial number of coun-
tries worldwide and may have been too high to adequately protect public health 
(Ljung and Vahter 2007). Toxic effects and geographic distribution of Mn in drink-
ing-water supplies require reevaluation by the WHO of its decision to discontinue 
its drinking-water guideline for Mn (Frisbie et al, 2012).

 Toxicology and Biomarkers

 Metabolism

Manganese is a naturally occurring trace element essential for human development 
and function of the brain and other biological processes. As a trace element, Mn is 
assumed with the diet (mainly with grains, fruits, vegetables, tea) and, once ingested, 
is absorbed through the small intestine in a proportion of about 3–4%. Gastrointestinal 
absorption is influenced by the iron metabolism: a deficiency of iron increases the 
absorption of Mn through some transport proteins, like DMT1 and TFr, which both 
of these metals have in common (DeWitt et al. 2013).

Manganese is highly needed for the developing brain, and therefore the transpla-
cental absorption is maximized during pregnancy (Guan et al. 2014). When expo-
sure occurs through inhalation, Mn is absorbed through the alveolar-capillary 
membrane in percentage between 40 and 70%, depending on the size of the parti-
cles, and by their water solubility. Another possible route of absorption is the olfac-
tory tract, especially for small particles, that, through the olfactory mucosa, can 
reach directly sensory areas of the brain (Elder et al. 2006; Lucchini et al. 2012c). 
An important exposure route for the children is inhalation/ingestion of resuspended 
soil particulates (Harris and Davidson 2005) or deposited house and school dust 
(Pavilonis et al. 2014; Lucas et al. 2015) and consumption of contaminated locally 
grown vegetables (Hough et al. 2004; Ferri et al. 2012, 2015).

Manganese is subjected to an efficient homeostatic control of gastrointestinal 
absorption and urinary excretion, based on the ratio between absorbed amount and 
concentration of Mn in the tissues. The absorbed Mn is conveyed in the blood bound 
to proteins (transferrin, alpha-2-macroglobulin) and in the proportion of 85% to red 
blood cells. It is deposited mainly in the liver, pancreas, and kidneys and less in 
bone and adipose tissue. The brain has a small proportion of Mn deposit, but the 
retention times are long. The Mn values in the adult population not occupationally 
exposed are between 3.0 and 8.0 ug/l in whole blood and between 0.1 and 1.2 ug/l 
in the serum (SIVR 2011). Much higher levels are measured during pregnancy and 
at birth, as shown by Mn in umbilical cord, and gradually decrease postnatally 
(Claus Henn et al. 2010).
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Manganese is eliminated via the gastrointestinal tract through the bile, the 
intestinal mucosa, and pancreatic secretion. The main excretion of Mn is carried in 
the feces regardless of route of introduction, while the portion excreted in the urine 
is low, about 6% of the total, but with a high individual variability depending on age, 
sex, smoking, and alcohol intake.

 Pediatric Absorption

Children are exposed to Mn through the mother during pregnancy and after birth 
through breastfeeding or formulas; in the neonatal period, during childhood and 
adolescence, the primary sources of exposure are potentially through drinking 
water, inhalation of airborne particles, and ingestion of particles from dust and soil. 
Exposure to Mn by ingestion or inhalation poses higher risks compared to adults, in 
relation to the different mechanisms of absorption and elimination: the intestinal 
absorption rate of ingested Mn in children is higher; the high demand for Fe linked 
to growth can further enhance the absorption of ingested Mn; the excretion rate is 
lower than in adults because of the poorly developed biliary excretion mechanism; 
the ratio of inhaled air/body weight is substantially higher (Menezes-Filho et  al. 
2009a, b).

 Biomarkers

A variety of potential biomarkers are available to evaluate Mn exposure in children, 
including maternal/cordonal blood, blood, serum, plasma, urine, nails, saliva, and 
hair (Zheng et al. 2011). Blood and urinary Mn reflect exposure over a short and 
recent period of time (from hours to days), whereas nails and hair longer periods up 
to several months (Smith et al. 2007; Zheng et al. 2011). Nails and in particular 
toenails show higher accumulation related to longer-term cumulative exposure 
(Laohaudomchok et al. 2011). Hair Mn is considered the most consistent and valid 
biomarker for pediatric exposure and has been found to be associated to intelligence 
quotient (IQ) decrement by most studies (Coetzee et al. 2016). Hair grows 1 cm per 
month and provides exposure information for a period of 1–6 months, with vari-
ability due to hair pigmentation and potential external contamination (Eastman 
et al. 2013; Haynes et al. 2015).

A new biomarker, Mn in deciduous teeth, can estimate the exposure windows 
during prenatal development and early childhood. Deciduous teeth accumulate met-
als and their mineralization proceeds in an incremental pattern spanning the prena-
tal and early postnatal periods, commencing gestational week 13–16 for incisors, 
and concluding postnatal age 10–11 months for molars. Therefore, the distribution 
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of Mn in deciduous teeth can provide information on environmental Mn exposure 
during fetal development and early childhood. Usually, deciduous teeth are replaced 
by permanent teeth from the age of 6–12 years. The deposit of metals in teeth has 
been correlated with exposure in pre- and postnatal period, measuring Mn in the 
house dust and in the blood and bone of the mother prenatally and cord blood and 
blood in the postnatal period (Arora et al. 2012; Gunier et al. 2015). This biomarker 
can provide information about exposure timing and intensity over the fetal period, 
in particular second and third trimesters, and during early childhood and cumulative 
early-life exposure (Andra et al. 2015).

 Effects on Cognitive Functions

An increasing number of studies have focused on the potential impact of early-life 
exposure to Mn on cognitive functions (Wasserman et al. 2006, 2011; Wright et al. 
2006; Kim et al. 2009; Riojas-Rodríguez et al. 2010; Bouchard et al. 2011; Menezes- 
Filho et al. 2011; Khan et al. 2012; Torres-Agustín et al. 2013; Haynes et al. 2010, 
2012, 2015). Manganese plays a vital role in brain growth and development, and there-
fore children are more vulnerable than adults to Mn dysfunction (Zoni and Lucchini 
2013) in a U-shaped relationship where both insufficiency and excessive absorption 
can cause adverse effects (Claus Henn et al. 2010). Since brain susceptibility varies 
during the different phases of development, exposure windows are critical for neuro-
toxicity (Grandjean and Landrigan 2014). Prenatal and early postnatal periods are sen-
sitive developmental windows for Mn exposure (Claus Henn et al. 2010; Lin et al. 
2013; Liu et al. 2014) that can act as essential or toxic element as a function of exposure 
timing and dose (Sanders et al. 2015; Claus Henn et al. 2010; Chung et al. 2015).

Manganese is transported through the placenta (Erikson et al. 2007), and an ele-
vated maternal exposure during pregnancy can lead to excessive fetal overload 
(Takser et al. 2004), with accumulation in the developing brain and changes in differ-
ent neurological structures, which may be responsible of motor, cognitive, and 
behavioral impairment postnatally. Basal ganglia are the main target of Mn accumu-
lation (Kim et al. 1999) and are involved in the regulation of inhibitory and disinhibi-
tory processes at a cellular and behavioral level throughout the body, via dopaminergic 
pathways connecting to the frontal lobes (Lezak et al. 2012). These pathways are 
responsible for the coordination of higher-level cognitive functions including cogni-
tive flexibility, response inhibition, and planning (Miller and Cummings 2007).

 Intellectual Ability

A variety of tests and test batteries are used to detect and quantify cognitive effects 
of Mn exposure in children mostly with the Wechsler Intelligence Scale for 
Children (WISC) but also with other mental developmental indices (BSID, CDIIT, 
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etc.). A relevant number of studies have now reported effects on the reduction of 
IQ, using hair Mn as exposure biomarker. Children aged 7–9 years were examined 
in Marietta (Ohio), home to the largest operating ferromanganese industry in North 
America. Both low and high Mn concentrations in both blood and hair were nega-
tively associated with the total IQ scores (Haynes et al. 2015). Other studies were 
conducted in various geographic locations, with moderate sample size, although 
usually higher than 200 subjects, and adjusted for several covariates including 
maternal education and intellectual ability, child age, child gender, and nutritional 
status (Bouchard et al. 2011; Menezes-Filho et al. 2011; Lin et al. 2013; Chung 
et al. 2015). A few cross-sectional studies in adolescents reported no significant 
association with IQ using blood Mn (Lucchini et al. 2012a; Bhang et al. 2013), 
although one of these reported significant associations with deficits on the Learning 
Disability Evaluation Scale (LDES) (Bhang et al. 2013). Despite limited sample 
size, a cross-sectional study of 1–4-year-old Uruguayan children reported also sig-
nificant inverse associations of hair Mn with cognition and language (Rink et al. 
2014). Taken all together, these studies support the conclusion that elevated early-
life Mn exposure adversely impacts childhood cognition with particularly consis-
tent associations with the IQ (Sanders et al. 2015).

The WISC battery is also used to assess cognitive effects caused by interaction 
between Mn and other developmental neurotoxicants such as Pb and As. Interaction 
between Pb or As and Mn and their co-exposure is associated with neurodevelop-
mental deficiencies that are more severe than expected based on the effects of expo-
sure to each metal alone (Claus Henn et al. 2012; Rodrigues et al. 2016). Similarly, 
in utero exposure to high Pb and high Mn was associated with larger deficits in 
cognition and language development compared to low exposure to both metals or to 
exposure to high levels of only one metal at a time (Lin et al. 2013). In contrast, no 
statistical interaction was found between Pb and Mn on IQ in 11- to 14-year-old 
Italian children (Lucchini et al. 2012a).

The WISC has been used to assess both children’s general cognitive abilities (IQ) 
and more specific cognitive functions through its subtests. A study by Rahman et al. 
(2016) aimed to evaluate potential adverse effects of elevated exposure to Mn in 
drinking water (W-Mn) from fetal life to school age in a large cohort of boys and girls 
during 10  years in Bangladesh. Gender was strongly influential in the models of 
prenatal exposure to W-Mn, with the different cognitive ability measures and the 
interaction between gender and W-Mn resulting significant for full IQ scale and sub-
scales of verbal comprehension, working memory, and processing speed. Elevated 
prenatal W-Mn exposure was positively associated with cognitive function in girls, 
while boys appeared unaffected. This gender influence is observed in several chil-
dren studies, although the underlying mechanism is still unclear. Several hypotheses 
have been suggested such as gender-related differences in epigenetic and/or hor-
monal factors (Barker et al. 2013; Tarrade et al. 2015) or different kinetics (Berglund 
et al. 2011; Oulhote et al. 2014). In experimental studies, postnatal exposure to Mn 
has been shown to alter the levels of monoamines and corticosterone in a sex-depen-
dent manner (Vorhees et al. 2014) and cause more morphological changes in striatal 
medium spiny neurons in male than in female mice (Madison et al. 2011).
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 Executive Function

Manganese exposure during childhood can impact the executive function (FE), a set 
of cognitive processes including attentional and inhibitory control, working mem-
ory and cognitive flexibility, reasoning, problem-solving, and planning, necessary 
for cognitive control of behavior (Diamond 2013). Data from experimental study 
corroborate epidemiological research in children and suggest that exposure to Mn 
during neurodevelopment significantly alters dopaminergic synaptic environments 
in brain nuclei and in fronto-striatal circuits that mediate the control of executive 
function (Kern et al. 2010; Carvalho et al. 2014).

Children aged 6–12  years showed a significant association between Mn in 
blood and impaired visual attention, while Mn in hair was related to impaired 
performance of working memory. High levels of Mn from drinking water can 
affect inhibitory control (Nascimento et al. 2016). Similarly, in Brazilian chil-
dren living near a ferromanganese alloy plant, airborne Mn exposure was associ-
ated to lower IQ and neuropsychological performance in tasks of inhibition 
responses, strategic visual formation, and verbal working memory (Carvalho 
et al. 2014).

All together, these results confirm a negative association between executive func-
tion and high Mn exposures reported also in a large body of occupational literature 
(Bowler et al. 2015).

 Memory

Significant associations between Mn exposure and cognitive function have been 
observed also in the domains of learning and memory skills. A group of 174 Mexican 
children aged 7–11  years was evaluated with the Children’s Auditory Verbal 
Learning Test (CAVLT). Compared to nonexposed subjects, they showed higher 
hair and blood Mn (p < 0.001) as well as lower scores (p < 0.001) for all the CAVLT 
subscales. Hair Mn was inversely associated with most CAVLT subscales, espe-
cially those evaluating long-term memory and learning. Blood Mn showed also a 
negative but nonsignificant association with the CAVLT scores (Torres-Agustín 
et al. 2013). This study confirmed the findings by Wright et al. (2006) based on the 
California Verbal Learning Test-Children (CVLTC) and the Wide Range Assessment 
of Memory and Learning (WRAML) scales. Children with higher Mn levels in that 
study recalled fewer words on the learning trials of the CVLTC as well as on both 
the short delay free recall and long delay free recall trials and fewer elements on the 
WRAML stories.

Imaging research on nonhuman primates has also shown that in addition to the 
basal ganglia, Mn affects the frontal cortex (Guilarte 2013), an area associated with 
strategic encoding, organization, and retrieval of verbal and visual memories (Stuss 
and Alexander 2007).
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 Academic Achievement

Although adverse effects of Mn on cognitive function raise concern about potential 
repercussion on children academic achievement, little scientific evidence is available 
on this aspect. In a rural area of Bangladesh, a cross-sectional study was conducted 
in 840 children, to investigate associations between the levels of Mn and As in drink-
ing water and academic achievement in mathematics and languages among elemen-
tary school children aged 8–11 years. The annual scores of the study children in 
languages (Bangla and English) and mathematics were obtained from the academic 
achievement records of the elementary schools. No significant relation was observed 
between W-Mn and academic achievement in either language. Neither W-As was 
significantly related to any of the three academic achievement scores. Diversely, 
W-Mn at levels above the WHO standard of 400 μg/L was associated with a 6.4% 
score loss in the mathematics achievement test scores, after adjustment for W-As and 
other sociodemographic variables. These results suggest that deficits in mathematics 
may be induced by high concentrations of Mn in drinking water (Khan et al. 2012).

 Effects on Motor Functions

Although a high number of studies have historically investigated the relation 
between Mn exposure and motor impairment in workers and adults, little research 
has focused on these issues in children. In a recent study of Rodrigues et al. (2016), 
a sample of Bangladeshi children aged 20–40 months were assessed using a trans-
lated, culturally adapted version of the Bayley Scales of Infant and Toddler 
Development, Third Edition (BSID-III). Age-adjusted z-scores were calculated for 
the five test’s domains (i.e., cognitive, receptive language, expressive language, fine 
motor, and gross motor). The results indicated that most associations between As, 
Pb, and Mn exposures and the BSID-III z-scores were linear, with the exception of 
W-Mn concentrations and fine motor scores, for which an inverse U-shaped curve 
was observed. The interpretation of an inverse U relationship is that at W-Mn <400 μ 
g/L, Mn is beneficial to fine motor development, whereas at W-Mn >400 μ g/L, Mn 
exposure is detrimental for motor function. These results differ from a previous 
study conducted on 375 Canadian children (Oulhote et al. 2014) that showed a sig-
nificant association between the estimated Mn intake from water consumption and 
decreased performance at motor function tests. In the same study, no significant 
association was also observed between hair Mn and motor function.

A sample of 55 children, aged 7–9 years, was enrolled to determine the association 
between Mn and Pb exposure with neuromotor function in children. All measures of Mn 
exposure (blood, hair, and time-weighted distance from a ferromanganese emission) 
were significantly associated with poor postural balance. Low-level blood Pb was also 
negatively associated with balance outcomes (Rugless et al. 2014). In a previous study, 
adolescents aged 11–14 years were recruited in Val Camonica, a region impacted by 
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ferroalloy plants emissions for a century until 2001 and the reference area of Lake Garda 
(Italy). Several motor tasks were used including the Luria-Nebraska Motor Battery, fin-
ger tapping, visual simple reaction time, pursuit aiming, tremor test, and body sway. 
Regression models showed a significant impairment of motor coordination (Luria-
Nebraska test), hand dexterity (pursuit aiming), and odor identification (Sniffin’ task), as 
associated with soil Mn measured at the participants’ house. Tremor intensity was 
directly associated with blood and hair Mn concentrations (Lucchini et al. 2012b).

However, few prospective studies have looked at the effects of both prenatal and 
postnatal Mn exposure on child cognitive and motor functions. Recently, a cohort of 
248 children living near agricultural fields treated with Mn-containing fungicides in 
Salinas, California, have been studied longitudinally (Mora et al. 2015). Manganese 
levels was measured in prenatal and early postnatal dentine of shed teeth and con-
fronted to behavior, cognition, memory, and motor functioning examined at the ages of 
7, 9, and/or 10.5  years. Motor functions were assessed using finger tapping, the 
Pegboard tests, and five subtests of the Luria-Nebraska Motor Battery that have shown 
sensitivity to Mn exposure (Lucchini et al. 2012b). Results showed that higher prenatal 
and early postnatal Mn levels in dentine of deciduous teeth were adversely associated 
with behavioral outcomes in school-aged boys and girls. In contrast, higher Mn levels 
in prenatal and postnatal dentine were associated with better memory abilities and 
cognitive and motor abilities in school-aged boys (Mora et  al. 2015). Hernández-
Bonilla et al. (2011) assessed the association between Mn exposure and motor function 
in 195 children (100 exposed and 95 not exposed), aged 7–11 years, living in Mexico 
near a Mn mine. Motor functions were assessed with the Grooved Pegboard, the Finger 
Tapping, and the Santa Ana Test. Comparing exposed and not-exposed groups, a sig-
nificant difference emerged in the number of errors on the Grooved Pegboard, where 
exposed subjects made errors more frequently during the test; no differences were 
observed between groups in the other two motor tests. An inverse association was 
observed between MnB and Finger Tapping performance for each hand.

The effects of As and Mn ingestion through drinking water, on children’s motor 
functions, were further studied by Parvez et al. (2011). They investigated the asso-
ciation of W-As and W-Mn with motor function in a population of 304 children 
(8–11 years) from Bangladesh. They assessed motor functions using the Bruininks- 
Oseretsky test, generating a summary score (total motor composite, TMC) and four 
subscales: fine manual control (FMC), manual coordination, body coordination, and 
strength and agility. Adjusted model found an inverse association between As in 
blood and three motor scales: TMC, FMC, and BC. No associations were observed 
between MnB or PbB and motor function.

 Behavior

Several studies showed an exposure-response relationship between Mn and 
neurobehavioral effects, but not conclusive. Most of the studies analyzed the expo-
sure during childhood and fewer studies also during prenatal exposure.
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Sanders et al. in an epidemiologic review (2015) about early-life Mn exposure 
identified seven studies that examined the association between early-life exposure 
to Mn and children/adolescent behavior. Taken together, these studies provide some 
evidence of a link between early-life Mn and ADHD (attention deficit hyperactivity 
disorder), ASD (autism spectrum disorder), and other adverse behavioral outcomes 
in children.

 Attention Deficit Hyperactivity Disorder

ADHD is a neurodevelopmental disorder manifested by symptoms of inattention, 
hyperactivity, and impulsivity; it affects approximately 3–7% of school-aged chil-
dren. Its persistence into adulthood may result in an approximately 1–4% preva-
lence of adult ADHD.  Children with ADHD are at higher risk of developing 
psychiatric comorbidity (Hong et al. 2014; Sharma and Couture 2014). The exact 
etiology of ADHD is still unknown (Sharma and Couture 2014). The proposed neu-
rotoxic mechanisms of Mn involve striatal dopamine neurotransmission, implicated 
in the pathophysiology of ADHD (Hong et al. 2014).

Sanders et al. (2015) considered a case-control study in the United Arab Emirates 
[although with the limits of a small case group (18 cases vs 74 controls) and not 
adjusted for any confounding variables] that reported increased odds of ADHD with 
increased blood Mn levels. They highlight also a large cross-sectional study of 
South Korean children where blood Mn levels were associated with poorer scores of 
commission on one of the three ADHD tests but with no association with doctor- 
diagnosed ADHD.

In addition, Mora et al. (2015) found that prenatal and early postnatal Mn levels 
in dentine of deciduous teeth were adversely associated with behavioral outcomes – 
namely, maternal reports of, using Conners’ Rating Scales, internalizing and exter-
nalizing symptoms and hyperactivity problems, in school-aged boys and girls.

In a study by Benko et al. (2010), children with ADHD show significantly higher 
serum Mn concentrations. A cross-sectional study (Bouchard et al. 2007), using the 
Revised Conners’ Teacher and Parent Rating Scales, demonstrated greater hyperac-
tive and oppositional classroom behavior, associated with higher hair Mn from chil-
dren, on average, 11 years old.

About remediation for ADHD, a case-cohort study in Brazil found that the 
treatment of adolescent ADHD with the common medication methylphenidate 
(Ritalin®) significantly reduced blood Mn levels (Farias et  al. 2010). A recent 
study found that methylphenidate administered following chronic postnatal Mn 
exposure resulted in improved motor function in rats; however, there was no 
effect on Mn blood levels (Beaudin et al. 2015). If Mn metabolism is part of the 
underlying biologic pathway for ADHD, this finding may support the evidence 
for a biological role of Mn in the ADHD causation. Conversely, if methylpheni-
date alters Mn metabolism independently from its effect on ADHD, this may 
represent a source of bias. Further research is needed to replicate and understand 
this relationship.
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 Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that impairs 
social interaction and communication. Currently, the etiology of ASD is still not 
well understood. A number of studies have indicated that ASD has a genetic factor. 
Others have suggested that there are combinations of factors that influence the etiol-
ogy of ASD, including the interaction of genetic predisposition and environmental 
exposures (Rahbar et al. 2014; Rossignol et al. 2014).

Several studies examined the relationship between ASD and Mn exposure, as 
measured by air distribution, tooth enamel, hair, urine, and red blood cells, but with 
conflicting findings (Rahbar et al. 2014). Rossignol et al. (2014) supported the idea 
of an association between environmental toxicants and ASD. On the other side, they 
declare that many of the reviewed studies contain significant weaknesses and reveal 
a need for more high-quality epidemiological studies concerning e-relation between 
environmental toxicants and ASD. In particular, they highlight for Mn a study con-
ducted with 325 children with ASD vs 22,101 controls. The study reported that 
perinatal exposure to the highest versus lowest quintile of air pollutants was signifi-
cantly associated with an increased risk of ASD, including Mn (OR = 1.5; 95%), 
and an overall measure of metals was significantly associated with ASD suggesting 
that perinatal exposure to air pollutants may increase risk for ASD. Notably, a stron-
ger association was observed in boys compared with girls for most pollutants, sug-
gesting a sex-specific interaction (Roberts et al. 2013).

Comparing the blood Mn levels between ASD children and healthy Jamaican 
children, Rahbar et al. (2014) found no significant association between BMn and 
ASD, suggesting that there is no significant association between Mn exposures and 
ASD. The authors however underscore that blood Mn cannot be used to assess early 
exposure at potentially more susceptible time period.

Moreover, a case-control study of children in the USA with ASD found that 
cases had marginally significantly lower levels of tooth enamel Mn, representing 
postnatal exposure, compared to controls (Abdullah et  al. 2012). These findings 
should be interpreted cautiously, however, because tooth enamel does not track 
early-life timing of exposure as well as tooth dentine, due to its longer maturation 
process (Arora et al. 2012).

The potential correlation between hair toxic metal concentrations and ASD 
severity was examined by Geier (2012) in a prospective cohort of participants 
 diagnosed with moderate to severe ASD. Only hair Hg concentrations resulted sig-
nificantly correlated with increased ASD severity, and for Mn, no significant corre-
lations were observed for ASD severity.

 Other Behavioral Outcomes

Neurobehavioral toxicities associated with Mn also include other behavioral aspects, 
often evaluated using checklist and questionnaires.
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Sanders et al. (2015) analyze in their review three studies examining scales of 
adolescent behavior and reporting conflicting results. Firstly a cross-sectional study 
by Lucchini et al. (2012b) on 11- to 14-year-old Italian adolescents found that blood 
Mn was not associated with any of the other behavioral Conners’ Rating Scale sub-
scales. A second cross-sectional study of 8- to 11-year-olds in Bangladesh reported 
a significant association between drinking water Mn, but not blood Mn, with inter-
nalizing and externalizing behaviors (Khan et al, 2012). The third cross- sectional 
study of 7- to 12-year-old subjects in Brazil found significantly impaired perfor-
mance on attention when comparing higher hair Mn tertiles to lower Mn but did not 
report a significant linear relationship (Carvalho et al. 2014).

Moreover, Rahman et al. (2016) assessed behavior problems in 1265 10-year-old 
children in rural Bangladesh. Elevated prenatal and early childhood exposure levels 
to W-Mn appeared to increase the risk of children’s behavioral problems at 10 years 
of age. Behavioral problems were assessed using a specific questionnaire assessing 
conduct problems, hyperactivity/inattention, emotional symptoms, and peer rela-
tionship problems. Early-life W-Mn exposure appeared to adversely affect chil-
dren’s behavior. Results showed that W-Mn at all time points was significantly 
associated with increased risk of conduct problems. They found a significant inter-
action between gender and prenatal W-Mn for hyperactivity and between gender 
and W-Mn at 10 years of age for peer problems. Stratifying the models by gender 
indicated slightly stronger associations of prenatal W-Mn with conduct problems in 
boys (statistically significant) than in girls (not significant).

Menezes-Filho et al. (2014) verified externalizing behaviors and attention prob-
lems using Child Behavior Checklist (CBCL). For girls, CBCL was significantly 
associated with higher hair Mn.

Hong et  al. (2014) demonstrated a correlation between blood Mn levels and 
behavioral problems like anxiety, social behavior, and aggression in ADHD.

Khan et al. (2011, 2012) in a cross-sectional study demonstrated a dose-response 
relationship between blood Mn levels and externalizing behavior problems like dis-
ruptive behavior and conduct problems and showed that higher water Mn concentra-
tions are associated with lower achievement scores, IQ, and behavioral scores 
among children.

 Effects on Olfactory Function

Elevated Mn exposure during pre-/early adolescence plays an important role in 
human neurotoxicity, and it is associated with olfactory function in children and 
elderly (Aschner et al. 2005; Lucchini et al. 2012b, Zoni and Lucchini 2013; Iannilli 
et al. 2016).

Inhalation of ultrafine particles represents one of the primary routes for neuro-
toxicity. Manganese exposure reduces significantly the surviving adult-born cells in 
the olfactory bulb and markedly inhibits their differentiation into mature neurons, 

Manganese and Developmental Neurotoxicity



28

resulting in an overall decreased neurogenesis in this brain’s region (Fu et al. 2016). 
Furthermore Mn, as other metals, is readily transported via olfactory pathways and 
may access to structures located within the brain (Zoni et al. 2012; Guarneros et al. 
2013). Mn bypasses the blood-brain barrier and the homeostatic mechanisms that 
regulate absorption and excretion to keep Mn levels in the desired range. Through 
the inhalation route, Mn can reach the prefrontal cortex and the striatum altering 
monoaminergic signaling pathways, particularly dopaminergic transmission, in 
these two areas (Ye and Kim 2015).

The dopaminergic system plays a central role in the regulation of motor and 
olfactory function. Various clinical diseases which manifest in the adult life are 
known to present with olfactory loss, including Parkinson’s disease (PD) and 
Alzheimer-type dementia (AD), which both present with significant smell loss in 
more than 70% of patients (Lucchini et al. 2014).

Olfactory deficit is an early sign of PD. Living in a Mn-affected environment 
area can cause impairment in the olfactory functions that may be potentially consid-
ered as an early warning for the onset of late neurodegenerative effects in the older 
age (Lucchini et al. 2012b).

Few studies explored the relation between olfactory functions and Mn exposure. 
Iannilli et al. (2016) in a pilot study comparing exposed preadolescent (who have 
spent their whole life span in contaminated areas) with not exposed controls assessed 
an fMRI experiment pointing at differences of brain activities. They found a gener-
ally lower sensory-odor response, and the decreased activity in the relevant brain 
olfactory areas suggests that young subjects exposed to Mn exhibit a significative 
reduction of subjective odor sensitivity and olfactory bulb volume. Moreover Mn 
exposure induces less activation of the limbic system, suggesting an alteration of 
brain network linked to odor perception and emotional responses (Iannilli et  al. 
2016).

Lucchini et  al. (2012b) used the Sniffin’ Sticks test (Hummel et  al. 1997) to 
assess the response to a standardized odor source in 311 healthy adolescents living 
near a ferroalloy plant. They found a significant impairment of motor functions and 
of odor identification associated with soil Mn.
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Abstract While the neurotoxic effects of manganese were recognized in 1837, the 
first genetic disorder of manganese metabolism was described only in 2012 when 
homozygous mutations in SLC30A10 were reported to cause manganese-induced 
neurotoxicity. Two other genetic disorders of manganese metabolism have now 
been described – mutations in SLC39A14 cause manganese toxicity, while muta-
tions in SLC39A8 cause manganese and zinc deficiency. Study of rare genetic disor-
ders often provides unique insights into disease pathobiology, and the discoveries of 
these three inherited disorders of manganese metabolism are already transforming 
our understanding of manganese homeostasis, detoxification, and neurotoxicity. 
Here, we review the mechanisms by which mutations in SLC30A10, SLC39A14, 
and SLC39A8 impact manganese homeostasis to cause human disease.

Keywords  Manganese  •  SLC30A10  •  SLC39A14  •  SLC39A8  •  Homeostasis  • 
Transporter

 Introduction

Manganese (Mn) is an essential element required for the activities of numerous 
enzymes (Aschner et al. 2009). In adults, adequate intake is 1.8 mg/day in females 
and 2.3 mg/day in males (Freeland-Graves et al. 2016). As Mn is essential, its defi-
ciency is linked to a number of health conditions including impaired cognitive func-
tion, asthma, osteoporosis, and dyslipidemia (Freeland-Graves et  al. 2016). 
However, the causal role of Mn in these diseases is not clear. In contrast, more 
information is available about Mn toxicity. When systemic levels of Mn increase, 
the metal accumulates in the brain, primarily in the basal ganglia, and leads to the 
onset of a parkinsonian-like movement disorder (Aschner et al. 2009; Olanow 2004; 
Perl and Olanow 2007). Historically, Mn-induced neurotoxicity was reported in 
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individuals exposed to elevated Mn from occupational sources (e.g., welding, man-
ufacture of dry batteries and steel, and mining) (Aschner et al. 2009). Recent studies 
suggest that Mn-induced neurotoxicity may also occur due to environmental expo-
sure  to  elevated Mn  (Lucchini  et  al.  2014, 2012). Furthermore, individuals with 
defective liver function, due to diseases such as cirrhosis, fail to excrete Mn and 
may develop Mn-induced neurotoxicity in the absence of exposure to elevated Mn 
(Butterworth 2013).  Calculations  show  that,  under  physiologic  conditions,  brain 
Mn levels are ~5–14 ng Mn/mg protein (corresponding to 20–53 μM Mn) (Bowman 
and Aschner  2014). In mammalian systems, neurotoxicity occurs when there is 
~3-fold elevation in brain Mn levels, which corresponds to 16–42 ng Mn/mg protein 
or 60–158 μM Mn (Bowman and Aschner 2014). Thus, intracellular levels of Mn 
need  to be maintained within a narrow physiologic  range. Earlier  studies on Mn 
homeostasis used yeast as a model organism and led to the discovery of an elegant 
regulatory system in which the Mn influx transporters, Smf1p and Smf2p, are 
degraded when intracellular Mn levels increase (Culotta et al. 2005; Jensen et al. 
2009). However, in mammalian systems, Mn-induced downregulation of DMT1, 
the homolog of Smf1 proteins, has not been observed, suggesting that there may be 
fundamental differences between the regulatory systems that control cellular Mn in 
yeast and mammals. A major breakthrough in understanding the mechanisms that 
regulate Mn homeostasis in humans came in 2012 with the discovery that individu-
als harboring homozygous mutations in SLC30A10 suffer from familial Mn-induced 
neurotoxicity (Quadri et al. 2012; Tuschl et al. 2008, 2012). Remarkably, soon after 
this, two other genetic diseases of Mn metabolism were discovered. In 2016, muta-
tions in SLC39A14 were also reported to induce Mn neurotoxicity (Tuschl et  al. 
2016), and in 2015, mutations in SLC39A8 were identified to cause Mn and zinc 
(Zn) deficiency (Boycott et al. 2015; Park et al. 2015). SLC30A10, SLC39A14, and 
SLC39A8 all code for Mn transporters and induce disease by directly altering cel-
lular and tissue Mn (and Zn, in case of SLC39A8) levels. Below, we describe the 
mechanisms by which loss-of-function mutations in these genes impact Mn metab-
olism in greater detail.

 SLC30A10

The first detailed clinical study of a patient later shown to harbor homozygous 
mutations in SLC30A10 was published in 2008 (Tuschl et al. 2008). In this report, 
the authors described findings from a 12-year-old female patient who was born to 
consanguineous parents and developed difficulty in walking and in conducting fine 
movements with her hands. Clinical analyses revealed that the patient had a charac-
teristic “cock-walk” gait and signs of dystonia along with ~10-fold increase in 
blood Mn (Tuschl et al. 2008). Magnetic resonance imaging provided evidence of 
Mn deposition in the basal ganglia, anterior pituitary, and the dentate nucleus and 
white matter of the cerebellum (Tuschl et al. 2008). Liver biopsy revealed that the 
patient had cirrhosis and that liver Mn levels were elevated (Tuschl et al. 2008). The 
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patient also had polycythemia and hyperbilirubinemia (Tuschl et  al. 2008). 
Importantly, there was no history of exposure to elevated Mn from environmental 
sources, and levels of other essential metals in plasma [copper (Cu) and Zn] were 
normal (Tuschl et al. 2008). These findings raised the possibility that the patient 
may have a defect in Mn metabolism, perhaps of genetic origin, which led to Mn 
retention and subsequent neurotoxicity.

In 2012, analyses from additional patients who presented with the above- 
described clinical picture were published (Quadri et al. 2012; Tuschl et al. 2012). 
Whole-genome homozygosity mapping and exome sequencing revealed that 
affected patients carried homozygous mutations in the SLC30A10 gene (Quadri 
et al. 2012; Tuschl et al. 2012). The disease exhibited autosomal recessive inheri-
tance, and unaffected siblings and parents were heterozygous for mutations in 
SLC30A10 (Quadri et al. 2012; Tuschl et al. 2012). Interestingly, the clinical presen-
tation described in 2008 and 2012 recapitulated findings from a prior case report 
published in 2000 (Gospe et al. 2000). This patient underwent follow-up examina-
tions and was included in the 2012 studies, and genetic analyses identified homozy-
gous mutations in SLC30A10  (Lechpammer  et  al.  2014; Tuschl et  al. 2012). He 
recently died and findings obtained from a complete autopsy were published in 
2014  (Lechpammer  et  al.  2014). Features observed included hepatomegaly and 
micronodular cirrhosis with portal hypertension in the liver and severe neuronal loss 
in the globus pallidus (Lechpammer et al. 2014). There was a 16-fold increase in 
Mn levels in the basal ganglia and a 9-fold increase in the liver, but levels of Zn and 
iron (Fe) were normal in the brain (there was a 2–3-fold increase in liver Zn and Cu, 
but it was likely due to cirrhosis and compromised hepatic function) (Lechpammer 
et al. 2014). Neuronal loss in the globus pallidus is consistent with changes seen in 
humans patients exposed to elevated Mn from occupational sources (Olanow 2004; 
Perl and Olanow 2007).

The clinical and genetic studies described above suggest that mutations in 
SLC30A10 affect Mn metabolism in a manner that leads to Mn retention, likely due 
to decreased biliary excretion of Mn, and the observed neurotoxicity develops as a 
consequence of secondary Mn accumulation in the brain. The hepatic injury seen in 
affected patients is an important aspect of the disease, may be life-threatening, and 
can be explained by the observed deposition of Mn in the liver (Quadri et al. 2012; 
Tuschl et al. 2012). Polycythemia, another hallmark of the disease, may be a direct 
consequence of increased Mn levels as Mn and other transition metals, such as 
cobalt and nickel, have the ability to mimic the effects of hypoxia on erythropoietin 
gene expression by stabilizing hypoxia-inducible factor 1α (Ebert and Bunn 1999).

Some insights into the molecular mechanisms that lead to Mn retention when 
SLC30A10 function is compromised are now available. SLC30A10 belongs to the 
SLC30 family of metal transporters, which has ten members, SLC30A1–SLC30A10 
(Huang and Tepaamorndech 2013; Kambe et  al. 2015; Kolaj-Robin et  al. 2015). 
SLC30A1–SLC30A8 transport Zn from the cytosol to the cell exterior or into the 
lumen of cellular organelles (i.e., mediate Zn efflux; the classification of SLC30A9 
as a transporter is likely incorrect, and recent evidence suggests that it functions as 
a nuclear receptor coactivator) (Huang and Tepaamorndech 2013;  Kambe  et  al. 
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2015; Kolaj-Robin et al. 2015). While SLC30A10 was initially thought to act as a 
Zn  efflux  transporter  (Bosomworth  et  al.  2012), the fact that patients harboring 
mutations in this gene had elevated Mn levels suggested that it may mediate efflux 
of Mn, instead of Zn, and that disease-causing mutations may interfere with its Mn 
efflux function. To test this hypothesis, we performed a set of mechanistic experi-
ments in cell and neuronal culture and in C. elegans  (Leyva-Illades et al. 2014). 
Localization assays revealed that SLC30A10WT trafficked to the cell surface; in con-
trast, disease-causing mutants tested were trapped in the endoplasmic reticulum 
(Leyva-Illades et  al. 2014). Mn measurement assays in cell culture revealed that 
SLC30A10WT, but not a disease-causing mutant, reduced intracellular Mn levels. 
We performed a pulse-chase assay and confirmed that the reduction in intracellular 
Mn on SLC30A10WT expression was due to an increase in Mn efflux and not a 
reduction in Mn influx (Leyva-Illades et al. 2014). Additional studies revealed that 
expression of SLC30A10WT, but not a disease-causing mutant, protected HeLa and 
GABAergic AF5 cells and primary midbrain neurons against Mn toxicity (Leyva- 
Illades et  al. 2014).  In  contrast,  siRNA-mediated  knockdown  of  SLC30A10  in 
GABAergic AF5 cells  led  to Mn accumulation and heightened sensitivity  to Mn 
toxicity (Leyva-Illades et al. 2014). In C. elegans, expression of SLC30A10WT pro-
tected dopaminergic neurons against Mn-induced neurodegeneration, rescued a 
Mn-induced locomotor defect, and enhanced viability when worms were exposed to 
high Mn; these effects were not evident when a disease-causing mutant was 
expressed (Leyva-Illades et al. 2014). These results suggest that SLC30A10 func-
tions as a cell surface-localized Mn efflux transporter that enhances manganese 
efflux and protects against Mn toxicity. Mutations that induce human disease block 
the Mn efflux activity of the transporter, leading to increased Mn accumulation 
within cells.

The fact that SLC30A10 mediates Mn efflux implies that there is an important 
difference between its substrate specificity and that of other SLC30 family trans-
porters,  which mediate  Zn  efflux. Additionally,  available  evidence  suggests  that 
SLC30A10 lacks observable Zn efflux activity in cells and organisms. To summa-
rize here, in cell culture, expression of SLC30A10WT reduced intracellular Mn and 
protected  against Mn  toxicity,  but  did  not  reduce  Zn  levels  or  alter  viability  in 
response to Zn toxicity (Leyva-Illades et al. 2014; Zogzas et al. 2016). Similarly, in 
C. elegans, expression of SLC30A10WT protected against Mn, but not Zn, toxicity 
(Chen et al. 2015; Leyva-Illades et al. 2014). Finally, in humans, loss-of-function 
mutations  in  SLC30A10  increased Mn  levels  in  the  liver,  blood  and  brain,  but 
increases in plasma or brain Zn levels have not been reported (as described earlier, 
an increase in liver Zn was reported in one patient, but this was likely due to hepatic 
decompensation) (Lechpammer et al. 2014; Quadri et al. 2012; Tuschl et al. 2008, 
2012). The mechanisms underlying the difference in metal specificity of SLC30A10 
and other SLC30 proteins are largely unknown, but two recent papers have begun to 
provide some understanding (Nishito et al. 2016; Zogzas et al. 2016). We generated 
a  predicted  structure  of SLC30A10,  based  on  the  solved  crystal  structure  of  the 
related  bacterial  Zn  transporter  YiiP,  and  performed  structure-function  assays 
(Zogzas et al. 2016). YiiP has a transmembrane domain with six membrane  spanning 
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segments and a C-terminal domain (Lu et al. 2009, Lu and Fu 2007; Fig. 1a). In 
YiiP, side chains of amino acid residues Asp-45 and Asp-49 in the second and His-
153 and Asp-157 in the fifth transmembrane segments form a metal coordination 
site, referred to as Site A, which coordinates Zn and is required for transport (Lu 
et al. 2009, Lu and Fu 2007; Fig. 1a). Prior studies show that, in other transporters 
of this superfamily (named cation diffusion facilitator), including in other SLC30 
family proteins studied, residues that correspond to Site A of YiiP are crucial for 
metal coordination, specificity, and transport (Hoch et  al. 2012; Huang and 
Tepaamorndech 2013; Kambe et al. 2015; Kolaj-Robin et al. 2015; Lu et al. 2009; 
Lu and Fu 2007; Martin and Giedroc 2016; Montanini et  al. 2007; Ohana et  al. 

Fig. 1  Comparison of the 
solved crystal structure of 
YiiP with the predicted 
structure of SLC30A10. 
(a) Crystal structure of 
YiiP (Protein Data Bank 
code 3H90) is depicted in 
the cartoon format in gray; 
residues corresponding to 
Site A are shown as red 
sticks; Zn ion is shown as 
yellow sphere. (b) 
Predicted structure of 
SLC30A10 is shown in the 
cartoon format in green; 
residues corresponding to 
Site A of YiiP, which form 
the putative Site A of 
SLC30A10, are shown as 
red sticks. (c) Predicted 
structure of SLC30A10 is 
shown in the cartoon 
format in green; residues 
in the transmembrane 
segments that are required 
for Mn efflux activity are 
shown as red sticks. Note 
that not all required 
residues are depicted here 
and that residue H244 is 
not required by itself, but 
acts cooperatively with 
N127. Further details are 
provided in our ref. 
(Zogzas et al. 2016)
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2009; Shusterman et al. 2014). Sequence analyses revealed that, in SLC30A10, resi-
dues corresponding  to Site A of YiiP are Asn-43, Asp-47, His-244, and Asp-248 
(Zogzas et al. 2016; Fig. 1b). The presence of Asn-43 was interesting because aspar-
agine  residues  have  a  higher  propensity  to  coordinate  with  Mn  than  with  Zn 
(Dokmanic et al. 2008). Indeed, in Zn-transporting SLC30 proteins, this asparagine 
residue is replaced with histidine (Zogzas et al. 2016), which has a higher propen-
sity to coordinate with Zn than asparagine (Dokmanic et al. 2008). Based on this, 
we hypothesized that perhaps a single amino acid change, from histidine in 
Zn-transporting SLC30 proteins to asparagine in SLC30A10, conferred Mn-transport 
capability to SLC30A10. To test this idea, first, we analyzed the obtained predicted 
structure of SLC30A10. Intriguingly, we discovered that,  in SLC30A10,  the side 
chain of Asn-43 pointed away from the putative ion binding pocket, located in the 
space between the second and fifth transmembrane domains, reducing the likeli-
hood  that  it was  involved  in  ion  coordination  and  transport  (Zogzas  et  al. 2016; 
Fig.  1b).  Consistent  with  this,  Mn  transport  assays  in  cells  transfected  with 
SLC30A10WT or mutants revealed that, among putative Site A residues, only Asp- 
248 was  required  for  transport  and  side  chains  of Asn-43  and Asp-47 were  not 
required (Zogzas et al. 2016; Fig. 1b and c). Instead, side chains of Glu-25 and Asn- 
127, located in the first and fourth transmembrane segment respectively and facing 
Asp-248, were  required (Zogzas et al. 2016; Fig. 1c). His-244, a putative Site A 
residue, was not required by itself, but acted cooperatively with Asn-127 (Zogzas 
et al. 2016; Fig. 1c). Thus, in SLC30A10, only one of four residues that form its 
putative Site A is required for transport activity, suggesting that the mechanism of 
ion coordination in this transporter may be substantially different from that of 
Zn-transporting SLC30 proteins. Further biochemical and structural assays are now 
required to elucidate the nature of the difference in ion coordination and transport 
between SLC30A10 and other SLC30 proteins.

In the above discussion, it is important to note that, so far, our structure-function 
assays  have  been  performed  in  HeLa  cells,  which  do  not  express  endogenous 
SLC30A10 and are amenable to genetic manipulation. However, substantial differ-
ences exist between immortal cell lines and neuronal and hepatic systems, where 
SLC30A10 functions under physiologic conditions. Transport kinetics of SLC30A10 
mutants may differ between cell types due to changes in intracellular localization or 
differences in available interacting partners. The relevance of cell type-specific 
effects is underlined by findings in another recent paper on SLC30A10 function in 
which the authors expressed human SLC30A10WT or mutants in a chicken cell line 
(Nishito et al. 2016). They discovered  that,  in  the avian system, SLC30A10 was 
largely trapped in the Golgi [the wild-type protein traffics to the plasma membrane 
in mammalian systems (Leyva-Illades et al. 2014; Zogzas et al. 2016)] and the side 
chain of the Asn-43 residue was required to protect against Mn-induced cell death 
(Nishito et al. 2016). Thus, in addition to biochemical and structural studies in mini-
mal  systems,  it  will  be  important  to  validate  transport  activities  of  SLC30A10 
mutants in physiologically relevant primary neuronal and hepatocyte cultures.

How can the loss of the Mn efflux function of SLC30A10 at the cellular level 
lead  to  the phenotype observed  in patients? SLC30A10  is  expressed  in  the  liver 
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(Lechpammer et al. 2014; Quadri et al. 2012). Presumably, the efflux activity in the 
liver mediates biliary Mn excretion (Fig. 2). Loss of SLC30A10 function should 
decrease Mn excretion, and the retained Mn should accumulate in the liver leading 
to hepatic injury. Decreased Mn excretion should also lead to Mn accumulation in 
the blood and brain. Additionally, SLC30A10 is expressed in neurons of the basal 
ganglia,  including  in  the globus pallidus  (Lechpammer et  al. 2014; Quadri et  al. 
2012). Loss of SLC30A10 function in the basal ganglia may further enhance Mn 
accumulation and induced damage in regional neurons. This sequence of events 
may culminate with the development of Mn-induced neurotoxicity. The above 
model remains to be experimentally tested, but is consistent with the available clini-
cal data. To obtain more concrete evidence, we and others are generating global and 
tissue-specific SLC30A10 knockout mice to determine whether neurotoxicity is due 
to loss of efflux activity in the liver, brain, or both organs.

Fig. 2  Proposed model for the role of SLC39A8, SLC39A14, and SLC30A10 in regulating Mn 
homeostasis and detoxification. SLC39A8 may localize to the apical domain of enterocytes and 
mediate Mn (and Zn) influx into enterocytes. Metal ions would then be exported from enterocytes 
into blood by other transporters. SLC39A14 may localize to the basolateral aspect of hepatocytes 
and mediate influx of Mn from blood into hepatocytes. Finally, SLC30A10 may localize to the 
canalicular domain of hepatocytes and mediate efflux of Mn into bile. Consistent with the clinical 
data, this model predicts that loss of function of SLC39A8 should reduce Mn levels in blood; loss 
of function of SLC39A14 should increase Mn in blood, but not in the liver; and loss of function of 
SLC30A10 should increase Mn in the blood and liver
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 SLC39A14

In 2016, mutations in SLC39A14 were reported to lead to the onset of Mn-induced 
neurotoxicity in humans (Tuschl et  al. 2016).  SLC39A14 belongs  to  the SLC39 
family of metal transporters (Jeong and Eide 2013). While most members of this 
family mediate Zn influx into cells, SLC39A14 is known to mediate influx of Mn, 
Fe, and cadmium (Cd), in addition to Zn (Jeong and Eide 2013; Liuzzi et al. 2006; 
Girijashanker et al. 2008; Jenkitkasemwong et al. 2012; Pinilla-Tenas et al. 2011; 
Taylor et  al. 2005). Patients harboring homozygous mutations in this gene were 
born to consanguineous parents (Tuschl et al. 2016). Clinical  signs were evident 
early in life and included loss of developmental milestones, progressive dystonia, 
and bulbar dysfunction. Around age 10 years, patients developed severe, general-
ized dystonia that was resistant to treatment, spasticity, limb contractures, and sco-
liosis and lost the ability to move about by themselves. Some patients showed 
features of parkinsonism, such as hypomimia, tremor, and bradykinesia (Tuschl 
et al. 2016). Levels of Mn in blood were ~3–25-fold greater than normal; in con-
trast, blood levels of Fe, Zn, and Cd in tested patients were normal (Tuschl et al. 
2016). Magnetic resonance imaging showed evidence of Mn deposition in the glo-
bus pallidus, striatum (lesser than the pallidus), and anterior pituitary and extensive 
involvement of the white matter (cerebellum, spinal cord, and dorsal pons). In some 
patients, evidence of cerebral and cerebellar atrophy was present (Tuschl et  al. 
2016). Importantly, however, there was no evidence of Mn deposition in the liver 
(Tuschl et al. 2016),  suggesting  that  the  transport activity of SLC39A14 may be 
required  for  import  of Mn  into  hepatocytes. Consistent with  the  absence  of Mn 
deposition in the liver, affected patients did not develop liver disease seen in indi-
viduals carrying SLC30A10 mutations (Tuschl et al. 2016). Polycythemia was also 
absent (Tuschl et al. 2016). Autopsy findings were available  from one  individual 
and revealed severe neuronal loss in the globus pallidus and the dentate nucleus of 
the cerebellum (Tuschl et al. 2016). Neurons in the caudate, putamen, thalamus, and 
cerebral cortex were largely preserved (Tuschl et al. 2016).

What are the molecular mechanisms that lead to Mn retention and neurotoxicity 
in patients harboring SLC39A14 mutations?  In HEK-293 cells, SLC39A14WT, as 
well as disease-causing mutants tested, appeared to traffic to the cell surface (Tuschl 
et  al. 2016). However, in this system, Mn influx was greater in cells expressing 
SLC39A14WT compared to those expressing disease-causing mutants, suggesting 
that the mutations inhibited the Mn transport activity of the protein (Tuschl et al. 
2016). The mechanism by which loss-of-function mutations in a Mn importer lead 
to Mn toxicity may rely on the localization of the transporter in cells and tissues. 
SLC39A14 is expressed in the liver as well as in neurons, including in the globus 
pallidus (Tuschl et al. 2016). SLC39A14 may function to transport Mn from blood 
into hepatocytes, while SLC30A10 may function to transport Mn from within hepa-
tocytes to bile (Fig. 2; also see Tuschl et al. 2016). In such a scenario, the influx 
transporter SLC39A14 and efflux transporter SLC30A10 would function synergis-
tically to mediate biliary Mn excretion (Fig.  2). This model remains to be 
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 experimentally tested, but is consistent with available data. The model predicts that 
loss of SLC30A10 function should increase liver, blood, and brain Mn, while loss 
of SLC39A14 function should increase Mn in blood, but not in the liver. These fea-
tures are seen in patients who harbor loss-of-function mutations of the respective 
genes (Lechpammer et al. 2014; Quadri et al. 2012; Tuschl et al. 2008, 2012, 2016). 
Notably, patients carrying SLC39A14 mutations accumulate Mn in the brain (Tuschl 
et  al. 2016).  Similar  findings  were  reported  when  SLC39A14  was  depleted  in 
zebrafish (Tuschl et al. 2016). These results imply that while the transport activity 
of SLC39A14 may be crucial for hepatic Mn influx, it is not required for the uptake 
of Mn into neuronal cells. Overall, the neurotoxicity seen in patients harboring 
SLC39A14 mutations is probably a consequence of a decrease in the biliary excre-
tion of Mn, which leads to Mn accumulation in the brain and subsequent neuronal 
injury.  Finally,  the  reason  why  patients  with  mutations  in  SLC30A10,  but  not 
SLC39A14, develop polycythemia remains to be clarified. As described earlier, a 
possible  mechanism  for  polycythemia  in  patients  with  SLC30A10  mutations  is 
Mn-induced chemical hypoxia followed by increased erythropoietin production. It 
may  be  that  SLC39A14  is  required  for Mn  influx  into  erythropoietin-producing 
cells, and when this transporter is mutated, the chemical hypoxia leading to eryth-
ropoietin production does not occur.

 SLC39A8

In 2015, mutations in SLC39A8 were reported to cause an inherited disorder of Mn 
and Zn deficiency (Boycott et al. 2015; Park et al. 2015). SLC39A8 belongs to the 
SLC39 family of transporters, similar to SLC39A14, and is known to mediate influx 
of Zn, Mn, Fe, Cd, and cobalt (Jenkitkasemwong et al. 2012; Jeong and Eide 2013; 
Wang et al. 2012). One of the reports described clinical findings from a German 
child born to unrelated parents who was initially referred at 4 months of age (Park 
et al. 2015). The patient presented with infantile spasms, dwarfism, cranial asym-
metry, and hearing loss. Radiology demonstrated craniosynostosis of the coronary 
and lambdoid sutures with asymmetrical brain atrophy; the cerebellum was normal 
(Park et  al. 2015). The second report identified six children from the Hutterite 
ethno-religious group, which is genetically isolated due to sociocultural practices, 
and  two  children  of  Egyptian  descent  born  to  consanguineous  parents  (Boycott 
et al. 2015). Patients from the Hutterite group presented with profound intellectual 
disability, developmental delay, hypotonia, strabismus, and cerebellar atrophy. 
Signs were evident soon after birth and head control was achieved only in early 
childhood. Additional features included short stature, osteopenia, recurrent infec-
tions, and, in most cases, an inability to walk (Boycott et al. 2015). The Egyptian 
children were siblings who presented at age 2 and 8 years with intellectual disabil-
ity, developmental delay, hypotonia, and strabismus. One of the siblings had myo-
clonic seizures (Boycott et al. 2015). Genetic analyses revealed that affected patients 
carried missense mutations in both copies of SLC39A8 (Boycott et al. 2015; Park 
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et al. 2015). The Hutterite and Egyptian patients had homozygous mutations that 
changed glycine at amino acid 38 to arginine; the German patient carried the above 
glycine-to-arginine mutation and an isoleucine-to-asparagine mutation at amino 
acid 340 (Boycott et al. 2015; Park et al. 2015). In all cases tested, parents were 
heterozygous for these mutations (Boycott et al. 2015; Park et al. 2015). Importantly, 
plasma Mn levels were below detectable limits in the German patient, while serum 
Zn levels were normal (Park et al. 2015). However, in the Hutterite and Egyptian 
groups, blood or erythrocyte Mn levels were low only in four out of seven patients 
(Mn values were not available for one patient) and within the normal range in the 
other  three;  plasma  or  serum  Zn  values  were  mildly  decreased  in  five  patients 
(Boycott et al. 2015). The reason for the difference in metal ion levels in the patients 
is unknown. It may be reflective of the difference in the mutations present. 
Immunoblot analyses from fibroblasts isolated from a control subject and a Hutterite 
patient who was homozygous for the glycine-to-arginine mutation demonstrated 
comparable  SLC39A8  protein  levels  (Boycott  et  al.  2015), suggesting that this 
mutation, by itself, did not affect protein expression. One possibility is that the 
isoleucine-to-asparagine  mutation  at  amino  acid  340  may  mislocalize,  degrade, 
and/or profoundly inhibit Mn transport activity of SLC39A14, and this may be the 
underlying reason that Mn levels are undetectable in the patient harboring this 
mutation. Differences in Zn levels in patients reported in the two papers may also be 
related to differential effects of the mutations. It may be that when SLC39A8 func-
tion is completely abolished, activities of other Zn transporters are altered to com-
pensate;  this compensatory effect may not be evident when SLC39A8 activity  is 
only partially inhibited. Further understanding of the cellular changes leading to the 
disease phenotype requires in-depth knowledge of the effects of the disease-causing 
mutations on SLC39A8 transport activity, which is not yet available. Biochemical 
and cell biological approaches used to study functional consequences of SLC30A10 
and SLC39A14 mutations should provide necessary insights.

While the mechanisms by which mutations in SLC39A8 lead to human disease 
are not yet clear, changes in glycosylation may play a role. The German patient 
described above exhibited a defect in N-linked glycosylation, with a primary prob-
lem in galactosylation (Park et al. 2015). The phenotypic presentation of this patient 
had similarities to that seen in a congenital disorder of glycosylation when SLC35A2, 
a UDP-galactose transporter, is mutated (Park et al. 2015). SLC35A2 imports UDP- 
galactose from the cytosol into the Golgi (Ng et al. 2013). Within the Golgi, galac-
tose is transferred to acceptor proteins by galactosyltransferase enzymes (Hennet 
2002), several of which require Mn for activity (Wagner and Cynkin 1971; Schachter 
et al. 1971). Conceivably, when intracellular Mn is low, activities of galactosyltrans-
ferases may be inhibited, leading to the observed glycosylation defect. In support of 
this idea, prior studies have demonstrated that glycosylation defects occur when 
SPCA1, the Golgi localized P-type pump that transports Mn from the cytosol into 
the Golgi, is depleted (Ramos-Castaneda et al. 2005). Thus, it is not surprising that 
there are phenotypic similarities between patients with SLC35A2 and SLC39A8 
mutations. Indeed, after the discovery of the glycosylation defect, Park et al. went 
on to screen for SLC39A8 mutations in patients who had impaired glycosylation of 
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unknown origin and identified another patient with mutations in the SLC39A8 gene; 
Mn levels in blood were below the detectable limit in this patient (Park et al. 2015). 
However, the extent to which a defect in glycosylation contributes to the develop-
ment of the disease and the severity of the phenotype in all patients who have muta-
tions  in  SLC39A8  is  not  clear.  Patients  who  were  homozygous  for  the 
glycine-to-arginine mutation did not have a severe Mn deficiency and, compared to 
patients without detectable Mn in blood or plasma, exhibited milder defects in gly-
cosylation; yet, they had extensive neurologic damage (Boycott et al. 2015; Park 
et al. 2015). These results imply that while there may be a relationship between Mn 
levels and glycosylation efficiency, the contribution of the glycosylation defect to 
disease development and severity needs further assessment. The relative contribu-
tion of Mn versus Zn deficiency to disease pathobiology is also unclear and needs 
to be elucidated. Overall, mutations in SLC39A8 lead to severe neurological disease 
that is related to Mn and Zn deficiency (Fig. 2) and a defect in N-linked glycosyl-
ation. Future studies need to determine the effect of disease-causing mutations on 
transporter activity and to elucidate the mechanisms by which altered transport 
activity changes metal levels; affects cellular processes, such as glycosylation; and 
induces disease.

 Concluding Perspectives

The discoveries of the above-described genetic diseases are poised to revolutionize 
our understanding of Mn homeostasis, detoxification, and induced toxicity at the 
cellular  and  organismal  level. All  three  disorders were  identified within  the  last 
5  years; therefore, detailed understanding of disease pathobiology cannot be 
expected. However, rapid progress is anticipated as multiple laboratories are now 
working on elucidating the mechanisms by which these proteins mediate Mn trans-
port and regulate Mn homeostasis and detoxification, by which the transporters 
themselves are regulated in response to changing Mn levels and by which changes 
in transporter activities alter brain Mn to induce disease. While these genetic dis-
eases are rare, studying these disorders is expected to improve our understanding of 
Mn biology in general and the mechanisms of Mn-induced neurotoxicity in particu-
lar. Indeed, SLC39A14  knockout  mice  are  available  (Aydemir  et  al.  2012), and 
SLC30A10 knockout mice are being generated. It is likely that these genetic models 
will make invaluable contributions to the neurotoxicity field. It also noteworthy that 
recent population-based studies identified a common single nucleotide polymor-
phism in SLC30A10 that was associated with increased Mn levels in blood, altered 
neurological function, and decreased SLC30A10 expression (Wahlberg et al. 2016). 
Similarly, single nucleotide polymorphisms in SLC39A8 and SLC39A14 have been 
associated with increased Cd levels in humans (Rentschler et al. 2014). These dis-
coveries raise the intriguing possibility that single nucleotide polymorphisms in 
these genes may alter the risk for the development of toxicity from Mn and other 
metals in the general population. Finally, increasing Mn efflux may be an effective 
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strategy for protection against or  treatment of Mn-induced neurotoxicity  (Leyva- 
Illades et al. 2014; Mukhopadhyay and Linstedt 2011). As SLC30A10, SLC39A14, 
and SLC39A8 appear  to be  the primary  transporters  responsible  for maintaining 
homeostatic control of Mn in humans, understanding the function and regulation of 
these proteins may directly augment the ability to generate therapeutically viable 
and effective efflux enhancing drugs.
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Abstract The antagonism of mercury toxicity by selenium has been well documented. 
Mercury is a toxic metal, widespread in the environment. The main target organs (kid-
neys, lungs, or brain) of mercury vary depending on its chemical forms (inorganic or 
organic). Selenium is a semimetal essential to mammalian life as part of the amino acid 
selenocysteine, which is required to the synthesis of the selenoproteins. This chapter 
has the aim of disclosing the role of selenide or hydrogen selenide (Se−2 or HSe−) as 
central metabolite of selenium and as an important antidote of the electrophilic mer-
cury forms (particularly, Hg2+ and MeHg). Emphasis will be centered on the neurotox-
icity of electrophile forms of mercury and selenium. The controversial participation of 
electrophile mercury and selenium forms in the development of some neurodegenera-
tive disease will be briefly presented. The potential pharmacological use of organoseleno 
compounds (Ebselen and diphenyl diselenide) in the treatment of mercury poisoning 
will be considered. The central role of thiol (−SH) and selenol (−SeH) groups as the 
generic targets of electrophile mercury forms and the need of new in silico tools to 
guide the future biological researches will be commented.
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 Introduction

Selenium is an element located in the group 16 (formerly 6A) of the periodic table, 
and it is in the same family of oxygen, sulfur, tellurium, and polonium (Housecroft 
and Sharpe 2012). From the physiological point of view, selenium can partially 
imitate the chemistry of sulfur, particularly when present in the form of the selenol 
group (−SeH). The -SeH is analog to the thiol group (−SH) found in the amino 
acids selenocysteine (Sec) and cysteine (Cys), respectively (Fig. 1) (Rocha et al. 
2017). Selenium is sometimes erroneously classified in the same category of the 
toxic metals such as Hg, Cd, and Pb, among others (Frost 1972). However, from the 
chemical point of view, selenium is a semimetal (Housecroft and Sharpe 2012).

Selenium is an essential element to the life maintenance, but not for all kind of 
organisms. For instance, several prokaryotes and  almost all the animals  studied 
require selenium in some redox reactions catalyzed by selenoproteins (Drosophila 
12 genomes Consortium 2007; Chapple and Guigó 2008;  Lobanov et  al. 2008). 
High plants and fungi can have selenium in low- and high-molecular (selenium- 
containing proteins) mass molecules, but these molecules do not have a defined 
physiological role (Lobanov et al. 2009). The main and, possibly, the only role of 
selenium in cell physiology is associated with its incorporation in the organic moi-
ety of the amino acid Sec. This amino acid is found in specific selenoproteins, where 
its –SeH group participates in important redox reactions (Heverly-Coulson and 
Boyd 2010; Nauser et al. 2012; Hatfield et al. 2014; Labunskyy et al. 2014). The 
incorporation of selenium into the phosphoester of serinephosphate, which forms 
the selenocysteinyl residue, is complex and involves obligatorily its metabolism to 
selenide or hydrogen selenide (Se2− or HSe− and H2Se). Thus, though we can ingest 
different forms of selenium (either inorganic or organic), all the “physiologically 
active” selenium in mammals will have to be metabolized to selenide.

In contrast to its analogous sulfide or hydrogen sulfide (S2− or HS− and H2S; 
Fig. 1), which have been demonstrated to be an endogenous gaseous transmitter 
(Wang 2012; Yang et al. 2008), up to now no definite physiological role have been 
attribute to selenide.

=

=

Fig. 1 Hydrogen sulfide (H2S) can be considered an equivalent of the thiol group (R-SH) of thiol- 
containing organo-molecules (for instance, cysteine). In analogy, hydrogen selenide (H2Se) can be 
considered a nonorganic equivalent of the selenol (−SeH) group
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For adult humans, the dietary recommended daily intake of selenium is about 
1 μg/kg of body weight (Metanis et al. 1995; NAS 2000). The deficiency of dietary 
selenium has been considered an important factor in diseases such as the Keshan 
disease (endemic cardiomyopathy) and Kashin-Beck disease (degenerative osteoar-
thropathy) (Navarro-Alarcon and López-Martínez 2000; Chen 2012). In contrast, 
intentional, accidental, or chronic intake of selenium has been associated with prob-
lems in nail and hair structure, in the gastrointestinal function or neurological dam-
age (Vinceti et  al. 2001, 2009; Aldosary et  al. 2012). Recent studies have been 
indicating that selenium supplementation can increase the probability of developing 
diabetes type 2 (Ogawa-Wong et al. 2016), amyotrophic lateral sclerosis (ALS), and 
certain types of cancer (WHO 2003; Vinceti et al. 2010, 2012).

The modern use of selenium by the man can be divided in three categories: (1) as 
a nutritional supplement, which can be achieved either by ingesting selenium- 
containing formulations or enriched-selenium crops (Fagan et al. 2015; Malagoli 
et al. 2015), (2) in organic synthesis as intermediate or to produce bioactive mole-
cules (Nogueira and Rocha 2011), and (3) as electronic component (for instance, as 
semiconductor in quantum-DOTS). The use of selenium in DOTS may have envi-
ronmental and toxicological significance, because the salts of selenium found in 
DOTS have toxic metals in their composition, for instance, cadmium, mercury, lead, 
and bismuth (Peng et al. 2000; Ellingson et al. 2005; Khan and Wang 2009).

The objective of this chapter is to furnish general information about the physio-
logical role of selenium in vertebrate cells and the importance of selenide as inter-
mediate of selenium metabolism. The fate of selenium in the environment will be 
briefly presented to indicate how this element is incorporated both in a nonspecific 
way (plants) and in a specific way (humans) in organic molecules. The interaction 
of selenium and mercury will be discussed, because selenide is one of the most 
important “antidote of electrophilic forms of mercury.” The neuroprotective effects 
of selenide, particularly in relation to neurotoxicity of mercury, will be discussed 
with more detail, because selenide and selenol can be considered the strongest coor-
dinating forms of inorganic and organic mercury compounds. The neurotoxicity of 
selenide and selenium will be discussed, despite the available data about this subject 
is still scant (Vinceti et al. 2013, 2014).

 Selenium in the Environment and in the Living Organisms

The fate of selenium in the biosphere is presented in this chapter to give to the read-
ers an idea on how selenium is incorporated by living organisms. The environmental 
selenium levels is determined by: (1) the natural presence of selenium in the envi-
ronment (which is mainly determined by the occurrence of different chemical forms 
of selenium in a particular soil or in aquatic sediments) and (2) the anthropogenic 
release of selenium (for instance, selenium mobilized from the combustion of coal 
at electric powers or by its use in crop fertilization) (Chapman 1999; Fordyce 2007). 
Irrigation of seleniferous soils has produced subsurface drainage of high-selenium 
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concentrations, contaminating wetlands and poisoning fish and migratory birds at 
several locations in the Western United States (Lemly 1996). A schematic represen-
tation of the biogeochemical cycle of selenium can be found in Fig. 2.

Selenium is widely distributed in the earth’s crust; however, the content of sele-
nium in soils from different regions can vary considerably (Rosenfeld and Beath 
1964; Dumont et al. 2006). For instance, in China the soil selenium concentration 
varies from low (0.2 mg/kg) to extremely high levels (10–40 mg/kg) (Dumont et al. 
2006). Several factors in the soil, including the physical, biological, and chemical 
properties, interfere in the bioavailability of selenium to plants (Rosenfeld and 
Beath 1964).

A critical factor for selenium absorption by plants is its valence number or chem-
ical form (Fig. 3). Selenate can be found in alkaline soils, where it is soluble and 
easily available to plants. Indeed, the selenate competes with its sulfur analog, 

Fig. 2 Cycle of selenium in the environment. Selenium is naturally found in terrestrial (soil) or 
aquatic ecosystems in different chemical forms. The most biologically important chemical forms 
of selenium are selenite (Se4+) and selenate (Se6+). Anthropogenic sources can also increase the 
levels of selenium in a given ecosystem, for example, soil Se-enrichment or drainage of selenium 
via irrigation of seleniferous regions. Once in the environment, the Se0 can be either oxidized to 
selenite and selenate or reduced to selenide by microorganisms; it is important to note that these 
reactions are reversible. Selenide can be incorporated into organic compounds, for instance, 
selenium- containing proteins and other small molecules in plants and selenoproteins in animals. 
Studies have demonstrated the biomagnification of selenium in the aquatic food chain; here the 
selenium levels were based in studies of Lemly (1996) and Barwick and Maher (2003). Thus, the 
main source of selenium to humans is fish from the top of the food chain and plants containing 
selenium (e.g., the Brazil nuts)
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 sulfate, for uptake by root plasma membrane of plants (Dumont et al. 2006). On the 
other hand, selenite can be absorbed at least partly by phosphate transporters (Zhang 
et al. 2014; Winkel et al. 2015). Once inside the root cells, inorganic selenium is 
transported to the shoot part of the plant, specifically to the leaves, where it is 
metabolized into organic selenocompounds, for instance, Sec, selenomethionine, 
methylselenocysteine, and γ-glutamyl-methylselenocysteine. Moreover, some of 
the organo-selenocompounds are metabolized to the volatile dimethyl diselenide 
and/or to dimethyl selenide (Chapman 1999; Dumont et  al. 2006; Winkel et  al. 
2015). Although it is not the main subject of the present chapter, it is important to 
highlight that, different from animals, in plants, the synthesis of Sec is nonspecific. 
In plant cells, the enzyme cysteine synthase can incorporate a selenium atom into an 
o-acetylserine molecule forming Sec instead of Cys (Metanis et  al. 1995). 
Consequently, the concentration of selenium in organic moieties in plants will be 
influenced by the availability of selenium in the environment. Indeed, the first 

Fig. 3 Fate of selenium in the higher plants. Briefly, the uptake of selenium by root plasma mem-
brane depends on its valence number, for instance, the selenate form enters in the root cells by the 
sulfate transporters. Moreover, the selenite form enters in the cells by the phosphate transporters. 
Organic forms of selenium can also be found in the soil, but the mechanism by which they enter 
into the cell is unknown. In the chloroplast, selenate is reduced to selenide, which can nonspecifi-
cally be incorporated into the o-acetylserine molecule forming the amino acid Sec instead of Cys. 
Thus, this organic selenium molecule can be metabolized to selenomethionine, methylselenocys-
teine, and γ-glutamyl-methylselenocysteine (mainly in the selenium accumulator plants) or to the 
volatile molecules: dimethyl selenide and dimethyl diselenide
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description of organic compounds containing selenium with amino acid-like struc-
ture was made in 1940 (Horn and Jones 1940), and the first clear demonstration of 
a selenoamino acid, i.e., methylselenocysteine in selenium accumulator plants was 
made in 1960 (Trelease et al. 1960).

Selenium has a complex biogeochemistry in the aquatic environment (see Fig. 2). 
In aquatic environment, as observed in soil, Se can be found in different oxidation 
states (Se4+, Se6+, Se0, and Se2−) which can be reduced or oxidized by the microor-
ganisms. The metabolism of selenium by microorganisms can result in the incorpo-
ration of selenium in organic selenium molecules, which can have a high mobility 
in the food chain.

Environmental surveys have demonstrated the biomagnification of selenium in 
the aquatic environment (Lemly 1996; Barwick and Maher 2003). Of particular 
environmental and toxicological importance, anthropogenic-released selenium can 
result in its biomagnification, which can be dangerous to the animals located at the 
top of food chain (Lemly 1996; Hamilton 2004). Though the toxic effects of sele-
nium bioaccumulated in the food chain have not been reported for humans, the 
consumption of fish from moderately selenium contaminated ecosystems can hypo-
thetically result in acute or chronic exposure to toxic levels of selenium.

Inside living cells, selenium can be found in different organic chemical forms. 
Selenomethionine and methylselenocysteine are important organic forms of sele-
nium that can be absorbed and metabolized by the animals. Regarding to mamma-
lian cells, the only physiologically significant organic selenium compound is the 
amino acid Sec that is found incorporated in selenoproteins. There is no free pool of 
Sec, because it is much more reactive and unstable than Cys (Huber and Criddle 
1967), and in the presence of oxygen, it is rapidly oxidized to selenocystine 
(Nogueira and Rocha 2010).

The general fate of selenium in the body of mammalians is depicted in Fig. 4. 
The incorporation of inorganic or organic selenium into the Sec is complex. In 
short, the organic forms of selenium, for instance, selenomethionine, selenocystine, 
Sec, methylselenocysteine, or cationic inorganic forms of selenium have to be 
metabolized to selenide. The selenide is then metabolized to selenophosphate that is 
subsequently incorporated into Sec, and the Sec is incorporated in selenoproteins.

The metabolism of Sec released after the degradation of selenoproteins can gen-
erate selenide in a reaction catalyzed by β-selenocysteine lyase (β-Sec lyase) or 
cysteine desulfurase (Esaki et al. 1982). The release of selenide from Sec is impor-
tant to recycle selenium in mammalian cells. Selenomethionine can be metabolized 
by β-lyase, forming methylselenol/methylselenolate (CH3SeH/CH3Se−). The meth-
ylselenol intermediate can be demethylated enzymatically forming selenide. 
Although a small amount of free Sec can be formed in liver of rats (Esaki et al. 
1982), this possibly is not metabolically important. Although hydrogen selenide can 
be potentially toxic to mammals (Alderman and Bergin 1986), there is no clear 
indication that selenide generated metabolically can be toxic.
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 Selenium: Neurotoxic or Neuroprotector?

The neurotoxicity of selenium has not been investigated in detail. Indeed, different 
forms of selenium have been reported to induce changes in neurochemical markers 
in the brain of experimental animals; however, the link between these changes and 
the gross neurotoxic manifestation found both in rodents and humans is uncertain. 
Some morphological studies have demonstrated the neurotoxicity of selenium to 
motor neurons (particularly Se4+) in pigs exposed to high doses of inorganic and 
organic forms of selenium (for review, see Vinceti et al. 2014). In view of the quite 
distinct neurotoxicity of inorganic electrophilic selenium forms, when compared 
with organic forms, Vinceti et al. (2014) have shrewdly pointed out the inappropri-
ateness of the generic term “Se neurotoxicity.” The authors have indicated the 
necessity of specifying the chemical form of the selenium.

The superior toxicity of Se4+ followed by Se6+ in relation to other forms of sele-
nium was observed by the earlier investigators of selenium toxicity (for review, see 
Rocha et al. 2017). It is worth mentioning the electrophilic character of these two 
forms and the capacity of them to catalytically oxidize –SH groups of biomolecules. 
Organoselenium compounds can also catalyze the oxidation of SH-containing pro-
teins, but selenite has a greater potency than organic forms (Nogueira et al. 2004; 
Rocha et al. 2012, 2017). Thus, in addition of promoting the production of reactive 
oxygen species (ROS), electrophile forms of selenium can oxidize –SH groups of 
important proteins, which may contribute to their neurotoxicity (Nogueira et  al. 
2004; Nogueira and Rocha 2011; Rocha et  al. 2017). However, our knowledge 
about the interaction of specific forms of selenium with relevant  thiol-containing 
targets under complex in vivo conditions is very limited.

Fig. 4 General fate of selenium inside the mammalian cells
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As cited above, the chemical form of selenium can influence considerably the 
neurotoxicity of selenium. The injection of aliphatic selenium to rats and mice has 
been reported to cause severe neurotoxicity (convulsions) and lethality, depending 
on the aliphatic chain size (Nogueira et al. 2004).

The neurotoxicity caused by organo-diselenides in rodents has been attributed to 
several phenomena (for review, see Nogueira and Rocha 2011). However, the iden-
tification of the primary molecular target(s) of different forms of selenium are still 
incipient. The interaction of diselenides and electrophilic selenium cations (Se4+ and 
Se6+) with SH-containing targets has been demonstrated to occur in vitro (Nogueira 
and Rocha 2011), but the phenomena and mechanisms that operate in vivo are elu-
sive. It has been postulated that selenium compounds can promote the overproduc-
tion of oxidative stress and the oxidation of specific SH-containing proteins 
(Nogueira and Rocha 2011; Rocha et  al. 2012, 2017). However, the connection 
between these alterations and the neurotoxicity of selenium has not been proved yet.

Although the experimental exposure to different forms of selenium can cause 
neurotoxicity in mammals, the points of evidence that high-selenium ingestion can 
cause primary neurotoxicity in humans are still scarce (Vinceti et al. 2014). As cited 
above, there are only a few numbers of studies demonstrating the neurotoxicity of 
selenium. The reasons of low interest in the potential neurotoxicity of selenium may 
be related to the physiological antioxidant role of selenium as a part of 
selenoproteins.

Neurodegeneration and neurotoxicity of different agents are associated with oxi-
dative stress, and it has been proved that selenium confers neuroprotection in differ-
ent experimental in vitro and in vivo models of neurotoxicity (Imam et al. 1999; 
Glaser et al. 2010, 2013; Heath et al. 2010; Erken et al. 2014). However, inorganic 
and organic selenium compounds can have potential toxicity both in experimental 
animals and in humans (Vinceti et al. 2013, 2014).

Of particular toxicological significance, Vinceti et al. (2013) have demonstrated 
the importance of the chemical form of selenium found in the cerebrospinal fluid of 
patients with ALS. Vinceti et al. (2013) pointed out that the relative risk of ALS 
increased with increasing selenite in the cerebrospinal fluid; however, selenate lev-
els did not change the relative risk of having ALS. In contrast, the levels of selenium 
bound to selenoprotein P (SepP1) indicated a decreased in the relative risk of 
ALS. Taken together, the results from this pioneering study of Vinceti and collabo-
rators highlighted the importance of selenium speciation in the cerebrospinal fluid 
as potential predictor of neurodegenerative disease development. However, even 
having a small sample size, this study is noteworthy once it highlights the neuro-
toxic potential of the electrophilic selenite and the neuroprotective potential of 
SepP1.

Recently, some studies with small number of patients have indicated that sele-
nium levels can vary in autism spectrum disorder (ASD). In one of the studies, the 
hair selenium levels were increased in children with communication disorder (CD) 
and ASD (Skalny et al. 2016a). But the levels of selenium were slightly decreased 
or not altered in the serum or hair of ASD children (Lakshmi Priya and Geetha 
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2011; Blaurock-Busch et  al. 2012; De Palma et  al. 2012; Tabatadze et  al. 2015; 
Skalny et al. 2016b, c). In short, the association of selenium and ASD is far from 
being elucidated, and more robust studies will be needed to solve this question.

 From Selenide to Selenoproteins

The discovery of the 21st proteinogenic amino acid Sec generated great progress in 
the knowledge about the potential benefits of selenium for human health. The dis-
covery of selenocysteinyl residue was first made in bacteria in 1976 (for review, see 
Hatfield et al. 2014). Two years later, a selenocysteinyl residue was described in the 
active center of hepatic glutathione peroxidase (GPx) of rats (Forstrom et al. 1978).

The pathway of Sec synthesis is complex and involves first the combination of 
selenide with a phosphate (forming selenophosphate). The selenophosphate then 
reacts with the phosphoester of serine bound to the Sec tRNA (designated tRNA[Ser]

Sec) (Lee et al. 1989). The critical experiments demonstrating that the carbon back-
bone of selenocysteine was derived from serine were made by Sunde and Evenson 
(1987). Thus, the synthesis of Sec takes place in its tRNA[Ser]Sec.

The first demonstration that a specific tRNA could be aminoacylated by 
radioactive- labeled selenite was made by Hawkes et al. (1982). Hawkes and Tappel 
(1983) also demonstrated that the selenocysteinyl-tRNA (formed from labeled sel-
enite) supplied the selenocysteinyl residue found in the active center of hepatic 
GPx.

There are two isoforms of tRNA[Ser]Sec, which differ by the methyl group in the 
uracil nucleotide at position 34 (Um34). The methylation of this nucleotide occurs 
during the maturation process of the tRNA[Ser]Sec, which is modified by the selenium 
status (Hatfield et al. 1991; Howard et al. 2013). In the case of selenium deficiency, 
the levels of the tRNA[Ser]Sec with non-methylated uracil (designated 
5- methoxycarbonylmethyluridine or mcm5U) are increased, while the tRNA[Ser]Sec 
with methylated uracil are decreased (designated 5-methoxycarbonylmethyl-20-O-
methyluridine or mcm5Um) in the liver, kidney, heart, and muscles (Diamond et al. 
1993). In the presence of high levels of mcm5Um (i.e., when selenium is available), 
the expression of stress-related selenoproteins (e.g., GPx1) is favored in the same 
tissues cited above. In contrast, in the presence of high levels of mcm5U (i.e., sele-
nium deficiency), the expression of housekeeping selenoproteins (e.g., thioredoxin 
reductase 1, thioredoxin reductase 3, and selenoprotein W) is favored (Diamond 
et al. 1993; Carlson et al. 2005; Howard et al. 2013).

Another particularity of Sec incorporation into selenoproteins is its decoding by 
the UGA codon, which normally is a stop codon (for a comprehensive review, see 
Labunskyy et al. 2014). This is possible because there is a structural factor in the 
mRNA that allows the interpretation of the UGA codon not as the end of the protein 
but as the place of Sec incorporation. The structural element found in the 3’non- 
translated portion of the mRNA is termed Sec insertion sequence (SECIS). There 
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are at least two other macromolecular required elements in eukaryotes for correct 
reading of Sec-UGA codon: (1) the SECIS-binding protein (SBP2) and (2) 
 Sec- specific elongation factor (eEFSec), which interact with the SECIS of the 
mRNA coding for selenoproteins. The SBP2 is believed to stabilize the interaction 
between the SECIS region with the ribosome. The binding of SECIS to the ribo-
some induces a conformational change in the organelle structure, facilitating the 
interaction with the eEFSec. All these interactions and conformational changes 
allow the association of the tRNA[Ser]Sec with the UGA coding the selenocysteinyl 
residue in selenoproteins (Fig. 5) (Hatfield et al. 2006, 2014).

Fig. 5 The synthesis of Sec starts with the aminoacylation of tRNA[Ser]Sec with serine (Ser), which 
is catalyzed by seryl-tRNA synthetase (SerS (1)) in the presence of ATP. Then, the -OH group of 
serine is phosphorylated by the phosphoseryl-tRNA kinase (PSTK (2)) forming phosphoseryl 
(PO4

3 Ser). Concomitantly, selenophosphate synthetase 2 (SPS2 (4)) catalyzes the reaction of sel-
enide with ATP, forming monoselenophosphate. The incorporation of a selenium atom in the serine 
backbone is catalyzed by phosphoseryl-tRNA selenium transferase enzyme (SEPSecS (3)) result-
ing in the synthesis of Sec residue covalently bound to the tRNA[Ser]Sec. Once the selenocysteine is 
synthetized, it can be incorporated into selenoproteins, for instance, the tRNA[Ser]Sec interacts with 
selenocysteine insertion sequence (SECIS), SECIS-binding protein (SBP2), and Sec-specific elon-
gation factor (eEFSec) which permits the decoding of the UGA codon as a Sec
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 Selenoproteins in the Brain

The human genome has 25 selenoproteins, and about half of them have well char-
acterized biochemical functions (Hatfield et  al. 2014; Pillai et  al. 2014; Cardoso 
et al. 2015). The selenoproteins are vital to mammalian life, and the brain requires 
constant levels of selenium to maintenance of its functions, e.g., to the synthesis of 
selenoproteins (Burk et al. 2014; Cardoso et al. 2015). In fact, during a selenium 
deficiency, the brain levels of selenium do not change appreciably, which contrast 
with a drastic decrease in the liver and kidney selenium content (Trapp and Millam 
1975; Burk et al. 1991). Accordingly, hepatic and renal selenium deficiency is asso-
ciated with a dramatic decrease in the activity of cytosolic GPx (Maquat 2001). The 
decrease in GPx1 synthesis is modulated by the levels of Um34 (Li et  al. 1990; 
Diamond et al. 1993), and in the presence of low selenium, the available selenium 
is directed to the syntheses of hierarchically more important selenoproteins.

SepP 1, a Sec-rich C terminal domain selenoprotein, supplies the organs with 
selenium, especially the brain. A study from Byrns et al. (2014) demonstrated that 
the depletion of SepP1 decreases the brain selenium levels and the animals became 
more susceptible to exhibit seizures. The neurotoxic phenotype was ameliorated by 
dietary supplementation with selenium. Thus, SepP1 is critical, but not the only 

Fig. 6 Fate of selenium in the brain. The majority of the selenium enters into the brain in the form 
of selenoprotein P1 (SepP1, which contains around ten selenocysteinyl residues).Via the interac-
tion with ApoER2 receptor, SepP1 crosses the blood-brain barrier. Once in the brain, SepP1 can 
enter in the neuronal cells by the interaction with the ApoER2 receptor. During a selenium defi-
ciency, the SepP1 present in the astrocyte can be transported to the neurons. Then it can be 
degraded, and by the action of β-Sec-lyase, the selenide can be utilized in the synthesis of meta-
bolically active selenocysteinyl residue bound to the tRNA[Ser]Sec
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mechanism involved in the selenium transport into the brain. In the blood-brain 
 barrier, SepP1 is recognized by the ApoER2 receptor and then this complex is inter-
nalized (Burk et al. 2014). Neurons also have the ApoER2 receptor which facilitated 
the entry of the SepP1 into the cell, where it can be degraded releasing Sec. The 
amino acid can be metabolized to selenide that can be used in the synthesis of more 
critical selenoproteins (Fig. 6) (Burk et al. 2014). Interestingly, during a starvation 
of selenium, the astrocyte may synthetize SepP1 to supply the neurons with sele-
nium (Steinbrenner and Sies 2013).

Selenoproteins are extremely important to the brain, particularly by catalyzing 
critical redox reactions (Lobanov et al. 2009; Steinbrenner and Sies 2013; Hatfield 
et al. 2014; Labunskyy et al. 2014). Impairments in the selenoprotein functioning 
cause disturbances in the redox balance, which can result in the overproduction of 
ROS. The disproportionate ROS production causes damage to brain macromole-
cules, which increase the incidence of several disease related to oxidative stress 
(Hatfield et al. 2014; Hassan et al. 2015; Table 1).

 Mercury in the Environment and in the Living Organisms

Mercury is an ubiquitous metal found naturally in the environment; however with 
the processes of urbanization and industrialization, the mercury levels have been 
increased in the environment (Fig. 7) (Muntean et al. 2014). Although several coun-
tries have decreased the mercury emission (Zhang et al. 2016), the levels of mercury 
are still a health concern in the entire planet. In fact, mercury has no biochemical or 
physiological function in living organisms, and even exposure to low levels of mer-
cury forms is of toxicological significance (Clarkson 2002; Farina et  al. 2011a; 
Brandão et al. 2015).

In the past, the man used mercury (in inorganic or organic forms) for different 
purposes (Clarkson 1997, 2002). Nowadays, ionic inorganic mercury can be found 
in whitening skin creams, which is used in several countries (Chan 2011). Although 
the cutaneous absorption of cationic forms of mercury is low, the exposure to mer-
cury via whitening skin creams has been associated with serious neurotoxicological 
effects in humans (Benz et al. 2011; Peregrino et al. 2011; Gbetoh and Amyot 2016).

Hg0 is still used as part of medical equipment, as a catalyst in chloride and caus-
tic soda factories and as part of dental amalgams (Horowitz et al. 2014). In Brazil 
and in other developing countries, Hg0 was intensely used in artisanal gold mining 
(Kristensen et al. 2014; Marques et al. 2015). Although the gold mining decreased 
in Brazil some decades ago, the use of Hg0 for mining is still a serious toxicological 
concern to humans and to the environment (Branco et al. 2007). It has been esti-
mated that artisanal gold mining is an important source of Hg release into to the 
atmosphere (UNEP 2013). In fact, in areas near to the artisanal mining, the mercury 
in fish exceeds the safe limits for human consumption (0.5 μg/g) (WHO 2007).

In the ancient China, mercury (in the form of HgS) was used in the composition 
of a red ink and as component of herbal medicines (Wu et al. 2016). The use of HgS 
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Table 1 Selenoprotein in the brain

Selenoprotein Selenoprotein in the brain
Experimental 
model

Glutathione peroxidase 
1 (Gpx1)

Depletion: increased the susceptibility to 
ischemic and toxic insults (Crack et al. 2006)

Mice

Distribution in the brain: abundantly found in 
microglia and low in neurons (Power and 
Blumbergs 2009)

Human

Presence: suppressed free radical generation 
and protected dopaminergic neurons against 
6-hydroxydopamine (Gardaneh et al. 2011)

Cell culture

Glutathione peroxidase 
4 (Gpx4)

Distribution in the brain: found in neurons of 
cerebral cortex, hippocampus, and cerebellum 
and low in glial cells (Savaskan et al. 2007)

Rats

In neurodegenerative disease: increased 
relative to the cell density of surviving nigral 
cells (Bellinger et al. 2011)

Human 
Parkinson’s brain

Thioredoxin reductase 1 
(TRx1)

Overexpression: extended the life span (Takagi 
et al. 1999)

Mice

In neurodegenerative disease: decreased the 
expression in the substantia nigra pars 
compacta (Liu et al. 2013)

Mice

Selenophosphate 
synthetase 2 (SPS2)

Presence: detected in brain (Kim and Stadtman 
1995).

Rat

Selenoprotein P (SepP1) Deficiency: severe alterations in synaptic 
transmission, short-term plasticity, and 
long-term potentiation in hippocampus (Peters 
et al. 2006)

Mice

Function: maintenance of selenium in brain 
(Nakayama et al. 2007)

Mice

Knockout: severe neurological dysfunction, 
neurodegeneration, and audiogenic seizures 
(Byrns et al. 2014)

Mice

Knockout: neurological damage was 
exacerbated in male when compared to female 
(Raman et al. 2012)

Mice

Uptake: depends on the apolipoprotein 
receptor 2 (ApoER2) (Burk et al. 2014)

Mice

In neurodegenerative disease: increased in 
brain of Alzheimer’s disease (Rueli et al. 2015)

Human

Selenoprotein W (SelW) Distribution in the brain: widespread in 
neurons (Raman et al. 2013)

Mice

15 kDa selenoprotein 
(Sep 15)

Knockout: normal brain morphology 
(Kasaikina et al. 2011)

Mice

Selenoprotein M (SelM) Deletion: absence of deficits in motor 
coordination and cognitive function (Pitts et al. 
2013)

Mice

Se deficiency: reduction of the expression 
(Huang et al. 2016)

Chicken
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in traditional medicine is still practiced in China and in other countries, regardless 
of the unpredictable toxicological effects of HgS (Yu et al. 2015; Dong et al. 2016). 
Based in the toxicological and chemical point of view, it is noteworthy the biased 
comparisons of the lower toxicity of HgS (or traditional formulations containing it) 
with HgCl2 and MeHg. In view of the HgS low solubility, it is obvious that HgS will 
have lower bioavailability and, consequently, lower toxicity than HgCl2. However, 
by no means, this indicates that HgS or any combination containing it is nontoxic.

Although inorganic mercury (Hg0, Hg+, or Hg2+) is a toxic agent that can threaten 
the human health, the exposure to these forms of mercury is expected to decrease in 
the next decades, and possibly the exposure will be limited to those occupationally 
exposed to them or using traditional medicine formulations containing cinnabar (Ye 
et al. 2016).

The interest in the toxicity of mercury increased considerably after the outbreak 
of Minamata Bay. The use of Hg2+ as a catalyst in the synthesis of acetaldehyde 
resulted in a heavy contamination of Minamata Bay via mercury biomagnification. 
The demonstration that MeHg found in fish from Minamata Bay was the causative 

Fig. 7 Cycle of mercury in the environment. Briefly, mercury is released in the environment by 
natural (volcanism or erosion) or anthropogenic sources (for instance, gold mining, waste of fac-
tories). In the environment, the chemical species of mercury can be methylated or oxidized by the 
microorganisms. Although these reactions are reversible, the concentration of organic mercury is 
higher in aquatic biotic ecosystem than the concentration of inorganic species in the abiotic eco-
system. Accordingly, the biomagnification of MeHg in the food chain (the range was based in 
Bowles et al. (2001) and Barbosa et al. (2003)) can be 1-6 orders of magnitude over the levels of 
mercury found in the water and sediments
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factor of Minamata disease and that MeHg was metabolically formed from Hg2+ 
took a long time. The exposure of adults and developing humans to MeHg resulted 
in catastrophic cases of neurotoxicity (Ekino et al. 2007; Tsuda et al. 2009) and 
alarmed the industrialized societies to the dangerous of the industrial waste release.

In the last decades, investigators have been speculating that exposure to very low 
levels of mercury during critical phases of the brain development could be associ-
ated with an increased incidence of neuropathologies or cognitive disabilities, par-
ticularly with ASD (Mutter et  al. 2005; Bjørklund et  al. 2016; Kern et  al. 2016; 
Farina et al. 2017) and Alzheimer's disease (Mutter et al. 2010; Farina et al. 2017). 
However, the clinical and epidemiological points of evidence supporting a specific 
role for mercury in such type of disorders are still doubtful (Kern et al. 2015; Skalny 
et al. 2016a).

After the Minamata Bay outbreak, search for detailed mechanistic information 
about on how mercury causes its toxicity became intense. Although the toxicity of 
electrophilic mercury forms (particularly Hg2+ and MeHg) differs at molecular 
level, the basic process of their toxicological effects can be explained in chemical 
terms. Hg2+ and MeHg behave as strong and soft electrophiles, and, consequently, 
in the living systems, they will have high affinity for soft nucleophile centers (Figs. 8 
and 9) (Farina et al. 2011a,b, 2017).

In mammals, we have two important physiological soft nucleophile centers, i.e., 
the –SH and the –SeH groups. The –SH group is found in thousands of proteins and 
in low-molecular-mass compounds (for instance, Cys and glutathione), whereas the 
–SeH group is found only in 20–40 types of selenoproteins of vertebrate cells 
(Hatfield et al. 2014; Rocha et al. 2017). Thus, the much higher affinity of mercury 

Fig. 8 Hg2+ generic molecular targets. The most abundant targets of mercury are the SH-containing 
molecules, but Hg2+ can also bind to selenol-containing targets. Hg2+ can coordinate with two 
SH-containing molecules. In the case of –SeH, Hg2+ possibly coordinates with the –SeH and with 
one SH-containing molecule. X = selenium or sulfur
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forms for the –SeH group of selenoproteins (Sugiura et  al. 1976; Falnoga and 
Tušek-Žnidarič 2007; Farina et  al. 2011a, b) over the –SH group, and the much 
higher concentration of non-protein-SH and protein-SH over the protein–SeH 
makes the study about the distribution of mercurials extremely complex in living 
cells. Similarly, the definition of the primary molecular targets of mercurials in liv-
ing organisms is very complex. The targeting of –SH- or –SeH-containing proteins 
are certainly involved in the toxicity of mercurials (Figs. 8, 9, and 10), but distribu-
tional factors will influence profoundly the targeting of different organs by Hg2+ and 
MeHg (Clarkson 1997; Zalups 2000; Bridges and Zalups 2016).

For instance, the binding and the strong coordination of Hg2+ to two cysteine 
molecules will direct the Hg2+ to the kidney (Zalups 2000; Bridges and Zalups 
2016), whereas the coordination of MeHg to one cysteine facilitates its entry into 
the brain by molecular mimicry (Aschner 1989; Bridges and Zalups 2016; Clarkson 
et al. 2007).

 Inorganic Mercury Neurotoxicity

The inorganic forms of Hg can be divided in two types: (1) Hg0 (elemental mer-
cury), number of valence 0, and (2) Hg+ and Hg2+ (ionic and electrophile mercury 
forms) (Clarkson et al. 2007).

Elemental mercury is liquid, but because of its high vapor pressure, it can be 
found as vapor at room temperature (Magos and Clarkson 2006). Studies about 

Fig. 9 MeHg possible molecular targets. The most abundant targets of mercury are the thiol- 
containing molecules, but Hg2+ can also bind to selenol-containing targets. MeHg can coordinate 
with one thiol or selenol group. X = selenium or sulfur
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elemental mercury toxicity demonstrated that when the exposure is acute, the 
 respiratory system is primarily affected, since the exposure is through inhalation 
(Rowens et al. 1991). However, in the case of chronic exposure to low levels of Hg 
vapor, the toxic effects are generalized and can affect the nervous, hepatic, and renal 
systems (Oz et al. 2012).

After the inhalation, part of the Hg0 can be oxidized to Hg2+ by the catalase in the 
erythrocytes (Hursh et al. 1988); however, the residence time of the Hg0 in the cir-
culation is sufficiently long to allow the diffusion of Hg0 into the organs. In fact, 
studies have demonstrated the accumulation of Hg in the brain of different mammal 
species after exposure to Hg0 through inhalation (Berlin et  al. 1969; Warfvinge 
2000). The exposition to Hg0 can be associated with a variety of neurological symp-
toms, such as loss of memory, erythrism, mood alteration, sleep disturbances (Hilt 
et al. 2009), tremor, and postural instability (Kern et al. 2014), and some of them 
can be observed even 30 years after the cessation of exposure (Letz et al. 2000).

As briefly mentioned above, Hg0 can be converted to Hg2+, and the cationic mer-
cury will target the kidney (Zalups 2000; Peixoto and Pereira 2007; Oliveira et al. 

Fig. 10 MeHg interaction with –SH- or SeH-containing proteins. MeHg as a strong and soft elec-
trophile has a great affinity for the soft nucleophiles –SH or –SeH groups. In the proteins, these 
nucleophiles are found in the amino acids Cys and Sec. Thus, MeHg interaction with these groups 
can inactivate the protein function. After the protein degradation, the enzymes β-lyase or cysteine 
desulfurase catalyze the release of selenide or sulfide group bound to the Hg atom (i.e., as the 
complexes HgS or HgSe). The bioavailability of the HgSe is much lower than that of HgS, and the 
HgSe is possibly inert toxicologically. However, the understanding about the inertness of HgSe is 
limited (X = selenium or sulfur)
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2015, 2016). The alterations in the kidney can contribute to the cardiovascular tox-
icity (Kim et al. 2014) and neurotoxicity of Hg2+ (Peixoto et al. 2007; Moraes-Silva 
et al. 2014). However, the potential contribution of non-neural changes to the neu-
rotoxicity of inorganic mercury has not been investigated in detail.

The accumulation of Hg2+ in the brain either derived from the oxidation of Hg0 
or from MeHg has been speculated to be associated with neurodegenerative dis-
eases development, for instance, ALS (Pamphlett and Kum Jew 2013), Alzheimer’s 
disease (Mutter et  al. 2010), or autism (Curtis et  al. 2011). However, the causal 
relationship between mercury exposure and neurodegenerative diseases is still a 
matter of discussion.

 Organic Mercury Neurotoxicity

MeHg is by far the most studied neurotoxic form of mercury. There are several 
reviews and studies about the mechanisms of neurotoxicity caused by MeHg 
(Aschner 1989; Atchison and Hare 1984; Aschner et al. 2007; Ceccatelli et al. 2010; 
Farina et  al. 2011a,b, 2017; Ishihara et  al. 2016; Ruszkiewicz et  al. 2016). 
Consequently, here we will not do a comprehensive review about the neurotoxicity 
of MeHg. Although the primary targets of MeHg have not been identified, persua-
sive points of evidence have indicated that glutamatergic system (particularly the 
NMDA receptor over activation), intracellular Ca2+ dysregulation, mitochondrial 
toxicity, and oxidative stress are important phenomena involved in MeHg neurotox-
icity (Atchison and Hare 1994; Aschner et al. 2007; Ishihara et al. 2016).

As explained above, the reactive electrophile forms of mercury (particularly Hg2+ 
and MeHg) are not found freely in the biological systems. Due to their strong affin-
ity for soft nucleophile centers, they are coordinated to –SH- or SeH- containing 
molecules. Furthermore, the binding of MeHg to low-molecular-mass thiols (e.g., 
Cys) has been proposed as an important step in the entrance of MeHg through the 
blood-brain barrier as a mimic of the amino acid methionine. The amino acid carrier 
System L (LAT1 and LAT2) transports MeHg bound to Cys (MeHg-S- Cys) into the 
brain (Aschner 1989; Bridges and Zalups 2016).

Recently, an in vitro study using primary porcine choroid plexus epithelial cells 
as a model of the blood cerebrospinal fluid barrier demonstrated that MeHg effec-
tively crosses out of the cerebrospinal fluid side to the blood side (Lohren et  al. 
2015) which may point to a new MeHg excretion route in the brain. However, as we 
mentioned above, the MeHg is not found free in the cells; thus, more studies using 
the MeHg forms present in the cell, for instance, MeHg-S-Cys, are necessary to 
determine the importance of this Hg-efflux system.

Although MeHg is the predominant chemical form of Hg found in the brain, 
studies have demonstrated the accumulation of Hg2+ in the brain after MeHg expo-
sure. Consequently, part of the neurotoxicity of MeHg could be mediated by Hg2+ 
accumulation (Yamamoto et al. 1986; Ishitobi et al. 2010).
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The break of the C-Hg bond occurs very slowly, but the coordination of MeHg 
with SeH-containing amino acids can accelerate the process (Figs.  10 and 11) 
(Asaduzzaman and Schreckenbach 2011). Similarly, the binding of MeHg to sele-
nide can facilitate the breakage of the C-Hg bond in vitro (Iwata et al. 1982).

 Selenium and Mercury: Brain Antagonistic Interactions

 Selenium as Antagonist of Inorganic Mercury Neurotoxicity

The data about the effects of selenium against the neurotoxicity induced by elemen-
tal mercury are rare. A study from Suzuki et al. (1986) with workers from a ther-
mometer manufacturing indicated a negative correlation between urinary selenium 
and mercury levels. On the other hand, Alexander et al. (1983) observed an increase 
in urinary selenium levels in chloralkali plant workers. It has been postulated that 
only high levels of Hg0 exposure could change the elimination of selenium (Hongo 
et al. 1985). One important aspect about the interaction of Hg0 and selenide that has 
not been tackled in the literature is the potential formation of HgSe by brain cells.

Fig. 11 Mercury interaction with selenium in the brain. Inside the brain, Hg0 can be oxidized to 
Hg2+, which can bind to selenide forming an inert complex (HgSe). MeHg can be demethylated 
releasing HgSe by a mechanism that may involve the binding to the selenocysteinyl residue found 
in selenoproteins. The release of selenocysteinyl residue after the intracellular digestion of seleno-
proteins and the metabolism of Sec can form the HgSe complex. Moreover, MeHg may interact 
directly with selenide, which can facilitate the breakage of C-Hg bound, releasing the HgSe com-
plex. The HgSe complex may be retained into the brain without causing toxic effects
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In contrast to Hg0, several studies demonstrated the antagonistic effect of inor-
ganic selenium against the toxic effects of Hg2+ (El-Demerdash 2001; Karaboduk 
et al. 2015; Uzunhisarcikli et al. 2015). The first study was published by Parizek and 
Ostadalova (1967), which demonstrated an increase in rat survival rate when co- 
exposed to inorganic mercury and sodium selenite. The pre-exposure to sodium 
selenite causes changes in the mercury distribution in the body, decreasing the kid-
ney and brain mercury content and increasing selenium in blood (Orct et al. 2015). 
The conceivable explanation involves the reduction of selenite to selenide inside the 
erythrocytes and the formation of complexes with Hg2+ (HgSe) in the plasma 
(Chmielnicka et al. 1979; Naganuma et al. 1984) (Fig. 12). This complex formed in 
the blood stream has low mobility to the organs (brain and kidney, among others). It 
has been suggested that the HgSe complex binds to the SepP1 and is transported to 
the liver, where it is excreted via bile to the feces (Khan and Wang 2009).

The organic selenium molecules (for example, Ebselen and diphenyl diselenide 
(PhSe)2) selenium compounds from yeast and selenomethionine, have been tested 
against the toxicity of ionic mercury. Studies have demonstrated that pre-exposure 
to (PhSe)2 protects against alterations caused by Hg2+ exposure (Nogueira and 
Rocha 2010; Fiuza Tda et al. 2015). In sharp contrast, the administration of (PhSe)2 
30 minutes after HgCl2 was ineffective (Nogueira and Rocha 2010) or even potenti-
ated the mercury toxic effects (Brandão et  al. 2011; de Freitas et  al. 2012). 
Interestingly, when a chlorine atom was added to (PhSe)2 molecule, 4,4-dichloro- 
diphenyl diselenide (ClPhSe)2, the toxicity of Hg2+ was diminished (de Freitas et al. 
2012). Taken together, the results indicate that the interaction of (PhSe)2 and its 
analog (ClPhSe)2 with Hg2+ is rather complex and will depend on the time and type 
of exposure (pre- or post-treatment), metabolism, and distribution of the organose-
lenium compounds. The formation of complexes, for instance (PhSe-Hg-SeR or 
PhSe-Hg-SR), may facilitate the uptake of mercury by the target organs (kidney and 
liver). The accumulation of mercury complexes in the kidney can reach pathological 
levels, potentiating the toxicity of Hg2+.

Fig. 12 Inorganic mercury and inorganic selenium interactions within the blood stream. Selenite 
is oxidized to selenide in the erythrocytes. In the plasma, selenide plus reduced glutathione (GSH) 
may interact with Hg2+-albumin complexes, forming HgSe-SG complex, which binds to SepP1, 
diverging Hg2+ from the brain and kidneys
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Of particular therapeutic significance for remediating the toxicity of mercury, Li 
et  al. (2012) demonstrated that inhabitants of extensive mercury mining areas in 
China supplemented with 100 μg of organic selenium (selenium-enriched yeast) 
daily presented an increase in the excretion of mercury in the urine and a decrease 
in  markers of oxidative stress (urinary malondialdehyde and 8-hydroxy-2- 
deoxyguanosine), when compared to the placebo group. The study was performed 
during 90 days, and the beneficial effects of organic selenium was detected from 30 
to 90  days after starting the supplementation. Authors have also determined the 
selenium in urine, but the speciation of selenium and mercury was not determined.

 Selenium as an Antagonist of the Neurotoxicity Induced 
by Organic Mercury

Inorganic selenium decreases the neurotoxicity caused by MeHg even increasing 
the brain mercury retention (Magos and Webb 1977; Glynn et al. 1993; Newland 
et al. 2006). The break of Hg-C bond after the formation of HSeHg-CH3 complex is 
thought to be involved, and after the breakage, the mercury is trapped in the inert 
complex HgSe. Accordingly, Korbas et al. (2010) showed that the major part of the 
mercury deposited in human brain of individuals intoxicated with MeHg was in the 
form of HgSe complex(es). Recently, an elegant study demonstrated the deposition 
of HgSe as nanometric particles in the brain and liver of pilot whales. The authors 
also demonstrated a positive correlation between the particle size and the whales’ 
age (Gajdosechova et al. 2016).

The major health concern about the HgSe complex formation is the potential 
depletion of selenium, which can disrupt the synthesis of seleno-antioxidant 
enzymes (Usuki et al. 2011), resulting in overproduction of ROS. Accordingly, sev-
eral studies demonstrated MeHg neurotoxicity associated with the overproduction 
of ROS (Aschner et al. 2007; Kirkpatrick et al. 2015; Feng et al. 2016). Interestingly, 
selenium deficiency was showed to be associated with increased MeHg neurotoxic-
ity in vivo (Ralston and Raymond 2010) and in vitro (Kim et al. 2005).

Different types of organoselenium compounds have been used to counteract the 
neurotoxicity of MeHg both in vitro and in vivo. For instance, Ebselen and (PhSe)2 
blunted the oxidative stress and the decrease in the glutamate uptake caused by 
MeHg administration in vivo (Farina et  al. 2003a,b). Similarly, in vitro, Ebselen 
blunted the neurochemical modifications produced by MeHg in different brain 
preparations (Moretto et al. 2004, 2005; Roos et al. 2009).

(PhSe)2, which is a simple aromatic diselenide, decreased the neurotoxicity of 
MeHg in vivo and decreased considerably the deposition of mercury in the brain 
(cerebrum and cerebellum), liver, and kidneys of mice (de Freitas et al. 2009; Glaser 
et al. 2013, 2014). (PhSe)2 was also reported to decrease the toxicity of MeHg 
in vitro (Moretto et al. 2005; Roos et al. 2009). However, (PhSe)2 did not reduce the 
deposition of mercury in rats exposed to MeHg (Dalla Corte et al. 2013).
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 Conclusion

The toxicity of mercury and selenium is rather complex, and our knowledge about 
them is still incipient. Mercury is a nonphysiological element and, in the electro-
philic state (Hg2+ and MeHg, among others), will target any available –SH or –SeH 
group. Thus, the toxicity of mercury compounds will be determined by its interac-
tion with abundant –SH groups (for instance, Cys or glutathione) and with specific 
–SH groups found in proteins with higher nucleophilicity and accessibility than Cys 
and glutathione. The interaction of electrophile mercury-containing forms with the 
–SeH group of selenoproteins is expected to be favored over the –SH-containing 
proteins, because electrophile mercury has a much higher affinity for –SeH than for 
–SH groups. However, the abundance of –SeH-containing proteins in the cell is 
much lower than that of –SH-containing molecules. Thus, the interaction of neuro-
toxic forms of mercury (e.g., MeHg) with its targets will depend on a variety of 
complex factors. Our knowledge about the primary molecular targets that trigger the 
cascade of events involved in the cellular toxicity of MeHg is still elusive. We know 
that MeHg can cause oxidative stress and disruption of glutamatergic neurotrans-
mission. However, we know little about the proteins that are targeted first and, most 
importantly, almost nothing about the proteins that are chemically modified by 
MeHg and participate in the primary processes that will culminate in the final neu-
ropathological insult. For instance, some –SH- or –SeH-containing proteins have 
been demonstrated to be inhibited by MeHg either in vitro or in vivo. But we cannot 
establish a causal relationship between the inhibitory effects and the final pathologi-
cal events.

The problems briefly cited here can also be applied to selenium, because sele-
nium has different chemical states, and this element can be either potentially a 
strong nucleophile (for instance, in the form of selenide or –SeH) or an electrophile 
(in the form of Se4+ or Se6+). In the electrophile forms, selenium can also oxidize –
SH-containing molecules. Consequently, Se4+ or Se6+ can hit some of the targets of 
electrophilic mercury compounds. The overlapping of some targets or secondary 
processes of low concentrations of mercury and high concentrations of selenium 
(e.g., SH-containing proteins and induction of oxidative stress) can explain partially 
some of the neurotoxic effects of compounds containing these elements. But, as 
cited for mercury, our knowledge about the additive or synergic toxic effects of 
chemicals is still very limited. Effective advances in the field of the molecular toxi-
cology of reactive chemicals (for instance, mercury and selenium compounds) will 
depend on the development of new in silico tools that will be able to predict the 
interaction of different chemical agents with their critical targets under complex 
chemical media. The new in silico methods will have to predict also the complex 
cascade of events that will follow the hitting of the presupposed primary target pro-
teins. Consequently, our better understanding about the neurotoxicity of different 
chemical forms of mercury and selenium will depend on the development of new 
and complex computational methodologies.
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has been devoted to their modulation by a variety of dietary, pharmacological, life-
style, or environmental factors. A number of metals have been shown in in vitro, 
animal, and human studies to mostly negatively modulate expression of PONs, par-
ticularly PON1, the most studied in this regard. In addition, different levels of 
expression of PONs may affect susceptibility to toxicity and neurotoxicity of metals 
due to their aforementioned antioxidant properties.

Keywords Paraoxonases • Metals • Lead • Mercury • Cadmium • Manganese 
• Oxidative stress

Abbreviations

Ag  Silver
Al  Aluminum
As  Arsenic
Ba   Barium
Cd  Cadmium
Ce  Cesium
Co  Cobalt
Cr  Chromium
Cu  Copper
Fe  Iron
Gd  Gadolinium
HDL  High-density lipoprotein
Hg  Mercury
L  Leucine
La   Lanthanum
LDL  Low-density lipoprotein
M  Methionine
MeHg Methylmercury
Mn  Manganese
Ni  Nickel
OP  Organophosphate
Pb  Lead
PCR  Polymerase chain reaction
PON  Paraoxonase
ppb  Parts per billion
ppm  Parts per million
Q  Glutamine
R  Arginine
Sm  Samarium
Y   Yttrium
Zn  Zinc
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 Introduction

The paraoxonases (PONs) are a three-gene family which includes PON1, PON2, 
and PON3, all clustered in tandem on the long arm of human chromosome 7 
(7q21.22). PON1 and PON3 are synthesized primarily in the liver and a portion is 
secreted in the plasma, where they are associated with high-density lipoproteins 
(HDLs); low levels of PON1 and PON3 may be expressed in a number of other tis-
sues, primarily in epithelia (Primo-Parmo et al. 1996; Marsillach et al. 2008). In 
contrast, PON2 is an intracellular enzyme, expressed in most tissues and organs, 
including the brain. PON1 received its name from its ability to hydrolyze paraoxon, 
the active metabolite of the organophosphorus (OP) insecticide parathion, which is 
its first and most studied substrate. PON1 more efficiently hydrolyzes the active 
metabolites of several other OP insecticides (e.g., chlorpyrifos oxon, diazoxon) and 
less efficiently nerve agents such as sarin and soman (Costa et al. 2003, 2013a). 
PON2 and PON3 do not have OP-esterase activity, but all PONs are lactonases and 
are capable of hydrolyzing a variety of lactones, including certain drugs (bioactivat-
ing some, e.g., the antibacterial prodrug prulifloxacin, or inactivating others, e.g., 
glucocorticoids), endogenous compounds (e.g., lactone metabolites of arachidonic 
acid), and N-acyl homoserine lactones, which are quorum-sensing signals of patho-
genic bacteria (Draganov et  al. 2005; Teiber et  al. 2008). All PONs have potent 
antioxidant effects: PON1 and PON3 protect low-density lipoproteins (LDLs) 
(Mackness et al. 1991), as well as HDL from oxidation (Aviram et al. 1998; reviewed 
in Costa et  al. 2003), while PON2 exerts intracellular antioxidant effects (Costa 
et al. 2014). PON1 is the most studied of the PONs, because of its important roles 
in modulating susceptibility to OP neurotoxicity and in cardiovascular disease and 
other diseases (Costa and Furlong 2002; Costa et al. 2003; Furlong et al. 2010). 
PON2 has received more attention recently, and novel important roles in the central 
nervous system and in tumor cells are emerging (Costa et  al. 2014; Witte et  al. 
2011). PON3 is the least studied of the three PONs, but there is evidence that it 
plays important roles in cardiovascular disease, in susceptibility to infection, and in 
tumor cells (Shih et al. 2007; Schweikert et al. 2012a, b; Marsillach et al. 2015).

 PON1

 Human Polymorphisms of PON1 and Definition of PON1 Status

Earlier observations on the polymorphic distribution of serum paraoxonase activity 
in human populations led to the purification, cloning, and sequencing of human (and 
rabbit) PON1, as well as in the molecular characterization of its polymorphisms 
(Furlong et al. 1993; Humbert et al. 1993). Of the two polymorphisms observed in 
the PON1 coding sequence (Q192R and L55M), the former significantly affects 
the  catalytic efficiency of PON1 for some substrates (Humbert et  al. 1993). 
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The  PON1R192 allozyme hydrolyzes paraoxon or chlorpyrifos oxon more readily 
than PON1Q192, while the opposite is true in the case of sarin or soman (Davies et al. 
1996). In the case of diazoxon, both PON1 alloforms hydrolyze this compound with 
the same efficiency, and both alloforms are able to provide in vivo protection against 
exposure (Li et al. 2000). Lactones are hydrolyzed preferentially by either PON1R192 
or PON1Q192, depending on their structure (Draganov et  al. 2005). For example, 
PON1R192 is more efficient at hydrolyzing homocysteine thiolactone (HCL), while 
gamma-valerolactone and 2-coumaranone are more rapidly hydrolyzed by PON1Q192. 
However, it is important to note that hydrolysis of HCL by PON1 is orders of mag-
nitude less efficient than by bleomycin hydrolase and especially by biphenyl hydro-
lase-like protein (Marsillach et al. 2014). Furthermore, PON1Q192 has also a higher 
efficiency in protecting against LDL oxidation than the PON1R192 allozyme 
(Mackness et al. 1998).

The L/M polymorphism at position 55 does not appear to affect catalytic activity, 
but has been associated with plasma PON1 protein levels, with PON1M55 being asso-
ciated with low plasma PON1 activity (Mackness et al. 1998). However, this appears 
to result primarily from linkage disequilibrium with the low-efficiency –108T allele 
of the −108 promoter region polymorphism (Brophy et al. 2002). Of the several 
additional polymorphisms found in the noncoding region of the PON1 gene, one of 
the most significant is this polymorphism at position −108, with the –108C 
allele providing levels of PON1 about twice as high on average as those seen with 
the –108T allele (Brophy et al. 2001).

Most studies investigating the association of PON1 with various diseases have 
examined nucleotide polymorphisms (mainly Q192R, L55M, C-108T) with PCR- 
based assays. A functional genomic activity analysis, however, provides a much 
more informative approach, as measurement of an individual’s PON1 function 
(serum activity) takes into account all polymorphisms and other factors that might 
affect PON1 activity or expression. This is accomplished through the use of high- 
throughput enzyme assays involving two PON1 substrates (traditionally diazoxon 
and paraoxon at high salt concentration, but more recently the nontoxic phenyl 
acetate at high salt, and 4-(chloromethyl)phenyl acetate at low salt; Richter and 
Furlong 1999; Richter et al. 2008, 2009). Both the earlier assay with the two OP 
substrates and the new assays using the safer non-OP substrates provide a clear 
separation of the three PON1192 functional genotypes (QQ, QR, RR), as well as 
information on enzyme activity within each genotype (Richter and Furlong 1999). 
This approach, which provides a functional assessment of the plasma PON1192 allo-
forms, including information on the plasma level of PON1 for each individual, has 
been referred to as the determination of PON1 “status” for an individual (Richter 
and Furlong 1999). In a given population, plasma PON1 activity can vary up to 
40–50-fold, and differences in PON1 protein levels up to 13–15-fold are also pres-
ent within a single PON1192 genotype in adults (Richter and Furlong 1999). The use 
of PON1 substrates that are not affected by the Q192R polymorphism (e.g., phenyl 
acetate hydrolysis at low salt to measure arylesterase activity) provides a surrogate 
measure of PON1 plasma protein level as does direct analysis of PON1 protein 
concentration (e.g., by ELISA or mass spectrometry). In contrast, given that PON1 
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activity is strongly determined by enzyme genotype, assays using paraoxon as a 
substrate would provide equivocal results, if each group is not matched for geno-
type, since each PON1192 alloform hydrolyzes paraoxon with different efficiencies. 
A good example of analyzing individuals within each PON1192 functional genotype 
is provided in the study of PON1 status and stroke (Jarvik et al. 2000).

The importance of PON1 status in modulating susceptibility to the acute toxicity 
of a number of OP insecticides has been shown by several studies (Shih et al. 1998; 
Li et al. 2000; Cole et al. 2005). Studies with transgenic animal models have shown 
that PON1-deficient mice are highly susceptible to the toxicity of specific OPs (Shih 
et al. 1998; Li et al. 2000). Depending on the OP, PON1 levels alone (as in the case 
of diazoxon) or PON1192 functional genotype as well as activity level (as in the case 
of chlorpyrifos oxon) may determine the degree of protection against a specific OP 
(Li et al. 2000). Alterations in circulating PON1 levels have been found in a variety 
of diseases involving oxidative stress, including cardiovascular disease, diabetes, 
Alzheimer’s disease, chronic renal failure, and chronic liver impairment (Costa and 
Furlong 2002; Costa et al. 2003; Marsillach et al. 2007a, b; Furlong et al. 2010; 
Androutsopoulos et al. 2011). Studies investigating the role of PON1 in cardiovas-
cular disease have provided evidence that PON1 status (encompassing genotype 
and activity levels) is a much better predictor of disease than PON1 genotype alone 
(Mackness et al. 2001; Jarvik et al. 2003).

 Modulation of PON1 Activity and Expression

Given the role of PON1 in protecting against toxic pesticide exposures and cardio-
vascular disease, and its decreased activity levels in a number of pathological condi-
tions, it is not surprising that particular attention has been devoted to factors that 
may positively modulate PON1, i.e., increase its activity or expression (reviewed in 
Costa et al. 2005, 2011; Camps et al. 2009). While a major determinant of PON1 
activity is represented by genetic polymorphisms, age also plays an important role, 
as PON1 activity is very low before birth and gradually increases during the first 
year or two of life in humans (Cole et al. 2003). PON1 activity may also decline 
with aging, possibly because of the development of oxidative stress conditions 
(reviewed in Costa et al. 2005). An influence of gender has also been suggested, 
with female mice displaying higher PON1 activity (reviewed in Costa et al. 2005). 
Several studies investigating modulation of PON1 have involved pharmaceutical 
drugs, particularly lipid-lowering compounds such as statins and fibrates, as well as 
other drugs (reviewed in Costa et al. 2005, 2011). As PON1 is easily inactivated by 
exogenous or endogenous oxidants, several strategies to increase PON1 have 
focused on the administration of dietary antioxidants such as vitamin C (ascorbic 
acid), vitamin E (alpha-tocopherol), and several dietary polyphenols, particularly 
quercetin and pomegranate juice and extract, which contain several polyphenolic 
compounds such as punicalagin, gallic acid, and ellagic acid (reviewed in Costa 
et  al. 2011). Dietary lipids (e.g., olive oil or omega-3 fatty acids) and moderate 
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doses of alcohol also increase PON1 activity and expression (reviewed in Costa 
et al. 2005, 2011).

While most attention has been devoted to identifying pharmacological or dietary 
factors that may increase PON1 activity, other factors that, in contrast, may nega-
tively impact PON1 should also be considered, as they may increase susceptibility 
to diseases and/or toxic effects. High alcohol consumption, smoking, and consump-
tion of certain high-fat diets have been shown to decrease PON1 expression 
(reviewed in Costa et al. 2005, 2011). Several studies have shown that metals can 
also negatively modulate PON1 (see section “Interactions of metals with PONs”).

 PON2

 PON2 as an Intracellular Antioxidant Enzyme

PON2, a PON isozyme less studied than PON1, is nevertheless emerging as an 
important defense system toward oxidative stress and inflammation. In contrast to 
PON1 and PON3, PON2 is a ubiquitously expressed intracellular enzyme, but is not 
present in plasma (Mochizuki et al. 1998; Ng et al. 2001; Marsillach et al. 2008; 
Giordano et al. 2011). In peripheral tissues, PON2 is considered important in modu-
lating sensitivity to bacterial infections because of its high acyl-HSL hydrolytic 
activity, and also plays a significant role in atherosclerosis (Ng et al. 2006), and in 
antagonizing oxidative and inflammatory processes that may affect mucosal integ-
rity in the gastrointestinal tract (Levy et al. 2007). Subcellular distribution studies 
have shown that PON2 is localized primarily in the mitochondria, endoplasmic 
reticulum, and perinuclear region (Devarajan et al. 2011; Giordano et al. 2011), a 
major source of free radical-related oxidative stress. More recently it was reported 
that PON2 translocates its catalytic domain to the outside of the cell under certain 
conditions of oxidative stress, to protect membrane lipids from oxidation (Hagmann 
et al. 2014).

Two common coding region polymorphisms in strong disequilibrium (A147G 
and S311C) have been found in human PON2 (Primo-Parmo et al. 1996; Mochizuki 
et al. 1998). The PON2 S311C polymorphism has been shown to affect lactonase 
activity, but does not appear to influence antioxidant activity of PON2 (Altenhofer 
et al. 2010). PON2 mRNA and protein have been found in the central nervous sys-
tem (CNS) of several species including mouse, rat, nonhuman primate, and human 
(Costa et al. 2014). In mouse brain, the highest levels of PON2 are in the dopami-
nergic regions (substantia nigra, striatum, nucleus accumbens), with lower levels in 
other brain areas (Giordano et al. 2011). In every brain region, as well as in periph-
eral tissues, PON2 levels are higher in female mice than in male mice. PON2 exerts 
a protective effect toward oxidative stress, for example, the cytotoxicity of the oxi-
dants hydrogen peroxide (H2O2) and 2,3-dimethoxy-1,4-naphthoquinone (DMNQ) 
is much greater in brain cells from PON2 knockout mice (Giordano et al. 2011). The 
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different levels of expression of PON2 protein between male and female mice are 
also reflected in a differential susceptibility to neurotoxicity (Giordano et al. 2011, 
2013). While the apparent anti-apoptotic properties of PON2 may underlie neuro-
protection, the same characteristic in cancer cells makes them more resistant to 
chemotherapy-induced apoptosis (Witte et al. 2011; Krüger et al. 2015).

 Modulation of PON2

The higher levels of PON2 in tissues from female mice appear to be related to a 
positive modulatory effect by estrogens, as suggested by various lines of evidence 
(Giordano et  al. 2013). For example, 17-beta estradiol increases the levels of 
PON2 in striatal astrocytes from male mice; the effect is due to transcriptional acti-
vation of the PON2 gene and appears to be mediated by activation of estrogen 
receptor alpha (Giordano et al. 2013). In addition, PON2 levels (protein and mRNA) 
in ovariectomized female mice are significantly reduced in brain regions and in the 
liver, approaching the levels found in male mice (Giordano et al. 2013).

Activation of dopamine D2 receptors in the kidney positively modulates PON2 
expression through activation of NADPH oxidase, leading to a decrease in ROS 
production (Yang et  al. 2012). In the CNS, the highest levels of dopamine D2 
receptors are found in the same areas (e.g., striatum, nucleus accumbens, substan-
tia nigra) that also have the highest level of PON2 expression (Giordano et  al. 
2011). If a similar mechanism as observed in kidneys also occurs in the CNS, the 
loss of dopamine associated with Parkinson’s disease would lead to decreased 
PON2 levels, thus fostering a spiral of events further aggravating neurodegenera-
tion. The functional consequences of a higher expression of PON2 in females may 
have important ramifications. For example, oxidative stress plays a highly rele-
vant role in the etiopathology of Parkinson’s disease, whose incidence is 90% 
higher in males (Surmeier et  al. 2011; Wirdefeld et  al. 2011). Furthermore, as 
PON2 is expressed in most tissues and levels appear to be higher in females in 
each tissue examined (Giordano et  al. 2011), the reported higher sensitivity of 
males to oxidative stress in the heart, to atherosclerosis, and to infections may all 
be related to a differential expression of PON2 (Klein 2000; Kardys et al. 2007; 
Wang et al. 2010).

In contrast to PON1 and PON3, PON2 expression is increased by oxidative stress 
(Rosenblat et al. 2003). Additionally, arachidonic acid, unesterified cholesterol, the 
licorice phytoestrogen glabridin, extracts of yerba mate (Ilex paraguariensis), and 
the hypocholesterolemic drug atorvastatin also upregulate PON2 expression in vari-
ous cell types (Rosenblat et al. 2004; Fernandes et al. 2012; Yehuda et al. 2016). A 
recent study found that quercetin increases PON2 protein expression in the brain, 
thereby providing neuroprotection (Costa et  al. 2013b). In contrast to studies on 
PON1 regulation, no studies on negative modulation of PON2, other than by metals 
(see section “Interactions of metals with PONs”), have been identified.
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 PON3: Activity, Polymorphisms, Physiological Functions, 
and Modulation

PON3 is synthesized mainly by the liver and is found in circulation in HDLs (Reddy 
et al. 2001) and intracellularly in endoplasmic reticulum (Rothem et al. 2007) and 
mitochondria (Schweikert et al. 2012a). In mice, PON3 is undetectable in serum or 
HDL (Ng et al. 2007), but its protein expression has been identified in multiple tis-
sues (Marsillach et al. 2008). PON3 is the least characterized of the PON family of 
enzymes. It does not hydrolyze OPs, but possesses lipo-lactonase and N-acyl homo-
serine lactone activities (Draganov et al. 2005). Compared to PON1, PON3 has a 
higher catalytic activity for statin lactones (such as lovastatin), which are commonly 
used to monitor PON3 activity (Draganov et al. 2005).

There are only few studies on polymorphisms in the PON3 gene (reviewed in 
Furlong et al. 2016). Two missense mutations (S311T, G324D) in exons III, IV, and 
IX of PON3 were identified in healthy subjects from Southern Italy (Campo et al. 
2004), and later in children with diagnosed inflammatory bowel disease (Sanchez 
et al. 2006), but no relationship between the PON3 genetic variants and disease was 
observed.

Human PON3 concentration in serum is about two orders of magnitude lower 
than PON1 (Aragones et al. 2011). However, recombinant rabbit PON3 seems to be 
more potent than recombinant rabbit PON1 in protecting LDL from copper-induced 
oxidative modifications in vitro (Draganov et al. 2000). PON3 and PON2 protect 
murine macrophages against oxidative damage, with cellular PON3 activity being 
decreased under oxidative stress (Rosenblat et al. 2003). In vivo, mice overexpress-
ing PON3 are more resistant to atherosclerosis and obesity (Shih et al. 2007; Ng 
et  al. 2007). Interestingly, these effects were only seen in male mice although a 
protective role of PON3 in obesity has also been reported in female mice with the 
PON3 gene knocked out (Shih et  al. 2015). As previously reported for PON1, 
human serum PON3 concentration significantly increases in some disease states 
such as chronic liver disease, coronary and peripheral artery disease, and HIV infec-
tion (Garcia-Heredia et  al. 2011; Rull et  al. 2012; Aragones et  al. 2012), while 
another study has recently reported a significant decrease in PON3 in HDL from 
patients with autoimmune disease (type 1 diabetes or systemic lupus erythemato-
sus) and subclinical atherosclerosis (Marsillach et al. 2015).

Despite PON3’s beneficial role in protecting against a variety of oxidative stress- 
related diseases, an unexpected finding is a role for PON3 (and PON2), in cancer 
where PON3 is upregulated (PON3 being much more overexpressed in cancer cells 
than PON2) and protects tumor cells against mitochondrial superoxide-mediated 
apoptosis. Also similarly to PON2, PON3 has an important role in the defense 
against P. aeruginosa virulence (Schweikert et al. 2012b).

With the exception of being negatively affected by oxidative stress (Rosenblat 
et al. 2003), no other information, except for the interaction with metals (see section 
“Interactions of metals with PONs”), is available on positive or negative modulation 
of PON3.
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 Interactions of Metals with PONs

Metals are often defined by their physical properties of the element in the solid state 
(e.g., high electrical and thermal conductivity, mechanical ductility), but their toxi-
cological relevance is linked to their ability to lose one or more electrons to form 
cations (Tokar et  al. 2013). In addition, metals often exhibit variable oxidation 
states. Over 75% of elements in the periodic table are regarded as metals or metal-
loids. Metals are found naturally in the Earth’s crust, and their level varies across the 
continents; they are redistributed naturally in the environment by geologic and bio-
logic cycles. However, human intervention can shorten the residence of metals in 
ore, may form new compounds, and may increase worldwide distribution. Due to 
their wide and early use, the toxicity of metals has been known for centuries. 
Initially, concerns were primarily related to acute effects, though later metal toxicol-
ogy has shifted to more subtle, chronic, low-dose effects. Some metals (e.g., lith-
ium, bismuth, platinum compounds) can also have beneficial effects and are used as 
pharmaceutical drugs. Exposure of humans to metals can occur through multiple 
pathways (mostly inhalation and oral) and in a variety of settings. Occupational 
exposure to a number of metals (e.g., manganese, lead, cadmium, mercury) is quite 
common. Exposure to metals through food (e.g., methylmercury in fish) or water 
(e.g., arsenic, lead, manganese) is also common.

Various metal ions have been studied in relationship to their interactions with 
PONs. Most studies have examined interactions of metals with PON1, while very 
few have also included PON2 and PON3. Several in vitro studies have been carried 
out, but only a handful of in vivo studies in experimental animals are available. A 
few human studies investigating associations between serum PON1 and blood metal 
levels in various populations are also available. Below, we review the current infor-
mation on the interactions of metals with PONs.

 In Vitro Effects of Metals on PONs

A number of studies have examined the in vitro effects of metals on PONs, all with 
one exception on PON1. The first indication that PON1 activity may be affected by 
metals can be found in an abstract from the 1950s in which Aldridge (1951) 
reported that E 600 (paraoxon) hydrolase (later identified as PON1) was “inhibited 
by mercury, copper and nickel (10-6 M)”. A few years later, Erdös et  al. (1959, 
1960) investigated the effects of several metals on blood arylesterase activity (iden-
tifiable as PON1 by calcium dependence and inhibition by EDTA). In addition to 
heavy metals (e.g., cadmium, lead, mercury), these investigators also tested rare 
earth metals such as cerium, samarium, gadolinium, lanthanum, as well as yttrium. 
The latter metals were actually more potent than other metals in inhibiting aryles-
terase activity, as the IC50 values were in the sub-micromolar range (Erdös et al. 
1960; Table 1).
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Gil et al. (1994) reported that rat plasma paraoxonase activity was inhibited by a 
number of metals with IC50 values ranging from 170 μM (copper) to 5580 μM 
 (barium) (Table 1). Kinetic studies indicated that inhibition was either competitive 
(Cu, La, Zn, Co) or noncompetitive (Hg, Mn, Ba). Results were somewhat different 
when the same metals were tested on the paraoxonase activity of the rat hepatic 
microsomal fraction. In particular, cobalt was the most potent metal, followed by 
zinc and manganese (Table 1). All metals appeared to be more potent (by up to 
25-fold) in inhibiting liver paraoxonase activity compared to plasma, with the 
exception of copper, for which the opposite was found. In addition, kinetic charac-
teristics of inhibition in the liver were different from plasma (Gil et al. 1994). In a 
follow-up study, Gonzalvo et al. (1997) studied the ability of a number of metals to 
inhibit paraoxon hydrolysis in human liver microsomes (Table 1). They found that 
mercury was the most potent inhibitor (IC50  =  21 μM), followed by copper and 
lanthanum.

Debord et al. (2003) reported that several metals inhibited arylesterase activity of 
human serum, with copper being the most potent (Table 1). The paraoxonase activ-
ity of PON1 purified from rat liver was inhibited by various heavy metals, including 
mercury, manganese, copper, and cobalt (Pla et al. 2007; Table 1). Similarly, para-
oxonase activity of purified human PON1 (no indication of genotype) was found to 
be inhibited by metals, and lead was the most potent in this regard (Ekinci and 
Beydemir 2010; Table 1). Kinetic studies indicated that inhibition was of the com-
petitive type for lead and iron and noncompetitive for chromium and zinc. Sayin 
et al. (2012) and Erol et al. (2013) describe the purification of PON1 from blood of 
sharks and of two breeds of sheep (merino and kivircik) and the effect of various 
metals on paraoxonase activity (Table 1). Of the metals tested, cadmium and copper 
appeared to be the most potent. Kinetic analysis of the type of inhibition provided 
results similar to those of Gil et al. (1994); for example, inhibition by copper and 
cobalt was of the competitive type, while that of mercury was noncompetitive. A 
study by Sukketsiri et  al. (2013) examined the effects of lead acetate on PON1 
arylesterase activity in HepG2 (human hepatoma) cells. In contrast to other studies, 
at concentrations of up to 100 μg/ml (263.6 μM), lead had no effect on PON1 aryles-
terase activity.

Gencer and Arslan (2009) were the first to investigate the relative effects of met-
als on PON1R192 and PON1Q192 allozymes. For all metals tested (Cd, Co, Cu, Hg, 
Mn, Ni), the PON1R192 allozyme displayed a higher sensitivity to inhibition, ranging 
from less than two- to ninefold. In our laboratory, we tested the ability of cadmium, 
mercury, iron, zinc, lead, and aluminum (all chloride salts) to inhibit plasma PON1 
activity. Metals were incubated with PON1 for various lengths of time (15 min, 4 h, 
24 h), followed by measurement of PON1 arylesterase activity. Initial experiments 
used human PON1 purified from individuals expressing either the PON1R192 or 
PON1Q192 alloform (Fig. 1). All metals tested inhibited PON1 arylesterase activity 
to some degree. Inhibition was similar at the three incubation times tested (15 min, 
4 h, and 24 h), and results for 4 h are shown in Fig. 1. Cadmium, mercury, lead, and 
zinc were potent inhibitors of PON1, with nearly complete inhibition at 0.75 μM 
and significant inhibition in some cases at less than 0.1 μM. For these four metals, 
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the PON1R192 alloform was more susceptible to inhibition by cadmium than the 
PON1Q192 alloform (Table 1; Fig. 1), in agreement with the findings of Gencer and 
Arslan (2009). Iron also inhibited PON1, with significant inhibition at 0.75 μM; 
inhibition was mainly observed with the PON1R192 alloform, while the PON1Q192 
alloform was relatively resistant to inhibition. Aluminum was the weakest inhibitor 
of PON1, with <50% inhibition in both PON1 allozymes.

In a second series of experiments, the ability of the same metals to inhibit PON1 
arylesterase activity was measured in plasma of individuals homozygous for the 
PON1R192 or the PON1Q192 allele. Results of these experiments for the 4 h time point 
are shown in Fig. 2, and similar results were obtained for the shorter (15 min) and 
longer (24  h) incubation times. In general, the concentration-response curves for 
metal inhibition of PON1 were shifted to the right compared to those obtained with 
purified PON1, suggesting that factors present in plasma provide some protection 
against metal inhibition of PON1 (compare Fig. 1 and Fig. 2). For example, cadmium 

Fig. 1 Effect of various metals on the activity of purified human PON1Q192 and PON1R192 after 4 h 
incubation. Results are expressed as means (± SE) with n = 4

Fig. 2 Effects of various metals on arylesterase activity in plasma from individual homozygotes 
for the 192Q or 192R alleles of PON1, after 4 h incubation. Results are expressed as means (± SE) 
with n = 4
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was still the most potent inhibitor of PON1, but its potency was decreased by >10-
fold compared to the purified enzyme. Pb, Zn, and Hg had an intermediate potency, 
while Al and Fe were devoid of any inhibitory activity (Fig. 2). For all metals, the 
differences in inhibitory potency between the RR and the QQ genotype were mini-
mal (Fig. 2).

The ability of three metals (Cd, Hg, and Fe) to inhibit serum PON1 arylesterase 
activity in vitro was also assessed in mouse plasma. As shown in Fig. 3, cadmium 
was the most potent inhibitor of PON1, followed by mercury and by iron. No sig-
nificant differences were found when comparing results obtained after 4 h incuba-
tion (Fig. 3) with 15 min or 24 h incubations (not shown).

In contrast to PON1, information on the possible effects of metals on PON2 and/
or PON3 is scarce. In HepG2 human hepatoma cells, lead acetate significantly 
inhibited lactonase activity (dihydrocoumarin hydrolysis) at concentrations as low 
as 0.13 μM (Sukketsiri et al. 2013). Inhibition appeared to increase with the length 
of incubation (4–72 h), particularly at the lower concentrations. However, lactonase 
activity was attributed solely to PON2, while all PONs are expressed in the liver and 
all have lactonase activity. Levels of PON2 protein were not affected by lead, but 
PON2 mRNA levels were increased, though not in a concentration-dependent man-
ner. Interestingly, addition of calcium (1 mM) prevented the inhibitory effect of lead 
on PON2 activity. With regard to PON3, there is only one study by Pla et al. (2007) 
who purified this enzyme from rat liver. Various metals inhibited PON3 lactonase 
activity (dihydrocoumarin hydrolysis) including (IC50, μM) mercury (2), copper 
(36), manganese (318), and cobalt (1898). EDTA also inhibited PON3 activity, con-
firming that activity of this enzyme, like PON1, is also calcium dependent.

Fig. 3 Effects of cadmium, mercury, and iron (all chlorides) on arylesterase activity in mouse 
plasma after 4 h incubation. Results are expressed as means (± SE) with n = 4
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 Effects of Metals on PONs: Animal Studies

Very few studies have investigated in experimental animals the effects of in vivo 
exposure to metals on PONs, and all, to our knowledge, have focused on PON1. Tas 
et al. (2006) examined the effects of treatment of rats rendered diabetic with strep-
tozotocin with vanadyl sulfate (a vanadium salt) on serum paraoxonase and aryles-
terase activities. Vanadyl sulfate had no effect on PON1 activity in control rats; 
however, it was capable of partially reversing the decrease in paraoxonase and 
arylesterase activities induced by streptozotocin, in virtue, according to the authors, 
of its antioxidant properties (Tas et al. 2006). This represents the only animal study 
in which a metal derivative was found to “increase” PON1 activity.

Rats given cadmium chloride in drinking water at the levels of 15 or 100 ppm for 
2 months had serum levels of Cd of ~6 and ~15  ppb, respectively, compared to 
~0.5  ppb in controls (Ferramola et  al. 2012). At the highest dose, Cd caused an 
increased in oxidative stress in serum and a 40% decrease of serum PON1 paraox-
onase activity. In another study, female C57Bl/6 mice were given cadmium chloride 
in drinking water (5 mg/L) for 1 month (Ramambason et al. 2016), yielding levels of 
Cd in the liver of 0.33 μg/g (Thijssen et al. 2007). A significant 30% decrease in liver 
PON1 arylesterase activity was found in Cd-treated animals (Ramambason et  al. 
2016). In contrast, in a study in which cadmium chloride was given by i.p. injections 
for 2 weeks at doses of 0.1 to 0.5 mg/kg, no changes in serum PON1 activity were 
found (Cole et al. 2002). Ebabe Elle et al. (2013) fed rats a standard diet supple-
mented with 500  mg/kg silver nanoparticles for 81  days. Silver caused oxidative 
stress and inflammation in the liver and decreased plasma PON1 paraoxonase activ-
ity by 15%. In contrast, administration of aluminum by intraperitoneal injections to 
Wistar rats for 2 weeks did not alter PON1 activity in plasma (Maghraoui et al. 2014).

As Hg was a potent in vitro inhibitor of human and mouse PON1 arylesterase 
activity (Figs. 1, 2 and 3), we examined the effects of Hg exposure in vivo on plasma 
and liver PON1 activity. Male C57/B6 mice were exposed by subcutaneous (s.c.) 
injections of methylmercury hydroxide (10, 20, or 30 μmol/kg/d, equivalent to 2.33, 
4.65, and 6.98 mg/kg/d) for 14 days. Unfortunately, Hg tissue levels were not mea-
sured in this study, though based on other similar studies they are expected to be in 
the sub-micromolar to low nanomolar range. Somewhat unexpectedly, neither 
plasma nor liver PON1 activity (diazoxonase and paraoxonase) was decreased by 
treatment (not shown). To investigate the potential effect of iron on PON1 activity, 
we took advantage of an ongoing Fe overload study in female apoE−/− mice 
6–8 weeks of age. Groups of mice were fed a low-iron (0.02% Fe) or a high-iron 
(2%) diet for 12 weeks. Serum nonheme iron and liver iron levels were determined 
together with diazoxonase and paraoxonase activity in plasma. Figure 4a shows that 
serum Fe levels increased significantly in mice fed the high-iron diet, and liver iron 
levels increased to a much greater extent. Activity of diazoxonase in plasma was 
decreased only by a nonsignificant 12%, while plasma paraoxonase activity was 
decreased by ~20% (Fig. 4b and c). In this case the minimal effect of Fe on plasma 
PON1 activity in vivo is not surprising, given the limited effectiveness of this metal 
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in inhibiting PON1 in human and mouse plasma (Figs. 2 and 3). In an additional 
preliminary experiment, male wild-type and PON2 knockout (PON2−/−) mice were 
given three doses of manganese (MnCl2, 100 mg/kg, s.c.) and sacrificed 1 week 
later. As shown in Fig.  5, Mn decreased serum PON1 activity (measured as  

Fig. 4 Effect of dietary iron overload on plasma PON1 activity in apoE knockout mice. (a) Levels 
of Fe in serum and liver. (b) Diazoxonase activity in plasma; (c) paraoxonase activity in plasma. 
Results represent the mean (± SE) of four mice

Fig. 5 Effect of manganese chloride on serum PON1 activity (diazoxonase) in male wild-type and 
PON2−/− mice. Results represent the mean (± SE) of four mice
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diazoxonase), and its effects were more pronounced in PON2−/− mice, suggesting 
that PON2 may protect PON1 from oxidative stress related to metal exposure 
(Marsillach et al., unpublished observations).

Overall, it is evident that animal studies investigating the effects of metals on 
PONs are limited and almost all focus on PON1, with little attention paid so far to 
PON2 and PON3. Given the widespread exposure to metals and the relevance of all 
three PONs in a variety of diseases, further animal studies of the effects of metals 
on PONs activity and expression are certainly warranted.

 Metals and PONs: Human Studies

A number of studies have examined the association between blood metal levels and 
PON1 activity and/or expression in humans. While the in vitro studies described in 
section “In vitro effects of metals on PONs” were presented in chronological order 
of publication, as numerous metals were tested in each study, human studies are 
described below by grouping them for each metal investigated.

 Lead

Li et al. (2006) examined the associations between blood Pb levels and PON1 activ-
ity (measured as paraoxonase, arylesterase, and diazoxonase activities) in about 600 
workers in Taiwan. Workers were divided into three groups on the basis of blood Pb 
levels (μg/dL): ≤ 10, 10 ≤ 40, and ≥40. There was a small (10–13%) but significant 
decrease in PON1 activity with increasing blood Pb concentrations. The three most 
relevant PON1 polymorphisms (Q192R, L55M, and C-108T) were also determined 
and found to be similar to those reported for the Chinese population. The strongest 
inverse association between Pb and PON1 was found in PON1R192 homozygotes 
(RR), while the results in heterozygotes (QR) and QQ homozygotes were not statis-
tically significant (Li et al. 2006). Levels of Pb in blood were in the low micromolar 
range, a concentration that had been shown in some studies to inhibit PON1 activity 
in vitro (Erdös et al. 1960; Cole et al. 2002; Figs. 1 and 2). In agreement with these 
in vivo findings, Pb had been found to be more potent in inhibiting arylesterase 
activity of the PON1R192 genotype in vitro (Figs. 1 and 2).

A study by Pollack et al. (2014) examined the association between blood Pb and 
PON1 activity in a group of 250 women, and their findings are in agreement with 
those of Li et al. (2006) in that a decreased PON1 activity was associated with Pb, 
but only in individuals homozygous for the PON1R192 allele. Levels of blood Pb in 
this cohort were very low, about 1 μg/dL (Pollack et al. 2014). Further support for 
an in vivo effect of Pb on PON1 activity has been provided by another study which 
investigated the association between blood Pb and PON1 in a group of 100 workers 
of a lead battery factory (Kamal et al. 2011). Blood Pb levels in all workers averaged 
45.7 μg/dL (vs. 12.5 μg/dL in controls), and PON1 was decreased by an average of 
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60%. When stratifying workers based on blood Pb levels (< 40, 40–59, ≥ 60 μg/dL), 
PON1 activity was decreased by 36, 63, and 69%, respectively. These investigators 
also reported that PON1 activity was lowest in the Pb-exposed workers homozy-
gous for the PON1R192 allele, thus substantiating previous findings in humans (Li 
et al. 2006; Pollack et al. 2014) and in vitro (Figs. 1 and 2). An additional study has 
reported associations between blood Pb levels and PON1 activity. In a group of 
Pb-exposed earthenware factory workers in Thailand (n = 65; mean blood Pb level 
31.4 μg/dL), PON1 arylesterase activity was decreased by 24% (Permpongpaiboon 
et al. 2011). However, PON1 paraoxonase activity did not differ between Pb-exposed 
workers and controls; this may be related to a differential PON1192 genotype distri-
bution between Pb-exposed workers and controls, though this was not determined. 
An increase in blood parameters of oxidative stress was also found in this study, and 
the authors attributed the decrease in PON1 arylesterase activity to oxidative stress, 
which is known to negatively affect PON1 (Nguyen and Sok 2003).

 Arsenic

A single study examined the influence of arsenic (As) exposure on PON1 activity in 
196 residents from an arseniasis-endemic area in Southwestern Taiwan (Li et al. 
2009). However, consumption of As-contaminated well water had ceased for sev-
eral years, and indeed only urinary excretion of inorganic As was higher in the 
endemic group. Overall, plasma PON1 activity was similar between controls and 
the endemic group and was actually higher in PON1Q192 homozygotes with As expo-
sure compared to controls. However, high As exposure together with low PON1 
activity increased the risk for developing atherosclerosis by 5.7-fold (Li et al. 2009). 
When analyzing PON1 (Q192R and C-108T) and PON2 (A148G, C311S) polymor-
phism distribution in the control and As-exposed populations, some differences 
were found, whose significance is unclear. Hernandez et al. (2009) also examined 
the association between urinary levels of As and plasma PON1 activity in a popula-
tion of healthy individuals (n = 536). They found no associations between As levels 
and PON1 activity, though carriers of the PON1R192 alloform had higher levels of 
urinary As (Hernandez et al. 2009).

 Methylmercury and Selenium

Various human studies have also explored possible association between exposure to 
methylmercury (MeHg) and PON1 activity. A study in Nunavik, Canada, of 896 
Inuit adults found a significant inverse correlation between plasma Hg levels and 
PON1 activity (Ayotte et al. 2011). With increasing blood Hg levels (from ≤30 to 
>100 nmol/L; geometric mean = 53.2 nmol/L), PON1 activity decreased to a maxi-
mum of 14%; however, there was no association with any specific PON1192 geno-
type. Interestingly, as found in other studies (Cayir et al. 2014; Laird et al. 2015), 
blood concentrations of selenium (Se) appeared to counteract the effect of Hg on 
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PON1. Selenium is present in the active site of several enzymes, many of which are 
involved in modulation of oxidative stress (e.g., thioredoxin reductase, glutathione 
peroxidase), and this may explain its “protective” effect toward PON1. The study by 
Ayotte et al. (2011) was utilized by Ginsberg et al. (2014) to mechanistically address 
the issue of a possible association of MeHg exposure with cardiovascular disease 
suggested by some, but not all epidemiological studies (Virtanen et  al. 2007; 
Mozaffarian et al. 2011). Ginsberg et al. (2014) calculated that a dose of 0.3 mg/kg/
day of MeHg would cause an average 6.1% decrease in PON1 level, and this would 
increase the risk of cardiovascular disease by 9.7%.

In another Canadian population (Cree people in Eastern James Bay) with lower 
MeHg exposure (blood Hg geometric mean = 16.7 nmol/L; n = 369), no association 
between blood Hg levels and PON1 activity was found (Drescher et al. 2014). However, 
a negative correlation was found between Hg and PON1 in carriers of the (rare) TT 
allele at position −108 (the low PON1 activity allele). This polymorphism disrupts a 
recognition site for Sp1, a zinc-finger transcription factor whose DNA- binding activity 
can be inhibited by Hg ions through interaction with Cys2His2 zinc- binding domains 
(Rodgers et al. 2001; Deakin et al. 2003). People with the -108T allele, who have a 
compromised interaction between Sp1 and the promoter sequence (PON1-108T), may 
thus be more susceptible to further disruption by Hg (Drescher et al. 2014).

Additional information on potential associations between Hg and PON1 were pro-
vided by the studies of Hernandez et al. (2009), Pollack et al. (2014), and Laird et al. 
(2015). In contrast to most other studies, Hernandez et al. (2009) found a positive 
association between urinary levels of Hg and PON1 in a population of healthy sub-
jects in Spain, i.e., higher PON1 activity with increasing blood Hg levels. On the 
other hand, Pollack et al. (2014) found that women exposed to Hg and homozygous 
for the PON1R192 genotype had 23% lower PON1 activity in plasma. Finally, a recent 
study examined PON1 activity in plasma in relationship to blood levels of Hg, Pb, Cd, 
and Se in a population of over 2000 Inuit in Canada (Laird et al. 2015). PON1 activity 
was measured with a commercially available kit which utilizes 7- diethylphospho- 6,8
-difluor-methylumbelliferyl as a substrate, and no assessment of PON1 genotype was 
done. As expected, PON1 activity in the population varied by 27-fold. No correlations 
were found between Pb and PON1, in contrast to previous studies (Li et al. 2006; 
Hernandez et al. 2009). Somewhat in agreement with the findings of Hernandez et al. 
(2009), a positive correlation between blood Hg and PON1 activity was found. Blood 
Se levels were also positively associated with PON1 activity, as also reported by oth-
ers (Ayotte et al. 2011). Similarly, Cayir et al. (2014) found that in obese children 
from Turkey (who already have ~40% lower serum PON1 activity than normal weight 
children) blood Se levels are positively associated with plasma PON1 activity.

 Cadmium

Three studies examined the associations between cadmium (Cd) and PON1. In the 
recent one by Laird et al. (2015), Cd was the only metal negatively associated with 
PON1 activity after adjustment for a number of co-variables. This result confirmed 
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previous findings by Hernandez et al. (2009) and Pollack et al. (2014). In the former 
study, blood Cd was negatively associated with PON1 paraoxonase, arylesterase, 
and diazoxonase activities (Hernandez et  al. 2009), while Pollack et  al. (2014) 
found a similar association but only in PON1R/R192 and PON1Q/R192 individuals.

 Other Metals

Limited or no information exists with regard to other metals. Levels of blood copper 
were negatively associated with PON1 activity in obese children (Cayir et al. 2014). 
No association was found between manganese blood levels and PON1 in two stud-
ies (Hernandez et al. 2009; Cayir et al. 2014). Finally, with regard to zinc, one study 
reported no association with PON1 (Cayir et  al. 2014), while another found a 
decreased PON1 activity (Hernandez et al. 2009), in agreement with in vitro results.

Overall, human studies indicate, for the most part, an association between metal 
exposure and decreased PON1 activity, especially in individuals homozygous for 
the PON1R192 allele. However, most studies are incomplete and lack important infor-
mation on exposure to metals and to other potential confounding factors (e.g., 
smoking, alcohol, drugs), duration of exposure, blood levels of metals, PON1 geno-
type, accurate PON1 activity measurements, and levels of PON1 protein.

 Potential Mechanisms of PON1 Modulation by Metals

Metals may reduce PON1 activity and/or expression by generating oxidative stress, 
by directly interacting with the enzyme, by interfering with its transcription/transla-
tion, or by combinations of these mechanisms. Most metals cause oxidative stress 
(Jaishankar et al. 2014; Matovic et al. 2015; Valko et al. 2016), and PON1 is known 
to be inactivated by oxidative stress (Nguyen and Sok 2003). The same is true for 
PON3 (Rosenblat et al. 2003), while PON2 expression is increased by oxidative 
stress (Aviram and Rosenblat 2004). Certain antioxidants may increase PON1 activ-
ity by preventing its oxidative inactivation (Aviram et al. 1999), and this may explain 
the results observed with selenium. A direct interaction between metals and the 
PON1 protein is also likely, as suggested by the findings of the in  vitro studies 
detailed above. Some metals (e.g., zinc, nickel) may bind to histidine (His) in posi-
tions 115, 134, 155, and 243, which are essential for PON1 activity (Josse et al. 
2002). Other metals (e.g., mercury, lead) may bind to free sulfhydryl groups on the 
enzyme. PON1 has three cysteine (Cys) residues (in positions 42, 284, and 353), 
with a disulfide bond between Cys-42 and Cys-353, while Cys-284 is a free thiol 
(Josse et al. 2002). The disulfide-linked Cys-42 and Cys-353 are essential for PON1 
esterase activity, while Cys-284 is not; however, Cys-284 is close to the active site 
for catalytic activity of PON1, and its covalent modification interferes with PON1 
activity (Sorenson et al. 1995). Most importantly, the free Cys-284 is essential for 
PON1 to be protective against LDL oxidation (Aviram et al. 1998; Josse et al. 2002). 
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However, this Cys is buried, and thus it is unclear if it may represent a target for 
some metals (Harel et al. 2004; Hernandez et al. 2009; Laird et al. 2015).

Calcium-binding sites on PON1 are also most relevant. The crystal structure for 
a recombinant PON1 has indicated that PON1 is a six-bladed β-propeller, which in 
the central tunnel contains two calcium ions, one of which is essential for enzyme 
activity and the other for stability of the protein (Harel et al. 2004). Removal of 
calcium ions from PON1 by the chelating agents EDTA or EGTA leads to inhibition 
of its esterase activity, but not of its ability to protect against LDL oxidation (Kuo 
and La Du 1998; Aviram et al. 1998). Lead is known to mimic calcium, causing 
stimulation or inhibition of calcium-dependent enzymes depending on its concen-
tration (Simons 1993). This may explain the observed decrease in PON1 activity 
attributed to Pb exposure in several studies (Li et  al. 2006; Kamal et  al. 2011; 
Pollack et al. 2014). However, alternative mechanisms have also been proposed to 
explain the effect of Pb on PON1. For example, Pb may interfere with copper utili-
zation, and Cu deficiency has been suggested to decrease PON1 activity (Klevay 
2006; Laird et al. 2015). However, this hypothesis appears unlikely, as in vitro stud-
ies have consistently shown that copper is a relatively potent inhibitor of PON1 
activity (Table 1).

The GGCGGG consensus sequence in the binding site for transcription factor 
Sp1 in the 5′ regulatory region of PON1 has been shown to be the site of the C-108T 
mutation which affects PON1 expression (Brophy et al. 2001; Deakin et al. 2003). 
This site has been shown to be the target for the positive modulation of PON1 by 
statins and by low alcohol consumption (reviewed in Costa et al. 2005, 2011) and 
has been suggested as a possible target of mercury (Drescher et al. 2014). As more 
information on the interactions of metals with PONs emerges, further mechanistic 
investigations are also warranted.

 Summary and Conclusions

Humans are exposed to a several different metals and organometallic compounds in 
a variety of settings. Occupational exposure to certain metals (e.g., manganese, 
lead, cadmium, mercury) is quite common. In addition, exposure of large popula-
tions to metals through the diet (e.g., methylmercury in fish) or through contami-
nated drinking water (e.g., arsenic, manganese) also occurs. It is known that metals 
can exert a number of adverse health effects involving multiple mechanisms, with 
oxidative stress being a major one (Jaishankar et  al. 2014; Matovic et  al. 2015; 
Valko et al. 2016).

The three PONs exert significant roles as antioxidant and anti-inflammatory pro-
teins, and several studies indicate their involvement in a variety of diseases. Evidence 
summarized in this chapter from available in vitro, animal, and human studies indi-
cates that metals can modulate PON activity and expression, and this in turn may 
relate to some of their adverse health effects. The majority of studies have focused 
so far on the most studied of the PONs, PON1; however, as knowledge on the other 
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PONs increases, so should information on the interactions of metals with PON2 and 
PON3. Given the important role of PON1 in cardiovascular disease (reviewed in 
Costa and Furlong 2002; Furlong et  al. 2008), effects of metals on this enzyme 
activity and/or expression should be further investigated, also considering the exis-
tence of possible differential effects linked to PON1 polymorphisms. Similar con-
siderations also apply to PON2 and PON3, which also play a role in cardiovascular 
disease. Two other areas that deserve investigation are related to the role of PONs in 
modulating bacterial infection or in protecting tumor cells (PON2 and PON3  in 
particular) and the possibility that metal exposure may alter important homeostatic 
mechanisms by affecting their activity. Furthermore, in the case of PON2, a nega-
tive modulation of this enzyme by metals may affect neuroprotective mechanisms, 
and in the case of PON3, it may induce obesity and related metabolic syndromes.

In addition to the multiple potential effects of metals on PONs and the possible 
involvement of these in adverse effects of metals, another toxicological aspect 
involving the reverse effect should also be considered. The level of expression of 
PONs, determined by genetic background or by other factors, may be relevant in 
modulating metal toxicity. For example, results shown in Fig. 5 show that the effects 
of Mn on PON1 are more pronounced in PON2−/− mice, suggesting that levels of 
PON2 (e.g., in males vs. females) may affect Mn toxicity. Low level of PON2 may 
increase susceptibility to neurotoxic metals, and low levels of any of the three PONs 
may increase susceptibility to metal-induced cardiovascular effects and microbial 
infections.
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Manganese and the Insulin-IGF Signaling 
Network in Huntington’s Disease and Other 
Neurodegenerative Disorders
             

Miles R. Bryan and Aaron B. Bowman

Abstract Huntington’s disease (HD) is an autosomal dominant neurodegenerative 
disease resulting in motor impairment and death in patients. Recently, several stud-
ies have demonstrated insulin or insulin-like growth factor (IGF) treatment in mod-
els of HD, resulting in potent amelioration of HD phenotypes via modulation of the 
PI3K/AKT/mTOR pathways. Administration of IGF and insulin can rescue micro-
tubule transport, metabolic function, and autophagy defects, resulting in clearance 
of Huntingtin (HTT) aggregates, restoration of mitochondrial function, ameliora-
tion of motor abnormalities, and enhanced survival. Manganese (Mn) is an essential 
metal to all biological systems but, in excess, can be toxic. Interestingly, several 
studies have revealed the insulin-mimetic effects of Mn—demonstrating Mn can 
activate several of the same metabolic kinases and increase peripheral and neuronal 
insulin and IGF-1 levels in rodent models. Separate studies have shown mouse and 
human striatal neuroprogenitor cell (NPC) models exhibit a deficit in cellular Mn 
uptake, indicative of a Mn deficiency. Furthermore, evidence from the literature 
reveals a striking overlap between cellular consequences of Mn deficiency (i.e., 
impaired function of Mn-dependent enzymes) and known HD endophenotypes 
including excitotoxicity, increased reactive oxygen species (ROS) accumulation, 
and decreased mitochondrial function. Here we review published evidence support-
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ing a hypothesis that (1) the potent effect of IGF or insulin treatment on HD models, 
(2) the insulin-mimetic effects of Mn, and (3) the newly discovered Mn-dependent 
perturbations in HD may all be functionally related. Together, this review will pres-
ent the intriguing possibility that intricate regulatory cross-talk exists between Mn 
biology and/or toxicology and the insulin/IGF signaling pathways which may be 
deeply connected to HD pathology and, perhaps, other neurodegenerative diseases 
(NDDs) and other neuropathological conditions.

Keywords Neuroprogenitor cell (NPC) • Autophagy • Mitochondria • Cargo rec-
ognition • Dysregulation

 Introduction

Between 1 and 3 out of 100,000 individuals are diagnosed with Huntington’s dis-
ease (HD) in the USA. However, given the autosomal dominant etiology and near 
100% penetrance of HD, generations of families are devastated by this disease. HD 
is caused by an expanded trinucleotide CAG repeat in the HTT gene. If these repeats 
surpass 35–40 repeats, there is a near 100% chance that the patient will present with 
Huntington’s disease at some point in their lifetime (usually in middle-late adult-
hood). While the HTT gene was discovered in 1993, there is still no cure for HD 
though several drugs have been used to treat symptoms (i.e., tetrabenazine for cho-
rea). Furthermore, researchers still do not fully understand (1) the exact function(s) 
of wild-type HTT is in the human brain or (2) how mutant HTT (HTT >35 CAG 
repeats) causes neurotoxicity and HD. Two of the posited causes for HD are (1) 
mitochondrial dysfunction (2) autophagic dysfunction and aggregate accumulation. 
Recently, a series of studies have shown that insulin/insulin-like growth factor (IGF) 
treatment in HD models can ameliorate both of these pathogenic mechanisms.

Manganese (Mn) has only been recently implicated in HD, and studies have sug-
gested that a Mn deficiency may underlie some of HD pathology (Tidball et  al. 
2015a; Kwakye et  al. 2011; Williams et  al. 2010a; b; Stansfield et  al. 2014). 
Interestingly, Mn can modulate insulin/IGF homeostasis, shown to be essential for 
mitochondrial function, and able to stimulate neuroprotective pathways associated 
with the activation of autophagy, namely, insulin/IGF signaling (IIS). This review 
explores the functional intersection of these two modifiers of HD—(a) Mn biology 
and (b) insulin/IGF signaling (IIS)—both have been shown to regulate autophagy 
and mitochondrial health/function. Here we will review a role for Mn and IGF joint 
dysregulation in HD pathology and briefly explore some of the implications of this 
co-regulation in the context of other neurodegenerative diseases and conditions.

While Huntington’s disease will be discussed in detail, other neurodegenerative 
diseases (NDDs) will also be referenced when studies provide mechanistic under-
standing of the roles of Mn and IGF/insulin given the shared cellular pathologies 
between NDDs and HD (i.e., aggregate accumulation, reactive oxygen species, 

M.R. Bryan and A.B. Bowman



115

mitochondrial dysfunction). It is plausible that the mechanisms of these NDD 
pathologies might be quite similar to HD.

 IIS Signaling and Its Role in the Brain

Insulin and insulin growth factor (IGF) are homologous growth hormones that clas-
sically regulate cellular metabolism. Their role in peripheral tissues has been well 
elucidated. However, only more recently has their role in brain health and develop-
ment been studied. In the brain, IIS is necessary for synaptic maintenance and activ-
ity, neurogenesis, neurite outgrowth, neuronal survival, mitochondrial function and 
maintenance, as well as upper-level processes including memory and feeding 
behavior, and thus dysregulation in neurotrophic support has long been proposed as 
a mechanism of neurodegenerative diseases (Greenwood and Fleshner 2008; Trejo 
et al. 2007; Xing et al. 2007, 2006, 2010; Liou et al. 2003; Ozdinler and Macklis 
2006; Skeberdis et al. 2001; Sosa et al. 2006; Liu et al. 2009; Dentremont et al. 
1999; O’Kusky et al. 2000; Hurtado-Chong et al. 2009; Oishi et al. 2009; Chiu et al. 
2008; Ciucci et al. 2007; Hodge et al. 2004; D’Ercole et al. 1996, 2002; Root et al. 
2011; Jiu et al. 2010; Marks et al. 2009; Haj-ali et al. 2009; Dhamoon et al. 2009; 
Zhao et al. 1999; Deijen et al. 1998). Insulin and IGF are mainly produced in the 
pancreas and liver, respectively, and transported to the brain from the periphery 
through the blood-brain barrier. Alternatively, IGF and insulin can enter the brain 
through CSF in the choroid plexus. IGF is also produced locally in all brain regions. 
Upon binding with their respective ligands, IGF receptors (IGFR) and insulin recep-
tors (IR) undergo autophosphorylation at three tyrosine residues required for activa-
tion. Subsequently, the IR kinase domain phosphorylates IR substrates (IRSs) which 
act as secondary messengers, impinging upon a variety of cell signaling pathways 
including PI3K/AKT, mTOR, and MAPK/ERK, to exert their biological effects 
(e.g., energy metabolism, cell stress responses) (Fernandez and Torres-Alemán 
2012). However, individual receptors can heterodimerize forming hybrid IGF/insu-
lin receptors which can bind either insulin or IGF and activate both the PI3K/AKT 
and MAPK/ERK pathways. S6, a downstream target of mTOR, acts as negative 
feedback, phosphorylating and inactivating IRSs. Six IGF binding proteins exist 
(IGFBPs) and act to regulate IGF-R binding and modulate signaling. IGFBPs show 
a selective expression pattern, being in distinct portions of the brain, where they 
presumably act on specific IIS signaling within anatomical subsets of neurons. 
These proteins have a higher affinity for IGF than do IGF receptors, allowing tight 
control of IGF bioavailability. The regulation of neuronal IGFBPs is still quite 
unknown, but evidence suggests specific mechanisms for each protein including 
control by epigenetic markers and neuronal activity of specific cell types (Baxter 
2014; Clemmons et al. 1995).

Most kinases in humans are either magnesium (Mg) or Mn dependent. Though 
most are Mg dependent, several are preferentially activated by Mn including ATM 
and mTOR (Chan et al. 2000; Sato et al. 2009). Furthermore, insulin and IGF recep-
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tors have been shown to be Mn-dependent (Morrison et al. 1989, Xu et al. 1995) 
While little research has been done to explore the role of Mn as a signaling mole-
cule, its inherent role in kinase activation suggests that Mn is essential for cell sig-
naling. Several other proteins are also activated by Mn including Arg, MRE11, 
Mn-SOD, glutamine synthetase, pyruvate decarboxylase, protein phosphatase 1, 
and many integrin-related proteins (Horning et al. 2015; Paull and Gellert 1998; 
Trujillo et al. 1998; D’Antonio et al. 2012; Kanyo et al. 1996; Neulen et al. 2007; 
Woźniak-Celmer et al. 2001; Maydan et al. 2010; Wedler and Ley 1994; Dormond 
et al. 2004). Interestingly Mn has been shown to activate several of the same path-
ways as IGF/insulin including AKT, mTOR, ERK/MAPK, and even the insulin/IGF 
receptor itself—all of which have been found to be neuroprotective in HD (Dormond 
et al. 2004; Bae et  al. 2006; Cordova et  al. 2012a, 2013; Crittenden and Filipov 
2011; Exil et al. 2014; Jang 2009; Dearth et al. 2014; Srivastava et al. 2016; Zhang 
et al. 2013; Hiney et al. 2011).

 Mn and Insulin/IGF Homeostasis

Mn toxicity has been linked to neuronal cell death and neurodegenerative condi-
tions for several decades—namely, Parkinson’s disease (PD) and manganism. 
Though recent studies have yielded greater understanding of the toxic effect of Mn 
on neuronal function, very little is known about basic, neuronal Mn homeostasis. 
While brain imaging studies have revealed where Mn accumulates within the brain, 
there is disagreement on what sub-compartment(s) Mn primarily accumulates 
within a neural cell. The field is in some contention as some studies suggest mito-
chondria, while others suggest within the nucleus (Gunter et al. 2009; Kalia et al. 
2008; Morello et al. 2008). Surprisingly few studies have examined whether Mn 
primarily accumulates in neurons vs glial cells. Lastly, there is poor understanding 
of how Mn is transported within a cell, primarily due to the high promiscuity of Mn 
transporters for other metal ions (Horning et al. 2015; Chen et al. 2015). Muddying 
this understanding, at present there is only one transporter which seems specific for 
Mn, SCL30A10, an efflux transporter. Interestingly, mutations in this transporter 
lead to Mn accumulation in vitro and in vivo and have been linked to increased brain 
Mn and PD in patients (Chen et al. 2015; DeWitt et al. 2013; Leyva-Illades et al. 
2014; Quadri et al. 2012). The answers to these basic questions could offer invalu-
able understanding of Mn biology in the context of both diseased and healthy brains.

Evidence of a role for Mn-dependent regulation of IIS has been steadily amass-
ing since the 1980s. Baly and colleagues showed Mn deficiency caused glucose 
intolerance and reduced insulin production in rats, mimicking diabetic-like pheno-
types (Baly 1984; Baly et al. 1986, 1988, 1990). In addition, rats fed a Mn-deficient 
diet exhibited reduced pancreatic insulin output following a glucose stimulus. 
Furthermore, they and others found Mn to be an insulin mimetic, promoting insulin 
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excretion and activating insulin-related metabolic kinases (Baly 1984; Baly et al. 
1986, 1988, 1990; Keen et al. 1984; Subasinghe et al. 1985). Around this same time, 
another study showed that Mn-deficient rats exhibited decreased circulating IGF-1 
and insulin and increased IGFBP3—potentially suggesting Mn might regulate cir-
culating IGF-1 levels via modulating IGFBP3 activity (Clegg et al. 1998). Later, 
Lee and colleagues reported that Mn supplementation could protect against diet- 
induced diabetes in mice via increased insulin excretion, amelioration of glucose 
intolerance, and increased expression of Mn superoxide dismutase (MnSOD), a 
Mn-dependent antioxidant enzyme in mitochondria (Lee et al. 2013). These results 
were consistent with reports that diabetic patients were responsive to oral Mn treat-
ment as well as reports of reduced blood Mn in diabetic patients (Ekmekcioglu et al. 
2001; Koh et al. 2014; Rubenstein et al. 1962). Concurrently, other groups estab-
lished that Mn deficiency was associated with reductions of IGF-1 in serum and Mn 
supplementation could increase IGR-R and IGF-1 expression in the hypothalamus 
of rats (Dearth et al. 2014; Srivastava et al. 2011, 2013, 2016; Hiney et al. 2011; 
Clegg et al. 1998; Lee et al. 2006, 2007). However, the mechanisms by which Mn 
increases IGF-1 and insulin levels remain unknown. Together, these findings sug-
gest a functional link between Mn and the regulation of IGF-1/insulin levels in both 
peripheral tissues and brain. While such studies clearly link Mn to diabetes and 
hypothalamic/pubertal development, the role of this potent regulatory mechanism 
has never been studied in the context of a neuronal disease or manganese toxicity.

 HD Pathobiology

HD is an autosomal dominant neurodegenerative disease which results in hyperki-
netic movements, behavioral changes in cognition and mood, and ultimately death. 
An expanded trinucleotide (CAG) repeat in the Huntingtin gene (HTT) resulting in 
a mutant HTT protein (mHTT) causes HD. Higher CAG repeats are correlated with 
increased disease severity and younger age of onset though both are highly variable 
even between patients with similar repeat size (Bates et al. 2014; Landles and Bates 
2004). Usually, the disease manifests in adulthood (though juvenile cases do occur) 
and gives rise to a combination of motor, cognitive, and psychiatric symptoms 
which ultimately result in death. A hallmark symptom of HD is chorea, uncon-
trolled hyperkinetic movements, which has been associated with mHTT-dependent 
cell death within the striatum. Degeneration in other brain regions (cortex, hypo-
thalamus) usually follows, contributing to the variability in symptoms. As HTT is 
ubiquitously expressed, the basis for the selective neurotoxicity of mHTT for stria-
tal medium spiny neurons (MSNs) and a handful of other neuronal subpopulations 
remains a mystery (Landles and Bates 2004; Bates et al. 2015; Kumar et al. 2015; 
Cattaneo et al. 2005; Gusella and MacDonald 2009).
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 Mn Dysregulation in HD

Mn dysregulation has only recently been implicated in HD. In normal brains, Mn 
accumulation is enriched in the basal ganglia—the part of the brain which most 
severely degenerates in HD—suggesting Mn serves an important role in this brain 
region (Morello et al. 2008; Prohaska 1987; Larsen et al. 1979). Recently a set of 
studies revealed a Mn-transport deficit, indicative of a brain-specific Mn deficiency, 
in an HD immortalized striatal neuroprogenitor cell line (STHdhQ111/Q111), in 
HD hiPSC-derived striatal NPCs cells, and also in the striata of YAC128Q mouse 
model of HD (Tidball et al. 2015a; Williams et al. 2010b). The mechanism of this 
Mn-transport deficit has been difficult to resolve as so little is known about Mn 
subcellular transport. Analysis of Mn homeostasis is complicated by the high pro-
miscuity of proposed Mn transporters for other essential metals (Horning et  al. 
2015; Chen et al. 2015; Takeda 2003; Tidball et al. 2015b).

However, Mn is known to activate several of the signaling pathways dysregu-
lated in HD including ATM/p53 and AKT/mTOR (Tidball et al. 2015a, b; Dearth 
et al. 2014; Srivastava et al. 2016; Cordova et al. 2012b; Guilarte 2010a). STHdh 
Q111/Q111 and hiPSC-derived striatal neuroprogenitor HD cell models exhibit 
decreased net Mn uptake leading to diminished ATM activation, a Mn-responsive 
kinase upstream of p53 and other cellular stress response proteins (Tidball et al. 
2015a). Similar to ATM/p53, Mn robustly activates AKT and mTOR, both of which 
are neuroprotective in HD (Lee et al. 2014; Humbert et al. 2002; Blázquez et al. 
2015; Gines et al. 2003; Humbert and Saudou 2003; Lopes et al. 2014; Ribeiro et al. 
2014; Saavedra et al. 2009). AKT activation can increase HTT-Ser421 phosphoryla-
tion, shown to facilitate axonal transport, restoring mitochondrial and autophagic 
function in HD models (Humbert et al. 2002; Humbert and Saudou 2003; Lopes 
et al. 2014; Ribeiro et al. 2014; Zala et al. 2008; Naia et al. 2015, 2016; Gauthier 
et al. 2004). In contrast, Guilarte and colleagues reported decreased HTT-Ser421 
phosphorylation by Mn in YAC128 mouse cortical and hippocampal primary cul-
tures, though striatal levels were not assessed (Williams et  al. 2010b; Stansfield 
et al. 2014). Lastly, reinstatement of aberrant mTOR activity in HD models restores 
autophagic function, enhances aggregate clearance, and increases MSN health, 
though some reports have shown mTOR inhibition to be neuroprotective in HD 
(Lee et al. 2014; Pryor et al. 2014; Sarkar et al. 2008).

 IIS Dysregulation in HD

Recently, several groups observed impaired IIS in HD.  Paradoxically, reduced 
IGF-1 expression has been detected in patient caudate tissue and skin fibroblasts as 
well as other nonhuman HD models, while increased IGF-1 has been found periph-
erally in HD, and this has been correlated with cognitive decline (Lopes et al. 2014; 
Pouladi et al. 2010a; Saleh et al. 2010). Previous studies have shown mutant HTT 
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disrupts intracellular transport and secretion of insulin, while others have shown Mn 
can act as a potent insulin-mimetic in vivo (Subasinghe et al. 1985). Additionally, 
several groups reported robust neuroprotective effects of IGF-1 treatment in HD cell 
and mouse models via increased (1) AKT/ERK signaling, (2) IRS2/VPS34 (Class 
III PI3K) signaling, and (3) HTT Ser421 phosphorylation. Upregulation of these 
pathways increased autophagic function and aggregate clearance and ameliorated 
mitochondrial dysfunction (Lopes et al. 2014; Ribeiro et al. 2014; Naia et al. 2015, 
2016; Yamamoto et al. 2006; Duarte et al. 2011; Alexi et al. 1999; Metzler et al. 
2010; Warby et al. 2009). Administration of IGF and insulin can also rescue micro-
tubule transport, amelioration of motor abnormalities, MSN health, and enhanced 
survival in cell and rodent models. IGF-1 is also neuroprotective in models of other 
NDDs (Quesada et al. 2008; Allodi et al. 2016; Bassil et al. 2014; Gasparini and Xu 
2003; Aleman 2012; Homolak et al. 2015; Bernhard et al. 2016; Reger et al. 2007).

 Autophagy Deficits in HD, Potential Links to Mn and IIS

The inability to clear toxic mHTT aggregates may be a principle mechanism of 
HD-related cell death though there is contention about which form(s) and fragment(s) 
are truly toxic and which are a compensatory/protective reaction to cellular toxicity 
(Truant et al. 2008; Arrasate and Finkbeiner 2011; Bano et al. 2011; Lim and Yue 
2015). Autophagy, a process by which cells degrade complex organelles and pro-
teins to base nutrients, is also the primary process in clearing mHTT aggregates 
(Arrasate and Finkbeiner 2011; Lim and Yue 2015; Cortes and Spada 2014; Cuervo 
and Zhang 2015; Martin et al. 2014; Ravikumar and Rubinsztein 2006; Sarkar and 
Rubinsztein 2008; Williams et al. 2008). HTT acts as a scaffold for autophagy, and 
this activity is altered or impaired by mHTT, potentially exacerbating pathogenesis 
(Martin et al. 2014; Rui Y-NN et al. 2015; Gelman et al. 2015; Ochaba et al. 2014; 
Saudou and Humbert 2016). In HD, autophagic impairment causes failure of cargo 
recognition and lysosomal function resulting in the accumulation of cellular waste 
and protein aggregates (Martinez-Vicente et  al. 2010). This may trigger a feed- 
forward pathogenic loop with ever-increasing mHTT levels further impairing clear-
ance (Martin et al. 2014).

IGF treatment incurs robust amelioration of autophagy defects in HD models. 
Rothman and colleagues observed that IGF-1 upregulates autophagy via an IRS2/
VPS34-dependent mechanism in HD cells, resulting in a marked increase in aggre-
gate clearance. This is an AKT/mTOR-independent process, though both AKT and 
mTOR are activated by IGF-1(Yamamoto et al. 2006). Additionally, other groups 
have shown that upregulation of mTOR in HD models increases autophagy and 
aggregate clearance, rescuing HD-related phenotypes, even though mTOR canoni-
cally acts as a negative regulator of autophagy by inhibiting ULK1(Lee et al. 2014; 
Sasazawa et al. 2015). Interestingly, published studies indicate Mn both increases 
and decreases autophagy in neuronal systems in a biphasic, time-dependent manner 
(Zhang et al. 2013; Gorojod et al. 2015). Given this regulation of autophagy by Mn 
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and Mn-responsive pathways, it seems plausible that correcting Mn homeostasis in 
HD models may ameliorate aspects of autophagic dysfunction. To date, however, 
there have been only a handful of studies exploring the role of Mn in autophagy, and 
the majority have been done in the context of Mn toxicity, instead of Mn essentiality 
(Zhang et al. 2013; Zhang et al. 2016). Given clear ties of Mn biology to pathways 
upstream of autophagy, future studies should interrogate the role of Mn in autoph-
agy during normal neuronal function, in addition to disease states. In particular, we 
need to establish whether Mn plays a role in basal autophagy or only in the context 
of Mn toxicity.

 Mitochondrial Pathology in HD, Possible Links to Mn and IIS

Mitochondrial dysfunction is another mechanism by which mHTT may cause selec-
tive neurodegeneration in HD. Mitochondrial dysfunction may contribute to neuro-
degenerative diseases (NDDs) for several reasons: (1) High mitochondrial 
respiration is needed to accommodate high ATP usage in neurons; (2) mitochondria, 
out of all organelles, produce the highest amount of intracellular reactive oxygen 
species (ROS); (3) mitochondria are a critical regulator of cell death, a common 
feature of most NDDs; (4) mitophagy (mitochondrial selective autophagy) is often 
defective in NDD; and (5) perturbations in various metabolic processes, indicative 
of mitochondrial dysfunction, are often associated with NDD (Filosto et al. 2011; 
Johri and Beal 2012; Martin 2012). In HD, specifically, overt metabolic effects such 
as rapid weight changes and defects in glucose homeostasis have been observed in 
HD patients and models (Saleh et al. 2009; Farrer 1985; Hurlbert et al. 1999; Lalić 
et al. 2008; Podolsky et al. 1972; Pouladi et al. 2010b; Mochel et al. 2007; Goodman 
et al. 2008; Gaba et al. 2005; Josefsen et al. 2007; Oláh et al. 2008). Also, WT HTT 
has been shown essential for mitochondrial health (Ismailoglu et al. 2014). To this 
end, several basic studies and clinical trials have investigated metabolic targets as 
potential therapeutics for HD including creatine and coenzyme Q10 but have found 
little success (Koroshetz et al. 1997; Schilling et al. 2001; Andreassen et al. 2001; 
Ferrante et al. 2000; Ferrante et al. 2002; Tabrizi et al. 2003; Verbessem et al. 2003).

Several landmark studies demonstrate IGF-1 restores mitochondrial health in 
HD models (Ribeiro et al. 2014; Naia et al. 2015; Naia et al. 2016). Given the IIS- 
mimetic effects of Mn, correcting Mn homeostasis may ameliorate some facets of 
mitochondrial dysfunction in HD.  This hypothesis is consistent with established 
roles for Mn in mitochondria: (1) Mn accumulates in mitochondria more so than 
other organelles supporting a functional need in this organelle; (2) Mn has antioxi-
dant functions via the Mn-dependent, mitochondrial enzyme, MnSOD; and (3) Mn 
is essential for the function of at least two gluconeogenesis enyzmes (Horning et al. 
2015; Gunter et al. 2009; Kalia et al. 2008; Chen et al. 2015; Tidball et al. 2015b). 
Rego and colleagues have reported a series of studies providing a mechanistic 
understanding of how IGF is capable of such robust amelioration of HD symptoms 
(Naia et  al. 2015, Naia et  al. 2016; Johri and Beal 2012; Koroshetz et  al. 1997; 

M.R. Bryan and A.B. Bowman



121

Ferreira et  al. 2010, Ferreira et  al. 2011; Damiano et  al. 2010; Kim et  al. 2010; 
Reddy et al. 2009; Martin et al. 2007; Milakovic and Johnson 2005; Weydt et al. 
2006; Lou et al. 2016; Gouarné et al. 2013). They found HD models exhibit reduced 
ATP/ADP ratio, decreased O2 consumption, increased mitochondrial ROS and 
fragmentation, aberrant lactate/pyruvate levels, and decreased mitochondrial mem-
brane potential—all of which indicates mitochondrial dysfunction. Each of these 
was shown to be ameliorated by IGF treatment via upregulation of PI3K/AKT sig-
naling in cellular and mouse models of HD.

 IIS Signaling and Mn in Other NDDs

Abnormal levels of IGF/insulin and decreased IIS signaling (namely, reduced AKT 
signaling) have been observed in all neurodegenerative diseases including PD, 
Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), multiple sclerosis 
(MS), spinocerebellar ataxias (SCA), and other NDD-like conditions such as ataxia 
telangiectasia (AT). In the case for many models of these diseases, IGF or insulin 
has been successfully used to ameliorate pathologies in vitro and in vivo, and they 
have been used or targeted in clinical trials (Bassil et al. 2014; Nagano et al. 2013; 
Sorenson et  al. 2008; Hölscher 2014). Unfortunately, these clinical trials have 
reported little success. One possible reason for this is control of IGF-1 bioavailabil-
ity by IGFBPs. This could be overcome by using a modified IGF-1-like peptide 
which is unable to bind IGFBPs (Rauskolb et  al. 2016). Furthermore, although 
many studies have shown perturbation in metal ion homeostasis in these diseases, 
few have explored a more specific role for Mn dysregulation. Recent studies eluci-
dating Mn or IGF/insulin dysregulation in NDDs will be reviewed next, emphasiz-
ing developments in recent years.

 PD and IIS/Mn

PD is a neurodegenerative disorder resulting in bradykinesia and motor rigidity 
affecting an estimated 10 million people worldwide. Symptoms of the disease 
mostly occur in late adulthood as a threshold of dopaminergic neurons in the sub-
stantia nigra degenerate. Unlike HD, there is no clear genetic predisposition for 
most cases of PD, though mutations in some genes are correlated to increased risk 
for PD. Given this and the late onset of the disease, many studies have focused on 
environmental modifiers of the disease (Sulzer 2007). PD has long been associated 
with perturbations in metal ion homeostasis—particularly iron (Fe) and Mn. Mn 
toxicity causes parkinsonian-like symptoms and a disease state known as mangan-
ism, but most agree that its pathology is different from that seen in PD. This is 
mainly because neurodegeneration in PD occurs primarily in the dopaminergic neu-
rons of the substantia nigra, while Mn toxicity manifests within the globus pallidus. 
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Furthermore, at least some patients with Mn-induced parkinsonism do not produce 
Lewy bodies and can be unresponsive to levodopa treatment (Guilarte and Gonzales 
2015; Cersosimo and Koller 2005; Kwakye et al. 2015). While these two diseases 
may be distinct, several lines of evidence support a role for Mn dysregulation in 
PD. Chronic exposure to Mn is associated with increased risk for PD. Also, Mn 
toxicity has been linked to reduced tyrosine hydroxylase and dopamine levels and 
DAT cell surface expression, but reports regarding impaired neurotransmission and 
viability in dopaminergic neurons have been inconsistent (Horning et  al. 2015; 
Kwakye et  al. 2015; Bowman et  al. 2011; Aschner et  al. 2009; Guilarte 2010b; 
Zhang et  al. 2011). Mn toxicity has also been associated with increased alpha- 
synuclein buildup, but it is unclear if this response is neuroprotective or enhances 
neurodegeneration (Tong et al. 2009; Harischandra et al. 2015; Peres et al. 2016).

IGF has been studied in the context of PD as well. Previous studies have revealed 
neuroprotective effects of IGF in PD models and associated with increased dopami-
nergic survival in the substantia nigra (Quesada et al. 2008; Tong et al. 2009; Ayadi 
et al. 2016; Offen et al. 2001; Krishnamurthi et al. 2004). However, the majority of 
recent studies mainly focus on plasma IGF-1 levels as a biomarker for PD progres-
sion. Several groups published studies suggesting IGF-1 levels were increased in 
the sera of PD patients compared to control (Ma et al. 2015; Godau et al. 2010). 
Furthermore, studies revealed that increased plasma IGF-1 levels correlate with 
cognitive decline and motor symptoms (Ma et al. 2015; Picillo et al. 2013). While 
these studies have great utility as a clinical tool and seem to be quite sensitive, they 
have added minimal mechanistic insight as to if or why IGF-1/insulin and related 
signaling may be dysregulated on pathogenic consequences. Thus, continued basic 
and mechanistic experiments to understanding of IGF’s role in PD are needed to 
resolve inconsistencies and provide detail.

AKT has received considerable attention in the PD field via its neuroprotective 
roles in the brain. Aside from reduced p-AKT levels found in postmortem PD brains, 
several studies have linked increased AKT and IIS signaling to reduced dopaminer-
gic cell death, reduced alpha-synuclein toxicity, and complex interactions with 
PD-related proteins including PARKIN, PINK1, and DJ1(Quesada et  al. 2008; 
Ayadi et  al. 2016; Gong et  al. 2012; Nakaso et  al. 2008; Timmons et  al. 2009; 
Xiromerisiou et al. 2008; Xu et al. 2014).

 AD and IIS/Mn

AD results primarily from the degeneration of hippocampal neurons which leads to 
severe cognitive defects in late adulthood. Disease is defined by two hallmark path-
ological features, neurofibrillary tangles (hyperphosphorylated tau) and amyloid 
beta plaques, two aggregates which incur neurotoxic stress. Heavy metals have also 
been associated with AD and its aggregate pathology, though few studies have 
examined Mn levels or dysregulation (Bandmann et al. 2015; Dieter et al. 2005). 
However, two recent studies investigated plasma Mn levels in AD and reported 
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opposing results. Dehua and colleagues reported elevated Mn levels which were 
correlated with increased amyloid beta expression and reduced cognition, while 
Bush et al. reported reduced Mn levels in sera but no difference in patient erythro-
cytes (Hare et al. 2016; Chui et al. 2013).

AD may have the most significant ties to IGF dysregulation of all NDDs. AD has 
been heavily correlated to diabetic status, and mechanistic understanding of meta-
bolic dysfunction in AD has led to it being referred to as “type 3 diabetes,” a form 
of diabetes that specifically affects the brain (Suzanne and Wands 2008). In recent 
years, studies have focused primarily on the effects of IGF/insulin on amyloid beta 
accumulation and the use of IGF-1 levels as a biomarker for disease risk and pro-
gression. Two studies in 2009 reported that reduced IGF signaling protects against 
AB accumulation, potentially by acting on the plaques themselves, condensing 
them to less toxic forms (Schubert et al. 2004; Cohen et al. 2010; Cohen et al. 2009; 
Freude et al. 2009). These were contrary to a flurry of studies in the early mid-2000s 
revealing IGF resistance and ameliorative effects by IGF treatment on AB accumu-
lation and cognitive function (Gasparini and Xu 2003; Moloney et al. 2010; Neill 
2013; Torres-Aleman 2007; Craft and Watson 2004; de la Monte and Wands 2005; 
Rivera et al. 2005; Steen et al. 2005; Vidal et al. 2016). A few years later, insulin 
resistance and reduced IIS signaling were found in postmortem AD brain tissue, and 
soon after that, lower serum IGF-1 levels were correlated to an increased risk for 
AD and dementia, while higher levels were associated with greater brain volume 
(Vidal et al. 2016; Liu et al. 2011). Interestingly, increased IGF has been reported in 
CSF of patients (Åberg et al. 2015; Johansson et al. 2013). Thus, even though con-
flicting results have been reported, these studies reveal that AD is deeply tied to IGF 
biology.

Contrary to PD, excessive AKT signaling has been observed in AD. Several stud-
ies have reduced or inhibited IIS signaling and observed delays in symptoms and 
reduced AB pathology (Neill 2013; Griffin et al. 2005; Rickle et al. 2004). These 
results, of course, are contrary to aforementioned studies utilizing IGF treatment in 
AD models. Such conflicting results may be explained by an initial hyperactivation 
of IIS signaling which eventually desensitizes the pathway. In this way, both IIS 
inhibition early and IIS treatment late in disease progression may result in ameliora-
tive effects. However, further research will have to be done across disease progres-
sion to see if this is indeed the case.

 ALS and IIS/Mn

ALS is a neurodegenerative disease which affects more than 12,000 people in the 
USA. Disease onset is more variable than other diseases and can often occur in 
younger people. The cause of ALS is unknown, but pathology is attributed to loss of 
motor neurons in the brain and spinal cord resulting in loss of voluntary muscle 
control, and, in late stage, patients are unable to move or breathe without ventilator 
support. ALS has also been associated with metal ion dysregulation. Again, few 
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studies focused on Mn levels, but a few studies have reported increased Mn in CSF 
and plasma, while the other reports no change in Mn but significant increases in 
copper and zinc and a reduction in selenium (Roos et al. 2012; Peters et al. 2016; 
Miyata et al. 1983; Nagata et al. 1985).

IGF dysregulation and insulin resistance have been reported in ALS (Reyes et al. 
1984; Adem et al. 1994; Bilic et al. 2006). These data led to a few in vivo studies 
using IGF-1 treatment in ALS models. While subcutaneous injection into the 
periphery with IGF-1 was largely found to be ineffective, direct intrathecal injec-
tions directly into the CSF resulted in some decrease in motor atrophy (Nagano 
et al. 2013; Nagano et al. 2005). Given these results, a few clinical trials have been 
attempted in ALS but have found little success (Sorenson et al. 2008; Saccà et al. 
2012; Borasio et  al. 1998). One reason may be that these treatments are given 
peripherally instead of intrathecally (Rauskolb et al. 2016). More recently, IGF2 has 
been found to be neuroprotective in ALS models (Allodi et al. 2016).

 Autophagy in Other Neurodegenerative Diseases

Autophagy has been linked to every neurodegenerative disease—namely—because 
most NDDs develop aggregate pathology which is often processed by autophagy. 
Autophagy is activated as a protective process in order to maintain healthy homeo-
stasis of the cell, but hyperactivation can result in autophagy-mediated cell death. 
Thus, interactions between aggregates and autophagy play a precarious role in 
NDDs (Harris and Rubinsztein 2011). Recent studies have begun to explore the 
effects of metal toxicity on autophagy as well (Zhang et al. 2013; Zhang et al. 2016). 
In PD, autophagy has primarily been investigated in the context of mitophagy 
(mitochondrial specific autophagy). PD has been linked to mitochondrial toxicity 
and dysfunction which incurs mitophagy in an attempt to remove unhealthy mito-
chondria from the neurons to reestablish cellular integrity. PARKIN and PINK1, 
two proteins associated with familial forms of PD, are essential members of the 
mitophagy process (Chinta et  al. 2010; Deas et  al. 2010; Geisler et  al. 2010; 
Michiorri et al. 2010; Narendra et al. 2009; Vives-Bauza and Przedborski 2010). In 
AD, autophagy is known to regulate both the secretion and degradation of AB which 
adds increased complexity to its role in disease pathology. Several studies have 
revealed increased autophagosome accumulation in AD models, but these results 
have been inconsistent across disease progression (Wolfe et al. 2013; Spilman et al. 
2010; Yang et al. 2011; Yu et al. 2005). Recently, ALS studies have revealed that two 
ALS-associated proteins, TDP-43 and SOD1, are often dysregulated in ALS patients 
and models (Gomes et al. 2010; Wang et al. 2010; Gal et al. 2009). Interestingly, 
mutations in these proteins (among several other observed ALS mutation-associated 
proteins) cause aberrant autophagic processing in neuronal and spinal cord neurons 
(Chen et al. 2012). Further studies are needed to elucidate mechanistic understand-
ing of these complex relationships to determine whether dysregulated autophagy is 
a pathogenic mechanism or compensatory “rescue” response. Future investigation 
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must interrogate autophagic flux rather than commonly used end-point measure-
ments as the directionality, and capacity of autophagy is necessary for further 
understanding and therapeutics. The connections that have been drawn between 
autophagy and Mn or IGF/insulin warrant continued exploration, but studies should 
consider potential co-regulation of Mn and IGF/insulin on autophagy processes and 
dysregulation.

 Manganese Toxicity and IGF

Little investigation has been done to examine the role of IGF in manganese toxicity. 
Tong and colleagues found Mn toxicity caused reduced ATP and insulin/IGF recep-
tor expression. Additionally, as mentioned before, Hiney and colleagues have been 
revealing a role for Mn-induced toxicity in hypothalamic development via IGF/
mTOR-related pathways (Hiney et  al. 2011; Dearth et  al. 2014; Srivastava et  al. 
2011; Srivastava et al. 2016; Lee et al. 2006; Lee et al. 2007). It is likely that Mn 
toxicity in other brain regions is regulated in a similar manner. Given that Mn accu-
mulates in the brain primarily in the basal ganglia, not the hypothalamus, it seems 
likely that IGF/Mn interaction may play even more crucial roles in other brain 
regions, particularly in aged model systems. Thus, future studies on Mn toxicity and 
IGF could be informative on developmental toxicity, chronic environmental expo-
sures, and overall brain health.

 The Co-regulation of ATM, Mn, and Insulin/IGF

Interestingly ATM, a Mn-activated kinase, has been linked to both IGF/insulin and 
Mn signaling. Previous studies have shown that Mn-induced p53 activity is regu-
lated by ATM. Furthermore, this Mn-induced activity is blunted in HD due to lack 
of bioavailable Mn (Tidball et al. 2015a). Separately, low levels of the IGF-1 recep-
tor and loss of IGF-1 sensitivity have been observed in ataxia telangiectasia (AT), 
the disease resulting from loss of function mutations in ATM, and in loss-of- function 
ATM models (Luo et al. 2014; Peretz et al. 2001; Miles et al. 2007; Zhou et al. 
2007). Additionally, studies have shown patients with AT have significantly 
decreased IGF-1 levels (Ehlayel et al. 2014; Kieslich et al. 2010; Nissenkorn et al. 
2016; Schubert et al. 2005). Additionally, others have shown ATM is essential for 
IGF and IGF-R transcription by phosphorylating and relieving transcription factors 
and complexes including p53 from their respective promotors, allowing for tran-
scription (Luo et al. 2014; Peretz et al. 2001; Goetz et al. 2011; Shahrabani-Gargir 
et al. 2004; Bhat et al. 2001; Ching et al. 2009). Concurrently, downregulation of 
IGF-R results in increased radiosensitivity and decreased ATM protein levels 
(mRNA was unchanged) revealing a potential circular regulation between ATM and 
IGF-R (Peretz et al. 2001; Chitnis et al. 2014; Valenciano et al. 2014). Also, given 
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that ATM is required for full activation of AKT, it seems likely that the connections 
between ATM, Mn, and IGF carry some biological relevance in the context of Mn/
IGF co-regulation in NDD (Halaby et al. 2008). Mn could act as an initiating signal-
ing molecule within this cascade where Mn activates ATM/p53 which results in 
increased IGF/IGF-R transcription and subsequent activation of the PI3K/AKT 
pathway. This hypothetical, albeit plausible, interaction could explain how Mn defi-
ciency in HD might contribute to decreased IIS (AKT/mTOR) and Mn-induced 
ATM/p53 signaling.

 IIS Signaling, Mn, and Cancer

Given the striking parallels and potential co-regulation between Mn and IIS and the 
pronounced and well-studied roles of IIS in cancer progression, one must wonder if 
there is role for Mn/IIS co-regulation in cancer etiology. As a pro-growth signaling 
pathway, IIS is often highly upregulated in cancers particularly during tumor pro-
gression (Vara et al. 2004). However, most findings suggest Mn is not significantly 
carcinogenic, even to exposed workers. In fact, Mn deficiency leads to a higher risk. 
A plethora of studies, namely, clinical examination of Mn levels in cancer patients, 
support the role for Mn deficiency in cancer via reduced MnSOD activity and 
enhanced ROS accumulation in various cancer types (Shen et  al. 2015; Behrend 
et al. 2005; Ho et al. 2001; Hu et al. 2005; Weydert et al. 2006). Of note, Mn has 
been shown to be essential for the activation of ATM and MRE11, two DNA-damage 
repair proteins, and able to increase phosphorylation of p53, the most-well studied 
tumor suppressor gene, which exerts control on cell cycle supporting a role for Mn 
deficiency in cancer. In fact, many cancers contain mutations in these same proteins. 
Somewhat paradoxically, HD is associated with reduced Mn bioavailability and 
reduced risk for cancers (Sørensen et  al. 1999). Accumulating data, studies, and 
clinical trials support a hypothesis that perturbations in IIS and metal ion homeosta-
sis separately contribute to both NDDs and cancer in somewhat opposite fashions, 
while a dearth of investigation exists to study their potential co-regulation in either 
disease.

 Conclusions

The roles for IGF and Mn separately in HD are far from being fully elucidated. 
However, the sizeable overlap between their homeostasis and downstream effects 
supports a need to consider their co-regulation in the context of diseased and healthy 
states. Neuroprotective cell signaling (i.e., AKT, mTOR, ERK/MAPK), mitochon-
drial health, and autophagic function have been implicated in all NDDs repeatedly 
by multiple groups. Past and present research has revealed an essential role for IIS 
in coordinating these cellular processes. However, little attention has been given to 
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Mn role even though distinct lines of evidence substantiate its essentiality in these 
very same processes and even the upstream regulation of insulin/IGF. There is not 
enough evidence one way or another to draw a clear conclusion whether Mn may be 
at the heart of IIS dysregulation in NDDs, but there is certainly enough to warrant 
serious consideration of its role as a contributing factor.

It is still unclear how Mn is exerting its effects on IGF/insulin levels and signal-
ing. Is Mn acting at the levels of transcription, translation, or posttranslationally? 
The intriguing possibility that Mn might regulate IGF and IGF-R transcription 
through ATM/p53 is one that merits further study as it may have implications in not 
only NDDs but cancer and diabetes as well. Furthermore, given the widespread 
transcriptional targets of p53, Mn could be widely essential for the transcription of 
various proteins. Mn could also be exerting its control posttranscriptionally—poten-
tially at the blood-brain barrier or via interactions with IGF binding proteins. Clegg 
and colleagues reported that Mn deficiency resulted in increased IGF-BP3 which 
they suspected might reduce IGF bioavailability (Clegg et al. 1998). However, little 
investigation has been done to follow up on these findings or explore Mn’s role on 
other IGF-BPs which could offer a clear mechanism of Mn’s regulation of IGF.

We discussed here many examples of overlap between HD etiology, IGF/insulin 
biology, and Mn homeostasis. While these connections have been more fully eluci-
dated in HD, the inherent overlap between NDD pathology suggests similar roles 
for Mn and IGF/insulin in other NDDs. However, as reviewed here, there is prelimi-
nary evidence that these NDDs often exhibit different trends in Mn and/or insulin/
IGF homeostasis—for example, PD is associated with increased Mn, while HD is 
associated with Mn-deficiency. However, these observations lead to the following 
additional questions: (1) Are we exploring IGF/insulin and Mn dysregulation at the 
“right” times during disease progression? (2) Are we inspecting the levels of Mn or 
IGF/insulin in the correct tissues? (3) Is this dysregulation truly a contributor to 
disease pathology or simply a downstream effect of a higher mechanism? If IGF/
insulin and/or Mn are truly dysregulated in NDDs, one would imagine that there are 
defined stages of disease progression when specific defects can be observed. Mn or 
insulin/IGF could be affected early on in the disease prior to symptoms, during early 
symptom manifestation, or during late-stage progression once significant brain atro-
phy has occurred (or across the entirety of disease progression). Furthermore, it is 
likely that this dysregulation may differ in not only magnitude but directionality 
between each stage of the disease as molecular signaling attempts to compensate or 
desensitize. While serum and plasma levels offer a potential biomarker of brain Mn 
dysregulation, further studies must examine how these levels correlate to what is 
seen in actual brain tissue. Studies have found that changes in IGF by age, sex, diet, 
BMI, and secondary disease status can cause immense variability between patients, 
particularly in peripheral samples (Bernhard et al. 2016). Several heavy metals are 
reported to accumulate in the brain with age and can differ by similar confounds 
suggesting peripheral Mn may also be an inappropriate measurement for brain Mn. 
Furthermore, regulation of IGF/insulin and Mn across the blood-brain barrier has 
been somewhat elucidated, but strict regulation of these molecules is needed to 
establish brain integrity suggesting that they might be very different from what is 
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seen in serum/plasma or even CSF.  Confirming consistencies between serum, 
plasma, blood, CSF and the brain should be done in rodent models across disease 
progression to validate IGF/insulin and Mn biomarkers—substantiating their use in 
clinical studies. For other NDDs, a higher mechanistic understanding of IGF/insulin 
and Mn biology should be explored at the molecular and cellular levels, similar to 
what has been done in the HD field. Lastly, given the extended time it takes prior to 
NDD manifestation, one must ask whether observed defects in IGF/insulin or Mn 
are either a cause of the disease or instead a consequence of the neurodegeneration. 
This is a difficult question to answer given the inherent difficulty in working with 
aged models—namely, mouse models—which often do not fully recapitulate the 
pathology observed in humans.

Currently, available methods and technology make it quite difficult to truly 
investigate these questions in a high-throughput manner. Highly sensitive biomark-
ers for Mn and IGF/insulin levels in the brain are likely required to observe changes 
across disease progression which are currently unavailable. The high variability and 
contradictory data of IGF/insulin levels in serum/plasma compared to brain suggest 
these are not always appropriate measurements for brain levels. While existing tech-
niques can quantify levels of Mn in tissues or cells (ICP-MS, graphite furnace, cel-
lular fura-2 Mn extraction assay (CFMEA)) as well as techniques that allow a 
cellular/subcellar resolution of Mn localization (X-ray absorption near edge struc-
ture (XANES)), high costs and complexities related to maintaining in vivo patterns 
have limited the understanding of Mn brain homeostasis (Kwakye et  al. 2011). 
Thus, creative approaches will be necessary to answer the outstanding questions.
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Occupational Metal Exposure and Parkinsonism             

W. Michael Caudle

Abstract  Parkinsonism is comprised of a host of neurological disorders with an 
underlying clinical feature of movement disorder, which includes many shared fea-
tures of bradykinesia, tremor, and rigidity. These clinical outcomes occur subse-
quent to pathological deficits focused on degeneration or dysfunction of the 
nigrostriatal dopamine system and accompanying pathological inclusions of alpha-
synuclein and tau. The heterogeneity of parkinsonism is equally matched with the 
complex etiology of this syndrome. While a small percentage can be attributed to 
genetic alterations, the majority arise from an environmental exposure, generally 
composed of pesticides, industrial compounds, as well as metals. Of these, metals 
have received significant attention given their propensity to accumulate in the basal 
ganglia and participate in neurotoxic cascades, through the generation of reactive 
oxygen species as well as their pathogenic interaction with intracellular targets in 
the dopamine neuron. The association between metals and parkinsonism is of criti-
cal concern to subsets of the population that are occupationally exposed to metals, 
both through current practices, such as mining, and emerging settings, like E-waste 
and the manufacture of metal nanoparticles. This review will explore our current 
understanding of the molecular and pathological targets that mediate metal neuro-
toxicity and lead to parkinsonism and will highlight areas of critical research inter-
ests that need to be addressed.
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 Introduction

The neurotoxicological outcomes related to metal exposure are varied, as metals are 
capable of migrating to many different brain regions and interacting with a cata-
logue of different neuronal populations, affecting a variety of intracellular targets 
and pathways within these cells. This promiscuity introduces a complexity to ascrib-
ing neurotoxicological effects to select metals. In light of these complexities, exten-
sive work has highlighted the unique sensitivity of select brain regions to metal 
exposure and the neurological deficits that arise from these interactions. To this end, 
the basal ganglia, a region severely damaged in Parkinson disease (PD), appear to 
be a selective target for metal-induced neurotoxicity. Perhaps not surprising, as with 
other environmental factors, metal exposure has been suggested to be a risk factor 
for the development of PD and other parkinsonian-related movement disorders. 
Recent work has been focused on bringing to light a more specific understanding of 
how certain metals interact with neuronal targets and intracellular pathways in the 
basal ganglia to elicit neurological deficits. Thus, this section will present recent 
findings concerning the potential role and mechanisms of action of metal toxicity in 
Parkinson disease and parkinsonism and will introduce emerging exposure con-
cerns that may have neurotoxicological implications for the future.

 Clinical and Pathological Signs of Parkinsonism

Parkinsonism is a heterogeneous group of neurological disorders that share com-
mon pathological features of alteration to the nigrostriatal dopamine circuit, in addi-
tion to pathological accumulations of alpha-synuclein or tau, as determined at 
autopsy  (Dickson 2012). These pathological signs give rise to a suite of clinical 
symptoms focused on the presence of disordered movement, predominantly 
described in terms of bradykinesia, tremor, and postural instability, in addition to 
other extrapyramidal deficits and neuropsychiatric signs. With this broad category 
of movement disorders, three specific disorders, Parkinson disease (PD), progres-
sive  supranuclear  palsy  (PSP),  and  multiple  system  atrophy  (MSA),  have  been 
extensively investigated and used to demonstrate the clinical and pathological het-
erogeneity that defines parkinsonism. Of these, PD has been the most extensively 
characterized, with cardinal clinical signs including asymmetrical resting tremor, 
slowed movement, cogwheel rigidity, and postural instability (Fahn 2003). These 
motor signs are often accompanied by non-motor deficits in autonomic and neuro-
psychiatric function, ranging from gastrointestinal and cognitive deficits to olfac-
tory and sleep disturbances (Langston 2006). These clinical manifestations appear 
to be extensively associated with pathological findings, including damage to the 
dopaminergic circuit that originates in the substantia nigra pars compacta (SNpc) 
and sends dopaminergic projections to the striatum (Fahn 2003). While these defi-
cits appear to underlie many of the motor deficits observed in PD, pathological 
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alterations to other brain regions and neurotransmitter systems, including the norad-
renergic and serotonergic circuits, have also been demonstrated to be involved in the 
plethora of non-motor symptoms that define the disease. In addition to alterations in 
neurotransmitter pathways, PD is pathologically defined by the presence of alpha- 
synuclein  inclusions  (Dickson  2012). Although the precise neuronal function of 
alpha-synuclein is still under investigation, it is well-established that conforma-
tional changes and misfolding of this protein are pathogenic mechanism involved in 
damage to the dopamine neurons in the SNpc.

Multiple system atrophy has also been extensively evaluated and is classified as 
a major parkinsonian syndrome. Like PD, MSA is clinically described as exhibiting 
alterations in movement involving the basal ganglia, as well as autonomic dysfunc-
tion  that  precedes  the motoric  deficits  (Gilman  et  al. 1999). While MSA  shares 
many of the clinical features as PD, a major divergence of these disorders is the 
responsiveness  to  the dopamine replacement drug, L-DOPA. Given  the extensive 
loss of dopamine in the nigrostriatal pathway in PD, L-DOPA treatment has served 
as the “gold standard” of therapeutic intervention for well over 50 years. In contrast, 
MSA does not respond as robustly to L-DOPA treatment. The reasons for this dis-
crepancy are not known. However, it is interesting to note that while PD and MSA 
share many clinical and pathological features, one striking difference is the localiza-
tion of pathogenic alpha-synuclein inclusions in the brain. Such inclusions in MSA 
are predominantly localized to glia, specifically oligodendrocytes, rather than intra-
neuronally, as seen with PD (Lantos 1998).

Progressive supranuclear palsy is clinically defined by motor disturbances in 
addition to other neurological deficits, including dementia and a lack of autonomic 
participation (Williams et al. 2005). These clinical findings suggest the involvement 
of other brain regions and neural circuits that are independent of the nigrostriatal 
dopamine pathology. Indeed, the pathological findings in PSP are significantly more 
promiscuous than PD or MSA, encompassing a variety of other neuronal nuclei and 
regions. The involvement of these other brain regions and circuits may also underlie 
the attenuated response of PSP patients to L-DOPA therapy. Additional support for 
the pathological complexity of PSP is found in the presence of inclusions of the 
microtubule protein, tau, to create neurofibrillary tangles and glial inclusions, which 
are hallmark pathological signs in disorders like Alzheimer disease and dementia 
(Dickson et al. 2007). Taken in sum, the clinicopathological landscape of parkinso-
nian disorders comes with an extensive complexity that must be appreciated when 
discussing the etiology and pathogenic processes that may underlie observed clini-
cal signs.

While parkinsonism clearly has underlying genetic etiology, the majority of 
cases are idiopathic, suggesting an exogenous contribution to disease etiopathogen-
esis. To this end, a variety of environmental factors have been associated with par-
kinsonism, including exposure to pesticides, solvents and other industrial chemicals, 
as well  as metals  (Caudle  et  al.  2012; Hatcher  et  al.  2008; Caudle 2015). Metal 
exposure represents an interesting etiological feature of the disease. In one hand, we 
rely extensively on specific metals to perform various biological functions in the 
body and the brain. However, if levels of metals are not tightly regulated, they can 
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have severe repercussions to the function of the nervous system. While metals com-
prise a naturally occurring element of our dietary intake, these exposures provide a 
relatively low level of exposure to these compounds. In contrast, the inclusion of 
metals in a variety of industrial and commercial applications has introduced an 
occupational exposure scenario that exposes subsets of the population to elevated 
levels of potentially neurotoxic metals. When in excess, metals can damage the 
brain through a variety of intracellular cascades, most notably through their ability 
to generate highly reactive molecular species that can target a variety of intracellular 
components, leading to dysfunction. Within the brain, the basal ganglia appear to be 
especially vulnerable to the neurotoxic effects of excess metal exposure and the 
development of parkinsonian disorders.

To specifically address these points, this review will focus on occupational expo-
sures to select metals that have been demonstrated to have significant associations 
with damage to the basal ganglia and the dopamine circuit seen in parkinsonism. 
This discussion will appraise the current epidemiological evidence related to these 
exposures and disease and will further explore these findings, in the context of path-
ological, clinical, and mechanistic perspectives.

 Iron Exposure and Parkinsonism

Iron  is one of  the most prevalent metals and  is utilized  in a variety of biological 
functions, including its incorporation into hemoglobin for oxygen transport, and as 
a cofactor for enzymatic activity in cytochrome C and catalase. However, alterations 
in the regulation of iron levels in the basal ganglia leading to excess accumulation 
have been shown to result in parkinsonian deficits. For example, Friedreich’s ataxia, 
which manifests as a host of neurological deficits including motor dysfunction, is 
defined by alterations in iron handling in the mitochondria by the protein, frataxin, 
leading to accumulation (Gomes and Santos 2013). While these findings point to 
deficits in iron homeostasis following biological levels of iron exposure, other 
occupational- based studies have evaluated the effect of excess iron exposure, via 
iron fumes generated by welding activities or iron dust from iron and steel produc-
tion, as a risk factor for PD and parkinsonism (Gorell et al. 1997, 1999a, b; Rybicki 
et al. 1999). However, many of these studies were unable to demonstrate iron expo-
sure, on its own, as a factor that underlies PD etiology. Rather, iron exposure that 
occurred in combination with other metals, including lead or copper, seemed to 
implicate iron as a risk factor. Interestingly, in many of these studies, copper alone 
was significantly associated with risk of PD, while iron + copper seemed to elevate 
this risk. While the occupational data may still be controversial, a more concise 
discussion of the role of iron in PD can be gleaned from pathological and imaging 
data. Indeed, a variety of studies have found significantly elevated levels of iron in 
the putamen and SNpc of PD patients, placing iron at the point source of PD pathol-
ogy (Gerlach et al. 2006; Hare and Double 2016; Oakley et al. 2007; Sofic et al. 
1988). Whether these excess levels arise from an explicit increase in occupational 
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exposure to iron is unclear, but evidence has shown that alteration in intracellular 
iron homeostasis in the brain and dopamine neurons may underlie iron accumula-
tion and pathology in the basal ganglia. Several proteins are involved in mediating 
the intracellular dynamics of iron. Iron is predominantly transported into the brain 
and neurons by the divalent metal transporter 1 (DMT1) as well as through binding 
to transferrin, which is then trafficked across the neuronal membrane by the trans-
ferrin receptor. Once inside the neuron, iron can be stored by ferritin, which regu-
lates the levels of free iron in the cytoplasm and reduces the ability of iron to 
generate  reactive  species  (Honarmand  Ebrahimi  et  al.  2015; Moos  et  al.  2007). 
Thus, alterations at various points in iron homeostasis could underlie iron-mediated 
neurotoxicity in dopamine neurons. Evidence to support these ideas has shown ele-
vations in iron in the substantia nigra of PD patients that have increased expression 
of DMT1 and transferrin receptors on dopamine neurons. Additionally, reductions 
in ferritin also result in an increase of free cytosolic iron. In contrast to these find-
ings, a polymorphism in the transferrin receptor that causes a reduction in its activ-
ity has been shown to limit the amount of iron transported into dopamine neurons, 
serving as a protective mechanism in PD (Dexter et al. 1991; Rhodes et al. 2014).

Dopamine neurons, as well as noradrenergic neurons in the locus coeruleus, have 
additional means to regulate cytosolic iron levels through the sequestration by neu-
romelanin (NM). Neuromelanin is a dark-colored pigment that is synthesized from 
the breakdown products of dopamine and other catecholamines in the midbrain 
(Sulzer et al. 2000). While the physiological role of NM is still being debated, evi-
dence suggests that it acts as a “sink” for a variety of potentially neurotoxic exoge-
nous and endogenous compounds in dopamine and norepinephrine neurons (Zecca 
et al. 2002). However, under cellular distress or damage, NM may become detri-
mental to the neuron by releasing its neurotoxic cargo back into the cell and into the 
extracellular environment. Additionally, it has been suggested that NM can become 
overwhelmed or saturated with such species, including iron, causing it to release 
excess amounts into the cell (Zucca et al. 2004).

The neurotoxicity of elevated iron in dopamine neurons is focused on the ability 
of cytosolic iron to catalyze the formation of reactive oxygen species, including 
hydroxyl radicals, through the Fenton reaction. Furthermore, iron in the cytosol can 
also interact with dopamine to metabolize dopamine into neurotoxic dopamine qui-
nones and other neurotoxic species. These neurotoxic species are highly reactive and 
can interact with various intracellular components in the dopamine neuron, includ-
ing DNA, membrane lipids, and proteins, leading to their dysfunction and decrement 
of the dopamine neuron (Hare and Double 2016). Moreover, iron may also partici-
pate in the formation of neurotoxic accumulations of the PD-relevant protein, alpha-
synuclein (Uversky et al. 2001). Although the specific function of alpha-synuclein is 
still under investigation, it is clear that it plays a critical role in synaptic function in 
dopamine neurons. A key pathological feature of PD is accumulation of neurotoxic 
alpha-synuclein aggregates in dopamine neurons (Dickson 2012). Although the pre-
cise pathway that mediates the formation of these inclusions is vague, extensive 
work has described the interaction between intracellular metals and alpha-synuclein 
in  accelerating  its  pathological  misfolding  into  neurotoxic   species  (Carboni  and 
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Lingor 2015; Lu et al. 2011). Such an interaction may be critical in delineating the 
role iron exposure plays in parkinsonism. While elevated iron levels and reduced 
ferritin are seen in the substantia nigra of PD patients, similar alterations in iron 
handling are not observed in the substantia nigra of patients with MSA. Although 
both PD and MSA display significant damage to the dopamine system and are patho-
logically defined by alpha-synuclein accumulations, the localization of these inclu-
sions in these two disorders diverges. While they are exclusively seen in dopamine 
neurons in the SNpc of PD patients, neuronal  inclusions are rarely seen in MSA, 
instead  collecting  in  oligodendrocytes  (Lantos 1998). Thus, these findings could 
give critical insight into the pathological mechanisms related to PD and MSA and 
the environmental contribution of iron exposure to each disorder.

 Copper Exposure and Parkinsonism

Similar to iron, copper is a critical metal element for several biological functions in 
the human body. Copper serves as a cofactor for the antioxidant copper/zinc super-
oxide dismutase (Cu/ZnSOD), which functions to metabolize the reactive oxygen 
species, superoxide to limit its potential interaction with intracellular targets. 
Copper is also involved in neurotransmitter synthesis, specifically through its inter-
action with dopamine beta-hydroxylase, a key enzyme in the synthesis of norepi-
nephrine  from dopamine  (Harris 2000). Like  iron, exposure  to elevated  levels of 
copper can also occur in occupational settings, including mining. Indeed, epidemio-
logical evidence supports such exposures as risk factors for the development of 
PD.  Studies  performed  by  Gorell  et  al.  have  evaluated  workers  occupationally 
exposed to elevated levels of copper over multiple decades. From these studies it 
was found that occupational exposure for greater than 20 years resulted in a 2.5-fold 
increased  risk  for PD.  Interestingly, when copper was assessed  in  the context of 
combined exposure with other metals, including lead or iron, the risk increased to 
5.3- and 3.7-fold, respectively (Gorell et al. 1997, 1999a).

Under physiological conditions copper is bound to ceruloplasmin in the blood. 
When copper is unbound, it can be transported across biological membranes, 
including the blood-brain barrier and neuronal membranes via the copper trans-
porter 1 (CTR1) (Hellman and Gitlin 2002). Once inside the neuron, intracellular 
levels of copper are tightly regulated by additional transporters ATP7A and ATP7B, 
which function  to efflux excess copper  from the cell  (Hellman and Gitlin 2002). 
Each of these transport mechanisms is highly expressed in the substantia nigra and 
targeted  for  dysfunction,  leading  to  alterations  in  copper  homeostasis.  Indeed, 
Wilson disease is defined by an excess accumulation of copper in the brain and 
damage to the basal ganglia following a reduction in the expression and function of 
ATP7A (Bandmann et al. 2015).

In light of these findings, the contribution of copper to dopaminergic pathology 
is complex, with both elevations and reductions in copper concentrations suggested 
to  contribute  to  pathogenesis  of  dopamine  neurons.  From  the  context  of  excess 
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accumulation of copper in the substantia nigra, it has been suggested that copper 
participates in the formation of reactive species, such as hydroxyl radicals, through 
the Fenton reaction, which can subsequently damage the dopamine neuron (Oder 
et  al. 1993; Barbeau and Friesen 1970; Hitoshi et  al. 1991; Barthel et  al. 2003). 
While this certainly provides a possible mechanism, extensive work has also focused 
on the interaction of copper with alpha-synuclein and its contribution to conforma-
tional changes and protein misfolding leading to the acceleration of neurotoxic 
alpha-synuclein fibrils (Carboni and Lingor 2015; Dell’Acqua et al. 2016; Valensin 
et al. 2016). Interestingly, phosphorylation of alpha-synuclein, specifically at serine 
129, has been shown to increase the binding affinity of copper with alpha-synuclein 
and further increase the neurotoxic accumulations of the protein (Lu et al. 2011). 
While alpha-synuclein has received the greatest attention, DJ-1, another PD-relevant 
protein, has also been shown to interact with copper (Bjorkblom et al. 2013; Girotto 
et  al.  2014). Unlike  alpha-synuclein, DJ-1  appears  to  serve  as  a  copper-binding 
protein that participates in additional copper homeostasis. Indeed, mutation of spe-
cific residues abolishes this metal-binding function and increases copper-induced 
neurotoxicity.  Interestingly,  such  an  interaction  with  DJ-1  is  independent  of  its 
endogenous antioxidant functions.

While each of these studies provides strong evidence for a mechanistic pathway 
leading to copper-induced dopaminergic neurotoxicity, it is predicated on the idea 
of excess copper, either due to elevated exposure or dysfunction in proteins that 
regulate intracellular levels of copper. However, to date, elevated tissue levels of 
copper  have not  been observed  in PD.  In  contrast,  copper  has  been  found  to  be 
reduced or unchanged in both the substantia nigra and serum of patients with PD 
(Davies  et  al.  2014, 2016;  Montes  et  al.  2014;  Torsdottir  et  al.  1999, 2006). 
Additionally, alterations in the expression or function of copper-handling proteins 
have not been previously associated with PD incidence. This evidence seems to sug-
gest another potential mechanism, by which copper could participate in neurotoxic-
ity. As discussed above, copper is necessary for the enzymatic activity of the 
antioxidant Cu/ZnSOD, which functions to degrade superoxide that is generated in 
the neuron. Thus, a reduction in copper in the substantia nigra may increase the 
vulnerability of these dopamine neurons to oxidative damage that is constantly tak-
ing place through the normal biosynthesis and metabolic processes in the dopamine 
neuron. Moreover, as the transport of iron is tightly mediated by copper transport, a 
reduction in copper could elicit an accelerated transport of iron into the dopamine 
neurons (Ayton et al. 2013). In contrast to copper, iron is found to be elevated in the 
substantia nigra of PD patients (Jin et al. 2011).

 Manganese Exposure and Parkinsonism

By far, one of the more interesting discussions related to metal toxicity and parkin-
sonism relates to the contribution excess exposure to manganese makes to basal 
ganglia pathology and clinical manifestations related to this pathology. As with 

Occupational Metal Exposure and Parkinsonism



150

other metals already discussed, manganese is an essential cofactor for several 
enzymes, including superoxide dismutase (SOD), and plays a role in the synthesis 
and metabolism of  neurotransmitters  (Schroeder  et  al.  1966; Hurley  et  al. 1984; 
Golub et al. 2005). Similarly, manganese can have detrimental effects on this sys-
tem through its accumulation and generation of reactive species among other mech-
anisms (Graham et al. 1978; Cohen 1984). At the root of this argument is whether 
or not excess manganese exposure results in damage to the nigrostriatal dopamine 
system similarly to that seen in idiopathic PD, suggesting that it is a possible caus-
ative environmental risk factor for PD, or whether such exposures generate a patho-
logically distinct parkinsonian syndrome, usually referred to as manganism. Work 
in recent years has addressed these concerns using a spectrum of epidemiological 
and lab-based studies to delineate the key pathological and clinical features of 
excess manganese exposure and contrast them with those seen in PD.

Manganism was originally described in 1837 by Dr. James Couper following his 
examination of patients who had been exposed to excess amount of manganese 
through the mining of manganese ore. In his clinical assessment, Dr. Couper noted 
extensive neurological deficits that initially manifested as deficits in neuropsychiat-
ric and cognitive endpoints. Only after these symptoms were expressed did the more 
familiar motoric dysfunction so often associated with PD, including bradykinesia, 
tremor,  and  cogwheel  rigidity,  present  (Gibbs  et  al.  1999;  Huang  et  al.  1993). 
Interestingly, excess manganese deposits prominently in the basal ganglia, specifi-
cally within the globus pallidus, which is enriched in GABAergic neurons (Erikson 
and Aschner 2006; Bouabid et al. 2015; Kwakye et al. 2015).

Exposure to manganese is still a critical concern in occupational settings, as 
elevated exposures can most often occur via mining activities, steel manufacturing, 
and  the  inhalation  of welding  fumes  (Hudnell  1999;  Huang  et  al.  1989). While 
numerous studies have been conducted to address the neurological impacts of man-
ganese exposure in these settings, its role in PD etiology is still controversial, with 
some suggesting a definitive association and others unable to equate exposure and 
disease (Santamaria et al. 2007). Similar to iron and copper, manganese is easily 
transported across biological membranes by the DMT1 as well as transferrin and 
transferrin  receptor.  In  addition  to  these  transporters,  intracellular  regulation  of 
manganese is mediated by the SLC30A10 transporter which is critical to maintain-
ing manganese homeostasis (DeWitt et al. 2013). Indeed, studies have found muta-
tion in the SLC30A10 transporter that results in a significant reduction in expression 
causes an excess buildup of manganese in the basal ganglia, leading to parkinson-
ism (Quadri et al. 2012). Of note, while patients with this mutation demonstrate 
clinical manifestations of parkinsonism, this does not appear to be due to loss of the 
dopamine terminal in the striatum or damage to other aspects of dopaminergic 
 function (Olanow et al. 1996; Shinotoh et al. 1995; Pal et al. 1999; Olanow 2004). 
This lack of dopamine terminal pathology may explain the lack of response to dopa-
mine replacement with L-DOPA in these patients, suggesting the motor alterations 
associated with manganese accumulation are independent of dopaminergic losses.

In an effort to better define and delineate manganism, extensive characterization 
of the pathological and clinical signs has been undertaken. Using a variety of exper-

W.M. Caudle



151

imental models, including human subjects that have been exposed to manganese 
and nonhuman primate imaging data, a clearer picture has begun to emerge. As 
discussed in previous sections, the pathological manifestations of idiopathic PD are 
well-established, showing extensive damage within the nigrostriatal dopamine sys-
tem. While this pathology is often highlighted by severe losses in dopamine neurons 
in the SNpc and accompanied by reduction in dopamine terminals and dopamine 
content in the striatum, additional pathological features, including loss of VMAT2 
and increased D2 receptor expression, provide further evidence for alterations in the 
integrity of the pre- and postsynaptic dopamine landscape. Subsequent to such dra-
matic dysfunction of the dopamine circuit, treatment with L-DOPA, which provides 
dopamine replacement, is key to restoring motor function to PD patients (Dickson 
2012; Fahn 2003).

In stark contrast to these alterations, the nigrostriatal dopamine system is rela-
tively spared in patients with elevated manganese exposure (Bouabid et al. 2015; 
Kwakye et al. 2015; Pal et al. 1999; Guilarte 2010, 2013; Perl and Olanow 2007). 
Indeed, for the most part, dopamine terminals appear to be intact, showing normal 
expression and function of DAT and VMAT2, unchanged striatal dopamine content, 
and a  slight  reduction  in D2  receptors. Perhaps  a more  telling  indictment of  the 
effect manganese has on the dopamine system is the lack of response to L-DOPA, 
which, again, tends to be used to highlight clinical symptoms that emerge from 
alterations to the nigrostriatal dopamine system. In light of a paucity of overt dopa-
minergic pathology, dopamine neurotransmission within this circuit may still be 
dysfunctional  (Guilarte  and  Gonzales  2015). Work from nonhuman primates 
exposed to manganese has demonstrated a significant reduction in dopamine release 
from the presynaptic terminals in the striatum (Guilarte et al. 2006). Although tissue 
content of dopamine may be unchanged, the ability of the dopamine neuron to 
release it and utilize it may be compromised through a yet-to-be discovered path-
way. Indeed, while critical to the function of the dopamine circuit, dopamine trans-
porters (DAT and VMAT2) comprise a very small sample of proteins involved in 
mediating normal dopamine neurotransmission. Thus, the alterations in this func-
tion could be occurring through a variety of intracellular cascades in the dopamine 
terminal that remain to be identified.

Further evidence for the delineation between PD and manganism resides in the 
presence and localization of alpha-synuclein or tau inclusions within the CNS. To 
date, few studies have evaluated alpha-synuclein expression following manganese 
exposure in human patients. However, studies using rodent and nonhuman primate 
models have identified an increase in the expression of alpha-synuclein oligomers 
in  organotypic  brain  slices  acutely  treated  with  manganese.  Moreover,  alpha- 
synuclein inclusions were observed in neurons as well as glia in the frontal cortex 
of nonhuman primates treated with manganese (Cai et al. 2010; Verina et al. 2013; 
Xu et al. 2014). Interestingly, these findings seem to follow pathological signs rou-
tinely observed in MSA and that are used as to delineate MSA from PD. While the 
impact of these inclusions is still being formulated, current work has found under 
circumstances of elevated manganese exposure, manganese can facilitate the forma-
tion of alpha-synuclein aggregates, suggesting a possible mechanism of action for 
manganese in the neurotoxicity.
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 Emerging Metal Exposures and Neurotoxicological Concerns

 Metal Nanoparticles and Parkinsonism

The manufacture and use of metal-containing nanoparticles has significantly 
increased over the last several decades and seemingly integrated into various 
aspects of our daily lives. Consumer products, such as clothing and cosmetics, 
structure materials used in building, as well as biomedical imaging and drug deliv-
ery have all found extensive use for nanoparticles. Nanoparticles vary in size from 
1 to 100 nm and can be covered with metallic coatings, ranging from titanium (Ti), 
aluminum (Al),  iron (Fe), manganese (Mn), copper, (Cu), and gold (Au), among 
others (Win- Shwe and Fujimaki 2011). Because of their small size, they are able to 
easily move across biological membranes and deposit in tissue. Indeed, this prop-
erty makes  them  ideally  suited  for  therapeutic  approaches  that  target  the  CNS, 
which would not otherwise be able to access the brain via conventional delivery 
systems. While these capabilities have provided new and exciting opportunities, 
evaluation of the health effects and, more specifically, the neurotoxicological 
impact of these compounds have not kept pace (Feng et al. 2015; Heusinkveld et al. 
2016; Oberdorster et al. 2009).

Indeed, a critical area of research related to nanoparticles is health effects arising 
from occupational exposures during the manufacturing process. Unfortunately, the 
use of nanoparticles is still relatively new, and the identification of a highly exposed 
cohort does not currently exist. However, our understanding of the potential neuro-
toxic effects of metal nanoparticles has been significantly enhanced through in vitro 
and in vivo laboratory models. Indeed, given their size, nanoparticles are quickly 
taken up by the olfactory bulb and transported to the CNS by way of the olfactory 
nerve, following inhalational exposure. Via this route, nanoparticles have been 
shown to deposit throughout the brain, including the frontal cortex, striatum, hip-
pocampus, and cerebellum (Elder et al. 2006; Imam et al. 2015). Although inhala-
tional exposure represents the major route of access to the brain, nanoparticles can 
also be ingested or absorbed across the skin, making their way into the general cir-
culation, and then transported across the blood-brain barrier. Similar to inhalational 
exposure, ingested nanoparticles have been found to accumulate in specific brain 
regions. And aligning with our discussion of general metal transport, nanoparticles 
appear to use redundant mechanisms, including transferrin and the transferrin 
receptor to gain access to the brain tissue. Once in the brain, nanoparticles are able 
to access a variety of neural cells, including neurons, astrocytes, and microglia. 
These targets provide a platform for interesting discussions related to the possible 
neurotoxic mechanisms, including the generation of reactive oxygen species and 
neuroinflammation that may underlie nanoparticle interactions with the brain.

Our current understanding of the impact metal nanoparticles may have on the 
human nervous system has extensively focused on a select group of molecules that 
utilize metals in the form of iron oxide, manganese oxide, or titanium dioxide for 
their function. Of these, the neurotoxicity of iron oxide nanoparticles has been 

W.M. Caudle



153

established. These nanoparticles are most commonly found in biomedical applica-
tions related to brain imaging as well as drug delivery of therapeutic compounds. 
The iron oxide coating allows them to bind to transferrin and be easily trafficked 
across the blood-brain barrier via the transferrin receptor. Once inside a biological 
tissue, these polymers can lose their iron coating, leading to accumulation of iron in 
the brain. Following an  inhalational exposure,  these nanoparticles were  found  to 
extensively accumulate in the olfactory bulb, hippocampus, striatum, and cortex 
(Imam et al. 2015). Interestingly, while the striatum is a critical part of the basal 
ganglia and is enriched in dopaminergic projections from the SNpc, alteration to 
olfactory function is appreciated as one of the earliest clinical indicators of 
PD. Thus, these findings suggest that inhalation of metal nanoparticles can deposit 
in brain regions associated with PD pathology. Additional studies highlighted iron 
oxide- induced  reduction  in  dopamine  using  both  in  vitro  and  in  vivo models  of 
exposure (Imam et al. 2015; Wu et al. 2013). While the mechanisms related to these 
deficits are not clear, the same groups also identified an increase in reactive oxygen 
species, in addition to elevations in alpha-synuclein. Another potential neurotoxic 
mechanism, by which metal nanoparticles could induce damage, is via the activa-
tion of neuroinflammation. Findings  from a study using  inhalational exposure  to 
manganese oxide nanoparticles found the greatest deposition of manganese oxide 
in the olfactory bulbs and the striatum. In these same brain regions, investigators 
recorded elevations in markers or neuroinflammation, including glial fibrillary-
associated protein and tumor necrosis factor-alpha (Elder et al. 2006). As in many 
neurodegenerative disorders, inflammation plays a critical role in the pathogenesis 
of PD. While  it has proven difficult  to define  inflammation as a cause or conse-
quence of dopaminergic neurodegeneration, it is clear that neuroinflammation can 
participate in both sides of this neurotoxicological equation, resulting in a cyclical, 
self-propagating cascade that leaves a persistent inflammatory mark on PD (McGeer 
and McGeer 2004).

 E-Waste, Metal Exposure, and Parkinsonism

An emerging health risk that has extensive relevance to our discussion of metal- 
induced parkinsonism is the contribution of occupational exposure to metals through 
the  recycling  or  reclamation  of  electronic  waste  (E-waste)  (Breivik  et  al.  2014; 
Ogunseitan et al. 2009; Heacock et al. 2016).  In general, E-waste can be simply 
defined as discarded electronic equipment, including computers, televisions, copi-
ers, cell phones, circuit boards, and semiconductor chips, among other unwanted 
electronic products. A critical health concern arises when it is appreciated that these 
products contain a variety of heavy metals, including iron, manganese, copper, and 
cadmium that, as discussed, can enact severe neurological deficits (Luo et al. 2011; 
Tsydenova and Bengtsson 2011; Xue et al. 2012). Moreover, the neurological con-
cerns are amplified when the conditions under which these metals are extracted may 
not endorse health of the workers that have direct inhalational and dermal 
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interactions with these materials. While E-waste disposal and recycling does occur 
domestically, a vast majority of these products are transported, globally, most often 
to Africa, Asia, and South America.  In many of  these settings,  there  is a  lack of 
environmental health infrastructure in place to instill the appropriate policies and 
regulations necessary to ensure worker safety and reduce exposure to neurotoxic 
metals (LaDou and Lovegrove 2008; Leung et al. 2008; Zhang et al. 2012).

With these issues in mind, a critical gap exists in our understanding of the neu-
rotoxicological issues that may arise in workers that are involved in E-waste. In this 
context, we are missing important exposure assessments of both the work environ-
ment and the workers themselves to gain a better understanding of the metals that 
are being exposed to, the concentrations they are being exposed at, and the potential 
body burdens of these compounds. While some data does exist that provides evi-
dence that E-waste workers are being exposed to excess levels of metals, these data 
are minimal and do not provide a comprehensive picture of the exposure landscape 
(Asante et al. 2012; Julander et al. 2014). Further assessment that needs to evaluate 
the possible neurotoxicological effects of these exposures has also not been per-
formed. While it is easy to present these shortcomings and resolutions in a simplis-
tic manner, such approaches are far from straightforward, as several considerations 
need to be appreciated. For example, similar to other occupational settings, workers 
are not exposed to just one metal. Rather, their exposures most likely represent a 
mixture of metals. Thus, it becomes necessary to evaluate how these metals may 
interact to elicit neurological impacts and delineate the biological pathways that 
may underlie neurotoxicity. Related to this, a variety of other neurotoxic com-
pounds are also part of E-waste, including several persistent organic pollutants, 
such as brominated flame retardants and dioxins, among others. Teasing out the 
relative contributions of these other compounds to neurotoxic endpoints will also be 
critical to elaborating our understanding of metal-mediated neurotoxicity in E-waste 
workers.

 Conclusion

Although the contribution of metal exposure to parkinsonism has been appreciated 
for decades, our understanding of the various occupational settings of exposure as 
well as more specific pathological and clinical outcomes has allowed for an 
enriched discussion of these topics. Significant progress has been made in delineat-
ing the molecular targets and cascades of metal exposure that facilitate neurotoxic-
ity in the basal ganglia. This data can now be integrated with epidemiological data 
being generated from emerging exposure scenarios, such as metal nanoparticles 
and metals in E-waste to elaborate the landscape of metal neurotoxicity and 
parkinsonism.
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Abstract Neurotoxicity due to excessive exposure to manganese (Mn) has been 
described as early as 1837 (Couper, Br Ann Med Pharm Vital Stat Gen Sci 1:41–42, 
1837). Extensive research over the past two decades has revealed that Mn-induced 
neurological injury involves complex pathophysiological signaling mechanisms 
between neurons and glial cells. Glial cells are an important target of Mn in the 
brain, both for sequestration of the metal, as well as for activating inflammatory 
signaling pathways that damage neurons through overproduction of numerous reac-
tive oxygen and nitrogen species and inflammatory cytokines. Understanding how 
these pathways are regulated in glial cells during Mn exposure is critical to deter-
mining the mechanisms underlying permanent neurological dysfunction stemming 
from excess exposure. The subject of this review will be to delineate mechanisms by 
which Mn interacts with glial cells to perturb neuronal function, with a particular 
emphasis on neuroinflammation and neuroinflammatory signaling between distinct 
populations of glial cells.
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 Introduction

Glia represent a diverse class of cells grouped together due their status as non- 
excitable neural cells that lack the ability to form an action potential and thus trans-
mit electrical signals. Within the central nervous system (CNS), glia represent 90% 
of all cells and are classified on the basis of morphology, function, and location 
consisting of astrocytes, microglia, oligodendrocytes, and ependymal cells. Early 
descriptions of these cells labeled them as “glue” with a primarily passive struc-
tural/supportive role. However, with the advent of patch clamping and fluorescent 
calcium dye techniques from the late 1980s through the early 2000s, researchers 
have found that the role of these cells is much more extensive and complex (Araque 
et al. 2001). Glia are essential for neuronal development and survival, as well as for 
regulating synaptic function, brain metabolism, and cerebral blood flow. These roles 
are evolutionarily conserved across different phyla, demonstrating the importance 
of glial cells in regulating neuronal function and pathology in the CNS.

 Role of Glia in Manganese Neurotoxicity

Manganese (Mn) neurotoxicity, or manganism, is a neurodegenerative disease of 
the cerebral cortex and basal ganglia caused by excessive exposure to Mn and is 
characterized by motor deficits that resemble those seen in idiopathic Parkinson’s 
disease (PD), such as gait disturbances, facial masking, hypoxia and dysphonia, 
dystonia and action, and postural tremor (Guilarte 2010; Perl and Olanow 2007). 
However, there are clear neurological distinctions from PD, including a typical lack 
of resting tremor, distinct gait abnormalities, and differential involvement of neu-
rons in the substantia nigra pars compacta. These PD-like manifestations are due to 
the neuropathological changes including neuronal loss, atrophy and gliosis within 
the globus pallidus (GP), substantia nigra pars reticulata (SNpr), and striatum (ST) 
of exposed individuals (Aschner and Aschner 1991; Sigel 2007). Typically, expo-
sures to high levels of Mn occur occupationally in welders, miners, and steel work-
ers (Hua and Huang 1991); however, the neurological consequences of environmental 
exposure to low levels of Mn through ingestion of crops with residues of the 
Mn-containing pesticide Maneb (Santamaria 2008) and well water with high con-
centrations of Mn (Woolf et al. 2002) are under scrutiny as an important route for 
nonoccupational exposure to the general population. In particular, there is increased 
concern with chronic Mn exposure in children due to their lower ability to clear Mn 
(Collipp et al. 1983); higher levels of iron deficiency, which have shown to elevate 
brain Mn levels (Aschner and Aschner 2005); and greater absorption of Mn from 
the GI tract (Neal and Guilarte 2012). Recent epidemiological studies have reported 
cognitive deficits in children exposed to high levels of Mn in drinking water 
(Menezes-Filho et  al. 2011; Riojas-Rodriguez et  al. 2010; Kim et  al. 2009), 
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highlighting the need for future studies addressing the long-term consequences of 
these exposures.

The mechanisms of how Mn exposure leads to specific neurodegenerative 
changes in the basal ganglia of exposed humans and animals are poorly under-
stood. Elevated levels of Mn are routinely documented in the basal ganglia of 
exposed humans and animals (Olanow 2004), and experimental evidence has 
shown that Mn can be directly neurotoxic through inhibition of mitochondrial res-
piration leading to energy failure and oxidative stress (Zhang et  al. 2003) and 
through excitotoxicity (Centonze et al. 2001). Other established mechanisms such 
as oxidative stress, glial toxicity, and neuroinflammation are also implicated in the 
progression of Mn neurotoxicity. Notably, the disorder will continue to progress 
both clinically and in rodent models of the disease even after cessation of exposure, 
suggesting ongoing mechanisms linked to progression that may include both 
unfolded protein stress and neuroinflammation (Sigel 2007; Aschner and Aschner 
2005; Filipov and Dodd 2012).

The involvement of glia in Mn-induced neurotoxicity has only received increased 
attention over the past 20 years as a fundamental mechanism in the progression of 
Manganism (Filipov and Dodd 2012). Although activated astrocytes and microglia 
were often noted in post mortem evaluation of Mn-exposed patients (Perl and 
Olanow 2007), few studies examined the functional consequences or mechanisms 
of glial activation following exposure to Mn. This was most likely due to the ability 
of Mn to be directly toxic to neurons through inhibition of mitochondrial respiration 
and induction of oxidative stress (Zhang et  al. 2003) and the historical focus on 
acute, high-level exposures. A study in 1998 by Spranger et al. (1998) changed the 
perceptions of glia involvement in Manganism by reporting that exposure to low 
concentrations of Mn could amplify inflammatory activation of glial cells and 
enhance neurotoxicity. Other studies have now built upon these initial findings 
revealing that Mn can exacerbate the effects of LPS and cytokines on activation of 
both microglia and astrocytes that causes dramatic potentiation in production of 
TNFα, IL-1β, ROS, and NOS2 expression (Barhoumi et al. 2004; Chen et al. 2006; 
Filipov et al. 2005; Moreno et al. 2008, 2011). Increased levels of these and other 
inflammatory genes have also been measured in both rodent (Moreno et al. 2009; 
Zhao et al. 2009) and nonhuman primate (Verina et al. 2011) studies with deletion 
or inhibition of these pathways showing neuroprotection (Zhao et al. 2009; Streifel 
et al. 2012; Zhang et al. 2009).
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 Neuroinflammation in Manganese Toxicity

 Overview of Neuroinflammation in the CNS

It is now clear that Mn exposure, even early in life, can have lasting effects on the 
neuroinflammatory status of glial cells (Moreno et al. 2009). Thus, neuroinflamma-
tory activation of glia may be a fundamental mechanism in determining long-term 
neurological outcomes from Mn exposure. Astrocytes and microglia serve a multi-
tude of essential functions within the CNS including integral roles in the innate 
immune system of the brain (Wyss-Coray and Mucke 2002). In response to foreign 
or endogenous signals, both astrocytes and microglia adopt an activated phenotype 
resulting in the release of pro-inflammatory mediators (Craft et  al. 2005). This 
inflammatory system, known as neuroinflammation, is essential in normal tissue 
repair and in defense against foreign invasion; however, when sustained, this pro-
cess can become deleterious through the release of neurotoxic factors that amplify 
underlying disease (Mosley et al. 2006; Glass et al. 2010; Tansey et al. 2007).

In normal circumstances, the neuroinflammatory reaction has auto regulatory 
mechanisms in place to limit the extent of activation as the process is neither dis-
criminatory or specific (Wyss-Coray and Mucke 2002; Glass et al. 2010). For sus-
tained inflammation to occur, there must be failure of self-resolution mechanisms or 
the presence of endogenous or environmental factors that are perceived as a threat. 
There are a variety of factors known to elicit activation of both microglia and astro-
cytes including products released by injured neurons such as glutamate (Kaushal 
and Schlichter 2008), ATP (Di Virgilio et al. 2009), and matrix metalloproteinase-3 
(Kim et  al. 2005); cytokines including interferon gamma (IFNγ), interleukin-1β 
(IL-1β), and interleukin-6 (IL-6); adhesion molecules; growth factors; blood- 
derived factors; ionic imbalances; activation of complement products from viruses 
and bacteria; and presence of reactive oxygen species (Wyss-Coray and Mucke 
2002; Sofroniew and Vinters 2010; Gehrmann et al. 1995). Furthermore, new evi-
dence suggests that both microglia and astrocytes express endogenous pattern rec-
ognition receptors (PRRs) that respond to a variety of damage-associated molecular 
patterns (DAMPs) that results in molecular signaling events that promote inflamma-
tion and disease progression (Glass et al. 2010). These PRRs become activated in 
response to signals released by necrotic neurons or other pathologic products pro-
duced during disease including oxidized proteins and lipids (Husemann et al. 2002), 
messenger ribonucleic acid (mRNA), fibronectin, hyaluronic acid, heat shock pro-
teins, amyloid-beta, neuromelanin, and alpha-synuclein (Block and Hong 2005; 
Gensel et al. 2012; Zhang et al. 2005). The production of inflammatory mediators is 
further increased by activated glia, leading to a feed-forward cycle of inflammation 
and further release of neurotoxic mediators of tissue injury.

Activated glia release diverse inflammatory factors including cytokines, chemo-
kines, reactive oxygen species (ROS), and nitric oxide (NO) that are toxic to neu-
rons (Kim et  al. 2005; Gonzalez-Scarano and Baltuch 1999). Cytokines such as 
tumor necrosis factor-alpha (TNFα) and interleukin-6 (IL-6) are often upregulated 
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very quickly in activated glial cells and can directly amplify inflammation through 
recruitment of both innate and adaptive immune cells, leading to neuronal apoptosis 
(Gensel et al. 2012; Gonzalez-Scarano and Baltuch 1999). Reactive oxygen species 
from Mn exposure can also damage neurons directly by increasing lipid peroxida-
tion and mitochondrial dysfunction, causing subsequent energy failure, protein 
modifications, and DNA damage (Mosley et al. 2006). The formation of peroxyni-
trite, a by-product of superoxide and NO, is thought to be a major contributor to 
neuronal-induced cell death through nitration and nitrosylation of tyrosine and ser-
ine residues of proteins leading to impairment of normal cellular functions (McCarty 
2006). Mn exposure results in significant increases in protein nitrosylation, indica-
tive of nitrosative stress from NO production by glial cells (Moreno et al. 2009). 
Inhibition or deletion of many of these pathways has shown to be neuroprotective, 
but often the neuroprotection achieved is dependent on the timing of inhibition as 
often early downregulation of inflammation has actually worsened neuronal injury 
(Frank-Cannon et al. 2009). However, mice lacking the inducible form of NO syn-
thase (iNOS/NOS2) are protected from Mn neurotoxicity, demonstrating the impor-
tance of this glial inflammatory pathway in the mechanism of neuronal injury 
(Streifel et al. 2012). Due to the complicated nature of neuroinflammation and the 
vast majority of implicated factors, systematic and thorough understanding is vital 
to understanding the implications that may come from targeting this pathway.

 Glial Cell Activation in Neuroinflammation

The activation of microglia and astrocytes is one of the universal components of 
neuroinflammation and is implicated in the progression of neurodegeneration in 
ischemia, seizure, Alzheimer’s disease, multiple sclerosis, amyotrophic lateral scle-
rosis, Parkinson’s disease (PD), and manganism (Mosley et al. 2006; Glass et al. 
2010; Block and Hong 2005; Hirsch and Hunot 2009; Vezzani et al. 2013). Since the 
first early descriptions of activated glia in neurodegenerative diseases, there have 
been an increasing number of CNS pathologies described as having an association 
with activated glia. Although the regional pattern of neuroinflammation can vary 
among different disorders, there are common mechanisms by which activated glial 
cells sense stress and injury within the CNS and consequently transduce signals that 
amplify inflammatory activity of surrounding microglia and astrocytes (Glass et al. 
2010). Research aimed at elucidating the pathogenesis of neuroinflammation is 
quickly expanding to understand the importance of this mechanism in the progres-
sion of many neuropathologies, including manganism. In this regard, it is useful to 
compare the role of neuroinflammation in Mn neurotoxicity to that of other better 
studied disorders, such as Parkinson’s disease, to develop an appreciation for the 
mechanisms that are common to degenerative conditions of the CNS. The molecu-
lar regulation of neuroinflammatory gene expression in glial cells shares important 
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commonalities between astrocytes, microglia, and peripheral immune cells such as 
monocytes.

Glial inflammatory activation is regulated by several different pathways includ-
ing mitogen-activated protein kinases (MAPKs), activator protein-1 (AP-1), Janus 
kinase (JAK)/signal transducer and activator of transcription (STAT), and interferon 
regulator factor families (Glass et al. 2010); nevertheless, the nuclear factor kappa 
B (NF-κB) appears to be the primary pathway involved in the activation of pro-
inflammatory genes (Karin 2005). Deletion of NF-κB is detrimental to the ability of 
the immune system to initiate immunoprotective responses. Mice deficient in this 
pathway often succumb to opportunistic infections (Alcamo et al. 2001). Genetic 
deletion of this pathway in specific glial cells within the CNS has shown to be very 
neuroprotective with better recovery after spinal cord injury (Brambilla et al. 2005), 
decreased pathology in mouse models of multiple sclerosis (van Loo et al. 2006), 
and decreased seizure-induced neuronal death in kainic acid model of seizure (Cho 
et al. 2008).

NF-κB represents a family of transcription factors that are regulated by inhibi-
tory κBs (IκBs). Upon signal activation, IκBs are phosphorylated by IκB kinase 
complex (IKK) marking them for polyubiquitination and, ultimately, degradation 
by the 26s proteasome, thus freeing the transcription factors, located as dimers 
within the cytosol, to translocate into the nucleus (DiDonato et al. 1997). The IKK 
complex consists of three different proteins including the two catalytic units IKKα/
IKK1 and IKKβ/IKK2 and the regulatory subunit IKKγ. These two catalytic sub-
units mark the division of the two NF-κB activation pathways known as the classical 
pathway and the alternative pathway. The classical NF-κB pathway involves the 
heterodimers of p50 and p65/RelA and is activated by the action of IKKβ/IKK2 of 
the IKK complex. This pathway is primarily involved in immunoregulation control-
ling innate immune responses and survival of immune cells. The alternative path-
way is primarily involved in the development of secondary lymphoid organs and 
requires only IKKα/IKK1 and results in the processing of p100 (Karin 1999; Li 
et al. 2003; Bonizzi and Karin 2004). Deletion of IKKβ/IKK2 and not IKKα/IKK1 
recapitulates similar mouse phenotypes as RelA knockout mice with almost com-
plete inhibition of inflammatory responses and thus represents a major target in 
modulating glia neuroinflammatory activation (Alcamo et  al. 2001). As detailed 
below, the NF-κB pathway is an important target of Mn in glial cells that integrates 
multiple extra- and intracellular stress signals to activate inflammatory gene 
expression.
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 Manganese and Astrocytes

 Description and Distribution of Astrocytes

Astrocytes accumulate higher levels of Mn than neurons and are therefore consid-
ered an important target cell for transport of Mn into the brain as well as for initiat-
ing inflammatory signaling during neuronal stress and injury. Astrocytes 
encompasses a heterogeneous population of cells that can have vastly different mor-
phological and physiological characteristics depending on their location with the 
brain (Matyash and Kettenmann 2010). Their morphological forms range from the 
protoplasmic astrocyte with extensive arborization found in the gray matter to the 
more rodlike fibrous astrocyte located within the white matter (Sofroniew and 
Vinters 2010; Perea and Araque 2010). With their extensive processes, they make 
contacts with neuronal bodies, synapses, axons, blood vessels, and other astrocytes, 
thereby creating a vast network that allows them to serve a multitude of both struc-
tural and important physiological roles within the CNS.

Astrocytes are the most numerous type of cell of the CNS, making up 60–70% 
of all cells in the brain and also comprise 90% of all glial cells. Astrocytes are found 
throughout the CNS in a contingent but nonoverlapping manner that comprises dis-
tinct microdomains which enable them to make contact with a large number of 
neurons and with the microvasculature (Sofroniew and Vinters 2010). Astrocytes 
are morphologically characterized by expression of the intermediate filament pro-
teins glial fibrillary acidic protein (GFAP) and vimentin. Other known markers of 
astrocytes in the adult brain include glutamine synthetase (GS), S100 calcium-bind-
ing protein-β, and glutamate transporters GLT-1/EAAT2 and GLAST/EAAT1 
(Kimelberg 2004); however, GFAP has been shown to be the most consistent marker 
in both physiological and pathological states (O’Callaghan and Sriram 2005).

 Functional Roles of Astrocytes Relevant to Manganese 
Neurotoxicity

The first noted function of astrocytes within the adult CNS was purely structural; 
astrocytes were described as a scaffold to arrange and contain the neuronal circuitry 
due to their relative abundance and formation of glial scars in disease. Although it 
is now known that astrocytes have more complex roles, their formation of a continu-
ous syncytium is still important for the structural integrity of the brain. These vast 
networks help to create specific micro and macro domains and help to create physi-
cal barriers between neuronal synapses (Sofroniew and Vinters 2010). Furthermore, 
astrocytic end feet are an important component of the glia limitans, a barrier that 
helps to isolate the brain parenchyma from the vasculature and subarachnoid 
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compartments (Nimmerjahn 2009), as well as the blood-brain barrier (BBB) through 
the ensheathing of blood vessels throughout the CNS (Carmignoto and Gomez-
Gonzalo 2010).

Past their structural roles, astrocytes serve as important facilitators of neuronal 
homeostasis through nutritive and trophic support. As a primary component of the 
BBB, astrocytes that surround endothelial cells are enriched in glucose receptors 
and channels and act as the main vehicle for the movement of glucose and oxygen 
from the blood to neurons. Astrocytes, but not neurons, are capable of storing glu-
cose in the form of glycogen and of de novo synthesis of glutamate, which forms the 
basis for the functional metabolic coupling between these two cell types that main-
tains neuronal homeostasis (Parpura et al. 2012). Glutamate is the primary excit-
atory neurotransmitter in the brain, and its synaptic concentration is tightly regulated 
by astrocytes, which rapidly removed glutamate from synapses, where it can be 
safely transaminated to glutamine for recycling to neurons in the glutamate-gluta-
mine cycle. Eighty percent of glutamate released into the synapse is removed by 
astrocytes and then converted to glutamine by GS, thereby preventing excitotoxic 
injury to neurons. This glutamine is released and then taken up by neurons that 
convert glutamine into glutamate and γ-amino butyric acid (GABA). Additionally, 
production of lactate by astrocytes is used by neurons to produce pyruvate and gen-
erate adenosine triphosphate (ATP) via the tricarboxylic acid cycle (TCA). These 
metabolically coupled support pathways in astrocytes are critical for neuronal sur-
vival and are important targets of Mn during neurotoxic exposures. Notably, Mn 
exposure results in marked increases in excitatory neurontransmission that likely 
damages neurons, supported by studies demonstrating the efficacy of the ionotropic 
glutamate receptor antagonist, MK-801, in preventing neuronal injury from chronic 
exposure to Mn (Xu et al. 2010).

In addition to being critical for neuronal metabolism, astrocytes are required for 
normal synaptic transmission through regulation of neurotransmitters, ions, water, 
and extracellular pH (Sofroniew and Vinters 2010). Astrocytes surround both pre- 
and postsynaptic terminals to form what is known as the tripartite synapse, allowing 
astrocytes to not only regulate neurotransmitters but also actively respond to and 
modulate synaptic plasticity through the release of gliotransmitters (Araque et al. 
2001; Perea and Araque 2010; Nedergaard and Verkhratsky 2012; Perea et al. 2009). 
Astrocytes express a wide assortment of functional neurotransmitters including gluta-
mate, GABA, dopamine, adrenalin/epinephrine, histamine, and glycine, the expres-
sion of which varies depending on the local microenvironment to match the physiology 
of their neuronal neighbors (Parpura et al. 2012). The majority of the neurotransmit-
ter receptors expressed are metabotropic receptors coupled to G-proteins whose 
activation results in the generation of inositol triphosphate (IP3) and the release of 
calcium (Ca2+). Astrocytes express at least three types of ionotropic receptors: 
α-amino-3- hydroxy-5-methyl-isoxazole propionate (AMPA), N-methyl-D-aspartate 
(NMDA) types of tetrameric glutamate receptors, and P2X trimeric purinoreceptors 
(Lalo et al. 2008). Activation of glia metabotropic and inotropic receptors results in the 
generation of Ca2+ waves within astrocytes that are propagated between astroglial 
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networks through connexin gap junctions and glia release of ATP and glutamate 
(Araque et al. 2001; Kim and de Vellis 2005). This intercommunication between 
astrocytes is dynamic and is influenced by the extent of and frequency of neu-
rotransmitter release which is important in the modulation of synapses in both 
learning and memory (Perea et al. 2009). It was recently reported that Mn disrupts 
ATP-dependent Ca2+ signaling in astrocytes by inhibiting entry of Ca2+ through the 
plasma membrane subsequent to activation of P2Y purinergic receptors (Streifel 
et  al. 2013), suggesting that Ca2+-dependent homeostatic processes in astrocytes 
could be an important target of Mn that likely impacts neuronal physiology.

Calcium-based communication between astrocytes not only plays a large role in 
synaptic plasticity but is vital to the regulation of blood flow in response to neuronal 
activity known as neurovascular coupling (Sofroniew and Vinters 2010; Carmignoto 
and Gomez-Gonzalo 2010). In areas of high neuronal activity, elevations in calcium 
in astrocytes result in release of vasoactive compounds such as nitric oxide (NO), 
prostaglandin E2 (PGE2), potassium (K+), and epoxygenase derivatives (EETs) at 
astrocytic end feet that results in a dilation or constriction of local vasculature 
(Nimmerjahn 2009; Mulligan and MacVicar 2004). This control of cerebral blood 
flow is complex, and the elucidations of how astrocytes cause specific vasodilation 
versus vasoconstriction in response to neuronal activity are still being fully eluci-
dated. Mn can disrupt ATP-induced Ca2+ signaling and intercellular Ca2+ waves in 
astrocytes (Streifel et al. 2012), which could be detrimental to neuronal trophic sup-
port, rendering affected brain regions both focally hypoxic and with insufficient 
metabolic support. In this regard, even low levels of Mn2+ can disrupt ATP-dependent 
calcium signaling in astrocytes, in part through inhibition of TRPC3 cation chan-
nels, which could alter the regulation of cerebral blood flow and therefore nega-
tively impact neuronal homeostasis (Streifel et al. 2013). Inhibition of ATP-dependent 
calcium signaling in primary astrocytes has also been described for the cationic 
neurotoxicants, 1-methyl-4-phenylpyridinium (MPP+), and 6-hydroxydopamine, 
suggesting that disruption of homeostatic calcium signaling in astrocytes may be a 
common mechanism of injury for structurally diverse compounds affecting dopami-
nergic brain regions (Streifel et al. 2014).

Astrocytes are thus diverse and important regulators of neuronal metabolism and 
activity in the developed CNS; likewise, they also play an important role in the 
developing CNS, through neuronal guidance and synaptogenesis, and in adult 
neurogenesis (Doetsch 2003). In development, boundaries created by astrocytes 
help the migration of axons and neuroblasts, whereas the release of thrombospondin 
from astrocytes directs synapse formation. Furthermore, tagging of formed 
synapses with complement protein, C1q, helps tags synapses for pruning and 
removal (Christopherson et al. 2005; Powell and Geller 1999). In the adult CNS, 
neurogenesis within the subventricular zone of the olfactory bulb and the hippocam-
pus is regulated by secretion of astrocytic factors such as Wnt3, interleukin-1β 
(IL-1β), interleukin-6, and insulin-like growth factor-binding protein 6 (Parpura 
et al. 2012). Additionally, astrocytes themselves are believed to be the source 
of newly generated neurons determined by labeling based lineage tracking experi-
ments (Doetsch 2003). Thus, neuronal generation, function, and continued survival 
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are intimately linked and dependent on the vast and extensive physiology of their 
astrocytic counterparts.

 Role of Astrocytes in Neuroinflammation

Activation of astrocytes is a biological reaction that is documented in most CNS 
diseases, as measured by increased expression of GFAP and alterations in astrocyte 
morphology that are considered early indicators of neuropathology (O’Callaghan 
and Sriram 2005; Parpura et al. 2012). Activation of astrocytes can be neuroprotec-
tive through isolation of damage, glutathione production, BBB repair, and release of 
neurotrophic factors such as neural growth factor and glial-derived growth factor 
(Sofroniew and Vinters 2010; Block and Hong 2005; Kuno et al. 2006); however, 
astrogliosis can also be neurotoxic and promote disease progression. Detrimental 
consequences of astrogliosis include inhibition of axonal regeneration (Block and 
Hong 2005; Silver and Miller 2004), exacerbation of inflammation via cytokine 
production (Brambilla et al. 2005, 2009), production of reactive oxygen and nitro-
gen species (Hamby et al. 2006; Liu et al. 2006; Carbone et al. 2009), and excessive 
release of glutamate (Takano et al. 2009). Additionally, chronic inflammatory stim-
ulation of astrocytes reduces glial capacity to generate and release neurotrophic 
mediators and execute normal physiological functions (Parpura et al. 2012). We and 
others have reported extensively on reactive astrocytosis in rodent models of man-
ganism (Moreno et al. 2009, 2011; Streifel et al. 2012; Liu et al. 2006).

The regulation of astrocyte activation is under the control of many factors includ-
ing cytokines IL-6, IFNγ, tumor necrosis factor-alpha (TNFα), toll-like receptor 
activators, neurotransmitters, ATP, reactive oxygen species, hypoxia, glucose depri-
vation, ammonia, and protein aggregates (Sofroniew and Vinters 2010; Parpura 
et al. 2012). Frequently, these activators are by-products of already injured neurons 
or factors released by activated microglia which indicate that astrocyte activation is 
often later in disease progression (Hirsch and Hunot 2009). Recent studies suggest 
that α-synuclein may be protective against Mn neurotoxicity, implicating protein 
misfolding in neurons as an important pathogenic mechanism following exposure to 
Mn (Harischandra et al. 2015). However, astrogliosis is often more persistent than 
microgliosis and is believed to be important in amplifying inflammatory processes 
and thereby inducing greater damage (Saijo et al. 2009). Moreover, in vitro studies 
have shown that isolated human astrocytes and not microglia are the major source 
of NO-induced neurotoxicity indicating they may be more significant in 
neuroinflammatory- induced neuronal death in humans than have been indicated in 
rodent models (Lee et al. 1993).

R.B. Tjalkens et al.



169

 Neuroinflammatory Effects of Manganese in Astrocytes

Neuropathology in manganism is associated with robust astrogliosis in the basal 
ganglia, particularly the globus pallidus, subthalamic nucleus, and substantia nigra 
pars reticulata (Olanow 2004). Mn preferentially accumulates in astrocytes due to 
their expression of high-capacity transporters (Sidoryk-Wegrzynowicz and Aschner 
2013), and therefore concentrations of Mn in astrocytes can be 50–60 times higher 
than in neurons, with the highest concentration of Mn found in the mitochondria 
(Sidoryk-Wegrzynowicz and Aschner 2013; Aschner et  al. 1992; Morello et  al. 
2008). Similar to microglia, astrocytes release inflammatory cytokines and nitric 
oxide (NO) that influence the progression of neuronal injury during exposure to Mn 
(Moreno et al. 2008, 2009; Liu et al. 2006). In vitro studies demonstrate that human 
astrocytes are the primary source of NO-induced neurotoxicity, more so than 
microglia, suggesting that astrocytes could play a greater role in neuroinflammation- 
induced neuronal death from Mn than was initially demonstrated in rodent studies 
(Lee et al. 1993). Another in vitro study demonstrated that Mn inhibits the capacity 
of astrocytes to promote neuronal differentiation through a mechanism that involves 
oxidative stress and a reduction in levels of the extracellular matrix protein, fibro-
nectin (Giordano et al. 2009). Oxidative stress in astrocytes also leads to dysfunc-
tion in mitochondria and, not surprisingly, a decreased production of ATP that could 
negatively impact neuronal function and survival (Barhoumi et al. 2004; Chen et al. 
2006; Streifel et al. 2012).

Mn causes metabolic changes in astrocytic glucose metabolism by inhibition of 
the astrocyte-specific enzyme, glutamine synthetase (GS), thereby contributing to 
downregulation of glutamate transporters and compromising glutamate uptake 
(Suarez-Fernandez et  al. 1999; Verkhratski and Butt 2013; Yin et  al. 2007; 
Verkhratsky et al. 2016). These oxidative changes are consistent with the combined 
effects of Mn and inflammatory stimuli on mitochondrial function in astrocytes, 
which promotes greater production of ROS and deprecations in metabolic support 
of neurons, in addition to the damaging effects of inflammatory gene expression 
(Barhoumi et  al. 2004). Such an effect would predispose neurons to excitotoxic 
injury due to the presence of excess synaptic glutamate resulting from dysfunction 
or downregulation of high-affinity astrocytic transporters. Additionally, Mn per-
turbs ATP-induced Ca2+ signaling and intercellular Ca2+ waves in astrocytes, which 
could negatively impact the ability of astrocytes to stimulate Ca2+-dependent 
increases in local cerebral blood flow in response to synaptic activity (Streifel et al. 
2012; Tjalkens et al. 2006). Any failure of the capacity of astrocytes to supply ade-
quate neurotrophic support during chronic overexposure to Mn could therefore lead 
to loss of trophic support, as well as excitotoxicity and neuronal death.

Mn exposure can also directly stimulate inflammatory gene expression in astro-
cytes through activation of NF-κB. This results in expression of COX2, NOS2, and 
multiple inflammatory cytokines and chemokines, leading to enhanced neuronal 
apoptosis (Araque et  al. 2001; Moreno et  al. 2008; Streifel et  al. 2012; Carbone 
et al. 2009). Previous research from our laboratory demonstrated that gene deletion 
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of Nos2 in astrocytes protected against Mn-induced neurological dysfunction 
in vivo and prevented NF-κB-dependent neuronal injury from activated astrocytes 
exposed to Mn in vitro (Streifel et al. 2012). Neuroprotection in these studies was 
associated with decreased production of NO and inflammatory cytokines in 
Mn-treated astrocytes, highlighting the importance of inflammatory activation of 
these cells in the progression of neuronal injury from Mn exposure. These data also 
demonstrate that reactive inflammatory mediators such as NO are important con-
tributors to Mn-induced neuronal dysfunction during exposure to Mn.

 Manganese and Microglia

 Description and Distribution of Microglia

Microglia are the primary immunological effector cells of the brain, entering the 
CNS during embryonic development from a monocyte-derived cell type (Kim et al. 
2005). As discussed below, microglia represent an important effector cell type dur-
ing Mn neurotoxicity that respond rapidly with increased production of neuroin-
flammatory mediators. In the adult brain, microglia have very low rates of division, 
but their numbers can be replenished by perivascular mononuclear phagocytes 
(Gehrmann et al. 1995). They are heterogeneous through the adult brain and consti-
tute 10 to 15% of all glial cells with greater numbers located within the gray matter. 
In particular, the highest concentrations of microglia are found within the olfactory 
bulb, hippocampus, and basal ganglia, including the substantia nigra, which holds 
the greatest density of microglia: 12% of all cells. Microglia exist in three different 
morphological states: a ramified phenotype found proximal to the neuropil, a rod-
like state in fiber tracts, and a macrophage-like amoeboid shape in areas with an 
incomplete BBB (Lawson et al. 1990). Microglia are never at rest and are constantly 
migrating, but these migration patterns are distinct between different cells and do 
not overlap (Gehrmann et al. 1995).

 Functional Roles of Microglia Relevant to Manganese 
Neurotoxicity

As with other macrophage-like cells resident in tissues, one of the primary functions 
of microglia in the CNS is immunosurveillance, and they possess dendritic and 
phagocytic functions similar to other monocyte-derived cells (Kim et  al. 2005; 
Block and Hong 2005; Gonzalez-Scarano and Baltuch 1999). Microglia constantly 
move and sample the extracellular environment within their individual domains, 
clearing up debris via their phagocytic function as they migrate. They express a variety 

R.B. Tjalkens et al.



171

of neurotransmitter receptors, pattern recognition receptors (PRRs) and ionotropic 
receptors such as P2X7 to sense alterations in brain homeostasis, the presence of 
foreign materials and neuronal damage (Ransohoff and Perry 2009). Microglia rep-
resent the main class of cell involved in antigen presentation and are important in 
recruitment of immune cells such at T and B lymphocytes to sites of injury 
(Gehrmann et al. 1995; Gonzalez-Scarano and Baltuch 1999). Notably, microglia 
express the NOD-like receptor, NLRP3, which is critical to increasing expression of 
IL-1β via inflammasome activation and which can be potently activated by high 
levels of extracellular ATP through P2X7 receptors (Surprenant and North 2009). 
Astrocytes can release high concentrations of ATP in response to neuronal stress 
and injury, which suppresses neuronal excitability but can also stimulate activation 
of microglia. Mn may therefore stimulate neuroinflammatory activation of microg-
lia both directly, as well as indirectly through its effects on astrocytes, suggesting 
several pathways by which glial-glial interactions may stimulate neuroinflamma-
tory injury during Mn exposure.

More recently, research has determined that microglia may also play integral 
roles in neuronal development and migration. Amoeboid microglia are implicated in 
synaptic remodeling and regulation of neuronal apoptosis through the release of 
soluble factors and phagocytic pruning of synapses in late embryonic development 
(Block and Hong 2005). Furthermore, studies have shown microglia to release 
growth and neurotrophic factors during synaptogenesis (Nakajima and Kohsaka 
1993). However, the role of microglia in mediating both trophic and neurotoxic cell-
cell interactions during Mn neurotoxicity is still not well known.

 Role of Microglia in Neuroinflammation

Microglia are the primary effectors of the innate immune response within the CNS, 
with activation occurring early in states of disease and often preceding overt neuro-
pathology (Gehrmann et al. 1995; Hirsch and Hunot 2009). Under physiological 
conditions, microglia exist in a resting, ramified state releasing both anti- 
inflammatory and neurotrophic factors while surveying their domains (Streit 2002). 
However, in the presence of viral or bacterial products (Glass et  al. 2010), ATP, 
changes in ion or neurotransmitter homeostasis (Mastroeni et al. 2009), cytokines 
such as IFNγ and interleukin-4 (Gehrmann et al. 1995), colony-stimulating factors 
(CSFs) (Kim and de Vellis 2005), and a list of other pathological products, microg-
lia transform into an activated phenotype, proliferate, and migrate to the site of 
injury (Block and Hong 2005). Activation occurs in two stages. In the first stage, 
microglia adopt a rodlike shape and increase expression of major histocompatibility 
complex II (MHCII) and other inflammatory molecules. In the second stage, 
microglia morph into an amoeboid cell capable of phagocytosis (Gehrmann et al. 
1995; Kim and de Vellis 2005).
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Once activated, microglia can be both beneficial and deleterious in disease as 
they release both pro- and anti-inflammatory factors (Block and Hong 2005). 
Determining whether microglia neuroinflammatory responses will be helpful or 
toxic is often predicted by adoption of either the M1 known as “classical activation” 
or M2, the “alternative activation,” phenotype (David and Kroner 2011).The M1 
phenotype is primarily inflammatory with microglia upregulating MHCII, CD86, 
CD32, and CD16 with the production of TNFα, IL-1β, and IL-6. In contrast, the M2 
phenotype is more closely associated with tissue repair with increased expression of 
arginase 1 and CD206, as well as increased release of brain-derived neurotrophic 
factor (BDNF), insulin-like growth factor-1 (IGF-1), and interleukin-10 (IL-10) 
(Kigerl et al. 2009).

The classical activated or M1 microglia are known to elicit neuronal death and 
perpetuate inflammation through release of a variety of cytotoxic substances such as 
NO, superoxide anion, cytokines, glutamate, prostaglandins, and aspartate (Takano 
et al. 2009; Mastroeni et al. 2009). They appear to be the major initial sensors of 
foreign or endogenous signals, secreting inflammatory mediators such as TNFα and 
IL-1β that can act on astrocytes to induce secondary inflammatory responses (Lee 
et al. 2012). Furthermore, prevention of microglial activation pharmacologically or 
genetically often protects against neuroinflammatory pathology, thus placing them 
as important regulators of inflammatory mechanism in neurodegenerative diseases 
(Block and Hong 2005; Cho et al. 2008).

 Neuroinflammatory Effects of Manganese in Microglia

Resting or ramified microglia can release anti-inflammatory and neurotrophic fac-
tors. However, when activated microglia release neuroinflammatory mediators and 
pro-inflammatory cytokines such TNFα, IL-1β, IL-6, and as well as reactive oxygen 
and nitrogen species (ROS and RNS), all of which can act on astrocytes to amplify 
inflammatory responses in the CNS (Liu et al. 2003, 2006; Lee et al. 2012; Chao 
et al. 1992). Rapid expression of these cytokines in microglia early in CNS injury 
suggests that such glial inflammatory responses are integral to neuronal injury from 
a variety of exogenous insults (Gensel et al. 2012; Gonzalez-Scarano and Baltuch 
1999). Exposure to Mn causes activation of both microglia (Chang and Liu 1999) 
and astrocytes (Spranger et al. 1998), resulting in increased production of numerous 
inflammatory factors that cause neuronal injury (Filipov et al. 2005). Manganese 
can also enhance the inflammatory effects of other microglial activators, such as 
lipopolysaccharide (LPS), which amplifies neuronal injury in models of Mn neuro-
toxicity (Filipov and Dodd 2012; Filipov et al. 2005; Park and Chun 2016). However, 
the molecular mechanisms underlying these responses to Mn in microglia are still 
not completely understood. For example, Mn and LPS can synergistically enhance 
activation and inflammatory gene expression in microglia (Park and Chun 2016), 
consistent with transformation into a phagocytic phenotype that can lead to neuro-
nal injury (Diaz-Aparicio et al. 2016). This may be directly relevant to Mn-induced 
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neuronal injury in vivo, because blockade of phagocytosis may prevent some forms 
of inflammatory neurodegeneration (Neher et al. 2011).

Manganese also activates NF-κB in microglia and enhances the effects of LPS, 
resulting in inflammatory gene expression and production of inflammatory media-
tors leading to neuronal death (Filipov and Dodd 2012; Filipov et al. 2005; Park and 
Chun 2016). In BV-2 microglial cells treated with LPS, NF-κB-dependent inflam-
matory gene expression by pharmacological modulators of the nuclear receptor, 
Nurr1, which stabilizes nuclear corepressor proteins and reduces binding of NF-κB/
p65 to inflammatory gene promoters (Saijo et al. 2009; De Miranda et al. 2015a). 
Thus, the inflammatory effects of Mn in microglia are tightly regulated both at the 
level of IKK activation as well as by nuclear proteins that modulate transcriptional 
activity of inflammatory genes. Evidence for the importance of NR4A1 (Nurr1) in 
regulating microglial activation was recently reported in studies using a novel phar-
macological Nurr1 agonist that prevented glial activation and neuronal injury from 
the dopaminergic neurotoxicant, MPTP (1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine) (De Miranda et  al. 2015b). This data suggest that targeting 
NR4A receptors in microglia could be a promising avenue for prevention of NF-κB 
activation in glia and, thus, inflammatory neuronal injury from a variety of neuro-
toxicants, including Mn.

Another research group recently reported that P2Y12 participates in ischemia- 
related inflammation by mediating microglial migration and potentiation of neuro-
toxicity (Webster et al. 2013). Upon inhibition or deficiency of the P2Y12 receptor 
in BV-2 microglia, there is less NF-κB activation, suggesting an additional anti- 
inflammatory, neuroprotective benefit of the antiplatelet drug, clopidogrel. Mn 
potently affects glial signaling through P2Y and P2X receptors (Streifel et al. 2013, 
2014), suggesting that mitigating these effects could potentially reduce NF-κB- 
mediated neuroinflammation in glia following Mn exposure.

 Glial-Glial Cross Talk in Mn-Dependent Inflammatory 
Signaling

Sustained inflammatory activation of microglia is implicated as an important mech-
anism in the progression of many neurodegenerative diseases including AD, PD, 
and manganism. Experimental models of PD (Hirsch and Hunot 2009) and mangan-
ism (Zhao et al. 2009) have often identified the transition of microglia from a resting 
to activated phenotype prior to overt neuropathology. Cell culture models show Mn 
potentiates microglia inflammatory gene expression in response to LPS/cytokine 
treatment through activation of pathways such as NF-κB and mitogen-activated pro-
tein kinase (MAPK) (Filipov and Dodd 2012; Crittenden and Filipov 2011). 
Removal of microglia or use of antioxidants has shown to reduce neuronal loss 
indicating microglial activation may serve as a critical step in mediating neuronal 
injury during Mn exposure and that microglia also likely directly promote activation 
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of astrocytes that then amplify neuronal damage (Zhao et  al. 2009; Zhang et  al. 
2010). Evidence for this is provided by studies indicating that activated microglia 
can enhance the activation of adjacent astrocytes by releasing factors such TNF and 
IL-1β that can further magnify neuronal injury (Hirsch and Hunot 2009; Saijo et al. 
2009). Microglial responses are often rapid, in contrast to the more delayed activa-
tion often seen in astrocytes, suggesting that temporally distinct signaling events are 
required for a reactive glial phenotype. Underscoring this point, decreased microg-
liosis in vivo is associated with reduced astrocytosis (Zhang et al. 2010). Despite the 
known role of microglial-astrocyte cross talk in AD and PD, these important glial- 
glial interactions are less well understood in Mn neurotoxicity.

Astrocytes serve as the major homeostatic regulator and storage site for Mn in 
the brain (Araque et al. 2001; Aschner and Aschner 1991) and are a prominent con-
tributor to Mn-stimulated nitric oxide (NO) production through NOS2 (Zhang et al. 
2009). We previously reported that Mn enhances the inductive effects of inflamma-
tory cytokines on astrocyte expression of Nos2 through stimulation of NF-κB 
(Moreno et al. 2008) and astrocytes activated by exposure to Mn and inflammatory 
cytokine-induced apoptosis in co-cultured striatal neurons (Streifel et  al. 2012). 
However, without co-treatment with cytokines, astrocytes are unable to cause neu-
ronal apoptosis in response to Mn treatment (Spranger et al. 1998) indicating that 
microglia are likely required for initiation of neuroinflammatory mechanisms in 
astrocytes during Mn neurotoxicity.

Using immunopurified cultures of primary microglia and astrocytes, data from 
our laboratory demonstrate that microglia directly accumulate Mn, which stimu-
lates a mixed inflammatory phenotype characterized by release of IL-6, TNF, CCL2, 
and CCL5. These experiments also revealed that products from Mn-activated 
microglia are essential for neuroinflammatory activation of Mn-exposed astrocytes 
and that NF-κB-dependent release of TNF from microglia is a key signaling event 
in microglia regulating these glial-glial interactions. To decipher the complex sig-
naling mechanisms likely to influence development of a neuroinflammatory pheno-
type in Mn neurotoxicity, additional experimentation in primary astrocytes and 
microglia is required to determine the relative contributions of each cell type to a 
reactive phenotype following Mn exposure.

Despite the heightened focus on glial involvement in manganism, there are still 
many unanswered questions regarding mechanisms due to the limited number of 
in  vivo studies and the inability of Mn to be a very potent glial activator in the 
absence of other inflammatory factors (Park and Chun 2016).As with other disor-
ders of the CNS with a neuroinflammatory component, most studies into glial 
involvement in manganism have used single or mixed cultures of microglia or astro-
cytes, with few studies examining cell-cell interactions. The studies described in 
this review suggest that complicated signaling mechanisms between microglia and 
astrocytes likely underlie development of a neuroinflammatory phenotype Mn neu-
rotoxicity that ultimately results in the progression of neuronal injury leading to 
psychological and motor manifestations of manganism. Microglia produce a large 
number of pro-inflammatory factors that could amplify the activation state of astro-
cytes, including TNFα and IL-1β, as well as numerous cytokines and chemokines. 
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It will be important in future studies to determine which of these factors are most 
relevant to the cell-cell interactions underlying the damaging effects of neuroin-
flammation following exposure to Mn. With limited or no treatment options for 
interdicting neuroinflammation in the CNS, it will be imperative to better identify 
underlying mechanisms in order to develop better therapies. This is particularly of 
concern, given the recent appreciation for how Mn exposures in children can lead to 
persistent adverse neurological affects. Thus, there is a need for a more systematic 
and comprehensive look at glial involvement and the potential importance of this 
response in chronic exposures.

 Conclusion

Neuroinflammatory activation of glial cells is an important mechanism in Mn neu-
rotoxicity and in other degenerative conditions of the CNS. Studies in the last sev-
eral decades have redefined the importance of astrocytes and microglia to neuronal 
development, homeostasis, and survival, transforming our understanding of the role 
of these cells from inert structural components to important components of brain 
physiology and pathology. More specifically, the importance of astrocytes and 
microglia to neuronal survival has received increased attention, as these two glial 
types are the most often altered during disease states and are now known to be fun-
damental components of the innate immune system of the brain. Inflammatory acti-
vation of glia, or neuroinflammation, is a classic and conserved marker of 
neuropathology and is implicated in the progression, and possibly initiation, of sev-
eral CNS disorders including seizure, Parkinson’s disease, and manganism. Yet, 
much of the above information on neuroinflammation has been gleaned from rodent 
modeling with few studies utilizing translational or environmental relevant models 
to examine these important mechanisms. Furthermore, because glial activation can 
also serve either neuroprotective or neurotoxic functions, there exists a need to bet-
ter understand the timeline and pathways of glial activation with a more extensive 
focus on the relative contributions of different glial types and the dynamics of glial- 
to- glial signaling. By examining specific glial-derived mechanisms in several neu-
rodegenerative diseases, we may better understand the implications of 
neuroinflammation for CNS pathology and discover new potential targets for thera-
peutic intervention.
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Abstract Aluminum (Al) is one of the most extended metals in the Earth’s crust. 
Its abundance, together with the widespread use by humans, makes Al-related toxic-
ity particularly relevant for human health.

Despite some factors influence individual bioavailability to this metal after oral, 
dermal, or inhalation exposures, humans are considered to be protected against Al 
toxicity because of its low absorption and efficient renal excretion. However, several 
factors can modify Al absorption and distribution through the body, which may in 
turn progressively contribute to the development of silent chronic exposures that 
may lately trigger undesirable consequences to health. For instance, Al has been 
recurrently shown to cause encephalopathy, anemia, and bone disease in dialyzed 
patients. On the other hand, it remains controversial whether low doses of this metal 
may contribute to developing Alzheimer’s disease (AD), probably because of the 
multifactorial and highly variable presentation of the disease.

This chapter primarily focuses on two key aspects related to Al neurotoxicity and 
AD, which are metabolic impairment and iron (Fe) alterations. We discuss sex and 
genetic differences as a plausible source of bias to assess risk assessment in human 
populations.
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 Aluminum in the Environment and Human Exposure

Al stands as the most abundant metallic element and ranks third in abundance 
among the Earth’s crust constituents. Although natural processes and acidic rain 
redistributes it in the nature, thus contributing to the natural occurrence of the metal 
in food and water, growing industrialization has been responsible for increasing the 
presence of Al in the environment.

To date, no physiological functions for Al have been described in mammals and, 
therefore, it has sometimes been regarded as not presenting a significant health haz-
ard. In addition to the insoluble nature of the metal and its low absorption, an effi-
cient renal elimination prevents Al accumulation in the body, thereby reducing the 
risk of acute human toxicity under non-pathological conditions. Despite human 
natural barriers (i.e., skin, gastrointestinal barrier, lungs, etc.) protect general popu-
lation from environmental exposures, patients suffering from chronic renal failure 
may be at risk of Al toxicity (Fenwick et al. 2005).

Al has been extensively used in the industry, and it is currently added to a vast 
number of products available to everyone, including drinking water, many pro-
cessed foods, infant formulae, cosmetics, toothpaste, antiperspirants, and various 
medical preparations and medicines (for a review, see Bondy 2016). These wide-
spread uses make human exposure to Al practically unavoidable. Therefore, once 
presumed Al is ubiquitous in the environment, it is not so unreasonable to expect a 
wide range of sources of exposure.

Considering the general population, food and water represent the most common 
form of human exposure to the metal (Bondy 2016; Crisponi et al. 2013). The con-
centration of Al in food is extremely variable, due both to the original content and to 
food interaction with the material it contacts when stored or cooked. For example, 
when food or beverages are stored in Al-derived packaging formats, Al content is 
five to seven times higher compared to the same type of food from other containers 
(Duggan et al. 1992). Even though the Al content in most plant food is low (i.e., less 
than 25 μg/g of dry food weight), relatively high levels of Al have been reported in 
some spices, such as marjoram and thyme, soy-based milk formulas, tea leaves, and 
coffee beans (Burrell and Exley 2010; Crisponi et al. 2013; Malik et al. 2008). As for 
animal-derived food, Al levels in some dairy products (i.e., milk, cheese, etc.) have 
been found to be beyond the permissible limits (AI-Ashmawy 2011). The increasing 
contamination of rivers and seas has also prompted the accumulation and storage of 
Al in such crustaceans as crayfishes (Woodburn et al. 2011).

On the other hand, some data have endorsed that both the inhalation of Al parti-
cles and dermal absorption upon contact with the skin may also account, although 
to a lesser extent, for the body burden of Al (Darbre 2005; Pauluhn 2009).

Although Al total intake considerably varies upon country, place of residence, and 
diet composition, several authors have estimated Al typical adult intake to be ranged 
from 3 to 12 mg/day (Domingo et  al. 2011; Krewski et  al. 2007). Al absorption, 
though, is generally low, being almost 95% of the total Al ingested directly excreted 
through feces. In point of fact, the total Al absorption may vary from 0.01 to 1% of 

M.T. Colomina and F. Peris-Sampedro



185

the total metal intake (Moore et  al. 2000; Wilhelm et  al. 1990). The presence of 
 certain compounds in the diet such as citrate, lactate, ascorbate, gluconate, succinate, 
tartrate, malate, and oxalate can increase the rate of absorption of Al (Krewski et al. 
2007). Likewise, low plasma levels of magnesium (Mg) and Fe (Cannata et al. 1991), 
as well as enhanced vitamin D status, may increase Al absorption (Krewski et al. 
2007; Schwalfenberg and Genuis 2015). Therefore, Al bioavailability is highly 
dependent on individual differences, fact that merits to be taken into account to con-
trol confounding variables in both experimental and epidemiological studies.

Once absorbed, Al has a half-life of several hours in the blood. Indeed, Al is pri-
marily bound to plasma transferrin (Tf) (i.e., 90%) and, to a lesser extent, to low 
molecular weight molecules, such as citrate (i.e., 10%) (Ohman and Martin 1994). 
Even though the mechanisms through which Al enter the brain are not yet fully under-
stood, this process seems to be governed by two different mechanisms. Firstly, Al can 
enter the brain from blood. As a matter of fact, it is well known for more than 25 years 
that transferrin can mediate Al transport across the blood-brain barrier (BBB) by 
transferrin receptor (TfR)-mediated endocytosis of Al transferrin (Bondy 2016; Yokel 
and McNamara 2001). On the other hand, though, there is evidence to suggest that a 
second mechanism transporting Al citrate across the BBB into the brain indepen-
dently of transferrin may exist. Indeed, transferrin concentration is very low in cere-
brospinal fluid (CSF), and presumably brain extracellular fluid, whereas the citrate 
concentration is higher in CSF than in plasma, favoring Al citrate as the predominant 
Al species in brain extracellular fluid (Martin and Bruce 1997; Yokel and McNamara 
2001). Although most brain Al is quickly removed, some experimental research evi-
denced that its half-life may be about 150 days in rats (Yokel et al. 2001).

At physiological pH, Al exhibits the trivalent oxidation state (i.e., Al3+), which is 
crucial in determining the physicochemical properties and biological interactions 
inherent to the metal.

The main mechanism of Al toxicity involves the disruption of the homeostasis of 
metals, such as Mg, calcium (Ca), and Fe (Harris et al. 1996; Yokel and McNamara 
2001). Indeed, the physical and chemical properties of Al (i.e., the small radius of 
Al3+, its affinity to oxygen atoms, carboxylate, deprotonated hydroxyl and phos-
phate groups, etc.) allow it to effectively mimic these metals in their respective 
biological functions and trigger biochemical abnormalities, thereby defining Al 
individual’s toxicokinetics (Yokel and McNamara 2001).

 Aluminum in the Brain: Molecular and Functional 
Interactions

Al is unequally distributed in brain areas and neural cells. Indeed, Al accumulates in 
glia largely than in neurons (Oshiro et al. 2000). Experimental studies in rats and mice 
showed that Al accumulates in the brain cortex, hippocampus, and cerebellum (Bellés 
et al. 1998; Esparza et al. 2003; García et al. 2009) after either parenteral or oral expo-
sures. Accordingly, several authors have measured brain levels of Al in AD patients 
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and non-demented controls, and both the hippocampus and the amygdala stand as the 
most relevant areas containing Al. Despite data are not always consistent (Akatsu 
et al. 2012), statistical treatments and the control of confounding variables have been 
found to influence the statistical significance of the result (Rusina et al. 2011).

It is well known that such metal ions as Al are able to interact with different proteins 
to induce conformational changes that eventually result in misfolding, aggregation, or 
oligomerization, thus leading to an altered turnover and removal of the protein. Protein 
misfolding and aggregation is a key pathophysiological mechanism on AD. Hence, an 
increased interest on the possible contribution of Al on the amyloid (Aβ) cascade 
hypothesis for AD has generated a deal of research. Unfortunately, results have not 
always been consistent. Indeed, many studies reported that Al promotes the expression 
of the precursor (APP) of the Aβ protein, increases the levels of β-40 and β-42 frag-
ments in the brain, and boosts the aggregation of Aβ protein (Zatta et al. 2009; Bolognin 
et al. 2011; Praticò et al. 2002; Banks et al. 2006). Other in vivo approaches, though, 
did not replicate the results previously reported for the Aβ pathway (Ribes et al. 2010; 
Akiyama et al. 2012). Further, it has been shown that Al promotes both the phosphory-
lation and the aggregation of highly phosphorylated proteins such as tau protein 
(Leterrier et al. 1992; Nübling et al. 2012). According to this, Al has been detected in 
neuritic plaques and tangle-bearing neurons, pointing at the involvement of this metal 
in the pathogenesis of AD (Miu et al. 2003; Yumoto et al. 2009). Moreover, Al has also 
been related to altered synaptic plasticity in the hippocampus of rats when chronically 
and orally administered at high doses (Colomina et al. 2002).

 Aluminum and Glucose Metabolism

Despite the high prevalence of Al in the environment, there is a gap of knowledge 
on its interaction with physiological systems. An escalating body of experimental 
research has demonstrated so far that Al inhibits a vast number of ATP-dependent 
reactions, thereby interfering with energy-dependent processes (Caspers et al. 1994; 
Joshi et al. 1994; Kaizer et al. 2007; Silva et al. 2005; Singla and Dhawan 2012). 
Nonetheless, the exact mechanisms remain to be fully unraveled. Thus, Al3+ binds 
to ATP 107 times more tightly than does Mg2+, but upon in vivo testing not every 
ATP-dependent reactions are inhibited (Joshi 1990).

Many experimental approaches have also endorsed that Al exposure may impair 
glucose utilization, upon altering activities of glucose-metabolizing enzymes, such 
as glucose-6-phosphate dehydrogenase (G6PD), hexokinase, or glutamate dehydro-
genase (Dua et al. 2010; Joshi et al. 1994). Strikingly, G6PD enzyme has been shown 
to reduce its activity in the presence of Al in such brain regions that are also affected 
in AD (Joshi et al. 1994; Jovanović et al. 2014). In point of fact, accumulated evi-
dence indicates that AD is a metabolic neurodegenerative disease. Thus, impaired 
cerebral glucose metabolism represents an invariant pathophysiological feature in 
AD, and its occurrence mostly precedes cognitive dysfunction and  pathological 
alterations. Therefore, delving into the consequences associated with abnormal 
 cerebral glucose metabolism will provide valuable clues for treatment strategies as 
well as ideal diagnostic approaches in AD.
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 Aluminum and Iron Interactions

Over the last years, a considerable amount of literature has grown up shedding light on 
the disruption of Fe homeostasis by Al. Fe, an essential trace metal, displays a great 
deal of biological functions, including oxygen transport and exchange, metabolic pro-
tein synthesis, and enzyme cofactor (Aisen et  al. 2001). Because of its biological 
importance and high redox potential, Fe is strictly regulated by Tf, transferrin receptor 
(TfR), and ferritin. Thus, increases in TfR allow more Fe to enter the cell, while a 
decrease in ferritin levels enables more free iron to reach the respiratory chain and other 
Fe-requiring systems. Under Fe-replete conditions, TfR decreases and levels of ferritin 
increase, thereby allowing the metal to be stored in a complex with ferritin, which 
prevents iron-mediated oxidative stress (Aisen et al. 2001). Several in vitro studies have 
reported that Al exhibits the same effect on TfR and ferritin as Fe does in a deprived 
status. Thus, Al increases the number of TfRs, which leads to an increase in Fe absorp-
tion, and also decreases ferritin, which might result in higher levels of free Fe. These 
effects of Al on Fe homeostasis might explain the increases in oxidative stress and 
inflammation in both in vitro and in vivo upon exposure to Al (Kim et al. 2007).

The total body burden of Fe has been found to increase with age in a sex- 
dependent manner (Joshi et al. 1994). While males progressively increase Fe levels 
from 300 to 1800 mg between 20–25 and 80–90 years, Fe stores in women remain 
at 300 mg from 20 to 25 years until the premenopausal state. Then, Fe stores begin 
to increase until reaching 1300 mg at the age of 80–90 years (Joshi et al. 1994). 
Furthermore, women increase Fe storage parameters from premenopause to post-
menopause. Strikingly, such Fe increases correlate with the increase in HOMA-R 
index, which indicated insulin resistance (Van den Bosch et al. 2001).

In view of the influence of Fe status in Al absorption, we speculated that this sex- 
related pattern of storage can influence the onset and course of neurodegeneration. 
The sharp increase in Fe stores from middle age to elderly shows some parallelisms 
in temporal patterns observed for AD prevalence in women. According to Fe status, 
young women, which display low levels of Fe storage, would be more able to store 
Al but protected from Al-Fe interactions, and therefore from oxidative stress. By 
contrast, postmenopausal women would have higher Fe stores, but Al deposits 
would remain high because of a long-life exposure and efficient storage favored by 
moderated Fe levels in serum.

 Aluminum and Oxidative Stress

As previously stated, no biological role for Al is known yet. However, it is well 
accepted that it can induce severe toxic manifestations in mammals. Given the non-
dividing nature of neurons, the brain has sometimes been considered to be the most 
vulnerable tissue to the toxic effects of Al (Kumar and Gill 2014). Indeed, a con-
stellation of experimental research has highlighted neuropathological, neurobehav-
ioral, neurophysical, and neurochemical changes upon Al administration (Akiyama 
et al. 2012; Colomina et al. 2002; Verstraeten et al. 1997; Ribes et al. 2008, 2010). 
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Further, the brain is particularly sensitive to oxidative stress due to an increased 
level of free radicals and decreased level of antioxidants following toxic insult 
(Kumar and Gill 2014). Several authors have suggested that Al exert a strong pro-
oxidant activity despite its non-redox status (Exley 2004; Kumar and Gill 2014; 
Yuan et al. 2012).

To date, there are described many potential mechanisms underlying Al-related 
prooxidant toxicity, of which the effect of Al on Fe homeostasis is of special interest 
(Ward et al. 2001; Wu et al. 2012). As a matter of fact, the interaction between both 
agents generates labile Fe from Fe-containing enzymes and proteins, thereby 
increasing the intracellular pool of free Fe, which in turn leads to the formation of 
reactive oxygen species (ROS).

On the other hand, Al oxidative toxicity has also been related to increased lipid 
peroxidation, decreased membrane fluidity, and oxidized high-density lipoprotein 
(Johnson et al. 2005; Kaneko et al. 2007; Silva et al. 2002; Zatta et al. 2003). For 
example, Al has been shown to potentiate the free radical damage initiated by Fe3+ 
in lipid peroxidation, probably by facilitating the action of OH− radicals in the 
membrane of phospholipids (Zatta et al. 2003). Other mechanisms, such as the for-
mation of superoxide Al3+ semi-reduced radical, have been suggested to explain Al 
prooxidant effects (Ruipérez et al. 2012; Exley 2004). In general terms, the interac-
tion with lipid substrates as well as with other prooxidant metals or elements such 
as O2− are subjects of study in this regard (for review, see Exley 2004). Additionally, 
Al3+ decreases the activity of some antioxidant enzymes such as catalase, superox-
ide dismutase, and glutathione peroxidase (Fattoretti et al. 2003; Sánchez-Iglesias 
et al. 2009), thus aggravating neuronal damage induced by oxidative stress.

An Al-dependent oxidative environment is also characterized by a sharp decrease 
in mitochondrial activity (Han et al. 2013). Specifically, Al3+ disrupts mitochondrial 
bioenergetics and decreases the respiratory efficiency and the capacity of the 
 mitochondria to modulate and control the energy production through the phosphor-
ylation system (Iglesias-González et al. 2016).

 Aluminum and Neurotransmission

Several studies have indicated Al is able to disrupt the cholinergic system, which is 
in turn implicated in AD pathogenesis. Both in vivo and in vitro studies have con-
sistently shown changes in acetylcholinesterase (AChE) activity, as well as in ACh- 
evoked neurotransmission (Yokel et  al. 1994; Bielarczyk et  al. 1998; Szutowicz 
et al. 2000; Yellamma et al. 2010). Accordingly, the group of Petronijević found 
activity changes in AChE and lipid peroxides in a series of different studies with 
high Al doses administered to Gerbils (Mićić et al. 2003; Vučetić-Arsić et al. 2013). 
Despite the possible relevance of this pathway, few research has evaluated choliner-
gic function together with other parameters of interest. Strikingly, estradiol admin-
istration has shown to ameliorate alterations in cholinergic parameters and oxidative 
stress induced by Al intoxication (Mohamd et al. 2011).
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Moreover, the neurotransmitters serotonin (5-HT) and dopamine (DA) (Abu- Taweel 
et al. 2012), as well as glutamate and aspartate (Liu et al. 2010), have been reported to 
decrease upon Al exposure. It is well known that neurotransmitter systems are modu-
lated by sex hormones. In this sense, differences between sexes have been reported for 
the septo-hippocampal cholinergic system (Mitsushima 2011), monoamines 5-HT, and 
DA, as well as for glutamate and GABA (Barth et al. 2015). Therefore, the effects of 
Al in neurotransmitter systems could be different depending on sex, but no data exist 
so far in this regard.

 Worldwide Advices and Al Regulations

Needless to say, to date, the detrimental effects of Al to human health are well 
established, and increasing eagerness to regulate its uses has become noticeable. 
Thus, many relevant regulatory agencies, including the Agency for Toxic Substances 
and Disease Registry (ATSDR), the US Environmental Protection Agency (EPA), 
the World Health Organization (WHO), the Food and Agriculture Organization 
(FAO), and the European Food Safety Authority (EFSA), have published a great 
body of reports on Al toxicity. However, there is still widespread mistrust about its 
potential deleterious effects upon silent chronic exposures. By way of example, 
there is still no convincing evidence to associate the Al found in food and drinking 
water with increased risk of AD. Neither is there clear evidence to suggest increased 
risk of AD nor some types of cancer upon using Al-containing antiperspirant or 
cosmetics. At most, the US FDA has warned that increasing Al concentration in an 
antiperspirant product may result in skin irritation. Further, even if adverse effects 
to vaccines with Al adjuvants have occurred, recent controlled trials found that the 
immunologic response to certain vaccines containing Al was no greater, and in 
some cases less than, that after identical vaccination without Al adjuvants (for a 
review, see Willhite et al. 2014).

The FAO expert committee on food additives and food contaminants had orig-
inally recommended a tolerable weekly intake (TWI) of Al of 7 mg/kg, which 
was lately reduced to 1 mg/kg upon reconsidering the reproductive and neuro-
logical detrimental effects of the metal (FAO 2006). In Europe, the EFSA stated 
in 2011 a TWI equivalent to 280 μg/kg per day (Anon 2011). Nonetheless, some 
authors have questioned these values since the EFSA assumed back then that 
gastrointestinal uptake of all ingested Al materials was equivalent to that mea-
sured for Al citrate (Willhite et al. 2014). On the other hand, the WHO recom-
mended a maximum drinking water concentration of 0.2 mg Al/L (WHO 2004; 
WHO 2010).

Given that it has not yet been established which levels of Al are safe upon chronic 
exposures in human populations, an effort is needed to demand more regulations for 
the use of this metal in drinking water, dairy products, pharmaceuticals, and  occupational 
exposures.
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 Alzheimer’s Disease and Environmental Al Exposures

Alzheimer’s disease (AD) is one of the most devastating neurodegenerative diseases, 
accounting for more than 80% of dementia cases in the elderly. It is a complex neu-
rodegenerative disorder characterized by a neurological progressive impairment 
affecting several cognitive domains, behavior, and personality. Clinical phenotype is 
accompanied by three main neuropathological hallmarks: diffuse loss of neurons, 
neuronal cytoskeletal alterations or neurofibrillary tangles (NFT) produced by 
hyperphosphorylated tau protein aggregations, and extracellular Aβ protein deposits 
or senile plaques (Torreilles and Touchon 2002).

Two forms have been described for AD: the familial form, which is less frequent 
(1–5%) and mainly genetic, and late-onset AD (LOAD), which is most prevalent 
and heterogeneous in both onset and progression (Ridge et al. 2013).

The familial forms of the disease are mostly associated with mutations exhibiting 
an autosomal dominant pattern of inheritance. Thus, three mutated human genes 
encoding for (1) APP and the enzymes related to APP processing, (2) presenilin 1 
(PSEN1), (3) and presenilin 2 (PSEN2) are crucial to the establishment of the dis-
ease (Levy-Lahad et al. 1998; Schellenberg et al. 1992). All of these genetic muta-
tions lead to abnormal processing of APP and give rise to the Aβ cascade hypothesis. 
Although crucial, this hypothesis fails to explain by itself all the molecular, cellular, 
and clinical events observed in the different forms of AD. Before the identification 
of familiar forms, anatomical-pathological and biochemical studies of postmortem 
human brains from AD patients described deficits in the cholinergic system. In addi-
tion, considerable pieces of experimental and human studies have supported that a 
dysfunctional cholinergic system is sufficient to produce learning and memory defi-
cits (Muir 1997). Thenceforth, the earliest cholinergic hypothesis of AD emerged. 
Degeneration of cholinergic neurons in the basal telencephalon (i.e., Meynert 
nucleus and medial septum nucleus) innervating the hippocampus, amygdala, and 
frontal cortex has been associated with severe cognitive deficits implicated in AD 
(Muir 1997). Moreover, pharmacological interventions with cholinergic agonists 
have endorsed the contribution of this system to cognitive decline (Giacobini 2003).

On the other hand, environmental risk factors accumulating over years are con-
stantly challenging the integrity of the brain and thereby contributing together with 
risk genetic factors to the onset and progression of LOAD. Accordingly, APOE4 
genotype is the largest genetic risk for AD accounting for approximately 60% cases 
(Higgins et al. 1997). Indeed, being a carrier of one ε4 allele increases the risk for 
AD in 2–3-folds, whereas the risk rises about 12-fold when carrying two ε4 alleles 
(Roses 1996). Interestingly, emerging lines of evidence supported an APOE4-sex 
interaction in humans. Women carrying ε4 have been shown to display more pro-
nounced AD-like changes in neuroimaging, neuropathological, and neuropsycho-
logical measures than men (Beydoun et  al. 2013; Ungar et  al. 2014). As for 
environmental factors, it is worth asking for these agents and to which extent they 
are contributing to the onset and progression of the disease. In this sense, the hypoth-
esis of Al and AD has become the subject of intense debate over the last decades. 

M.T. Colomina and F. Peris-Sampedro



191

The putative link between dietary Al and neurodegenerative disorders has been 
addressed in a large volume of clinical (Wills and Savory 1989; Yumoto et al. 2009), 
occupational (Riihimäki et  al. 2000), and epidemiological surveys (Flaten 1990; 
Rondeau et al. 2008). Moreover, some anatomopathological findings in the brain of 
AD patients (Walton and Wang 2009; Yumoto et al. 2009) and some experimental 
studies (Praticò et al. 2002; Ribes et al. 2008; Ribes et al. 2010; Walton and Wang 
2009) have also provided links between Al and AD. A collection of different studies 
performed until 2014 are reviewed in Willhite et al. (2014).

While some experimental results have not been widely replicable, epidemiologi-
cal studies showed considerable consistent associations. In a recent meta-analysis of 
epidemiological studies, Wang et al. (2016) assessed the relation between Al expo-
sure and AD. They included 8 studies and a total population of 10,567 individuals, 
the source of Al exposure they evaluated was drinking water and occupational expo-
sure, and the follow-up duration from the cohort studies ranged between 8 and 
48  years. The primary result of this meta-analysis was a significant association 
between Al exposure and the risk for AD (OR = 1.71, 95% CI, 1.35–2.18). Further, 
the authors also reported differences between groups exposed at 100 μg/L or higher 
Al concentrations in drinking water and those exposed to levels below 100 μg/L 
(OR = 1.95, 95% CI, 1.47–2.59). They concluded a possible link between Al expo-
sure and AD (Wang et al. 2016). Authors also highlighted the importance of obtain-
ing data from long-term Al exposure from food consumption to establish a possible 
dose-dependent link between Al and AD. The results from this study are in line with 
existing literature, thus indicating the importance of time of exposure and the expo-
sure level in chronic Al exposure.

Notwithstanding the numerous scientific efforts and our actual knowledge of 
mechanisms involved in Al neurotoxicity, there is still no consensus on the real 
implication of Al and AD.  Probably controlling for confounding factors in both 
 epidemiological and experimental approaches would help to disentangle this com-
plex relation. Remarkably, no information exists on sex possible differences in Al 
neurotoxicity.

 Have Sex Differences Been Overlooked in AD and Al Toxicity?

Needless to say, experimental investigations involving male individuals are to date 
much more abundant than those using females. The female’s estrous cycle is often 
singled out as the driving reason researchers prefer to use male subjects, but this 
selective discrimination is to blame for the lack of empirical data regarding the dif-
ferences between both sexes. Nowadays, it is well recognized that they differ in 
such several behavioral processes as emotion (Girbovan and Plamondon 2013), 
impulsivity (Bayless et al. 2012; Weafer and de Wit 2014), basal activity (Simpson 
and Kelly 2012), learning and memory (Jonasson 2005; Li and Singh 2014), or 
attention (Bayless et al. 2012).
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AD prevalence varies by age, sex, ethnicity, and geographic region, suggesting 
environmental and genetic factors may play an important modulating role (Mazure 
and Swendsen 2016). Indeed, as it has been suggested on many occasions, sex dif-
ferences are evident when analyzing the prevalence and severity of AD.  In fact, 
clinical and preclinical studies have shown that women not only are more prone to 
develop AD than men but also show significantly age-related faster decline and 
greater deterioration of cognition than they actually do (Cornutiu 2015; Li and 
Singh 2014). Some investigations have also described sex-genetic interactions. As 
previously stated, APOE4 confers greater AD risk associated with tau pathology in 
women (Altmann et al. 2014). Similarly, the development of Aβ pathology in sev-
eral transgenic mouse models of AD is greater in females (Maynard et al. 2006). 
These sex differences are also evident for metal brain levels in Cu and Mn, suggest-
ing natural sex differences may contribute to the increased propensity of females to 
develop AD (Maynard et al. 2006).

Despite early epidemiological studies have clearly related differences among 
sexes as for AD onset (Gao et al. 1998), current clinical AD research sometimes 
considers males and females having equal risk toward developing the disease 
(Altmann et al. 2014).

 Conclusions

Upon taken together Al implication in oxidative stress, mitochondrial dysfunction, 
Fe and Ca dyshomeostasis, neuroinflammation, microtubule alterations, cholinergic 
disruption, as well as compromised axonal transport and Aβ aggregation, Al impli-
cation in cognitive deficits and neurodegeneration is undeniable. Therefore, the con-
tribution of Al to AD is plausible. However, it has not yet been established which 
levels of Al are needed, which factors are essential, or how long the exposure to it 
must be to induce functional brain deficits. It is not unrealistic to hypothesize that 
some populations may be protected against Al exposure or show some kind of resis-
tance to it, a point that it is important to take into account as a possible source of bias 
in epidemiological studies. The major challenge for future researchers is identifying 
which variables are needed to be controlled in epidemiological studies and further 
designing more focused and translational experimental studies. The exposure pat-
tern including time of exposure, dose-response effects, and the time elapsed between 
exposure and cognitive evaluations are of special importance. The identification of 
factors contributing to either resilience or exacerbated vulnerability to Al neurotox-
icity must be taken into account in epidemiological and experimental studies. 
Clearly, research is needed to establish sex and age Al-related interactions, as no 
data exist so far in this regard.
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Abstract Alzheimer’s disease (AD) is the most common form of adult  neurode- 
generation and is characterised by progressive loss of cognitive function leading to 
death. The neuropathological hallmarks include extracellular amyloid plaque accu-
mulation in affected regions of the brain, formation of intraneuronal neurofibrillary 
tangles, chronic neuroinflammation, oxidative stress, and abnormal biometal 
homeostasis. Of the latter, major changes in copper (Cu) levels and localisation 
have been identified in AD brain, with accumulation of Cu in amyloid deposits, 
together with deficiency of Cu in some brain regions. The amyloid precursor protein 
(APP) and the amyloid beta (Aβ) peptide both have Cu binding sites, and interaction 
with Cu can lead to potentially neurotoxic outcomes through generation of reactive 
oxygen species. In addition, AD patients have systemic changes to Cu metabolism, 
and altered Cu may also affect neuroinflammatory outcomes in AD. Although we 
still have much to learn about Cu homeostasis in AD patients and its role in disease 
aetiopathology, therapeutic approaches for regulating Cu levels and interactions 
with Cu-binding proteins in the brain are currently being developed. This review 
will examine how Cu is associated with pathological changes in the AD brain and 
how these may be targeted for therapeutic intervention.
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 Background

Alzheimer’s disease (AD) is a neurodegenerative disorder that is the most common 
form of dementia, affecting approximately 47 million people worldwide (Prince 
et al. 2015). Advanced ageing is a notable risk factor for AD, whereby almost 50% 
of cases are found in individuals older than 85 years. Fewer than 5% of cases are 
due to genetic mutations with the remaining 95% resulting from occurrence without 
known familial genetic mutation (Ceccom et al. 2012). With advancements in the 
medical industry and prolonged life expectancy, the prevalence of AD is predicted 
to increase immensely (Ballard et al. 2011). AD patients typically display symp-
toms of early memory loss, personality and behavioural changes and deficits in 
sensory and motor functions. Macroscopically, the brain of AD patients presents 
synaptic and neuronal loss resulting in brain atrophy, affecting regions including the 
entorhinal cortex, hippocampus, basal forebrain and amygdala.

The complex aetiology of AD has been widely studied but is yet to be fully under-
stood. It is associated with the key hallmarks of extracellular amyloid peptide accu-
mulation, intracellular tau hyperphosphorylation, neuroinflammation and oxidative 
stress. In recent years there has been a substantial focus on the role of transition 
metals, particularly iron (Fe), zinc (Zn) and copper (Cu) in AD aetiology. These met-
als bind to amyloid-β peptide (Aβ), accelerate Aβ aggregation and consequently pro-
mote neurotoxic plaque formation. Fe and Cu are also likely to be involved in 
promotion of oxidative stress and neuroinflammatory changes in the AD brain (Choo 
et al. 2013; Pratico 2008; Sayre et al. 2008). In addition, cognitive decline in AD has 
been associated with the interference of the processing and function of the amyloid-β 
precursor protein (APP) and the phosphorylation and aggregation of the microtu-
bule-associated protein (MAP), tau, both of which are associated with altered metal 
homeostasis (Crouch et al. 2009).

 Copper Homeostasis

Although there are key roles for a number of metals in AD, this review will focus on 
Cu. This metal is a key trace element, necessary for all oxygen-requiring processes. Cu 
is concentrated at high levels in the brain for metabolic needs and additional functions. 
Specifically, Cu is an essential cofactor that readily binds to enzymes, shifting between 
the Cu(II) and Cu(I) oxidative states (Hung et al. 2010). The redox capacity of Cu is 
biochemically important for biological energy metabolism (cytochrome c oxidase), 
iron metabolism (ceruloplasmin), antioxidative activity (copper zinc superoxide dis-
mutase, SOD1), neurotransmitter synthesis (dopamine-β- monooxygenase), neuropep-
tide synthesis (peptidylglycine-α-amdinating enzyme) and neuronal myelination 
(Davies et al. 2013; Scheiber et al. 2014). As a consequence of its redox activity, Cu 
can also induce oxidative stress through the production of reactive oxygen species 
(ROS) and its ability to bind with molecular oxygen (McCord and Fridovich 1969). 
Tight regulation of Cu therefore exists through the duodenal absorption, uptake and 
excretion from cells and sequestration within cells in order to prevent both excess Cu 
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accumulation and Cu deficiency. This process further prevents abnormal Cu-oxygen 
interactions (Kaden et al. 2011). The trafficking and transportation of Cu is highly 
important for the maintenance of Cu homeostasis. In plasma, ceruloplasmin (Cp), 
albumin and transcuprein are major Cu-binding proteins (Choo et al. 2013). Subcellular 
Cu transportation involves the Ctr1 protein for the transit into cells across the cell 
membrane and the Cu ATP7a/b transporters for Cu exportation. In addition, cytosolic 
Cu chaperones aid delivery and include the Cox17 system in the mitochondria 
(Amaravadi et al. 1997), copper chaperone for SOD (CCS) (Culotta et al. 1997) and 
the ATOX1 system in trans- Golgi network (Klomp et al. 1997). These critical cellular 
mechanisms are essential for maintaining normal neuronal health and function.

 Copper in the Brain

The brain contains approximately 7.3% of total body Cu content (Hung et al. 2010). 
The brain possesses disproportionately low levels of antioxidants, thereby making it 
highly susceptible to oxidative stress induced by the redox nature of Cu (Hung et al. 
2013). Cu homeostasis and transport must therefore be tightly regulated in the brain 
in order to maintain neuronal health. In the cortex and hippocampus, Cu is released 
into the synaptic cleft of glutamatergic synapses as an essential component of neu-
ronal transmission (Bush and Tanzi 2008; Zheng et al. 2010). Upon synaptic depo-
larisation, Cu and Zn are released into the synaptic cleft at micromolar concentrations 
estimated at approximately 15 μM (Hung et al. 2010; Kardos et al. 1989), whereby 
excitatory and inhibitory neurotransmission can be modulated. Free ionic Cu is 
released at NMDA-responsive synapses, and Cu efflux is thought to be associated 
with the activation of NMDA receptors. This release of Cu may act as a post- 
translational mechanism to modulate the extracellular s-nitrosylation of NMDA 
receptors (Bush and Tanzi 2008). Impaired Cu regulation could promote the gluta-
matergic dysfunction that is present in the AD brain (Ayton et al. 2015). Cu also has 
the ability to block GABAergic and AMPAergic neurotransmission on rat olfactory 
bulb neurons (Trombley and Shepherd 1996) and AMPAergic neurotransmission on 
rat cortical neurons (Weiser and Wienrich 1996). However, more recently it has been 
established that Cu acts as more than just a negative modulator of neurotransmis-
sion. Following 3 hours of Cu exposure, AMPAergic neurotransmission has been 
seen to increase. Cu therefore demonstrates a unique biphasic mechanism in neuro-
transmission. Furthermore, it has been demonstrated that Cu has acute inhibitory 
effects on long-term potentiation (Opazo et al. 2014).

 Copper Levels in the Brain in AD

Dyshomeostasis of Cu levels in the brain is a common characteristic in neurodegen-
erative diseases, including AD. Studies have indicated that mis-localisation of Cu can 
be observed in the brain of AD patients, and some regions may be in excess while 
others Cu deficient. This Cu imbalance has extensive effects on neuronal function 
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and is significantly linked to cognitive deficits and AD pathology (Mao et al. 2012; 
Rembach et al. 2013; Squitti 2014). It has been widely demonstrated that Cu accu-
mulates within Aβ plaques, where Cu levels have been observed at ~390 μM. This is 
a substantial increase when compared to the brain of normal age- matched control 
patients, where Cu is found at a concentration of ~79 μM (Mot et al. 2011). Moreover, 
tissue surrounding the Aβ plaque (high in Cu) has been demonstrated to present with 
substantially lower levels of Cu, engendering local Cu deficiency (Zheng et al. 2010; 
Mot et al. 2011). Rembach et al. (2013) established that Cu levels in the frontal cortex 
are significantly lower than age-matched healthy controls, specifically confined to 
the soluble fraction. Post-mortem examination is required to measure Cu concentra-
tion in the brain and detect Aβ plaques (Hung et al. 2013; Rembach et al. 2013).  
In order to determine Cu levels in living patients, an ancillary method must be used 
(e.g. serum Cu) that may in the future be a diagnostic tool for AD (Wang et al. 2015).

A large proportion of the literature has focussed on measuring Cu levels in the 
serum and cerebrospinal fluid (CSF) of living AD patients. Cu transport in the serum 
can be found in the form of non-ceruloplasmin-bound Cu (non-Cp-Cu) or bound to 
Cp or albumin. It is the uptake of the free Cu ion that passes the brain barriers (the 
blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier) and is distrib-
uted to the CSF and brain parenchyma. The choroid plexus tightly regulates the 
transportation of Cu into the CSF, whereas movement into the parenchyma may 
appear more readily in the cerebral capillaries (Choi and Zheng 2009). Meta- 
analysis of Cu serum levels has indicated that AD patients display higher Cu serum 
levels (particularly non-Cp-Cu) compared to healthy non-diseased controls (Wang 
et al. 2015; Squitti 2012; Ventriglia et al. 2012). Interestingly, analysis revealed that 
Cu levels in the CSF showed no discrepancy between AD patients and controls 
(Bucossi et al. 2011). The reason for differential plasma Cu but not CSF Cu in AD 
patients compared to healthy controls is not yet understood.

 Copper and Amyloid Aggregation

The aggregation of Aβ is thought to be a major contributor in AD pathology, which 
may be explained by the amyloid cascade hypothesis (Henry et al. 2010). The amy-
loid hypothesis suggests that aggregated and oligomerised Aβ is the major contrib-
uting factor to synaptic and neuronal degeneration in AD. Amyloid deposition and 
subsequent senile plaque formation can occur through age-related changes in amy-
loid generation and clearance and are also induced by mutations in genes such as 
amyloid precursor protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2). 
Originally it was believed that plaque formation led to neuronal cell death and AD 
(Reitz 2012). However, over recent years this hypothesis has been modified to sug-
gest that it is the soluble aggregated forms of Aβ and not the endpoint plaques per 
se that drive neuronal death. With many clinical trials currently focussed on inhibi-
tion or removal of amyloid, the veracity of the amyloid hypothesis will soon be 
established.
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Aβ peptides are metabolic products, generated by the proteolysis of APP (Henry 
et al. 2010). APP is a ubiquitously expressed, transmembrane glycoprotein that accu-
mulates at nerve terminals (Buxbaum et al. 1998) and is thought to be involved in 
axonal transport, vesicular trafficking, cell adhesion, neuronal survival, apoptosis and 
perhaps protein folding and degradation (Hung et al. 2010; Cottrell et al. 2005). APP 
is approximately 110–140 kDa in size, and heterogeneity emerges due to alternative 
exon splicing and post-translational modifications (Selkoe 2001). Two Cu-binding 
domains exist within APP, one localised in the Aβ region (Fig. 1) and the other in the 
N-terminus (Fig.  2) (Hung et  al. 2010). The ligands His147, His151, Tyr168 and 
Met170 are required for high-affinity Cu binding to the N-terminal domain (Barnham 
et al. 2003; Kong et al. 2007) (Fig. 2). Cu(II) reductase activity is present within the 
Cu-binding domain of APP, which may further contribute to free radical formation 
and is sufficient to promote copper-mediated neurotoxicity (Hung et al. 2010).

The enzymatic cleavage of APP occurs via either the amyloidogenic or non- 
amyloidogenic pathways. The non-amyloidogenic pathway requires α-secretase and 
γ-secretase, whereas amyloidogenic processing of APP occurs by β-secretase and 
γ-secretase (Hung et  al. 2010; Ayton et  al. 2015). The activity of β-secretase- 
BACE1 in the amyloidogenic pathway is regulated by Cu. Cu binds to BACE1 in the 
Cu(I) binding site present in the C-terminal domain of BACE1, whereby BACE1 
mRNA expression is upregulated and hence decreases β-cleavage of APP.  This 
upregulation and increased activity of BACE1 has been observed in copper- deficient 
fibroblasts (Cater et al. 2008). Therefore, altered levels of intracellular Cu may influ-
ence APP metabolism. Increased intracellular Cu elevated the secretion of the 

Fig. 1 Schematic of amyloid beta peptide showing amino acid residues involved in binding of 
copper. Secretase cleavage sites are also shown

Fig. 2 Schematic of amyloid precursor protein (APP) showing different domains including the 
N-terminal copper-binding domain. GFLD growth factor-like domain, CuBD copper-binding 
domain, RERMS amino acid sequence associated with growth-promoting activity, CAPPD central 
APP domain, AICD APP intracellular domain, PM plasma membrane
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α-cleaved APP, whereas the β-cleaved APP production and subsequent secretion 
were increased in Cu-deficient cells (Cater et al. 2008). Copper has therefore been 
shown to modulate APP not only via the Cu-binding domain but also through its 
processing and hence control of Aβ production. Regulation of Aβ subsequently 
effects Aβ-induced neurotoxicity (Barnham et al. 2003).

In both healthy and AD patients, heterogeneous forms of Aβ have been identi-
fied. Extensive research has focussed on the 40-amino acid form of Aβ (Aβ1–40) and 
the Aβ species ending with a C-terminal residue of 42 (Aβ1–42). Aβ1–40 accounts for 
~90% of secreted Aβ, and the remaining 10% of total Aβ secreted from cells is 
mostly Aβ1–42, which aggregates more readily to form plaque deposits (Citron et al. 
1996; Small and McLean 1999; White et al. 2006a). Extracellular plaque forma-
tion is primarily composed of aggregated Aβ peptides, both insoluble fibrillar Aβ 
and soluble Aβ oligomers. Aβ1–40 is the predominant soluble isoform of Aβ (Ahuja 
et al. 2015) with increasing evidence suggesting a close relationship with cognitive 
impairment (Lue et  al. 1999). Alternatively, Aβ1–42 has a higher propensity to 
aggregate, which could enhance toxic outcomes. Lue et  al. (1999) interestingly 
espouse that soluble Aβ (or 1–40, 1–42) has the ability to impact a wider area of 
neurons and synapses in comparison to insoluble Aβ and, thus, may have a greater 
role in neurotoxicity.

Metals such as Cu, Fe and Zn play a significant role in the formation of solu-
ble Aβ oligomers, and in particular Cu(II)-Aβ interactions are a major driver of 
peptide aggregation. The oligomer species of Aβ generated is dependent on the 
molar ratio of Cu(II) to Aβ. At sub-equimolar ratios, amyloid-like aggregates 
form that are highly stable and resistant to sodium dodecyl sulphate (SDS). 
Conversely, at supra- equimolar ratios of Cu(II) to Aβ, soluble, less stable, neuro-
toxic oligomers are formed. Cu(II)-induced aggregates may be spontaneously 
formed at Cu(II)/peptide ratios of 0.25:1; however, amyloid formation is not sub-
sequently accelerated as compared to Aβ1–42 in the absence of Cu(II) (Smith et al. 
2007). The formation of a His bridge between Cu(II) ions leads to the generation 
of His-bridged Aβ oligomers that are highly toxic (Smith et  al. 2006; Huang 
et  al. 2004). His modification has been demonstrated to reduce the amount of 
Cu-mediated Aβ1–40 aggregation, but aggregation is not entirely abolished. These 
data suggest that the interaction with non-His residues on the peptide is partially 
responsible for the aggregation of this particular form of Aβ (Atwood et  al. 
1998). The tendency of Aβ peptides to self- aggregate is dependent on the specific 
oligomer of Aβ, as analysis has proposed that peptide precipitation may be medi-
ated by the high-affinity Cu(II) binding site present in Aβ1–42 oligomers. In com-
parison, Aβ1–40 is less self-aggregating and may be explained by the presence of 
a lower-affinity Cu(II) binding site (Atwood et al. 2000). Conclusively, it is well 
established that nucleated aggregation, where aggregation follows from a pre-
aggregated seed, is considerably accelerated in the presence of Cu(II) (Huang 
et al. 2004) and heightened by mild acidic conditions similar to that in AD brains 
(Atwood et al. 1998).

Z.K. Mathys and A.R. White



205

 Cu and Tau

Tau is a microtubule-associated protein (MAP) expressed abundantly in the CNS, 
predominantly in neurons, and at lower levels in astrocytes and oligodendrocytes 
(LoPresti et  al. 1995). Normal tau plays a significant role in axonal microtubule 
(MT) organisation, specifically axonal growth and development of neuronal polar-
ity. This is achieved through axonal stabilising of MTs by promoting MT assembly. 
In addition, recent findings established a multifunctional role of tau, recognising its 
interaction with synaptic vesicles as a key factor in neurotransmission (Hung et al. 
2013; de Calignon et al. 2012; Liu et al. 2012; Pooler et al. 2013). The regulation of 
tau is controlled by specific protein kinases and phosphatases, which mediate post- 
translational phosphorylation (Higuchi et  al. 2002). Highly phosphorylated tau 
aggregates, sequestering normal tau and disrupting MTs. This characteristic of tau 
links directly to the aetiology and pathogenesis of neurodegenerative diseases such 
as AD (Khlistunova et al. 2006).

A relationship between Cu and tau has been established to suggest that the pro-
moter of the tau gene (MAPT) may be regulated by the Cu-responsive transcription 
factor, Sp1 (Heicklen-Klein and Ginzburg 2000; Song et al. 2008). Sp1 is also a key 
regulator of BACE1 processing of APP to produce Aβ (Christensen et al. 2004). 
Overexpression of tau inhibits kinesin-dependent transport of peroxisomes, increas-
ing the vulnerability of cells to oxidative stress and hence degeneration. Additionally, 
inhibiting APP transport into axons and dendrites induces cell body accumulation of 
APP (Stamer et al. 2002). Therefore, a clear link between Cu-responsive overregu-
lation of tau and APP may be important. However, critical evidence in the literature 
demonstrates that despite the role of tau in APP and Aβ-induced cognitive decline, 
Aβ accumulation most likely precedes and drives the accumulation of tau neurofi-
brillary tangles (NFT) (Götz et al. 2001; Hu et al. 2008; Lewis et al. 2001).

Structural analysis of tau protein postulates that the microtubule-binding domain 
(MBD) comprises of four highly conserved 18-amino-acid repeats, R1, R2, R3 and 
R4. The MBD is well recognised for its role in the formation of paired helical fila-
ments (PHFs), promoting tau aggregation and formation of NFTs in  vitro. 
Neurotoxicity to neurons may be induced by abnormal tau aggregation; hence, sev-
eral studies have been conducted to determine the aggregation process. More spe-
cifically, the relationship between these repeat regions and Cu(II) has been 
investigated (Ma et  al. 2005, 2006; Zhou et  al. 2007). Cu(II) binding to repeat 
regions is a pH-dependent and stoichiometrically determined process. The R2 and 
R3 peptides adopt a monomeric α-helical structure in the presence of Cu(II). The 
helical structure induces PHF formation that aggregates to form NFTs (Ma et al. 
2005, 2006). Furthermore, R3 peptide may additionally form a β-sheet structure in 
1 mol eq. of Cu(II). Interestingly, Cu(II) binding to R1 peptide has been shown to 
delay the onset and level of R1 aggregation. It is suggested that Cu(II) coordination 
affects the electrostatic surface of R1 peptide, hence regulating in vivo aggregation 
of tau protein (Zhou et al. 2007). The present literature therefore suggests that Cu(II) 
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binding to repeat of the MBD influences peptide aggregation, hence encapsulating 
an important feature of AD, the presence of NFTs. Moreover, tau demonstrates 
redox activity when bound to Cu inappropriately, which further contributes to oxi-
dative stress (Hung et al. 2010; Su et al. 2007). R2 peptides have the capacity to 
reduce Cu(II) to Cu(I), favouring the generation of hydrogen peroxide (H2O2) and 
hence subsequent ROS (Su et al. 2007).

 Cu and Oxidative Stress in AD

Oxidative stress is a predominant feature in AD and ageing brains, whereby condi-
tions of dyshomeostasis lead to the generation of ROS.  ROS production can be 
facilitated by the high redox nature of Cu. Oxidative stress may therefore be induced 
through participation in Fenton and Haber-Weiss reactions, Aβ-Cu(II) binding, 
diminished glutathione (GSH) levels and reduced expression of Cu-dependent 
enzymes (Hung et al. 2010; Mot et al. 2011; Halliwell and Gutteridge 1984). ROS 
may interact with biomolecules and engender irreversible oxidative modification 
such as lipid peroxidation, protein oxidation and nucleic acid cleavage leading to 
cellular impairment (Hung et al. 2010; Halliwell and Gutteridge 1984).

Cu is thought to play a key causative role in oxidative stress-induced neurode-
generation by Fenton and Haber-Weiss reactions, where it directly catalyses the 
formation of ROS (Hung et al. 2010; Ahuja et al. 2015). This is a two-step process 
involving the reaction between cupric ion (Cu(II)) and superoxide anion radical 
(O2

•-) or biological reductants such as ascorbic acid or glutathione (GSH) to produce 
the reduced cuprous ion (Cu(I)). Cu(I) in the presence of H2O2 can catalyse the 
formation of highly unstable hydroxyl (•OH) radicals (Ahuja et al. 2015; Halliwell 
and Gutteridge 1984; Barbusiński 2009). Reactive •OH radicals may react with bio-
molecules close to the site of formation, exacerbating oxidative stress in this region 
(Jomova and Valko 2011). In addition, the capacity of Cu to induce DNA damage 
and oxidation of bases is induced by ROS production via the Fenton reaction 
(Moriwaki et al. 2008):

 
Cu II O Cu I O( ) + ® ( ) +-

2 2
•

 
(1)

 
Cu I H O Cu II OH OH( ) + ® ( ) + + ( )-

2 2
• Fenton reaction

 
(2)

Amyloid deposits present in AD patients exhibit high levels of copper and oxida-
tive stress markers. Cu(II) noticeably potentiates Aβ neurotoxicity, promoting the 
greatest toxic effect for Aβ1–42 compared to Aβ1–40 (Jomova and Valko 2011; 
Cuajungco et al. 2000). This is based on the peptide’s ability to reduce Cu(II) to 
Cu(I) and therefore mediate O2-dependent H2O2 production. The redox potential of 
Cu hence plays a significant role in exacerbating and facilitating Aβ-induced oxida-
tive stress and subsequent neuronal death in AD (Huang et al. 1999). Interestingly, 
further oxidative damage may be mediated by dityrosine cross-linking between Aβ 
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peptides. Cross-linking can be induced through direct attack of •OH radicals on Aβ 
peptides (Barnham et al. 2004; Galeazzi et al. 1999; White et al. 2006b), and the 
oxidative environment causes the accumulation of multi-protein aggregates that 
have a greater resistance to clearance (White et al. 2006b; Perry et al. 2002).

Elevated levels of Cu diminish GSH, an antioxidant present in cells. GSH is a 
substrate for enzymes that remove ROS. Dyshomeostasis of Cu and hence reduced 
levels of GSH may induce an oxidative environment that enhances the production 
and cytotoxic effects of ROS (Ahuja et al. 2015).

In AD patients, brain tissue can present with elevated Cu levels as well as 
Cu-deficient regions. The expression of Cu-dependent enzymes (SOD1 and ATOX1) 
was considerably reduced in multiple microarray studies, reinforcing that neurons 
may be Cu deficient (Myhre et al. 2013). In addition to its antioxidant role, SOD1 
also has anti-inflammatory functions through ROS detoxification. Therefore, reduced 
expression and hence activity of SOD1 would heighten toxic ROS accumulation and 
exacerbate both oxidative stress and chronic inflammation (Choo et al. 2013).

 Cu and Inflammation

Inflammation is a significant pathological factor present in neurodegenerative dis-
eases such as AD.  Inflammation is normally a protective response in the brain 
involving interactions between cells and mediators to prevent cell injury. The resi-
dent macrophages of the brain parenchyma, microglia, exhibit protective effects 
such as monitoring the local microenvironment and responding to disturbances. 
Slight disruptions in the microenvironment cause morphological and functional 
changes in microglia, which may further contribute to neuroinflammation present in 
the brain (Bamberger et al. 2003; Minghetti 2005). During such periods of dysho-
meostasis in AD, inflammation may be triggered by the accumulation of abnormal 
protein aggregates or by pro- and anti-inflammatory cytokine imbalances (Minghetti 
2005; Wyss-Coray and Mucke 2002). Copper can play a central role in toxic and 
protective inflammatory reactions (Choo et al. 2013).

The binding of Cu with Aβ induces Aβ deposition and neurotoxicity through ROS 
generation (Barnham et al. 2004). The production of ROS alone contributes to the 
neurotoxic inflammatory environment. Additionally, the presence of activated inflam-
matory cells, such as microglia, surrounding Aβ plaques contributes  significantly to 
the chronic inflammatory response (Choo et al. 2013; Dickson et al. 1988; McGeer 
et al. 1989; Rozemuller et al. 1989). Microglia participate in the clearance of senile 
plaques through phagocytosis or Aβ plaque degradation (DeWitt et al. 1998; Shaffer 
et al. 1995). The ultimate outcome of this ‘beneficial’ microglial response is unknown. 
Paradoxically, phagocytosis of Aβ may stimulate immune activation and release of 
pro-inflammatory mediators (Choo et al. 2013). Interestingly, astrocytes are closely 
associated with microglial phagocytosis and prevent clearance and slow degradation 
of amyloid plaque materials. These materials can therefore persist and further contrib-
ute to AD (DeWitt et al. 1998; Shaffer et al. 1995). Additionally, within close vicinity 
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of the amyloid plaques, increased levels of  complement, cytokines,  chemokines and 
free radicals have been observed, promoting a self-propagating toxic cycle leading to 
neurodegeneration in AD (Minghetti 2005).

Cu displays both pro- and anti-inflammatory characteristics. It is well established 
that Cu induces peripheral secretion of IL-6 (Schmalz et al. 1998) and IL-8, the lat-
ter specifically through NF-κB activation (Kennedy et al. 1998). However, little evi-
dence exists depicting the direct relationship of Cu to neuroinflammation. Current 
literature has reported that cholesterol and Cu may synergistically interact to gener-
ate Cu-induced neurotoxicity through oxidative stress-mediated apoptosis in AD 
(Choo et al. 2013; Lu et al. 2006). Conversely, it has been suggested that Cu can 
contribute to the development of an anti-inflammatory microglial phenotype (M2). 
A specific study indicated that the BV2 microglial cell line exposed to LPS induced 
an inflammatory phenotype (M1); however, the combination of both Cu(I) and LPS 
may lead to a shift towards an M2-like phenotype. Cu alone, in the absence of LPS, 
has not shown any effect on either M1 or M2 phenotypes. The studies propose that 
the shift from M1 to M2 is due to the redox state of NO, which may be due to Cu(I). 
Furthermore, the absence of NO is proposed to be a factor in the adoption of the M2 
microglial state (Choo et al. 2013; Bamberger et al. 2003).

 Non-ceruloplasmin Cu in Plasma

Non-ceruloplasmin Cu (non-Cp-Cu) may also be referred to as “free Cu” and is 
simply defined as serum Cu not bound to ceruloplasmin (Cp). It is well established 
that AD patients display elevated levels of non-Cp-Cu (Squitti et  al. 2005). 
Furthermore, this increase may be representative of total serum copper (Squitti 
2014). Free Cu levels correlate with cognitive function (measured by Mini-Mental 
State Examination (MMSE)), and higher level of free Cu is a predictor of severe 
cognitive decline, worsening MMSE outcomes, in patients with AD (Salustri et al. 
2010; Squitti et al. 2009). Findings suggest that non-Cp-Cu may be a predictor for 
the progression of mild cognitive impairment to AD (Squitti et al. 2014). Additionally, 
alterations in electroencephalographic (EEG) rhythms have been observed in 
patients with elevated non-Cp-Cu, more specifically the slowing of cortical EEG 
rhythms (Zappasodi et al. 2008).

The liver plays a central role in Cu storage, Cu movement and Cu coordination 
into Cp. It has been hypothesised that free Cu may arise from impaired transfer of 
Cu into the secretory pathway of hepatocytes. Moreover, research has been under-
taken to determine whether there is a correlation between free Cu and liver function 
in AD. A negative correlation was found between free copper and markers of liver 
function. This study had multiple limitations and hence further investigation is 
required (Squitti et al. 2007). In addition, genetic defects associated with the Cu 
efflux pump, ATP7b, may cause altered loading of Cu into Cp. The transmembrane 
domain of the ATP7b ionic pump is associated with AD and increases the amount of 
non-Cp-Cu released into the circulation (Squitti 2012; Squitti et al. 2008).
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A substantial number of meta-analyses have been conducted on Cu levels and 
specifically non-Cp-Cu levels. These meta-analyses in fact have demonstrated that the 
fraction of non-Cp-Cu in circulation is increased and as a whole Cu dyshomeostasis 
consists of decreased Cu in the brain (Schrag et al. 2011) and an increase in the blood 
(Wang et al. 2015). These studies undoubtedly support the correlation between altered 
Cu levels and AD pathogenesis. However, limited research has been conducted on the 
direct mechanisms in which elevated non-Cp-Cu levels effects AD patients.

 Therapeutic Considerations

As eluded to in this review, metal ion dyshomeostasis is central to AD pathogenesis 
and hence has been a target for therapeutic interventions. Currently there is no clini-
cal cure for AD. However, the development and investigation of therapeutics such 
as dietary Cu supplementation, Cu chelation and Cu complexes have been consid-
ered in AD.

Dietary supplementation of Cu has been studied as a therapeutic approach for 
AD. The brains of APP transgenic mice have lower levels of Cu and display reduced 
activity of Cu/Zn-SOD1 in comparison to wild-type mice. Following oral treatment 
of Cu, APP transgenic mice exhibited restored SOD1 activity to normal levels and an 
increase in bioavailable brain Cu levels and decreased Aβ1–40 and Aβ1–42. These mice 
did not present a premature death phenotype (Bayer et al. 2003). It was suspected that 
in AD patients Cu intake may stabilise cognition. A randomised, double- blinded, 
placebo-controlled phase II clinical trial in patients with mild AD was conducted to 
evaluate the efficacy of oral Cu supplementation for 12 months. AD patients were 
treated with either Cu-(II)-orotate-dihydrate (8 mg Cu daily) or the placebo, and no 
significant differences were observed in primary outcome measures. The results 
demonstrated that although long-term oral intake of 8 mg Cu is well tolerated by AD 
patients, it is not therapeutic and has no effect on AD progression (Kessler et  al. 
2008). However, it should be noted that if Cu regulation is abnormal in AD (as sup-
ported by the evidence discussed here), then supplementation with dietary Cu is 
unlikely to have any impact. To overcome this, therapeutics are needed that bypass 
faulty Cu-handling processes.

Clioquinol (CQ; 5-chloro-7-iodo-8-hydroxyquinoline) (Fig. 3) is a small lipo-
philic, metal-protein attenuating compound (MPAC) that has demonstrated thera-
peutic potential in neurodegenerative diseases such as AD (Di Vaira et al. 2004). 
Conflicting hypotheses exist with regard to the approach CQ undertakes to interfere 
with metal homeostasis. Initially CQ was regarded as a metal chelator, suggesting 
that it may lead to alteration of Cu or Zn levels in specific diseased brains regions 
(Hegde et al. 2009; Treiber et al. 2004). CQ was later considered a metal-protein 
attenuating compound (MPAC), a substance that may influence and restore metal 
ion homeostasis without greatly effecting overall Cu regulation (Grossi et al. 2009). 
However, it is now termed an ionophore, acting as a Cu carrier facilitating Cu trans-
port across membranes (White et al. 2006b; Grossi et al. 2009; Filiz et al. 2008; 
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Caragounis et al. 2007). The beneficial effects of CQ were reported in a nine-week 
study of oral CQ administration in AD mice. Results depicted reduced Aβ deposi-
tion and improved cognitive performance (Cherny et al. 2001). In a phase II clinical 
trial of CQ, 32 patients were recruited in this double-blind, placebo-controlled, 
parallel-group randomised study. The CQ group demonstrated improved cognitive 
performance and a decline in plasma Aβ1–42 concentration. However, in this study 
the cognitive benefit of CQ was only illustrated in the more severely affected sub-
jects (Ritchie et al. 2003). Following some controversial published data on CQ, it 
has recently been withdrawn from human clinical studies (Hegde et  al. 2009). 
Furthermore, a derivative of CQ, another hydroxyquinoline ligand (PBT-2) (Fig. 3) 
has been clinically tested in a human phase IIa double-blinded trial that demon-
strated lowered CSF Aβ1–42 levels and improvement in two areas of a neuropsycho-
logical test battery (Lannfelt et al. 2008). PBT-2 and CQ have the ability to block 
H2O2 generation through the Aβ-Cu complex. PBT-2 can also decrease interstitial 
brain Aβ and improve cognitive performance to a greater degree than CQ. In addi-
tion, PBT-2 has outperformed CQ as an ionophore and shows increased BBB per-
meability (Adlard et al. 2008). Additional large and longer studies are required to 
further determine the beneficial effects of PBT-2 on AD patients.

Cu complexes of bis(thiosemicarbazone) (BTSC) are able to bind Cu(II) and 
Zn(II) to form stable, lipophilic complexes that cross membranes and specifically the 
BBB (Duncan and White 2012; Green et  al. 1988). In addition, Cu complexes of 
BTSCs (Cu(II)(btsc)s) have been investigated as a potential therapeutic of 
AD.  Treatment of APP-CHO cells with Cu(II)(btsc)s specifically, glyoxalbis(N 
(4)-methyl-3-thiosemicarbazonato)copper(II) (Cu(II)(gtsm)) demonstrated increased 
intracellular Cu levels and a reduction in secreted Aβ levels (Donnelly et al. 2008). 
Furthermore, neurotoxic pathways are regulated by glycogen synthase kinase 3β 
(GSK3β) and have been targeted as a therapeutic in AD. Treatment with Cu(II)(gtsm) 
in APP/PS1 transgenic AD mice resulted in reduced active GSK3β, lower abundance 
of Aβ trimers and phosphorylated tau and conclusively reversed cognitive deficits in 

Fig. 3 Schematic structure of the metal ionophores clioquinol (CQ) and PBT-2
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the APP/PS1 transgenic mice (Crouch et al. 2009). Additionally, despite pyrrolidine 
dithiocarbamate (PDTC) being classified as a Cu-chelating compound, it has also 
demonstrated in APP/PS1 mice to down regulate the GSK3β pathway and thus 
improve spatial learning. This study also presented that Cu levels in the brain increased 
with PDTC treatment and moreover reduced tau  phosphorylation. It remains unknown 
whether PDTC binds and prevents metal binding of Aβ (Malm et al. 2007).

 Future Directions and Conclusions

The present review gives an insight into the role of Cu in the complex neurodegen-
erative disorder, AD. Considerable evidence exists to demonstrate that altered Cu 
homeostasis in the brain is a key factor in AD.  This is likely to involve mis- 
localisation of Cu rather than excess or deficiency per se. Increased Cu may exacer-
bate some subtypes, but mostly Cu changes are part of the disease, leading to loss 
of Cu function in key cell types and Cu-mediated toxicity in other cells or locations 
including amyloid aggregation. Copper-based therapeutics may be developed for 
Cu chelation and need to progress to address Aβ-Cu interactions, control tau-Cu and 
decrease oxidative stress and neuroinflammation in the brain. Ultimately, further 
research should contribute to ameliorating the deleterious effects of Cu dyshomeo-
stasis in AD patients.
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Uranium and the Central Nervous System: 
What Should We Learn from Recent New Tools 
and Findings?

Céline Dinocourt

Abstract Increasing industrial and military use of uranium has led to environmental 
pollution, which may result in uranium reaching the brain and causing cerebral dys-
function. A recent literature review has discussed data published over the last 10 years 
on uranium and its effects on brain function (Dinocourt C, Legrand M, Dublineau I, 
et al., Toxicology 337:58–71, 2015). New models of uranium exposure during neo-
natal brain development and the emergence of new technologies (omics and epi-
genetics) are of value in identifying new specific targets of uranium. Here we review 
the latest studies of neurogenesis, epigenetics, and metabolic dysfunctions and the 
identification of new biomarkers used to establish potential pathophysiological states 
of neurodevelopmental and neurodegenerative diseases.

Keywords  Omics • Epigenetics • Neurogenesis • Brain • Uranium

 Introduction

Uranium, a naturally occurring heavy metal, is found as a mixture of three isotopes: 
uranium 238, uranium 235, and uranium 234. Both natural and anthropogenic processes 
contribute to its distribution throughout the environment (Bleise et al. 2003) and raise 
concerns about health risks associated with human chronic exposure to low dose of 
uranium (ATSDR 2013). Uranium’s effects on the central nervous system are well doc-
umented in the literature (see review (Dinocourt et al. 2015; Jiang and Aschner 2006)). 
Although the exact mechanisms by which uranium enters brain structures are unknown, 
it induces changes in neurobehavioral functions as locomotion, sleep-wake cycle, learn-
ing, and memory and induces depressive-like behavior. Several mechanistic pathways 
have been investigated, and numerous “classic” analyses of gene or protein expression 

C. Dinocourt (*) 
Institut de Radioprotection et de Sûreté Nucléaire (IRSN), Direction de la Stratégie du 
Développement et des Partenariats, Service Programmes et Stratégies scientifiques,  
BP 17, F-92262 Fontenay-aux-Roses, France
e-mail: celine.dinocourt@irsn.fr

mailto:celine.dinocourt@irsn.fr


218

have focused on imbalance between pro-/antioxidant systems,  neurotransmitter 
 pathways, and neurophysiological properties. Most of these studies have focused prin-
cipally on mechanisms in uranium- exposed adult animals, though new data on develop-
ing animals are beginning to be published. The need to improve knowledge of the 
effects of uranium on brain development has been confirmed by means of new models 
of uranium exposure during gestation. Over recent years, new technologies, like omics 
and epigenetics, have been used to study new specific targets of uranium. This short 
review covers the mechanistic pathways of uranium, in terms of its chemical properties 
as a heavy metal, with a major focus on the latest published findings.

 How Does Uranium Act on Brain Function?

Although uranium accumulation in the brain is low (Dublineau et al. 2014; Lerebours 
et al. 2009; Paquet et al. 2006), the landscape of uranium-induced effects shows that 
the central nervous system can be largely affected by uranium. The molecular tar-
gets of uranium’s effects are multiple and include DNA binding and transcriptional 
and posttranscriptional effects that may influence enzyme activity as well as gene 
and protein expression.

To date, the neurotoxicity of uranium has been examined by classic studies of 
oxidative stress responses, the metabolism of neurotransmitter pathways, and 
electrophysiological properties in animal models as rodents (see review (Dinocourt 
et  al. 2015)) and zebrafish as a neurotoxicological model (Linney et  al. 2004). 
Briefly:

Oxidative Stress Responses Uranium induces oxidation of brain lipids (Briner and 
Davis 2002; Briner  and Murray 2005; Ghosh et  al. 2007; Lestaevel et  al. 2009, 
2015; Linares et al. 2007), modulates antioxidant defense in rats (Lestaevel et al. 
2009, 2015; Linares et al. 2007) and zebrafish (Barillet et al. 2007, 2011; Lerebours 
et  al. 2009), and modulates nitric oxide production (Abou-Donia et  al. 2002; 
Lestaevel et al. 2009).

Metabolism of Neurotransmitter Pathways Concentrations of breakdown enzymes 
(acetylcholinesterase [AChE]), M1 muscarinic acetylcholine receptor, and acetyl-
choline in the cholinergic system, the most studied, are more affected by uranium in 
the cerebral cortex than in the hippocampus in rats exposed at adult stages 
(Bensoussan et al. 2009; Bussy et al. 2006) and in juvenile rats contaminated from 
birth (Lestaevel et al. 2013). In the zebrafish model, increased AChE activity associ-
ated with gene induction involves a neuronal response of the cholinergic system 
(Barillet et al. 2007; Lerebours et al. 2009). The dopaminergic system is also modu-
lated after uranium exposure more specifically in the hypothalamus, cortex, and 
striatum, but apparently not  in  the hippocampus  (Bussy et al. 2006). Finally,  the 
expression of genes involved in glutamate synthesis is induced transiently in the 
brain of zebrafish exposed to uranium (Lerebours et al. 2009).
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Neurophysiological Properties Uranium alters neuronal excitability in the hippo-
campus. In vitro studies have shown a decrease of depolarization-evoked glutamate 
after uranium exposure (Tomsig and Suszkiw 1996). Pellmar et al. demonstrated 
that the efficacy of synaptic transmission and glutamatergic release is impaired in 
the hippocampus of uranium-exposed rat brains (Pellmar et al. 1999). These electro-
physiological changes point to a decrease in neuronal excitability.

 Uranium and Brain Development: Insights from a New Model 
of Uranium Exposure During Gestation

As with toxicants, exposure to uranium in early life may cause later health effects 
(Grandjean and Landrigan 2014). The effects of uranium during the neonatal period 
are limited to developmental toxicity and fetal development (Domingo 2001; 
Paternain et al. 1989) and neurobehavioral disturbances in animals exposed during 
brain development (Albina et al. 2005; Briner and Abboud 2002). The neurons of 
the central nervous system are produced during development by neurogenesis, the 
principal steps of which—cell proliferation/death, differentiation, migration, and 
synapse formation (Gotz and Huttner 2005)—may be disrupted by uranium, result-
ing in alteration of the integrity of neural networks, causing neurological distur-
bances in children as well as adults, as shown, for example, after methylmercury 
neonatal exposure (Ceccatelli et al. 2013).

Recent experimental studies have focused on specific processes of neurogenesis, 
i.e., proliferation and differentiation after uranium exposure during prenatal and 
postnatal development of the rat brain (Legrand et  al. 2016a, b). These studies 
focused on the telencephalon and more specifically on the hippocampus. During 
prenatal development, hippocampal regions begin to form from gestational day 
(GD) 15 to GD21, and the dentate granular cells appear mostly in fetuses after GD18 
(Bayer 1980). At birth, Ammon’s horn is well organized when the dentate gyrus is 
immature. Granule cells of 85% are generated between postnatal day (PND) 0 and 
PND 21 in the dentate gyrus (Altman and Bayer 1990). Specific markers linked to 
the stages of hippocampal development have been used to study cell proliferation 
and neuronal differentiation processes: two at prenatal stages, GD 13 and 18, and 
three at postnatal stages, PND 0, 5, and 21. Bromodeoxyuridine (BrdU) incorpora-
tion has been used to study cell proliferation (S phase) (Legrand et al. 2016a), and 
Wnt, Notch signaling, and the pro-/anti-neurogenic bHLH (basic helix- loop- helix) 
genes, as well as doublecortin, a marker of immature neurons, have been examined 
because of their involvement in hippocampal development, in maintaining neural 
progenitor cell proliferation, and in neuronal determination or neuronal differentia-
tion pathways, respectively (Legrand et al. 2016b). The major results of these studies 
were (1) a decrease in Wnt3a staining in the hippocampal  neuroepithelium of GD13 
embryos from exposed dams, (2) an increase in BrdU staining cells in the dentate 
neuroepithelium and a decrease in staining intensity for Notch1 and an increase for 
Mash1  in the hippocampal neuroepithelium of GD18 fetuses of dams exposed to 
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uranium, and (3) a decrease in the number of  BrdU-labeled cells in the granule cell 
layer of the dentate gyrus and an increase in the number of doublecortin- positive 
cells in the granular cell layer in PND 21 rats of exposed dams.

Taken together, these data strongly suggest that uranium affects various signaling 
pathways of neuronal cell proliferation early in neuronal determination or induction 
at specific times of the prenatal and postnatal stages in the hippocampus during its 
development. However, these effects on neurogenesis processes do not disrupt the 
development of the hippocampus, as shown by the organization of its layers (Dinocourt 
et al. 2017; Legrand et al. 2016a). These results do not allow us to conclude that ura-
nium has a real impact on the development of the hippocampus, and further studies 
are needed of other markers and of other steps of cell migration and synaptogenesis, 
i.e., how the neuronal network is built up when it is exposed to uranium. Indeed, even 
if the layers of the hippocampus are well organized, no data are yet available on syn-
aptogenesis and the organization of neuronal networks after uranium exposure during 
brain development. The neurophysiological properties of the networks might thus be 
disrupted. Supporting this hypothesis, preliminary results suggest that adult neuro-
physiological properties are impaired after exposure to uranium during postnatal 
development in rats (Dinocourt et al. 2014; Dinocourt et al. 2015).

 Uranium and the Central Nervous System: New Technologies 
Need to Serve New Insights

 Neuroepigenetic Mechanisms

Chemical modifications of DNA and of its associated proteins that do not involve a 
change in DNA sequence, i.e., epigenetic alterations, are possible targets of heavy 
metals (Cheng et al. 2012). More importantly, several lines of evidence indicate that 
epigenetic mechanisms in the central nervous system are essential for regulating vari-
ous neuronal functions and play a critical role in cognitive behavior, as learning and 
memory (see review (Rudenko and Tsai 2014)). Three principal types of molecular 
mechanisms mediating epigenetic regulation of gene expression (DNA methylation, 
histone modification, and expression of noncoding RNAs) can regulate neuronal 
function and thus are potential targets for the effects of uranium. Two early studies of 
DNA methylation during uranium-induced lung cancer and leukemia (Miller et al. 
2009; Su et  al. 2006) were followed by two recent reports showing, after chronic 
uranium exposure, changes of global DNA methylation in various organs—the 
gonads in rodents (Elmhiri et al. 2016) and the brain in zebrafish (Gombeau et al. 
2016). Gombeau et al. showed for the first time that uranium increases genome-wide 
cytosine methylation in the brain, while it decreases DNA methylation at specific 
sites, CpG islands, mainly found in promoter regions of genes, with possible conse-
quences in terms of gene silencing (Hon et al. 2012). These alterations in cytosine 
methylation patterns depend on uranium concentration and duration of exposure and 
were greater in males than in females (Gombeau et al. 2016). The authors hypothesize 
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that uranium could modulate genomic DNA methylation by oxidative stress, and it 
has been reported that oxidative stress induces epigenetic alterations (Franco et al. 
2008; Valinluck et al. 2004). The neurotoxicity of uranium via oxidative stress has 
been clearly demonstrated in rodents (see review (Dinocourt et al. 2015)) as well as in 
zebrafish (Barillet et al. 2007; Lerebours et al. 2009). They also suggest that DNA 
methylation could be affected by DNA methyltransferase activity, as already shown 
for other heavy metals like cadmium (Huang et  al. 2008; Takiguchi et  al. 2003). 
Interestingly, these DNA alterations were also found in the nonexposed progeny of 
uranium-exposed parents (Gombeau et al. personal communication).

 Metabolic Fingerprint in the Brain

Extensive  literature data show the molecular and physiological effects of various 
metabolic pathways in the brains of animals chronically exposed to low-dose ura-
nium (Dinocourt et al. 2015, 2017; Legrand et al. 2016a, b; Lerebours et al. 2010). 
However, these results are generally difficult to interpret. Alternative approaches to 
assessment of chronic exposure to low doses of uranium include metabolomics 
(Grison et al. 2013, 2016), which provides a quantitative analysis of metabolic net-
works, through the simultaneous quantification of free low-molecular-weight 
metabolites (<1000 Da) and profiling of metabolic phenotypes. A recent metabolo-
mics study of the effect of uranium exposure on brain metabolism used metabolites 
of the cerebrospinal fluid (CSF) in rats chronically exposed to uranium from birth to 
discriminate between rats exposed or not exposed and also between the sexes 
(Lestaevel et al. 2016). Among the 86 most discriminatory CSF metabolites, 7 dis-
criminated control versus exposed female rats, 7 discriminated control versus 
exposed male rats, and 4 discriminated control versus exposed rats independently of 
gender. Two of these metabolites belong to arginine and proline metabolism 
(N2-succinyl-L-arginine, N4-acetylaminobutanoate). N-methylsalsolinol, the 
dopamine- derived tetrahydroisoquinoline derivative, may be neurotoxic to dopami-
nergic metabolism (Naoi et al. 1997) and may be involved in the pathogenesis of 
Parkinson’s disease (Maruyama et al. 1996). Thus, considering the metabolome as 
a the metabolic state of a given physiologic state, metabolomics may be able to 
reveal biochemical pathways involved in biological mechanisms as well as potential 
biomarkers after exposure to uranium (Kaddurah-Daouk and Krishnan 2009).

These data point to new potential targets of uranium that should be investigated. 
First, the epigenetic approach will help to elucidate the underlying genetic mecha-
nisms. Epigenetic regulation of gene expression includes DNA methylation, histone 
modification, and expression of noncoding RNAs. The latter is important because 
these noncoding microRNAs play a key role as regulators of synaptic functions and 
cognitive function and in neurodegenerative diseases (Gapp et al. 2014; Mouradian 
2012; Rudenko and Tsai 2014).  Furthermore,  high-throughput  methods  such  as 
next-generation sequencing should be used to identify methylation changes at spe-
cific gene locations, to clarify the links between histone modifications, DNA meth-
ylation, and transcriptomic alterations (Hirst and Marra 2010). And metabolomics 
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can detect genomic, transcriptomic, and proteomic changes. Together they can be 
used to elucidate complex, heterogeneous mechanisms and to explain how uranium 
exposure might affect physiological pathways. For example, proteomics has been 
used to explore sets of serum proteins after chronic exposure by ingestion of ura-
nium (Petitot et al. 2016). Moreover, metabolomics from brain tissue can be used to 
explore cerebral function and dysfunction (Gonzalez-Riano et al. 2016) and need to 
be investigated after uranium exposure.

 Conclusion

The experimental work reported here and in a previous review (Dinocourt et  al. 
2015) clearly shows that exposure to uranium during critical periods can affect brain 
development. Disturbances in developmental processes involve several mechanistic 
pathways (oxidative stress, biochemical, neurochemical and neurophysiological 
pathways, neurogenesis) by which uranium may act to disrupt synaptic integrity in 
neural networks and might disturb brain function in adulthood (Dinocourt et  al. 
2017; Houpert et  al. 2007; Legrand et  al. 2016a, b; Lestaevel et  al. 2013, 2015, 
2016). These data highlight the need to investigate closely the mechanisms by which 
developmental processes are altered and the long-term consequences of uranium 
exposure during development. Furthermore, new technologies can be used in radio-
toxicology to identify new potential targets of uranium and biomarkers of neurode-
velopmental and neurodegenerative disorders. Omics and epigenetic analysis of the 
brain may help to detect the appearance of signs of neurological dysfunction after 
uranium exposure if the link between altered biological pathways and pathophysio-
logical states can be established.
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Abstract Metals are the oldest toxins known to humans. Metals differ from other 
toxic substances in that they are neither created nor destroyed by humans (Casarett 
and Doull’s, Toxicology: the basic science of poisons, 8th edn. McGraw-Hill, 
London, 2013). Metals are of great importance in our daily life and their frequent 
use makes their omnipresence and a constant source of human exposure. Metals 
such as arsenic [As], lead [Pb], mercury [Hg], aluminum [Al] and cadmium [Cd] do 
not have any specific role in an organism and can be toxic even at low levels. The 
Substance Priority List of Agency for Toxic Substances and Disease Registry 
(ATSDR) ranked substances based on a combination of their frequency, toxicity, 
and potential for human exposure. In this list, As, Pb, Hg, and Cd occupy the first, 
second, third, and seventh positions, respectively (ATSDR, Priority list of hazard-
ous substances. U.S.  Department of Health and Human Services, Public Health 
Service, Atlanta, 2016). Besides existing individually, these metals are also (or 
mainly) found as mixtures in various parts of the ecosystem (Cobbina SJ, Chen Y, 
Zhou Z, Wub X, Feng W, Wang W, Mao G, Xu H, Zhang Z, Wua X, Yang L, 
Chemosphere 132:79–86, 2015). Interactions among components of a mixture may 
change toxicokinetics and toxicodynamics (Spurgeon DJ, Jones OAH, Dorne J-L, 
Svendsen C, Swain S, Stürzenbaum SR, Sci Total Environ 408:3725–3734, 2010) 
and may result in greater (synergistic) toxicity (Lister LJ, Svendsen C, Wright J, 
Hooper HL, Spurgeon DJ, Environ Int 37:663–670, 2011). This is particularly wor-
risome when the components of the mixture individually attack the same organs. 
On the other hand, metals such as manganese [Mn], iron [Fe], copper [Cu], and zinc 
[Zn] are essential metals, and their presence in the body below or above homeo-
static levels can also lead to disease states (Annangi B, Bonassi S, Marcos R, 
Hernández A, Mutat Res 770(Pt A):140–161, 2016). Pb, As, Cd, and Hg can induce 
Fe, Cu, and Zn dyshomeostasis, potentially triggering neurodegenerative disorders, 
such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Additionally, 

V.M. Andrade • A.P. Marreilha dos Santos (*) 
Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy,  
Universidade de Lisboa, Lisboa, Portugal
e-mail: apsantos@ff.ul.pt; apsantos@ff.ulisboa.pt; paula.marreilha@clix.pt

M. Aschner 
Department of Molecular Pharmacology, Albert Einstein College of Medicine,  
Bronx, NY, USA

mailto:apsantos@ff.ul.pt
mailto:apsantos@ff.ulisboa.pt
mailto:paula.marreilha@clix.pt


228

changes in heme synthesis have been associated with neurodegeneration, supported 
by evidence that a decline in heme levels might explain the age-associated loss of 
Fe homeostasis (Atamna H, Killile DK, Killile NB, Ames BN, Proc Natl Acad Sci 
U S A 99(23):14807–14812, 2002).

The sources, disposition, transport to the brain, mechanisms of toxicity, and 
effects in the central nervous system (CNS) and in the hematopoietic system of each 
one of these metals will be described. More detailed information on Pb, Mn, Al, Hg, 
Cu, and Zn is available in other chapters. A major focus of the chapter will be on Pb 
toxicity and its interaction with other metals.

Keywords Metal neurotoxicity • Metal mixtures • Hematopoietic toxicity • Metal 
interactions

Metals in the Environment

Heavy metal exposure can occur through contaminated air, food, and water or in 
hazardous occupations. While in the developed world the levels of heavy metal 
contamination in the environment have decreased in recent decades, developing 
countries in Asia and Africa continue to experience high levels of metal pollution, 
in particular in urban environments.

This contamination largely derives from anthropogenic sources, such as the com-
bustion of leaded gasoline or unregulated industrial emissions. There is also a sig-
nificant problem with metal contamination from mining, which results in elevated 
metal levels in water and air. Another major and relatively new source of metal 
contamination in developing countries is the practice of electronic waste recycling. 
Unfortunately, primitive and unsafe methods are used for the extraction of the pre-
cious metals, resulting in contamination of the local environment of highly toxic 
metals such as Hg and Pb (Neal and Guilarte 2013).

 Environmental Exposure to Metal Mixtures

Along with actual apprehensions pertaining to human exposure to metals, it is well 
recognized that environmental exposures are not observed to single chemicals. The 
truth is that exposure to mixtures is the environmental reality in the present chemi-
cally sophisticated world (Simmons 1995). Mixtures of metals naturally occur, but 
metals are also often introduced into the environment as mixtures (Fairbrother et al. 
2007). These mixtures are ubiquitous in air, water, and soil (Simmons 1995), and 
thus, people are exposed to them either concurrently or sequentially, by various 
routes of exposure and from a variety of sources to a large numbers of toxicants at 
low doses that may result in similar or dissimilar effects over exposure periods that 
can range from short term to a lifetime (ATSDR 2000; Pohl et al. 1997). Accordingly, 
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the US Environmental Protection Agency (EPA) (ATSDR 2000) recommends 
greater efforts on understanding the combined toxic effects of metals (Fairbrother 
et al. 2007). Thus far the studies have largely focused on exposures to single metals 
(Kortenkamp and Faust 2009; Pohl et al. 1997), with few addressing chronic expo-
sures to low levels of metal mixtures (Feron et al. 1995).

Fortunately, studies on mixtures have accelerated, incorporating more knowl-
edge of specific modes of toxicological action and greater use of statistical methods 
and mathematical models (ATSDR 2000). Even so, predicting the health conse-
quences of multiple chemical exposures is still a challenge (Pohl et  al. 1997), 
because their study incorporates the understanding of interactions at several levels. 
These interactions may change toxicokinetics and toxicodynamics (Spurgeon et al. 
2010). Therefore mixtures can influence adverse health effects sometimes, resulting 
in greater (synergistic) toxicity (Lister et al. 2011); this is particularly worrisome 
when the components of the mixture individually attack the same organs or, com-
bined, overwhelm a particular mechanism that the organism uses to defend itself 
against toxic substances. Low doses that might not individually cause health effects, 
in concert, may become a public health issue (Calderon et al. 2003). It is reported 
that exposure to metal mixtures at concentrations below environmental quality 
guideline levels for individual components resulted in adverse effects that were 
attributed to interactions among the constituents (Yen Le et al. 2013). This issue was 
recently recognized by the EPA as a key gap in metal risk assessment (Abboud and 
Wilkinson 2013); thus a need exists for the research into the toxicity of metals, very 
especially with regard to metal mixtures in trace levels (Kim et al. 2009).

 Criteria to Select Metal Mixtures

Given the almost infinite number of chemical mixtures, regulators are faced with a 
problem as to which chemicals should be chosen for assessment and regulation 
(Kortenkamp and Faust 2009), being important to prioritize them for research 
efforts (ATSRD 2004). Components produced and emitted together from industrial 
processes or present together in the same environmental or human body compart-
ment are certainly to be considered. Chemicals thought to exhibit their effects 
through common mechanisms have been often grouped together based on similari-
ties in chemical structure or derived from mechanistic considerations. Recently it 
has been argued that grouping criteria should focus on common adverse outcomes, 
with less emphasis on similarity of mechanisms (Kortenkamp and Faust 2009) and 
on chemicals having great potential impact on human health (ATSDR 2004). 
Reproductive, carcinogenic, and neurotoxic effects are considered potentially 
important health endpoints in epidemiological studies of complex mixtures, particu-
larly when such mixtures contain trace metals (Shy 1993). Exposure to neurotoxic 
agents represents indeed a concern of high priority in modern society, given the ever 
increasing reported frequency of neurological diseases (Lucchini and Zimmerman 
2009), with special concern to the induced long-term effects (Emerit et al. 2004).
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Metals present unique environmental and public health issues, since these 
 elements possess several particularities that should be taken into account when 
accessing the risks of their exposure; this includes the transformation into species 
with different valence states and the conversion between inorganic and organic 
forms. All these forms may possess different behaviors in the organism such as 
absorption, distribution, transformation, and excretion and/or different toxicities. 
Some metals are nutritionally essential elements at low levels but are toxic at higher 
levels (e.g., manganese [Mn], iron [Fe], copper [Cu], and zinc [Zn]), while others 
have no known biological functions (e.g., Pb, arsenic [As], cadmium [Cd], and 
Hg). Because metals naturally occur in the environment, many organisms devel-
oped specific mechanisms for its uptake and deposition, as well as mechanisms to 
regulate their accumulation, especially the accumulation of essential metals; addi-
tionally, the bioaccumulation of metals is tissue specific. All these characteristics 
can impact the use and interpretation of bioaccumulation data and the toxicity of 
metals (Fairbrother et al. 2007).

 Neurotoxicity of Metals

Neurotoxicity may be defined as any adverse effect, permanent or reversible, on the 
structure or function of the central and/or peripheral nervous system originated by a 
biological, chemical, or physical agent that diminishes the ability of an organism to 
survive, reproduce, or adapt to its environment (Costa 1998; Costa and Manzo 
1995). The nervous system can compensate for the toxic effects caused by low 
doses of neurotoxicants, but a prolonged and lifetime exposure even to the very low 
levels may lead to delayed neurodegenerative effects (Lucchini and Zimmerman 
2009), with a progressive loss of neural tissues (Rachakonda et  al. 2004). Thus, 
neurotoxic effects can be seen in later stages of life, yet the cause of these effects 
may be related to events occurring decades earlier. The properties that clinically 
identify them may bear no more than a superficial resemblance to those manifesta-
tions marking their prior stages, and this is why the earliest stages of such diseases 
may be confused with some other sources, such as aging (Weiss 2006). Neurotoxicity 
is a sensitive endpoint due to the unique and critical role of the nervous system in 
the control of body function, including other organs and systems, such as the endo-
crine and the immune system. The limited ability of neurons to regenerate after 
injury explains neurodegenerative disease-related loss of function, as neurons die, 
and the regenerative capacity is limited (Emerit et  al. 2004; Mutti 1999). These 
disorders do not have cures (Rachakonda et al. 2004) rather they are gradually pro-
gressive, and the ability of its victims to function effectively and efficiently will be 
impaired at stages of the disease far earlier than its eventual detection (Weiss 2006). 
Thus concern exists that in the near future, low-dose long-term metal exposure may 
give rise to a society with lifelong loss of intelligence and motor capacities and 
permanent psychological disturbances (Kakkar and Jaffery 2005). These effects can 
produce reduction of economic productivity, and when this reduction occurs widely 
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across a society, the resulting economic impacts may be even greater than the costs 
of metal pollution control itself (Landrigan et al. 2006).

Chronic exposure to low levels of metals is a contributor to neurological disease 
in multiple populations around the world (Christensen 1995; Witholt et al. 2000; 
Wright and Baccarelli 2007). Several studies demonstrate increased levels of metals 
in critical brain areas of neurodegenerative disease patients (Migliore and Coppedè 
2009). The brain may at times compensate for the effects of an individual chemical 
itself acting on a particular target system; inversely, when multiple targets or func-
tional sites within one system are impacted by different mechanisms (such as in 
multi-metal exposures), homeostatic capabilities may be impaired, thereby leading 
to cumulative damage (Lucchini and Zimmerman 2009). The actual public health 
concern on the potential for exacerbated cognitive and behavioral deficits resulting 
from children’s exposure to multiple toxic metals provides an example; investiga-
tions on the effects on cognition of at least two metals together suggesting that 
combinations of metals may result in increased toxicity at this level (Kordas et al. 
2010). Even so, the effect of mixture interactions on neurotoxicity remains largely 
unknown (Tiffany-Castiglioni et al. 2006).

 Sources, Routes, Disposition, Toxicity, and Mechanisms 
of Individual Metals

 Lead

A recent assessment on the global health impacts of contaminants identified Pb 
among the six most toxic pollutants threatening human health (Csavina et al. 2012). 
Pb has many industrial uses including battery manufacture, solders, pigments, and 
radiation shielding. Its use as an additive in household paint has ceased, but 
Pb-containing paint is still found in properties built before the 1960s. Occupational 
exposure usually occurs by inhalation of Pb dust or fumes in Pb industries. 
Nonoccupational Pb exposure usually involves ingestion, such as “traditional” rem-
edies (adults). Cooking with Pb-glazed earthenware and contaminated soil or water 
are other potential sources (Bradberry 2016). Concerning Pb disposition once 
absorbed independently of the route of exposure, 99 percent of circulating Pb is 
bound to erythrocytes and is dispersed into the soft tissues – brain, liver, renal cor-
tex, aorta, lungs, spleen, teeth, and bones (Patrick 2006). The major route of excre-
tion of absorbed Pb is the kidney.

The mechanisms of Pb neurotoxicity are no doubt complex and numerous. Pb 
traverses the blood–brain barrier (BBB), accumulates in the brain, and preferen-
tially damages the prefrontal cerebral cortex, hippocampus, and cerebellum (Kwong 
et al. 2004).

At the biochemical level, one of the most important mechanisms of Pb toxicity is 
the mimicking of calcium [Ca] action and/or disruption of Ca homeostasis. Pb may 
also substitute for Zn in some enzymes and in Zn-finger proteins. The fetus and 
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infant may have increased vulnerability to Pb’s neurotoxicity due in part to the 
immaturity of the BBB and to the lack of the high-affinity Pb-binding protein in 
astroglia, which sequester Pb. In addition, Pb affects virtually every neurotransmit-
ter system in the brain, including the glutamatergic, dopaminergic, and cholinergic 
systems (Pohl et al. 2011).

At present Pb entrance pathways in the brain remain elusive, but the most stud-
ied candidate to date is the divalent metal ion transporter 1 (DMT1), and studies 
recently demonstrated that DMT1 is present in endothelial cells of the BBB 
(Huang et al. 2011).

As the structural basis of blood–cerebrospinal fluid barrier (BCB), epithelial 
cells in the choroid plexus (CP) are targets for Pb. Pb is known to accumulate in the 
CP; however, the mechanism of Pb uptake in the choroidal epithelial cells remains 
unknown. The CP, a major component of the BCB, has been shown to be involved 
in Pb-induced neurotoxicity (Shi and Zheng 2007). Animal studies showed accumu-
lation of Pb in the CP at concentrations 57- and 70-fold greater than the brain cortex 
and cerebrospinal fluid, respectively (Zheng et al. 1991). Even though Pb serves no 
nutritional requirements, pathways for Pb transport, such as DMT1, Ca2+ channels, 
endocytosis, and anion changers, have been identified in other tissues or cells (Song 
et al. 2016). Pb can also exert changes on the hematopoietic system, and actually, 
among the most important enzymes disrupted by Pb are those involved in heme 
synthesis. Inhibition of delta-aminolevulinate dehydratase (ALAD) leads to accu-
mulation of delta-aminolevulinic acid (ALA) (Bradberry 2016). Higher blood levels 
of Pb disturb hemoglobin (Hb) synthesis and, therefore, decrease its concentration.

Neurological effects are one of the most sensitive endpoints of Pb exposure, and 
children are particularly vulnerable. Exposure to high Pb levels produces encepha-
lopathy with signs such as hyperirritability, ataxia, convulsions, stupor, and coma. 
In children, exposure to low Pb levels has been associated with neurobehavioral 
effects including impaired cognitive ability and IQ deficits. In Pb workers, reported 
neurobehavioral effects include malaise, forgetfulness, irritability, lethargy, head-
ache, fatigue, impotence, decreased libido, dizziness, weakness, and paresthesia. Pb 
exposure in workers has also been associated with neuropsychological effects, 
increased prevalence and severity of white matter lesions, changes in nerve conduc-
tion velocity and postural balance, and alterations of somatosensory evoked poten-
tials (Pohl et al. 2011).

 Manganese

Mn is an essential metal ion for life since it is a cofactor for a wide variety of enzymes 
(Casarett and Doull’s’s 2013). There are inorganic and organic Mn compounds, 
with the inorganic forms being the most common in the environment. Uses of Mn 
include Fe and steel production, manufacture of dry cell batteries, manufacture of 
glass, textile bleaching, and oxidizing agent for electrode coating in welding rods. 
Organic compounds of Mn are present in the fuel additive, in methylcyclopentadi-
enyl manganese tricarbonyl (MMT), and in fungicides (e.g., maneb and mancozeb). 
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Mn is naturally present in food, with the highest concentrations typically found in 
soya, nuts, cereals, legumes, fruits, grains, and tea; it is also present at low levels 
in drinking water. Higher inhalation exposures may be experienced in occupational 
settings such as Mn mines, foundries, smelters, and battery manufacturing facilities 
(Santamaria 2008).

The route of exposure can influence the distribution, metabolism, and potential 
for neurotoxicity of Mn-containing compounds (Anderson 1999; Roels et al. 2012). 
The oral route is considered to be less important for risk assessment purposes, 
because Mn is poorly absorbed from the gastrointestinal (GI) tract (5%).

Mn is transported in plasma bound to a gamma 1-globulin, transferrin (TRF), 
and is widely distributed in the body concentrating in mitochondria, so that tissues 
rich in these organelles, including the brain, pancreas, liver, kidneys, and intestines, 
have the highest Mn concentrations. Mn readily crosses the BBB and its half-life in 
the brain is longer than in the whole body (Casarett and Doull’s 2013). The inhala-
tion route is more efficient than ingestion at delivering Mn to the brain (Gianutsos 
et al. 1985) due to greater Mn absorption from the lungs and slower clearance of 
absorbed Mn from the circulation. Another efficient inhalation route is olfactory 
transport, an often overlooked route of direct delivery of chemicals from the nose to 
the brain (Brenneman et al. 2000). The principal route of excretion of Mn is in the 
feces (Casarett and Doull’s’s 2013).

A mechanism for the neurotoxicity of Mn has not been clearly established.  
A suggested mechanism of Mn neurotoxicity is the increase in auto-oxidation or 
turnover of intracellular catecholamines including dopamine (DA), norepinephrine, 
and epinephrine. This leads to the increased production of free radicals, reactive 
oxygen species (ROS), and other cytotoxic metabolites, along with a depletion of 
cellular antioxidant defense mechanisms. Other potential mechanisms include the 
potential substitution for Ca by Mn, the possibility that a transport mechanism for 
Mn is linked to the DA reuptake carrier, the inhibition of brain mitochondrial oxida-
tive phosphorylation by Mn, and the involvement of Mn in complex interactions 
with other minerals (Pohl et al. 2011).

The transport of Mn into the brain ultimately depends on its ability to cross the 
BBB. Similarly to the case of Fe, the transport of Mn across the BBB and its cellular 
uptake can happen through TRF-dependent and TRF-independent mechanisms 
(Quintanar 2008). Mn(II) from the bloodstream can also be directly transported by 
DMT1, or it can cross the cellular membrane using glutamate-activated ionic 
 channels that would normally transport Ca into the cell. Increased plasma Cu and 
Mn concentrations may lead to brain deposits and CNS damage. It was recently 
suggested that Mn enters the CNS predominantly through the BCB and that high 
Mn concentration impairs the integrity of this barrier (Dusek et al. 2015).

Even less information is available pertaining to eventual Mn effects in the heme 
biosynthetic pathway; one study suggested that Mn can actually interfere at this 
level (Qato and Maines 1985). More specifically, Mn(II) seems to inhibit aminolev-
ulinic acid synthase (ALAS) activity in the brain and liver. In Maines’ study (1980) 
the inhibition of liver and erythrocyte ALAD by Mn was observed, while in another 
work a competitive inhibition of ferrochelatase (FECH) by Mn was exhibited  
(Hift et al. 2011).
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Inhalation of high levels of Mn (as seen in occupational studies) can lead to a 
syndrome of disabling neurological effects in humans called manganism with 
symptoms like tremors, difficulty in walking, and facial muscle spasms. Initial 
symptoms of Mn toxicity that can progress into manganism include irritability, 
aggressiveness, and hallucinations. Effects similar to the preclinical neurological 
effects and mood effects seen in occupational studies have also been associated with 
environmental exposures to Mn in air. In addition, there is evidence that oral expo-
sure to Mn may produce similar neurological effects as reported for inhalation 
exposure. Exposure to excess levels of Mn in drinking water has been associated 
with subtle learning and behavioral deficits in children (Pohl et al. 2011).

 Aluminum

Al is the most abundant metal and the third most abundant element in the Earth’s 
crust. Due to its high reactivity, Al is not found in the free state in nature (Casarett 
and Doull’s’s 2013).

As per World Health Organization (WHO) reports, humans get inevitably exposed 
to Al through food, cooking utensils, deodorants, and antacids (Kaur et al. 2006) and 
for purifying water and vaccine adjuvants apart from occupational exposure in gun, 
automobile, aerospace, and defense-related factories (Sinczuk-Walczaki et al. 2003; 
Singh and Goel 2015), where inhalation absorption dominates (Buchta et al. 2005). 
Al overload in dialysis patients has also been reported (Abreo et al. 1990).

It has been reported that only 10% of the ingested Al is absorbed in the GI tract 
(Gorsky et al. 1979). Al has been shown to accumulate in various mammalian tis-
sues such as the brain, bone, liver, and kidney (Wills et al. 1993; Sahin et al. 1994). 
Al uptake in the brain is much slower as compared to other organs, but once gained 
access into the brain, Al distributes into the various regions, namely, the medial 
striatum, corpus callosum, and cingulate bundle (Kumar and Gill 2014).

After inhalation, Al is distributed into the whole organism. It is excreted only by 
renal elimination (Buchta et al. 2005).

Although the mechanism of Al-induced neurotoxicity remains elusive, recent 
reports suggest elevated oxidative and inflammatory stress markers (Kumar et al. 
2009) to be majorly responsible for disruption of intraneuronal metal homeostasis 
(Julka and Gill 1995) as well as axonal transport and long-term potentiation 
(Wenting et  al. 2014). Thus, involvement of multiple mechanisms in Al-induced 
neurotoxicity warrants multi-targeted approach for effective treatment (Singh and 
Goel 2015).

It causes oxidative damage by binding to prooxidant metals like Fe and Cu and 
modulates their ability to promote metal-based oxidative events. Also, Al can directly 
compete with and even substitute several other essential metals in vivo. Strong evi-
dence suggests that Al forms Al-superoxide anion complex, which is a more potent 
oxidant than superoxide anion (Oteiza et al. 1993; Nehru and Anand 2005).

Al promotes accumulation of insoluble amyloid β-protein and aggregation of 
hyper-phosphorylated tau protein, which comprises neurofibrillary tangles (NFTs) 
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(Kawahara and Kato-Negishi 2011) and causes detrimental changes to cholinergic 
neurotransmission (Sehti et al., Sethi et al. 2009).

Animal studies indicate that Al exposure can affect the permeability of the BBB, 
cholinergic activity, signal transduction pathways, and lipid peroxidation (LPO), 
impair neuronal glutamate–nitric oxide–cyclic GMP pathway, and interfere with the 
metabolism of essential trace elements (Pohl et al. 2011).

Al gains access to the brain through TRF-mediated transport, which subse-
quently leads to neurotoxicity (Yokel 2006; Singh and Goel 2015). Al is capable of 
crossing the BBB (Banks and Kastin 1985; Exley 2001), which leads to an increase 
of Al concentration in the hippocampus (Struys-Ponsar et al. 1997), cortex, singu-
lated bundles, and corpus callosum (Sethi et al. 2009).

Al induces changes in hemato-biochemical parameters in vivo (Ghorbel et al. 
2015). It has been demonstrated that Al overload affects two enzymes involved in 
heme formation, ALAS (the rate-limiting enzyme) and ALAD, as well as the major 
enzyme of heme degradation, HO (heme oxygenase). Despite, Al increases ALAS 
activity rather than ALAD, suggesting that Al might promote heme formation. The 
catabolism of heme prevails over its synthesis (Lin et al. 2013). It has also been 
proved that Al(III) overdose leads to microcytic anemia, due to its capacity to inter-
fere in heme synthesis, whether by affecting the protoporphyrin biosynthesis or by 
interfering with Fe metabolism (Bazzoni et al. 2005).

Experimental evidence of Al-induced neurotoxicity subsists since 1965, whereby 
administration of Al has been reported to induce formation of NFTs in rabbits simi-
lar to that found in AD (Klatzo et al. 1965), increasing the risk of neurodegenerative 
diseases such as AD, Parkinsonism, ALS, etc. (Becaria et al. 2003). Various studies 
have indicated neuropathological, neurobehavioral, neurophysical, and neurochem-
ical changes following Al exposure (Miu et al., Miu et al. 2003; Colomina et al. 
2002; Kaur et  al. 2006; Walton 2012). Al concentrations are also elevated in 
DA-related brain regions of PD patients (Yasui et al. 1992), showing a correlation 
between PD and Al exposure.

Also, in patients with reduced renal function, prolonged dialysis with Al-containing 
dialysates has produced a neurotoxicity syndrome (dialysis  dementia) characterized 
by the gradual loss of motor, speech, and cognitive functions (Pohl et al. 2011).

 Mercury

Hg is a heavy metal that exists in three chemical forms, metallic or elemental (Hg0), 
inorganic (Hg1+ and Hg2+), and organic, mostly as methylmercury (MeHg) (Park and 
Zheng 2012; Hsu-Kim et al. 2013). The general population is primarily exposed to 
MeHg through their diet (particularly seafood) and Hg0 from dental amalgams 
(Clarkson et al. 2007). A few studies have reported substantial human exposure to 
inorganic Hg, which may come from the use of personal products, such as skin- 
lightening cosmetics (Al-Saleh et al. 2016). Because of its antibacterial/antifungal 
properties, the organic Hg compound thiomersal is used as a preservative in medical 
preparations (Lohren et al. 2015). In recent years, man-made MeHg contamination 
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has decreased considerably, due to improvements in industrial manufacturing and 
efforts to minimize the release of Hg in the environment. However, Hg remains a 
global pollutant, and there are regions in the world, primarily in developing countries, 
where the levels of environmental contamination remain high (Ceccatelli et al. 2010).

Hg vapor emitted from amalgam dental fillings is the major source of Hg vapor 
affecting the general public. Elemental Hg vapor is primarily distributed in the kid-
neys and oxidizes into inorganic Hg that is predominately excreted in the urine 
(Al-Saleh et al. 2016). The elemental Hg can then be converted into inorganic Hg in 
the body which can accumulate in the brain. Ingested MeHg is nearly completely 
absorbed in the GI tract. Organic Hg deposits in various organs, including the blood, 
brain, and kidney. More than 90% of blood MeHg is in the red blood cells (RBCs) 
where MeHg appears to be bound to cysteine residues in Hb. Following MeHg 
exposure, Hg compounds are excreted mainly via the kidney and the GI tract. 
Demethylation of MeHg, occurring mostly in the liver, is a key step in the excretion 
process. Both MeHg and the inorganic Hg formed in the liver are excreted in the bile 
conjugated with glutathione (GSH) and related compounds. However, MeHg under-
goes enterohepatic recirculation. The halftime of excretion varies in different spe-
cies (70 days in humans) (Ceccatelli et al. 2010).

MeHg distributes to all the areas of the brain by crossing the BBB through mech-
anisms that are not fully characterized. It is possible that neutral amino acid carrier 
systems are used for the transport of MeHg–cysteine complexes. Demethylation of 
MeHg seems to take place in the brain. The formed inorganic Hg has a very long 
half-life in the brain, especially in the thalamus and pituitary. Inorganic Hg pro-
duced by demethylation may be sequestered by metallothioneins (MTs), a family of 
cysteine-rich proteins that binds with high affinity to metals (Cd, Zn, and Hg) 
(Ceccatelli et al. 2010).

The cytotoxicity of MeHg has been attributed to three major mechanisms: (1) 
perturbation of intracellular Ca2+ levels; (2) induction of oxidative stress (OS) either 
by overproduction of ROS or by reduced oxidative defense capacity; and (3) inter-
actions with sulfhydryl groups, thus forming complexes with thiol-containing com-
pounds [2] targeting proteins and peptides containing cysteine and methionine. 
Uncontrolled release of Ca2+ from the mitochondria has been reported to occur dur-
ing OS. The level of ROS increases after exposure to MeHg in brain tissue and in 
various in vitro neuronal models. MeHg is accumulated in the mitochondria, where 
it decreases the rate of oxygen consumption, alters the electron transport chain by 
impairing complex III, and induces loss of the mitochondrial membrane potential. 
MeHg is also known to interfere with the uptake of cystine, the key precursor of 
GSH synthesis, via XAG transporters in astrocytes (Ceccatelli et al. 2010).

Previous studies indicate that the BBB is significantly more sensitive to organic 
Hg species as compared to inorganic compounds (Lohren et al. 2015). However, iHg 
compounds (e.g., HgCl2) can act as a direct BBB toxicant, increasing thus its 
 permeability in rodents (Zheng et al. 2003). In the human body, Hg ions including 
MeHg (CH3Hg+) are preferably conjugated to reduced SH groups including cysteine 
and GSH. The disposition of Hg is regulated by the availability of ligands as well as 
the ability of the resulting complexes to serve as substrates for a variety of transport-
ers (Ballatori 2002). MeHg-L-cysteine has some structural similarity to the amino 
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acid methionine (Hoffmeyer et al. 2006). Thus, the amino acid transporters, which 
carry methionine into cells, actually transport MeHg-L-cysteine across membranes 
(Kerper et al. 1992; Simmons-Willis et al. 2002). Once MeHg has entered the cell, 
it binds to GSH. The conjugate is a substrate for ATP-binding cassette (ABC) trans-
porters that mediate cellular efflux of glutathione S-conjugates (Strak et al. 2016).

An increase in the urinary concentration of specific porphyrins has been described 
as a biomarker of prolonged exposure to all forms of Hg (Bowers et al. 1992; Woods 
et al. 1991; Woods 1995) based upon selective interference with the fifth (uropor-
phyrinogen decarboxylase) (Woods et al. 1984) and sixth (coproporphyrinogen oxi-
dase) (Woods and Southern 1989) enzymes of the heme biosynthetic pathway in 
kidney cells, a principal target of Hg. Hg induces a specific change in the urinary 
porphyrin excretion pattern characterized by increased concentrations of pentacar-
boxyporphyrin and coproporphyrin, along with the appearance of an atypical por-
phyrin identified empirically as keto-isocoproporphyrin (Heyer et al. 2006).

The neurotoxicity of MeHg was first recognized in adults during the Minamata 
outbreaks in 1953 (Ekino et  al. 2007), but many subsequent studies reported its 
toxicity in fetal neurodevelopment (Grandjean and Herz 2011). Data for the neuro-
developmental risk of MeHg at low levels are however still limited due to the differ-
ent interpretations or study designs (Al-Saleh et al. 2016). All signs and symptoms 
of toxicity in adults are confined mostly to the nervous system where it affects pri-
marily the granule layer of the cerebellum and the visual cortex of the cerebrum 
(Kaur et al. 2006).

Exposure to Hg produces neurological and behavioral effects in humans. Adverse 
neurological effects following acute inhalation of high concentrations of Hg vapor 
include a number of cognitive, personality, sensory, and motor disturbances. In 
addition, chronic inhalation exposure has produced signs of neurotoxicity including 
tremors, unsteady walking, irritability, poor concentration, short-term memory defi-
cits, tremulous speech, blurred vision, performance decrements in psychomotor 
skills, paresthesias, and decreased nerve conduction (Pohl et al. 2011).

Developmental exposure to MeHg can have long-term consequences, supporting 
the hypothesis of an increased risk for neurodegenerative disorders later in life 
(Ceccatelli et al. 2010).

 Copper

Cu is an essential metal for all living organisms and is a component of many metal-
loproteins such as the antioxidant enzyme Cu–Zn superoxide dismutase (SOD) and 
cytochrome oxidase. Cu salts are used in fungicides, algicides, fertilizers, electro-
plating, dyes, inks, disinfectants, and wood preservatives (Bradberry 2016). It is 
mainly used in electric and electronic industry. Mining also contributes to environ-
mental contamination, in soil and water (Angelovicová and Fazekasová 2014).

The brain concentrates heavy metals including Cu for metabolic use. As a cofac-
tor of several enzymes and/or as structural component, Cu is involved in many 
physiological pathways in the brain (Scheiber et al. 2014). In general, Cu contents 
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are higher in the gray matter (1.6–6.5 mg/g wet weight) than in the white matter 
(0.9–2.5 mg/g wet weight); Cu is enriched in the locus coeruleus and the substantia 
nigra, which both are pigmented tissues and contain catecholaminergic cells. Both 
brain Cu content and distribution change during development, with age and in neu-
rodegenerative diseases (Scheiber et al. 2014).

Although Cu is an essential element, it also plays a role in the pathogenesis of 
neurodegenerative disease such as AD (Lu et al. 2006). Free reduced Cu(I) can bind 
to SH groups and inactivates enzymes such as glucose-6-phosphate dehydrogenase 
and glutathione reductase. In addition, Cu can interact with oxygen species (e.g., 
superoxide anions, hydrogen peroxide) and catalyze the production of reactive toxic 
hydroxyl radicals (Bradberry 2016). Cumulative evidence has implied that an 
imbalanced Cu homeostasis in the brain contributes to the pathogenesis of neurode-
generative disorders such as idiopathic Parkinson’s disease (IPD), AD, and familial 
amyotrophic lateral sclerosis (ALS). Increased concentration of redox available Cu 
has been reported in PD CSF, and its concentration was correlated with motor 
impairment (Dusek et al. 2015).

Brain Cu is derived from peripheral Cu that is transported across the BBB and/or 
the BCB, which separate the brain interstitial space from blood and CSF, respec-
tively (Zheng and Monnot 2012). At both barriers Cu is transported primarily as free 
ion. Although the Cu uptake into cerebral capillaries is much slower than into the 
CP, the Cu acquired by cerebral capillaries appears to be more readily transported 
into the brain parenchyma than Cu from the CP to the CSF. In fact, recent evidence 
indicates that the role of the BCB in brain Cu homeostasis is rather to export Cu 
from the CSF to the blood than to import Cu. The BBB represents the major route 
for the transport of Cu from the blood circulation into the brain parenchyma, where 
Cu is utilized and subsequently released into the CSF via the brain interstitial fluid. 
The Cu in the CSF can be taken up by choroid epithelial cells, from where it may be 
stored or exported to the blood. Thus, while the BBB determines the influx of Cu 
into the brain, the BCB contributes to the maintenance of the Cu homeostasis in the 
brain extracellular fluids (Gunshin et al. 1997).

The Cu transporter Ctr1 is likely to be the major pathway for Cu entry into brain 
cells. Experimental evidence was provided that DMT1, which is also expressed in 
brain cells, is involved in apical Cu uptake by intestinal cells. However, while some 
authors defend that DMT1 clearly can transport Cu (Garrick et  al. 2006), others 
consider that DMT1 is a Fe-preferring transporter that does not transport Cu (Illing 
et al. 2012). The alternative Cu transport could be mediated by members of the ZIP 
(ZRT-/IRT-like protein) family of metal transporters (Scheiber et al. 2014).

The synthesis of hemoproteins may also be affected by Cu deficiency. It is well 
known that Cu deficiency can lead to anemias which might be explained by an intra-
cellular defect in heme biosynthesis at FECH (Wagner and Tephly 1975).

Alterations of Cu homeostasis have also been associated with neurodegenerative 
diseases such as prion, AD, PD, and Huntington’s disease (Scheiber et al. 2014). In 
AD Ab peptides have been shown to bind with high affinity (Atwood et al. 2000), and 
senile plaques are strongly enriched in Cu (Lovell et al. 1998). In addition, Cu ions 
induce the precipitation of Ab peptides in vitro. These observations suggest that Cu 
triggers the formation of plaques in the brain (Atwood et al. 2000; Tougu et al. 2011).
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In PD, strong and growing evidence suggests abnormalities in Cu homeostasis. 
Parkinsonism is a frequent symptom in neurological Wilson’s disease, which is an 
inherited disorder of Cu metabolism that is characterized by excessive deposition of 
Cu in the liver, brain, and other tissues (Lorincz 2010). Cu has been demonstrated 
to bind to both soluble and membrane-bound α-synuclein with high affinity (Dudzik 
et al. 2012) and to accelerate aggregation of soluble a-synuclein (Davies et al. 2013).

 Zinc

Zn is a nutritionally essential metal, and a deficiency results in severe health conse-
quences. At the other extreme, excess of Zn is relatively uncommon and occurs only 
at very high levels. Zn is ubiquitous in the environment, so that it is present in most 
foodstuffs, water, and air. The principal industrial uses of Zn include its applications 
as a corrosion protector for Fe and steel, application in batteries, and production of 
metal alloys, brass, and bronze. Zn oxide is the most widely used compound in 
industry, in the production of paints, plastics, cosmetics, pharmaceuticals, textiles, 
and electrical and electronic equipment (Peakall and Burger 2003).

The distribution of endogenous Zn is high in the bone, testis, and liver (Yasuno 
et al. 2011). High concentrations of Zn are also found in the brain and in pancreatic 
cells. In the brain, Zn highly occurs in the hippocampus, amygdala, and cortex 
(Kozlowski et al. 2009).

The molecular mechanisms by which Zn2+ triggers neuronal injury have not been 
elucidated clearly. There are several possibilities in which Zn exerts their adverse 
effects, including impairment of mitochondrial superoxide production (Sensi et al. 
2000), disruption of metabolic enzyme activity (Sensi and Jeng 2004), and activa-
tion of p38 and voltage-dependent potassium channels (Zhu et  al. 2013). 
Deregulation of neuronal Zn(II) homeostasis is believed to be strictly connected to 
mitochondrial dysfunction and OS, making the cation a possible contributor to the 
activation of pathophysiological pathways involved in brain aging and/or neurode-
generation. Zn, in its ionic form, can also exert important modulatory effects on 
neurotransmission and synaptic function, as well as regulate many signaling path-
ways (Kozlowski et al. 2009).

Zn permeability for TRPM7 channels is fourfold higher than that of Ca. Recently, 
TRPM7 channel is reported to play an important role for Zn2þ-mediated neuronal 
injury and may represent a novel target for neurological disorders where Zn2þ tox-
icity plays an important role (Kim et al. 2016a, b).

MTs exert a critical role in buffering cytosolic Zn(II). MT-3 seems to be particu-
larly relevant to neuronal Zn(II) homeostasis in critical brain regions such as the 
hippocampus where it is abundantly present in the same hippocampal glutamatergic 
terminals that are also strongly enriched in vesicular Zn(II) (Kozlowski et al. 2009). 
Zn is selectively stored and released from presynaptic vessels of neurons found 
primarily in the mammalian cerebral cortex (Nriagu 2007).
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The most common effects associated with long-term excessive Zn intakes (ranging 
from 150 mg/day to 1–2 g/day) have included sideroblastic anemia, hypochromic 
microcytic anemia, leukopenia, lymphadenopathy, neutropenia, hypocupremia, and 
hypoferremia. Changes in serum lipid profile, serum ferritin, and erythrocyte SOD 
activity have been reported in a number of patients who have ingested high doses of 
Zn. Zn is required for the activity of ALAD which plays a protective role in heme 
biosynthesis (Nriagu 2007).

Concerning neurotoxic effects, an interesting body of scientific literature sug-
gests that Zn is a neurotoxin. There is evidence indicating that the readily available 
Zn2+ could, in certain pathological states, induce neuronal injury. Exposure of 
mature cortical neuronal cultures to several hundred μM concentrations of Zn2+ 
induced neuronal death. These findings indicate that Zn dyshomeostasis is likely a 
key modulator of neuronal injury. A previous study has reported that Zn2+ induces 
neurotoxicity in a concentration- and time-dependent manner (Zhu et  al. 2012). 
Because the Zn-releasing neurons also release glutamate, they are sometimes 
referred to as “gluzinergic” neurons. Zn can modulate the overall excitability of the 
brain possibly through its effects on glutamate, gamma-aminobutyric acid (GABA) 
receptors of this network (Nriagu 2007).

 Arsenic

Arsenic is particularly difficult to characterize as a single element because its chem-
istry is so complex and there are many different As compounds. It may be trivalent 
or pentavalent and is widely distributed in nature. The most common inorganic tri-
valent As compounds are As trioxide, sodium arsenite, and As trichloride (Casarett 
and Doull’s 2013).

Arsenic is one of the oldest poisons known to men and its applications through-
out history are wide and varied. The catastrophe of As toxicity, caused by 
As-contaminated water, has already been reported in many countries. Yet, an esti-
mated 100 million people worldwide are exposed to excessive amounts of As via 
drinking water (in the range of ppm) (Watanabe and Hirano 2013; Krüger et  al. 
2009). The atmospheric deposition of As through the burning of charcoal and activi-
ties of metal foundry are examples of human activities that contributes to As envi-
ronmental contamination (O’Neil 1995), being the excessive use of pesticides and 
fertilizers and mining the factors that most contribute to As soil contamination 
(Adriano 2001).

Both arsenate (pentavalent inorganic As) and arsenite are well absorbed by oral 
and inhalation routes. Absorption by the dermal route has not been well character-
ized but is low compared to other routes (Casarett and Doull’s).

Once absorbed, arsenates are partially reduced to arsenites, yielding a mixture of 
As(III) and As(V) in the blood. As(III) undergoes methylation primarily in the liver 
to form monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). The rate 
and relative proportion of methylation production varies among species. Most inor-
ganic As is promptly excreted in the urine as a mixture of As(III), As(V), MMA, and 
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DMA. Smaller amounts are excreted in feces. In most species, including humans, 
ingested organic arsenical compounds such as MMA and DMA undergo limited 
metabolism, do not readily enter the cell, and are primarily excreted unchanged in 
the urine (ATSDR 2007). Some of these metabolites are more potent and toxic than 
the originally ingested inorganic form of As (iAs), including mono- and dimethyl-
ated arsenicals (Watanabe and Hirano 2013; Krüger et al. 2009).

All forms of As, including inorganic and methylated arsenicals, accumulate in 
many parts of the brain, with the highest accumulation in the pituitary (Sanchez- 
Pena et al. Sánchez-Peña et al. 2010).

The metabolism of iAs consumes GSH, which is the main antioxidant in the CNS 
(Dringen 2000). Arsenic may induce OS by cycling between oxidation states of met-
als such as Fe or by interacting with antioxidants and increasing inflammation, result-
ing in the accumulation of free radicals in cells. Inadequate GSH availability may 
modulate iAs biotransformation and determine disease (Ramos-Chávez et al. 2015).

The role of OS as the leading mechanism in As-induced neurological defects has 
been widely supported by in vitro and in vivo studies. OS may be the initiating 
mechanism for As-induced neurotoxicity. Arsenic-induced DNA damage and apop-
tosis in neuronal cells may follow an intrinsic mitochondrial apoptotic pathway, 
mediating through increased intracellular Ca that triggers mitochondrial stress and 
generation of ROS (Flora 2011).

In occupationally As-exposed subjects, a positive correlation between compro-
mised subjective neurological symptoms, visual evoke potential, electroneuro-
graphic and electroencephalographic results, and As concentration in air and urine 
was established (Flora 2011).

Studies in murine models have demonstrated that iAs crosses the BBB and is 
methylated in different brain regions that express the As 3 methyltransferase (AS3MT) 
enzyme (Ramos-Chávez et al. 2015). It was identified in two uptake pathways: aqua-
glyceroporin (AQP) channels, in particular the liver isoform AQP9, and the glucose 
permease (GLUT1) conduct trivalent As(OH)3 and CH3As(OH)2 which both have 
oxidative status of +3. It was proposed that GLUT1 is the major pathway for the 
movement of trivalent inorganic and methylated As into the brain and heart, where 
AQPs are not abundantly expressed, and this uptake may contribute to  cardiovascular 
disease and neurotoxicity (Jiang et al. 2010)

Considerable evidence supports the observation that As can influence many 
aspects of the heme system. Previous research has shown that As decreases heme 
metabolism and can bind to Hb, resulting in lower Hb concentrations. Arsenic has 
been shown to alter erythrocyte morphology and induce erythrocyte death. Arsenic 
also depresses bone marrow, which can lead to anemia (Hb < 120 g/L in nonpregnant 
adults), leukopenia, and thrombocytopenia. Several studies have shown that As alters 
heme metabolism and contributes to lower Hb concentrations (Kile et al. 2016).

Epidemiological studies show that As can cause serious neurological effects after 
inhalation or oral exposure. Common effects seen in humans orally exposed to As are 
peripheral and/or central neuropathy (Pohl et al. 2011). A recently published meta-
analysis focused on the negative impact of As exposure on intelligence measured by 
IQ tests (Rodriguez-Barranco et al. 2013). A 2007 study found a significant associa-
tion between urinary As concentrations greater than 50 μg/L and poor scores on tests 
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measuring visual-spatial reasoning, language and vocabulary, memory, intelligence, 
and math skills in 6–8-year-old children from Mexico (Rosado et al. 2007).

Exposure to high levels of As produces mainly CNS effects, and exposure to low 
levels produces mainly peripheral nervous system effects (Pohl et  al. 2011). 
According to Naujokas et al. (2013), exposure to low As concentrations has been 
shown to increase susceptibility to cognitive dysfunction. The mechanism of 
As-induced neurological changes has not been determined. However, some of the 
neurological effects of high-level oral exposure are thought to be the result of direct 
cytotoxicity. In addition, animal studies have shown altered neurotransmitter con-
centrations in some areas of the brain after oral exposure to As (Pohl et al. 2011).

 Iron

The major scientific and medical interest in Fe is as an essential metal, but toxico-
logic considerations are important in terms of Fe deficiency, accidental acute expo-
sures, and chronic Fe overload. Environmental exposure to Fe does occur, for 
example, from drinking water, Fe pipes, and cookware (Rush et al. 2009). But fur-
ther evidence indicates that overload of Fe, which is released from Hb, also contrib-
utes to brain injury after intracerebral hemorrhage. The toxicity resulting from Fe 
deposition in neurons is primarily mediated by the increasing of Fe that can generate 
radical species via the Fenton’s reaction since radical species are frequently associ-
ated with cytotoxicity, which is the initiating stimuli for cell death (Dai et al. 2013).

The total amount of Fe in the body is mainly present in the form of Hb (60–70%), 
myoglobin, cytochromes, and other Fe-containing enzymes (10%) as well as in fer-
ritin and hemosiderin (Appel et al. 2001).

Fe absorption is accomplished by enterocytes in the proximal small intestine, 
near the gastroduodenal junction. Its access to the circulation is modulated by trans-
port via both the apical and basolateral membranes, which is operated by specific 
transporter proteins and accessory enzymes. Nonheme Fe is first reduced to Fe(II), 
which is transported by DMT1 (Skjørringe et al. 2015). Some of the absorbed Fe is 
stored in enterocytes’ ferritin, and some is exported to the circulation by ferroportin 
(FP). Absorbed Fe is rapidly delivered to TRF, which under normal conditions 
accounts for nearly all serum Fe. In normal human subjects, plasma TRF is only 
approximately 30% saturated. The absence of a regulated mechanism for Fe excre-
tion determines the necessity of a tight balance between the sites of Fe absorption, 
uptake, transport, storage, and utilization for maintenance of Fe homeostasis 
(Kozlowski et al. 2009). After the liver, the brain contains the highest quantity of Fe, 
ca. 60 mg of nonheme Fe distributed uniquely according to brain structures. Fe is the 
most abundant trace element in the brain where it is essential for normal brain devel-
opment and function (Ward et al. 2014). It plays a crucial role for many processes 
including oxygen transport, the synthesis of DNA and RNA, and the formation of 
myelin and development of the neuronal dendritic tree (Lieu et al. 2001). The sub-
stantia nigra and globus pallidus in normal adult human brain can contain Fe levels, 
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which exceed hepatic levels, in the range of 3.3–3.8 mM Fe. These high brain Fe 
concentrations can be attributed primarily to the rapid rate of oxidative  metabolism 
necessary to maintain ionic membrane gradients, axonal transport, and synaptic 
transmission (Kozlowski et al. 2009). Postmortem and in vivo magnetic resonance 
imaging studies have shown that Fe accumulation follows an exponential saturation 
function with only little changes after the fourth to fifth decades of life (Pirpamer 
et al. 2016).

Ferrous Fe showed higher influx into cells than ferric Fe and induced more ROS 
production which resulted in higher susceptibility of neuron death. The types of neu-
ronal cell death which were induced by Fe overload were testified as necrosis, apop-
tosis, and autophagic cell death, relying on the level of Fe dosage (Dai et al. 2013).

Two main events linked to increased ROS generation have been identified in the 
degenerating substantia nigra: (a) increased Fe levels and (b) reduced antioxidant 
defenses. Fe deposition seems to be a specific hallmark of PD (Rubio-Osornio 
et al. 2013).

The toxicity of Fe deposition in neurons is primarily mediated by the increasing 
of Fe that can generate radical species via the Fenton’s reaction, since radical spe-
cies are frequently associated with cytotoxicity, which is the initiating stimulus for 
cell death (Dai et al. 2013).

Brain Fe unpaired regulation may also result from the disrupted expression of 
brain Fe metabolism proteins induced by nongenetic factors. These currently unde-
termined factors may disrupt normal control mechanisms of protein expression and 
lead to Fe imbalance in the brain, inducing then OS and neuronal death in some 
neurodegenerative disorders. Fe accumulation in the brain occurs gradually over 
time with concurrent increases in ferritin. Fe overload results in a large increase in 
the chelatable free Fe pool, which is too large to be sequestered by ferritin within 
cells. Fe toxicity, largely based on Fenton chemistry, mainly affects the mitochon-
drial inner membrane respiratory complexes (Kozlowski et al. 2009).

The transport of Fe across the BBB must be regulated, but the permeation mech-
anism has not been completely clarified so far. The uptake of TRF-bound Fe by 
TFR-mediated endocytosis from the blood into cerebral endothelial cells is no dif-
ferent in nature from the uptake into other cell types. After permeation across the 
BBB or blood–CSF barrier, Fe is likely to bind quickly to the TRF secreted by the 
oligodendrocytes and CP epithelial cells, which, diversely from what happens in 
other tissues, becomes fully saturated with Fe. The excess Fe will bind to other 
transporters, including small molecules like citrate or ascorbate. The widespread 
distribution of TFR in neurons clearly indicates that neurons can acquire Fe by 
means of TFR-mediated uptake of TF–Fe (Kozlowski et al. 2009).

Heme is an Fe-containing porphyrin that functions as a cofactor in a wide array 
of cellular processes. The terminal step of heme biosynthesis, which occurs in the 
mitochondrial matrix, is the insertion of Fe into protoporphyrin IX (Korolnek and 
Hamza 2014). Further evidence indicates that overload of Fe, which is released 
from Hb, also contributes to brain injury after intracerebral hemorrhage (Dai et al. 
2013). Fe can be released from the breakdown of Hb following aneurysm or blood 
disease (Rush et al. 2009).
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Fe deposition has also been associated with inflammatory, neurodegenerative, 
and cerebral small vessel disease. Even in normal elderly persons, elevated levels of 
Fe relate to worse cognitive performance (Pirpamer et al. 2016). Syndromes with 
neurodegeneration with brain Fe accumulation (NBIA) are a group of neurodegen-
erative disorders characterized by abnormalities in brain Fe metabolism with excess 
Fe accumulation in the globus pallidus and to a lesser degree in the substantia nigra 
and adjacent areas (Schneider 2016).

The brain of Alzheimer’s diseased humans is characterized by the accumulation 
of Fe within senile plaques (ca. 1 mM) and NFTs and also by lowered expression of 
TRF receptor. As a consequence, these brains are subject to high levels of OS. Fe 
may also promote a deposition and may affect the enzymatic processing of the amy-
loid precursor protein. As for PD, DA cell loss and disease progression are accom-
panied by the accumulation of high Fe concentrations that are particularly associated 
with aggregation of alpha-synuclein (especially the mutated form found in familial 
PD) within Lewy bodies. An increased Fe content can be detected in the substantia 
nigra of most PD patients, and up to a 255% increase in intracellular Fe concentra-
tion has been observed in postmortem PD brains. Together with Fe accumulation, 
the lowered expression of ferritin within the substantia nigra of PD patients results 
into OS and decreased GSH levels, thus directly contributing to DA neuronal toxic-
ity (Kozlowski et al. 2009).

 Cadmium

Cd is a toxic nonessential transition metal classified as a human carcinogenic 
(ATSDR 2004). It is characterized by a long half-life in humans (Jin et al. 1998) 
with a low rate of excretion from the body. The Cd content of the body increases 
with age in industrialized societies, from less than 1 μg in the newborn to 15–20 mg 
in adults (Notarachille et al. 2014).

There are several sources of human exposure to Cd, including employment in 
primary metal industries, production of certain batteries, some electroplating pro-
cesses, and consumption of tobacco (ATSDR 2012).

Cd is poorly absorbed after oral ingestion. The estimated absorption of Cd is less 
than 5% from the GI tract in humans and about 1% in animals. Once absorbed, the 
movement of Cd from blood to tissue is rapid. Over 60% of the body burden of Cd 
is localized in the liver and kidney. However, the factors that influence absorption 
and tissue distribution of Cd are not well understood (Liu and Klaassen 1996).

Cd can also be absorbed by the inhalation and dermal routes regardless its chem-
ical form (chloride, carbonate, oxide, sulfide, sulfate, or other forms), although 
dermal route of exposure is relatively insignificant and of low concern (Wester 
et al. 1992). Cd can reach the CNS being uptaken from the nasal mucosa or olfac-
tory pathways (Lafuente and Esquifino 1999). Cd is not known to undergo direct 
metabolic conversions. It has a high affinity for the SH groups of albumin and 
MT. The interaction between Cd and MT plays a critical role in the toxicokinetics 
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and toxicity; Cd is retained in both organs, liver and kidney, bound mainly to MT. 
It has a retention halftime of 73 days in the liver and a lifetime in the kidneys. Since 
a small fraction of the Cd presented to the GI tract is absorbed, most of the oral 
dose is excreted via the feces. The amount of Cd excreted in urine represents only 
a small fraction of the total body burden unless renal damage is present. Absorption 
of Cd is also influenced by metal ions such as Zn, Fe, Ca, and chromium (Cr) 
(ATSDR 2012).

Cd-induced injury in the cerebral microvessels is thought to be associated with 
OS. Following in vivo Cd exposure, there was an early increase followed by a later 
decrease in microvessel enzymes involved in cellular redox reactions, such as SOD, 
glutathione peroxidase, and catalase. Thus, a depletion of microvessel antioxidant 
defense systems and a resultant increase in LPO may provoke microvessel damage 
(Shukla et al. 1996). Cd significantly increases the levels of LPO in parietal cortex, 
striatum, and cerebellum as compared to a control group in developing rats exposed 
to Cd (Méndez-Armenta et al. 2003).

Under normal conditions and by oral route, Cd barely reaches the brain in adults 
due to the presence of the BBB (Yang et al. 2016). Differently, concerning inhala-
tion pathway, Cd is transported along the primary olfactory neurons to their termi-
nal in the olfactory bulbs, thereby bypassing the intact BBB, the olfactory route 
could therefore be a likely way to reach the brain and should be taken into account 
for occupational risk assessments for this metal (Tjälve and Henriksson 1999; 
Bondier et al. 2008).

In the brain, Cd tends to accumulate in the CP at concentrations much greater 
than those found in the CSF and elsewhere in brain tissues. A postmortem human 
study revealed that Cd concentration in the CP was about two to three times higher 
than that found in the brain cortex (Zheng 2001). Due to differences in the BBB 
integrity (Antonio et al. 2002), Cd is thus more toxic to newborn and young rats 
than to adult rats. Cd can increase the permeability of the BBB in rats (Shukla et al. 
1987) and penetrate and accumulate in the brain of developing and adult rats, lead-
ing to brain intracellular accumulation, cellular dysfunction, and cerebral edema 
(Mendez-Armenta and Ríos Méndez-Armenta and Ríos 2007).

Cd causes anemia through three known mechanisms, i.e., hemolysis due to a 
deformity of peripheral RBCs, Fe deficiency through the competition with duodenal 
Fe absorption, and hypoproduction of erythropoietin (Horiguchi et al. 1994, 2010), 
an erythroid-specific glycoprotein hormone produced mainly from the kidney that 
promotes RBC formation (Ebert and Bunn 1999). However, there has been rare 
investigation on the direct toxicity of Cd to erythroid precursors (Wang et al. 2013).

In addition to liver and kidney target organs, the CNS is also subjected to Cd 
toxicity (Lafuente and Esquifino 1999). Cd can enter the brain parenchyma and 
neurons, causing neurological alterations in humans and animal models by inhibit-
ing thiol-containing enzymes and decreasing serotonin and acetylcholine levels 
(Jomova and Valko 2011).

Exposure to Cd also severely affects the function of the nervous system (López 
Alonso et al. 2003) with symptoms including headache and vertigo, olfactory dys-
function, parkinsonian-like symptoms, slowing of vasomotor functioning, peripheral 

Neurotoxicity of Metal Mixtures



246

neuropathy, decreased equilibrium, decreased ability to concentrate, and learning 
disabilities (Kim et al. 2005; Monroe and Halvorsen 2006).

Concerning biochemical changes of CNS in response to Cd, it can inhibit the 
release of acetylcholine, probably by interfering with Ca metabolism (Desi 1998). 
Cd can affect the degree and balance of excitation/inhibition in synaptic neurotrans-
mission as well as the antioxidant levels in animal brain (Mendez-Armenta and Ríos 
Méndez-Armenta and Ríos 2007).

Moreover, there are studies showing the neurotoxicity of Cd at μM range on cell 
culture models such as neurons and glial cells (Lopez et al. 2006).

 Metal Mixture Neurotoxicity

In all environmental media, mixtures of neurotoxic metals naturally occur, and met-
als are often introduced into the environment as mixtures (Fairbrother et al. 2007). 
In this context, Pb, As, Hg, and Cd are metals/metalloids included in a WHO’s list 
of ten chemicals of major public concern (Prüss-Ustün et al. 2016), with Pb and As 
being among the leading toxic agents detected in the environment (Järup 2003). The 
four metals are thought to exhibit their neurotoxic effects (Pohl et al. 2011; Kaur 
et al. 2006) through common mechanisms, such as the generation of ROS (Patrick 
2006; Flora 2011; Kaur et al. 2006; Méndez-Armenta et al. 2003) and interaction 
with essential metals (Pohl et al. 2011; Lin et al. 2013; Freitas Fonseca et al. 2014; 
Nriagu 2007). Hence, interactions among Pb, As, Hg, and Cd will be addressed, and 
emphasis will be also given to the interactions of these metals with Fe, Cu, and Zn. 
Indeed, a mechanistic relationship is established between the dyshomeostasis of 
these essential metals and OS, as well as associations between both conditions and 
neurodegeneration (Kozlowski et al. 2009).

 Mechanisms Associated with Interactions of Lead  
with other Metals

Some populations at high risk for Pb toxicity are also overexposed to other metals 
through environmental pollution (Shukla et al. 1987), most of them nearby areas of 
industrial activity. Namely, chronic exposure to low levels of Pb and Cd through 
food, water, and air is described as common in industrial areas (Markiewicz-Górka 
et al. 2015). Other authors mention that sources of co-exposure to Pb and As are 
primarily through soil and dust deriving from pyrometallurgical nonferrous metal 
production or mining activity (Csavina 2012). It is also described that Pb, Al, and 
Zn are constituents, in major or trace amounts, of raw materials and wastes associ-
ated with the production of alumina (Phol et al. 2011). These examples illustrate 
that some populations are exposed to potential worrisome levels of metal mixtures. 
Accordingly, children residing near ore smelters have been shown to be exposed to 
Pb, As, Cd, Zn, and Cu (Shukla et al. 1987), while the levels of Pb, as well as As, 
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Hg, Cd, Mn, Zn, and Cu, in whole blood of residents from mining communities 
were found to exceed the permissible WHO guideline values (Obiri et al. 2016).

Other co-exposure scenarios to the general population are not rare, since Pb can 
occur simultaneously with As, Hg, and Cd in various parts of the ecosystem 
(Cobbina et al. 2015). Mixtures of metals can be present in the air, being an example 
the determination of urban metal levels in Pakistan which led to find that Pb and also 
Cd, Zn, Fe, and Cu are among the dominant contributors in indoor particulates, 
while Pb, Zn, and Fe constituted the major components in outdoor particulates. The 
excessive concentrations of Pb, Cd, and Zn were associated with automobile emis-
sions. Even so, the Cd and Cu levels estimated in this study were considerably lower 
than those for Mexico City, in Mexico (Nazir et al. 2011). The contamination of 
mixtures of heavy metals in the aquatic environment has also attracted global atten-
tion owing to its abundance, persistence, and environmental toxicity. A study per-
formed in a river in Bangladesh showed that the levels of Pb, As, and Cd indicated 
that water was not safe for drinking and/or cooking (Ali et al. 2016). Metal emis-
sions can also contaminate the soil, with mixtures of Pb, Mn, Zn, and Cu occurring 
in this environmental compartment (Roneya and Colman 2004). Furthermore, heavy 
metals prone to bioaccumulate in the food chain might be dangerous to human 
health. In corroboration, the metal contents in plants and soil show significant cor-
relations for Pb, Cd, Cu, and Zn, while the contents of the metals in vegetables often 
exceed those allowable for normal human and animal consumption. It has been 
estimated that if an adult consumed 2 kg potatoes, 2 kg tomatoes, and 1 kg carrots 
in a week, his/her food would exceed by 12% the maximum allowable level (MAL) 
for Cd; the daily maximum allowable rate of ingested Pb could be reached by 
 consuming 880  g of vegetables (equal parts of potatoes, tomatoes, carrots, and 
cucumbers) (Islam et al. 2007). Another study in Korean pregnant women showed 
that co-exposure to Pb and Hg could come from frequent fish and cereal or vegeta-
ble consumption; while fish consumption was positively associated with Hg levels 
in cord blood, cereal and vegetable consumptions were positively associated with 
Pb levels (Kim et al. 2016a, b). Pb can also migrate from artisanal Al cookware and 
enter food at unacceptable levels that can significantly contribute to a child or adult’s 
body burden of this metal (Weidenhamer et al. 2014).

• Disposition in the Brain

There is a general recognition that each mixture component may affect the dis-
position of other mixture components in the CNS. Being the brain a common target 
organ for Pb and other metals, potential additive or synergic effects induced by 
metal mixtures are expected (Mendez-Armenta and Ríos Méndez-Armenta and 
Ríos 2007).

Concerning Pb interactions with As, the intraperitoneal administration of both 
metals resulted in increased brain regional Pb levels in rats, accompanied by a sig-
nificant decrease of As levels in some other regions (Mejía et al. 1997). In the same 
way as As, Cd can increase the level of Pb in certain brain regions with a magnitude 
greater than that observed after Cd exposure alone; the accumulation of Cd in sev-
eral brain regions also increased. It is plausible the possibility that the co-exposure 
of Pb and Cd can damage the BBB. In this study, the levels of blood Pb decreased 
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suggesting that blood Pb level as a diagnostic tool for Pb toxicity in co-exposed 
conditions is of insignificant value (Shukla et al. 1987). Again, when Pb is adminis-
trated together with Hg or with As/Hg, Pb brain accumulation can increase by 
83.6% and 76.1%, respectively (Cobbina et al. 2015).

Pb can also interact with essential metals, such as Mn, resulting in changes in Pb 
disposition. Even very low doses of Mn when administrated together with Pb can 
raise striatal Mn, and also Pb (Suchla and Chandra 1987), as well as augments of Pb 
concentration in the whole brain of adult rodents and in pups after their co-exposure 
during gestation and/or lactation (Mejía et al. 1997). Overall, these informations 
indicate that Mn in the presence of Pb increases its distribution and/or retention in 
the brain (Pohl et al. 2011). The presence of excess Mn in the brain might increase 
the affinity of brain tissue to bind Pb, as it was suggested by in vitro results (Kalia 
et al. 1984; Shukla et al. Shukla et al. 1987; Wright and Bacarelli 2007). Analogous 
outcomes arise when Pb is administrated in vivo through a ternary metal mixture of 
Pb/As/Mn. Increased levels of Pb in the brain as compared with single exposures to 
each one of these metals, including the exposure to Pb alone, were already observed. 
Again, blood Pb levels fail to reflect the increased Pb deposition in the brain, raising 
concern that blood Pb levels may underestimate risk associated with co-exposure to 
Pb and other metals (Andrade et al. 2014b).

Fe, Zn, and Cu are also essential metals, however, considered protective of the 
toxic effects of Pb (Pohl et al. 2011; Klauder and Petering 1975). Interactions of Pb 
with Fe are broadly referred, and at the brain level, while Pb exposure damages the 
integrity of the BBB in young animals, Fe supplement may prevent against 
Pb-induced BBB disruption, with significantly reduced Pb levels in this organ 
(Wang et  al. 2007). Other studies demonstrated that Pb exposure significantly 
increased Pb concentrations in cerebral cortex and low Fe dose significantly reduced 
the cortex Pb levels. Remarkably, Fe high dose increased the cortex Pb levels (Zhi 
et al. 2015). Cu has been shown to impede the GI absorption of Pb, with in vivo 
studies showing that at higher supplemental Cu doses and higher Cu/Pb dose ratios, 
supplemental Cu can decrease blood, liver, and kidney concentrations of Pb; how-
ever, levels of Pb in the brain were not affected (Pohl et al. 2011). Concomitantly, 
other studies with ternary and quaternary mixtures led to observe that the exposure 
to the mixtures Pb/Hg/Cd and Pb/Hg/As/Cd increased brain Cu by 31.9% and 
40.8%, respectively (Cobbina et al. 2015). By its turn, Zn can also reduce Pb toxic-
ity due to its antagonistic effect on Pb absorption from the GI tract (Basha et al. 
2003). Furthermore, hippocampal Pb levels decreased, as compared to exposure to 
Pb alone, when rodents were co-exposed to Pb and Zn (Basha et al. 2003; Piao et al. 
2007). The co-exposure to Pb, As, Cd, and Hg can result in brain Zn reduction by 
65.1%, which was attributable to mimicry of Zn by complexes of toxic metals like 
As in the mixture (Cobbina et al. 2015).

The mechanisms responsible for the elevation of Pb in the brain, when the metal 
is in the presence of As, Cd, and/or Hg, are not elucidated. Nevertheless respecting 
to essential metals, their transporters can be “hijacked” by nonessential metals pos-
sessing physicochemical similarities (Martinez-Finley et al. 2012), modifying their 
uptake and accumulation (Spurgeon et al. 2010). Namely, DMT1 is present in sev-
eral tissues including the BBB endothelium [Wang et al. 2011) and in both glia and 
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neurons. This transporter is also most likely the major pathway by which Pb is 
transported into the brain (Wang et al. 2011); it is also involved in the uptake of Hg 
and Cd at least in intestinal cells (Vazquez et  al. 2015; Tallkvist et  al. 2001).  
Gu et al. (2009) also observed an effect greater than additive on DMT1 protein syn-
thesis, enhancing transport of ions in the developing rat brain resulting from expo-
sure to both Pb and Cd orally (von Stackelberg et al. 2013). Plausibly competition 
for DMT1 may have a relevant role in the increased deposition of Pb in the brain, 
when in the presence of Cd, Hg, and/or Mn. Differently GLUT1 may be a major 
pathway uptake of As in the epithelial cells of the BBB (Liu et al. 2006), and hence, 
the mechanisms leading to increased Pb brain levels after co-exposure to Pb and As 
remain to be elucidated (Andrade et al. 2014b).

DMT1 is also involved in active transport of Mn, Fe, Cu, and Zn, although Zn 
shows a different relative capacity (Espinoza et al. 2012; Garrick et al. 2006). These 
essential metals are harmful in oversupply, and thus, DMT1’s role in their homeo-
stasis is very relevant (Garrick et al. 2006).

Deficiencies in Fe can contribute to increased brain Pb levels; during periods of 
low Fe stores, expression of DMT1 in the duodenum is greatly increased, allowing 
not only increased Fe absorption but also Pb absorption (Cobbina et  al. 2015). 
DMT1 regulation in the duodenum is sensitive to levels of Fe uptake, and the trans-
porter has a much higher affinity for Fe over Pb (Wang et al. 2011). Nevertheless, 
the possibility that the expression of other Fe influx transport protein might con-
tribute to increased brain Pb accumulation is not excluded (Zhu et al. 2013). On the 
other hand, Pb may limit Fe absorption, however through a different mechanism, 
one similar to Cd which downregulates the expression of DMT1 to 70% of controls 
when added to human intestinal cells (Kwong et  al. 2004). Concomitantly, Gu 
et al. (2009) have reported that exposures to Pb and Cd synergistically increase 
DMT1 protein expression in the CNS of developing rats. Largely studies are still 
needed to clarify the affinities of different metals to DMT1, in order to provide a 
better understanding regarding interactions among metals during its transport in 
different tissues. According to a report of an in vitro study, the following order for 
DMT1 transport affinities is Mn >?Cd >?Fe > Pb > Zn with, as mentioned by the 
authors, doubts pertaining to Cd and Fe and uncertainty on where to place Cu 
(Garrick et al. 2006).

Another study proposes a different order: Cd2+ > Fe2+ > Mn2+ >> Zn2+ (Illing 
et al. 2012). Besides, while some authors defend that DMT1 clearly can transport 
Cu (Garrick et al. 2006), others consider that DMT1 is a Fe-preferring transporter 
that does not transport Cu (Illing et al. 2012). It is also very likely that additional 
mechanisms contribute to changes in the disposition of Pb, when the metal is pres-
ent with other metals. Actually once within the cells, a particular metal may occupy 
abundant binding sites (Kalia et al. 1984) on metalloproteins or target molecules, 
modifying the compartmentalization of other metals, thus leading to aberrant bind-
ing and toxicity (Spurgeon et al. 2010). Furthermore a given metal may induce over-
expression of transporters and/or binding proteins that alter the uptake of other 
metals (Kalia et al. 1984; Molina et al. 2011). In this perspective emphasis will be 
given to MTs, which are Zn-rich metal-binding proteins (Nordberg and Nordberg 
2009). Zn induces the expression of a MT that has been shown to sequester Pb 
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in vitro, protecting cells against its cytotoxicity (Roneya and Colman 2004). Many 
investigators proposed that Pb and Zn compete for similar binding sites on a MT-like 
transport protein and prevent the absorption of Pb from the GI tract (Basha et al. 
2003). Studies on the ability of metals to displace Zn from MTs indicated that Cd 
had the highest capacity to displace Zn from hepatic MT, followed by Pb, Cu, and 
Hg. Differently, As had a limited ability to displace Zn from MT, while Al, Fe, and 
Mn had no effect on Zn binding (Walkess et al. 1984).

Overall, the simultaneous exposure of Pb to As, Mn, and/or Hg induces increased 
accumulation of Pb in the brain, while in a different way when Pb is in the presence 
of Zn and/or Cu, its accumulation decreases.

• Mechanisms of Toxicity

In the same way as other metals, Pb may exert its toxic action by multi- mechanisms. 
Emphasis should be given to OS, since it is an important convergent point on the 
mechanisms of metal toxicity (Whittaker et al. 2010) representing a pathway that 
leads to the destruction of cells, including neurons and vascular cells in the CNS 
(Chong et al. 2005). While OS is a major mechanism of Pb-induced toxicity (Flora 
et al. 2012), exposures to As (Jomova and Valko 2011), Al (Kumar and Gill 2014), 
Cd (Mendez-Armenta et al., Méndez-Armenta et al. 2003), and Hg (Kaur et al. 2006) 
are also associated with excessive ROS production. Additionally, Pb exposure can 
lead to dyshomeostasis of essential metals in the brain, such as Mn (Pohl et al. 2011), 
Fe (Dai et al. 2013), Cu (Bradberry 2016), and Zn (McCord and Aizenman 2014). 
The dyshomeostasis of these metals is also known to induce OS (Pohl et al. 2011; 
Dai et al. 2013; Bradberry 2016; (McCord and Aizenman 2014) and has been associ-
ated with the induction of neurotoxicity.

It is expected that co-exposure to mixtures of Pb with other nonessential metals 
results in increased generation of ROS and/or decreases in the levels of antioxidants 
in the brain. Indeed, previous in vivo assays concerning exposure to metals’ mix-
tures representative of groundwater contamination in different parts of India 
involved the administration of a mixture of metals that included Pb, As, Cd, Mn, and 
Fe; their concentrations were equal to their WHO maximum permissible limit 
(MPL). In this work, increased LPO and decreased GSH level and activities of anti-
oxidants in the brain (Jadhav et al. 2007) were observed. Similarly, the in vivo expo-
sure to Pb, Hg, and Cd at the MPLs for each metal stipulated in the National 
Standard of The Republic of China for Municipal Water Standards resulted in a 
significant reduction in the activities of the brain antioxidant enzymes SOD and 
catalase and increases in malondialdehyde which is a marker of LPO (Cobbina et al. 
2015). Elevated levels of brain nitric oxide synthase, an indicator of nitric oxide 
(NO), also suggested the induction of nitrosative stress (NS); NS is a parallel pro-
cess, similar to OS but with involvement of ROS, known to create major toxicities 
to the brain and already associated with several neurodegenerative conditions 
(Klandorf and Van Dyke 2012, Cobbina et al. 2015). Still considering OS, in vitro 
works showed that astrocytes treated with Pb, As, and Cd triggered ROS generation, 
resulting in apoptosis of the mixture-treated astrocytes greater than would have 
been predicted by the individual metal treatment. Other toxicological evidences 
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exist indicating that Mn interacts with Pb and Cd greater than additively, increasing 
the formation of ROS (von Stackelberg et al. 2013).

Another mechanism through Pb exerts CNS toxicity is the disruption of the nor-
mal physiological balance of trace metals in the brain, and essential metals may 
become compartmentally toxic by accumulation at levels that exceed the normal 
metal-buffering capacity within the cell (Zhou et al. 2014).

Cumulative evidences have implied that an imbalanced Fe, Cu, and Zn homeo-
stasis in the CNS correlates with the pathogenesis of neurodegenerative disorders 
(Zheng et al. 2014; Molina et al. 2011; Szewczyk 2013). Actually, Pb has the ability 
to substitute other bivalent cations like Fe (Flora et al. 2012) and provoke Fe eleva-
tion in the brain tissue of Pb-exposed rodents. It is proposed that Pb influences cel-
lular Fe influx or efflux, but changes in brain Fe levels might not be the result of an 
effect on DMT1 (Zhou et al. 2014) and rather on ferroportin 1 (FP1). This trans-
porter might directly contribute to Fe efflux from neurons when overexpressed, thus 
preventing cellular Fe accumulation; Pb exposure might downregulate FP1 expres-
sion inducing cellular Fe accumulation in cells (Zhou et al. 2014). In agreement, 
Pb-induced increased Fe content in the old-aged rats’ brain might be the result of 
the decrease of the expression of FP1. Furthermore, the effect of Pb on FP1 expres-
sion is regulated at transcriptional and posttranscriptional levels. Overall the pertur-
bation in Fe homeostasis may contribute to the neurotoxic consequences induced by 
Pb exposure, and FP1 may play a role in Pb-induced Fe accumulation in the brain 
(Zhu et al. 2013).

Concerning Cu, Pb can induce Cu accumulation in brain tissue as it is reported 
in in vitro and in vivo studies. Excess Cu concentration is detrimental to cells due to 
free Cu capability to form toxic free radicals, resulting in OS in neuronal cells. 
Metals such as Pb (and also Cd and Hg) can affect SH integrity within the MT 
metal-binding sites. It was hypothesized that exposure of MT to transition metals 
such as Cu, in combination with certain heavy metals with higher affinity for MT 
(Pb, Cd, and Hg), could lead to a release of transition metals and, hence, potentiate 
metal-dependent OS. Interestingly, there might be a bifunctional role of MT in pro-
tecting against and enhancing Cu- dependent OS depending upon exposure to Cu/
heavy metal (Fabisiak et  al. 1999). Still respecting to Cu, it is proposed that Pb 
upregulates the expression of the Cu transporter CTR1, which plays a major role in 
cellular Cu uptake and is abundant in the BBB, BCB, and brain parenchyma. 
Concurrently, Pb might downregulate the expression of P-type Cu-transporting 
ATPase (ATP7A), which is a major component of the intracellular Cu homeostasis 
apparatus. A consequent reduction of Cu efflux from the cells may thereby result in 
disturbed Cu homeostasis in the brain (Zheng et al. 2014). Less information is avail-
able on Pb-induced Zn dyshomeostasis. Even so, a large percentage of behavior- 
disordered persons exhibit an imbalance in levels of Cu and Zn in urine, blood, and 
other tissues, being suggested that Pb-induced imbalance in Zn (as well as Cu) may 
mediate insidious neurotoxic effect of Pb (Ademuyiwa et al. 2010).

• Effects in the Hematopoietic System
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Pb directly affects the hematopoietic system through reduction of the life span 
of circulating erythrocytes, by increasing the fragility of cell membranes. This 
metal can also restrain the synthesis of Hb, by inhibiting various key enzymes 
involved in the heme synthesis pathway. The combined aftermath of these two 
processes leads to anemia (Flora et al. 2012). Eight enzymes catalyze the reactions 
leading to heme synthesis (Hift et al., 2011; Kauppinen 2005), and most impor-
tantly, those enzymes have been shown to be specifically susceptible to impair-
ment by a variety of toxic agents (Bleiberg et  al. 1967; Quintanilla-Vega et  al. 
1996), including metals other than Pb. Blood ALAD and Zn protoporphyrin have 
been demonstrated to be sensitive for metal interactions at low doses (Wang and 
Fowler 2008). When interferences occur with the enzymes of the heme biosynthe-
sis, there is characteristically an excessive accumulation and excretion of ALA 
and/or porphyrins (Adhikari et al. 2006; Guolo et al. 1996). Because individual 
porphyrins differ by the side-chain substituents, different metals may induce spe-
cific and different changes in porphyrin excretion patterns (Woods et al. 2009). 
Therefore, co-exposure of Pb with other metals with the capability to interfere 
with this metabolic pathway may certainly result in other characteristic urinary 
porphyrin profiles.

Indeed, Pb/As co-exposure can lead to synergistic inhibition of blood ALAD as 
compared to a single exposure either to Pb or As (Wang and Fowler 2008), while an 
additive effect on coproporphyrin excretion, but without alteration on ALA or uro-
porphyrin excretion, was already noticed (Fowler and Mahaffey 1978; Mahaffey 
et al. 1981). By its turn (in sequence), it is reported that while Cd itself do not mark-
edly alter urinary excretion of porphyrins, simultaneous treatment with Pb and Cd 
increases in the urinary excretion of these heme precursors. In addition, the decrease 
in urinary ALA excretion observed after concomitant administration of Pb and Cd 
may result from Cd inhibition of the formation of active metabolites of vitamin D, 
which appear to play a role in Pb absorption (Fowler and Mahaffey 1978).

When the metals Pb, As, and Cd are administrated as a ternary mixture, interac-
tions also occur, with additive increases in the urinary excretion of porphyrins, 
along with greater blood Zn protoporphyrin levels, than those observed with single 
exposures (Fowler and Mahaffey 1978). Another study established that exposure to 
the same mixture increases ALA, Fe, and Cu levels in  vivo. The authors also 
observed that increases in ALA were followed by statistically significant increases 
in kidney Cu (Cobbina et al. 2015). Increased RBCs were also noted after adminis-
tration of Pb or Cd (or As), and more cells were observed when the three metals 
were concomitantly administered. Despite increased numbers of circulating RBCs, 
Hb and hematocrit were reduced, especially with the Pb–Cd combination (Mahaffey 
and Fowler 1977). It was speculated that both Cd and Pb could affect Hb through 
interference with Fe metabolism, which is an essential element for Hb production. 
Cd can induce anemia by competing with Fe absorption, and in the same way, Pb is 
taken up by the Fe absorption machinery secondarily blocking Fe through competi-
tive inhibition (Kwong et al. 2004).

Similarly to Pb, the mechanism by which excess Al induces anemia seems to be a 
reversible block in heme synthesis, due either to a defect in porphyrin synthesis or to 
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impaired Fe utilization. The exposure to Al can induce an increase in the percentage 
of uroporphyrin and a decrease in coproporphyrin in urine (Nasiadek et al. 2001). 
However, Al can have an inhibitory effect in vitro, whereas in in vivo studies it acti-
vates the enzyme; Pb and Al together depress the enzyme activity in an additive way 
that can be reactivated by the addition of Zn (Abdulla et al. 1979). In line, Hg body 
burden was already shown to correlate with changes in urinary porphyrin profiles and 
with specific neurobehavioral deficits (Woods 1996). However these outcomes and 
the lack of studies pertaining to eventual Pb interactions with Hg on the heme syn-
thesis pathway reveal the pertinence of studies on this matter. It is also known that 
Mn interferes with Fe homeostasis (Molina et al. 2011) and can in vitro inhibit FECH 
(Hift et al., 2011). This enzyme catalyzes the terminal step in the biosynthesis of 
heme, converting protoporphyrin IX into heme B through the insertion of Fe 
(Korolnek and Hamza 2014). More recently, it was demonstrated that Mn induces 
modifications in the excretion of porphyrins by increasing total porphyrins and modi-
fying their profile. Results obtained after co-exposure to Pb, As, and Mn were sug-
gestive that combined effects of the three metals resulted in higher heme synthesis 
disorders than those induced by exposure to each one of the metals alone (Andrade 
et al. 2014a). However, there is a lack of works clarifying the eventual interactions 
between Pb and Mn at this level.

Both Pb poisoning and Fe deficiency are capable of independently producing 
anemia. In the erythrocyte, both conditions affect the same cellular processes result-
ing in similar outcomes, with evidence for a synergistic relationship. During  anemia, 
Pb becomes even more concentrated in RBC, seeming reasonable that the increased 
toxicity to erythrocytes during Fe deficiency anemia and Pb poisoning is partly due 
to an increased concentration of Pb in these cells (Kwong et al. 2004). Combined 
effects of Pb and Fe on heme synthesis are also described; when the pathway is 
inhibited at the final step, Zn instead of Fe is incorporated into protoporphyrin 
resulting in elevated levels of Zn protoporphyrin, which is a measure of heme syn-
thesis inhibition. Indeed Fe deficiency and Pb poisoning are each one capable of 
inhibiting heme synthesis at this final step, and accordingly the concentrations of Zn 
protoporphyrin are dramatically higher in the presence of both conditions than in 
either Fe deficiency or Pb poisoning alone (Kwong et al. 2004). Furthermore, FECH 
is especially sensitive to low Fe levels in the presence of Pb poisoning. Actually Pb 
accumulates at mitochondria where apparently interferes with transport of Fe, the 
site of FECH.  Concomitantly, while the levels of urinary ALA are usually not 
affected by Fe deficiency, they are elevated in Pb poisoning due to Pb’s inhibition of 
ALAD. The simultaneous occurrence of Fe deficiency and elevated Pb levels result 
in an almost twofold increase in urinary ALA, than with the presence of elevated Pb 
levels alone (Kwong et  al. 2004). Pertaining to Pb interactions with Zn, orally 
exposed children benefitted of a protective effect of Zn on the hematopoietic effects 
of Pb, in the same way as demonstrated by in vivo works, even with Pb at higher 
doses. There are mechanistic evidences that Zn excess protects and reactivates 
Pb-inhibited ALAD, which is a Zn-containing enzyme (Pohl et al. 2011). Actually 
Zn may induce proteins that sequester Pb and donate Zn to ALAD (Roneya and 
Colman 2004). Indeed, supplemental Zn can protect against the Pb-induced increases 
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in Zn protoporphyrin and urinary ALA excretion. However, these protective effects 
were seen at higher but not lower Pb doses and when basal levels of Zn in the diet 
were adequate (Roneya and Colman 2004). Additionally, effects of the mixed expo-
sure to Pb, Zn, and Cu on workers’ erythrocytes include inhibition of ALAD and 
increased free erythrocyte protoporphyrin in comparison with values in unexposed 
population; these effects are characteristic of Pb. Thus, characteristic hematological 
effects of Pb were seen in workers co-exposed to low levels of Zn and Cu. However, 
whether or not Zn and Cu afforded some protection against these effects cannot be 
determined from this study (ATSDR 2004).

Interestingly, associations exist among Pb poisoning, hematological disarrays, 
and neurotoxicity. Pb’s inhibition of heme synthesis and disruption of protoporphy-
rin utilization appear to have a role in the demyelination of neuronal axons and the 
development of peripheral neuropathy, which is not unusual in adult’s Pb intoxica-
tion. Pb-intoxicated individuals have a high concentration of blood protoporphyrins 
and excrete an excess of protoporphyrins that are thought to be precursors of a 
substance essential for myelin maintenance (Kwong et al. 2004). Moreover, ALA 
which accumulates due to Pb exposure resembles GABA, and stimulation of GABA 
receptors is thought to be an important mechanism of Pb-induced neurotoxicity 
(Bradberry 2016).

• Neurotoxic Effects

Neurotoxic effects are considered among the most potentially important health 
endpoints in epidemiological studies of complex mixtures, most particularly when 
such mixtures contain trace metals (Shy 1993). Not many reports are found respect-
ing specifically to the neurotoxic effects induced by mixtures of metals. Even so, the 
mixture of As and Pb already showed to induce neuropsychological effects in chil-
dren living in Morales (Mexico) despite that no conclusive results were obtained 
regarding interactions between these elements in this work (Carrizales et al. 2006). 
In turn, studies with rodents showed that while Pb alone increased movement and 
vertical activity and Cd alone decreased movement and increased rest time, Cd 
antagonized Pb-induced effects in rats co-exposed to both metals (Pohl et al. 2011). 
A synergistic effect from a mixture of Pb, As, and Cd on the developmental neuro-
toxicity was also observed with respect to glial and neuronal functions (Zhu et al. 
2014). Other studies with the ternary mixture of the same metals revealed reduc-
tions in myelin thickness and axon density of the optic nerve and a decrease in 
thickness of nerve fiber, plexiform layer, and retinal ganglion cell counts in the ret-
ina (Cobbina et al. 2015). Concerning Hg, exposure to low Pb and Hg doses for 60 
days can affect the learning and memory abilities of mice, evidenced by marginally 
high escape latency and low swimming speeds in the Morris water maze test. Similar 
trends were observed after exposure to the mixture Pb/Hg/Cd (Cobbina et al. 2015). 
In addition, animal studies provide compelling evidence that exposure to both Pb 
and Mn leads to synergistic neurological effects (Wright and Baccarelli 2007), with 
references to adversely affect cognitive function in an additive manner (Pohl et al. 
2011). Decreased learning of conditioned avoidance responses to either Pb or Mn 
alone is described, and also gestational exposure to the same mixture reduces brain 
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weight to a greater extent than either each metal alone (Wright and Baccarelli 2007). 
Despite an unaware of clinical data investigating joint exposures to Pb and Mn, 
Mexican children co-exposed to Pb and Mn had greater negative effects on cogni-
tive performance than children exposed only to Pb (Neal and Guilarte 2013). 
Cognitive deficits were shown to be associated not only with Fe deficiency but also 
with blood Pb concentration in children, and it was proposed that Fe deficiency may 
affect verbal IQ directly and/or via increased blood Pb concentration due to Fe defi-
ciency (Jeong et al. 2015). With respect to Zn, it is reported a protective effect of this 
metal against inhibition of smooth muscle contractility by Pb. Nevertheless, some 
authors consider that these studies do not provide evidence of potentiation, but 
rather a protective effect, or no effect, of Zn on Pb neurotoxicity (Pohl et al. 2011). 
Based on animal studies and mechanistic understanding, the predicted direction of 
joint toxic action for neurological effects is less than additive for the effects of Zn 
on Pb, and a similar direction is reported for Cu (Roneya and Colman 2004).  
A series of studies on Japanese workers exposed to Pb, Zn, and Cu at a gun metal 
foundry revealed that Zn and Cu may antagonize some of the neurological effects of 
Pb in occupationally exposed adults. Indirect evidence of potential antagonism by 
Zn and Cu or by Zn in Pb inhibition of peripheral nerve conduction velocity was 
found in some of these studies, but not in others. Other information from this series 
of studies include indirect evidence of potential antagonism by Zn and Cu of Pb 
inhibition of central nerve conduction and potential antagonism by Zn of Pb inhibi-
tion of autonomic nervous function (ATSDR 2004).
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Abstract Methylmercury (MeHg) is a highly neurotoxic environmental pollutant. 
Even though molecular mechanisms mediating MeHg toxicity are not completely 
understood, several lines of evidence indicate that the neurotoxic effects resultant from 
MeHg exposure represent a consequence of its pro-oxidative properties. In this regard, 
MeHg is a soft electrophile that preferentially interacts with (and oxidize) nucleophilic 
groups (mainly thiols and selenols) from biomolecules, including proteins and low-
molecular-weight molecules. Such interaction contributes to the occurrence of oxida-
tive stress and impaired function of several molecules [proteins (receptors, transporters, 
enzymes, structural proteins), lipids (i.e., membrane constituents and intracellular 
messengers), and nucleic acids (i.e., DNA)], culminating in neurotoxicity.

In this chapter, an initial background on the general aspects regarding the neurotoxi-
cology of MeHg, with a particular focus on its pro-oxidative properties and its interac-
tion with nucleophilic thiol- and selenol-containing molecules, is provided. Even 
though experimental evidence indicates that symptoms (i.e., motor impairment) resul-
tant from MeHg exposure are linked to its pro-oxidative properties, as well as to their 
molecular consequences (lipid peroxidation, disruption of glutamate and/or calcium 
homeostasis, etc.), data concerning the relationship between molecular parameters and 
behavioral impairment others that those related to the motor function (i.e., visual 
impairment, cognitive skills, etc.) are scarce. Thus, even though scientific research has 
provided a significant amount of knowledge concerning the mechanisms mediating 
MeHg-induced neurotoxicity in the last decades, the whole scenario is far from being 
completely understood, and further research in this area is well warranted.
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Abbreviations and Synonyms

GSH Glutathione (reduced form)
H2O2 Hydrogen peroxide
MeHg Methylmercury = CH3Hg+

-SeH Selenol = selenohydryl
-Se− (deprotonated form of selenol) Selenolate
-SH Thiol = sulfhydryl
-S− (deprotonated form of thiol) Thiolate

 Methylmercury Chemistry and Toxicology: General Aspects

Mercury is a metallic element presented in liquid state at room temperature. Its 
atomic symbol is Hg (from hydrargyrum, liquid silver), and its atomic number and 
weight are 80 and 200.59, respectively. Hg is greatly used in industry, and its salts 
were considerably used for therapeutic purposes in the past (Clarkson 2002). 
Nowadays, Hg is still used as a preservative (thimerosal; an organic Hg compound) 
in vaccines such as those against hepatitis B and DPT (diphtheria, pertussis, and 
tetanus) especially in nondeveloped countries (Dórea 2015). However, considering 
that mercury and mercurials are highly toxic to humans and to the whole environ-
ment, there is a significant intent to decrease both their industrial and clinical uses 
(Kessler 2013).

In nature, Hg exists mainly in three chemical forms: inorganic Hg salts, elemen-
tal Hg vapor, and organic Hg compounds, such as methylmercury (MeHg) (Clarkson 
2002). MeHg (CH3Hg+) is a pollutant ubiquitously present in environment, and its 
natural synthesis is consequence of the methylation of inorganic Hg, which is cata-
lyzed by methyltransferases of aquatic microorganisms (Compeau and Bartha 
1985). In the environment, MeHg is bioaccumulated through the aquatic food chain, 
reaching concentrations over 1 ppm in predatory fish (Hintelmann 2010).

Because most of the naturally occurring MeHg is present in the aquatic food 
chain (specially in predatory fish), seafood ingestion represents the most important 
way by which humans are exposed to MeHg. Consequently, fishing communities 
are highly exposed to toxic MeHg levels (Clarkson et al. 2003).

After ingested, MeHg is well absorbed by the gastrointestinal tract (approxi-
mately 90–95%) (Rahola et al. 1973). After absorption, MeHg can reach several 
organs, but the central nervous system (CNS) represents a preferential target for 
MeHg. In this regard, it is important to mention that the interaction of MeHg with 
thiol (-SH) groups from biomolecules has a significant role in its distribution to the 
different organs, as well as in its excretion and, consequently, toxicity. After inter-
action with L-cysteine (the unique amino acid present in proteins with a “free” 
thiol group), MeHg-L-cysteine complex (see Fig. 1) is taken up by cells from dif-
ferent tissues by molecular mimicry as a surrogate of methionine (Aschner and 
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Clarkson 1988; Mokrzan et al. 1995). In this regard, it is important to mention that 
MeHg-L-cysteine conjugate is a substrate for the neutral amino acid transporter, 
LAT-1, which transports MeHg (complexed with L-cysteine) across membranes 
(Yin et  al. 2008). Concerning the fate(s) of the MeHg-L-cysteine complex into 
cells, evidence shows the occurrence of nucleophilic displacement of complexed 
ligand by sulfhydryl-deprotonated ligands (i.e., proteins), allowing for ligand 
exchange (Rabenstein and Evans 1978), which can lead to the interaction with 
myriad of nucleophilic biomolecules, resulting in toxic consequences (Farina et al. 
2009; Roos et al. 2011). Additionally, MeHg can interact with the thiol group from 
glutathione (GSH; discussed latter), and MeHg transport across liver canalicular 
membranes into bile, a major route of excretion of this toxic compound, is depen-

—

—

Fig. 1 MeHg-cysteine interaction. MeHg (CH3Hg+) interacts with the amino acid cysteine, espe-
cially with its deprotonated (thiolate) form (−S-Cys). MeHg-cysteine complex (CH3Hg S-Cys) is 
structurally similar to the amino acid methionine, thus, represents a potential substrate for the 
neutral amino acid transporter (LAT-1). In the intracellular environment, the occurrence of nucleo-
philic displacement of complexed ligand by sulfhydryl-deprotonated ligands is possible (i.e., a 
sulfhydryl protein), allowing for ligand exchange, resulting in the interaction of MeHg with 
nucleophilic biomolecules, leading to impaired function and toxic consequences. This event is not 
restricted to sulfhydryl-containing proteins. In fact, it can also occur (and it is more likely to occur) 
with selenohydryl-containing proteins
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dent upon intracellular GSH, as well as on the glutathione-methylmercury complex 
(Dutczak and Ballatori 1994).

The interaction of MeHg with nucleophilic groups from proteins is responsible, 
at least in part, for its toxic effects (MeHg’s toxicodynamics will be further dis-
cussed in the following items). With respect to MeHg toxicokinetics, it is also 
important to mention that MeHg can undergo dealkylation. In fact, the carbon-
mercury bound in MeHg’s chemical structure can be disrupted in the biological 
systems, releasing the methyl group (dealkylation) and (re)generating inorganic Hg 
(Suda and Takahashi 1992). In this regard, the percentage (of total) of inorganic Hg 
in the blood, breast milk, and urine after MeHg exposure is 7%, 39%, and 73%, 
respectively, suggesting that inorganic Hg is an important excretable metabolite of 
MeHg. Of note, a high percentage of inorganic Hg (above 80%) was found in the 
brain of a 30-year-old individual who was exposed to MeHg at 8  years of age 
(22 years before) (Davis et al. 1994). This evidence indicates a high persistence of 
Hg in the brain after MeHg exposure. Although MeHg is well recognized as a neu-
rotoxicant by acting at specific biomolecular sites (for a review, see Farina et al. 
2011a, b), the dealkylation of MeHg into inorganic Hg likely accounts for Hg’s 
persistence in the brain and potentially long-lasting neurological outcomes 
(Grandjean et al. 1997; Ninomiya et al. 2005).

Another important issue concerning the toxicokinetics of MeHg is related to the 
fact that it is transferred from the pregnant mother to the fetus, reaching the fetus. In 
this regard, an experimental study (Watanabe et al. 1999) where pregnant mice were 
directly exposed to MeHg detected higher levels of the metal in the fetuses’ brain 
when compared to the dams, indicating a high transplacental transport of MeHg, as 
well as a great retention in the fetus brain. MeHg seems to be actively transported 
from the maternal to the fetal blood as its cysteine conjugate via the neutral amino 
acid carrier system (Kajiwara et al. 1996). In this regard, there is a huge amount of 
epidemiological data showing that maternal exposure to MeHg during pregnancy 
causes neurological deficits in their offspring (Grandjean et al. 1997; Murata et al. 
2004). Interestingly, exposure to MeHg during early fetal development is linked to 
subtle brain injury at levels much lower than those affecting the mature brain 
(Grandjean and Landrigan 2014), most likely because it affects cell differentiation, 
migration, and synaptogenesis (Theunissen et al. 2011; Zimmer et al. 2011).

 Nucleophilic Targets of MeHg

Even though Hg is a metal that does not take part in conventional reactions of elec-
tron transference, it displays pro-oxidative effects toward biomolecules; these 
effects are greatly resultant from its soft electrophile properties. As electrophile, 
MeHg is an electron-deficient species that forms covalent bonds with electron-rich 
nucleophiles (for a review, see LoPachin and Gavin 2016). From a toxicological 
point of view, the most important nucleophile groups targeted by MeHg are thiols 
(-SH) and selenols (−SeH). Even though these two chemical groups present 
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relatively analogous properties (both are soft nucleophiles formed by a chalcogen 
bonded to a hydrogen atom), there are particular characteristics that make them 
dissimilar from a biological (and toxicological) perspective. The following para-
graphs cover the most important chemical groups and molecules targeted by MeHg 
in the biological systems, as well as their oxidative consequences.

 MeHg Interacts with Selenols

Firstly, it is important to mention that Hg is the softest electrophile from its peri-
odic group or family; consequently, it will present high affinity for soft nucleo-
philes (for detailed aspects concerning soft and hard electrophiles/nucleophiles, 
see Ho 1977). Selenium is a softer nucleophile compared with sulfur, and, there-
fore, selenol-containing molecules are more prone to be targeted by MeHg when 
compared to thiol-containing ones. Moreover, selenols commonly present a lower 
pKa compared to thiols, and, consequently, most of selenium in selenoproteins is 
deprotonated (-Se−; selenolate) at physiological pH, which makes it more reactive 
compared to the selenol form (-SeH). Both events are related to the great reactivity 
of selenol/selenolate, as well as the great number of selenoproteins targeted by 
MeHg; these proteins present selenol group(s) due to the presence of the amino 
acid selenocysteine (Lu and Holmgren 2009). As consequence, several selenopro-
teins have been reported as molecular targets involved in MeHg-induced neurotox-
icity (Mori et al. 2007; Carvalho et al. 2008; Farina et al. 2009, 2011a, b; Wagner 
et al. 2010; Branco et al. 2011). Among then, the most relevant from a neurotoxi-
cological perspective are (1) glutathione peroxidase 1, 3, and 4 (Farina et al. 2009; 
Franco et al. 2009; Branco et al. 2012; Zemolin et al. 2012; Usuki and Fujimura 
2016), which catalyze the reduction of different types of peroxides, depending on 
the specific isozyme; (2) thioredoxin reductase (Wagner et al. 2010; Branco et al. 
2011), the only enzyme known to catalyze the reduction of thioredoxin, thus con-
tributing to maintain thiol redox homeostasis in proteins; (3) type II iodothyronine 
5′-deiodinase (Mori et al. 2007), which is responsible for the metabolism of thy-
roid hormones. Even though the direct interaction of MeHg with the selenol group 
of these selenoproteins has been reported to be an important mechanism mediating 
decreased protein function (Farina et al. 2009; Branco et al. 2012), posttranscrip-
tional (and pre-translational) events concerning mercury-selenium interaction 
seem to be also involved in the observed decreased activity of selenoproteins 
(Usuki et al. 2011; Penglase et al. 2014).

It is noteworthy that selenoproteins, such as glutathione peroxidase (Stringari 
et al. 2008) and deiodinases (Watanabe et al. 1999), have been reported as MeHg 
targets in experimental models of MeHg-induced developmental neurotoxicity. In 
this regard, it is important to mention that studies concerning the interaction between 
MeHg and dietary Se with a particular focus on the neurodevelopment are scarce; 
studies concerning such topic are well warranted.
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 MeHg Interacts with Thiols

In addition to selenols, thiols also represent important nucleophilic groups involved 
in MeHg-induced (neuro)toxicity. Even though a selenol-containing molecule is 
proner to be targeted by MeHg when compared to a thiol-containing molecule (if 
both are present at equimolar concentrations), it is important to mention that thiols 
are much more abundant than selenols in the biological systems. In fact, thiol groups 
can be found in low- (mainly cysteine and reduced glutathione) and high-molecular-
weight proteins, whereas selenol groups are found only in a restricted group of 
selenoproteins (Araie and Shiraiwa 2009; Lobanov et al. 2009; Lu and Holmgren 
2009). The higher nucleophilicity of selenols (compared to thiols) indicates that 
they represent preferential targets for MeHg if both nucleophiles are at equimolar 
concentrations. However, due to the great abundance of thiols, the law of mass 
action will favor MeHg-thiol interactions in the biological systems, which present 
great importance in MeHg toxicokinetics and toxicodynamics. From a toxicological 
perspective, the most important interaction between MeHg and thiols occurs with 
the amino acid cysteine, which is present in myriad of thiol proteins, as well as in 
the structure of low-molecular-weight antioxidant molecules, such as the tripeptide 
GSH (discussed latter).

Concerning the interaction between MeHg and the cysteine residue in proteins, 
it is important to note that such interaction changes the redox state of the protein’s 
thiol group(s) (Kim et al. 2002). In general, the activity of sulfhydryl (thiol) proteins 
generally decreases when their thiol groups are oxidized. Of note, it is important to 
mention that several agents (i.e., reactive oxygen species) can interact with and 
oxidize protein thiols. In addition, protein thiol oxidation is a dynamic and gener-
ally reversible process that continuously occurs under physiological conditions 
(Seres et al. 1996; Mustacich and Powis 2000). Of note, even a sulfur-mercury cova-
lent bond can be disrupted, regenerating the protein thiol group; however, the pres-
ence of a strong nucleophile is required to allow for such event (see Eq. 1).
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With a particular emphasis to the CNS, it is important to note that oxidative 
modifications of thiol proteins change chemical neurotransmission due to the modu-
lation of neurotransmitter release (LoPachin and Barber 2006) and binding to their 
specific synaptic receptors (Soares et al. 2003). In addition, the activity of several 
antioxidant proteins relies on the proper redox state of their thiol groups (i.e., 
 thioredoxin), and, as already mentioned, MeHg is able to interact with and oxidize 
such thiol groups. Accordingly, MeHg modulates the functions of several sulfhydryl-
containing proteins in the CNS, such as creatine kinase (Glaser et  al. 2010a, b), 
glutathione reductase (Stringari et al. 2008), Ca2+-ATPase (Freitas et al. 1996), Trx 
(Branco et al. 2011), choline acetyltransferase and enolase (Kung et al. 1987), etc. 
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As consequence, several secondary neurotoxic events are resultant from this pro-
oxidative effect of MeHg (discussed in item 3).

In addition to thiol proteins, low-molecular-weight thiol molecules also repre-
sent important targets mediating MeHg-induced neurotoxicity. In this regard, it is 
important to mention that GSH (gamma-glutamyl-cysteinyl-glycine), the major 
intracellular low-molecular-weight thiol compound synthesized in all tissues, can 
directly interact with MeHg. The direct chemical interaction between MeHg and 
GSH, and its importance in mercurial toxicity, dates several decades. Such an inter-
action affects the deposition of MeHg in tissues (Richardson and Murphy 1975) and 
modifies Hg excretion in the bile of MeHg-exposed rats (Osawa and Magos 1974), 
indicating that this low-molecular-weight thiol compound modulates MeHg toxic-
ity. In fact, studies on the toxicological relevance of MeHg-GSH interaction have 
shown that strategies that increase GSH levels are protective against MeHg-induced 
neurotoxicity (Kaur et al. 2011; Shanker et al. 2005). A relatively recent study (Rush 
et al. 2012) investigated the mechanisms of GSH-mediated attenuation of MeHg 
neurotoxicity in primary cortical culture. In such study, MeHg depleted GSH in 
neuronal, glial, and mixed cultures. The authors observed that supplementation with 
exogenous GSH, specifically GSH monoethyl ester (which is able to enter the cells), 
protected against MeHg-induced neuronal death. Of note, the authors observed that 
inhibition of multidrug resistance protein-1 (MRP1) potentiated MeHg neurotoxic-
ity and increased cellular MeHg, suggesting that GSH offers neuroprotection against 
MeHg toxicity in a manner dependent on MRP1-mediated efflux (Rush et al. 2012). 
In line with the aforementioned studies, several in vitro (Franco et al. 2007; Ni et al. 
2011) and in vivo (Franco et al. 2006; Stringari et al. 2008) evidences have shown 
that MeHg exposure causes GSH depletion. Figure 2 depicts the most important 
aspects concerning MeHg-GSH interaction into cells.

Because of the crucial role of GSH in maintaining redox homeostasis and detoxi-
fying reactive oxygen species (Dringen 2005), several aspects of MeHg-induced 
neurotoxicity have been ascribed to GSH depletion (for a review, see Farina et al. 
2011a). Taking into account the chemical interaction between MeHg and GSH, 
MeHg-induced GSH depletion represents a predictable phenomenon. However, 
intracellular GSH concentrations in the mammalian cerebrum and cerebellum are in 
the millimolar (mM) range. Because decreased GSH levels have been reported in 
the cortices (cerebral and cerebellar) of MeHg-exposed animals whose cortical mer-
cury levels were in the low micromolar range (Franco et al. 2006; Stringari et al. 
2008), one might posit that the simple interaction between both molecules is not the 
only cause of GSH oxidation. In fact, MeHg seems to induce the formation of reac-
tive oxygen species (ROS) by GSH-independent mechanisms as well, leading to 
subsequent GSH oxidation (Franco et al. 2007; Mori et al. 2007). This event seems 
to be also important in terms of protein oxidation, where ROS generated from MeHg 
can modulate the redox state of proteins, thus affecting their function. A classical 
example of such phenomenon was described by who showed that MeHg induces the 
generation of hydrogen peroxide (a common endogenous ROS), which downregu-
lates the activity of astrocytic glutamate transporters, culminating in excitotoxicity 
(Lockman et al. 2001).
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Of note, developmental models of neurotoxicity have also pointed to GSH and 
enzymes involved in the GSH antioxidant system as important targets mediating 
MeHg neurotoxicity. It is noteworthy that the levels of GSH-related enzymes are 
significantly increased during the first 3 weeks after birth (early postnatal period) in 
the mouse brain (Khan and Black 2003). Taking into account that after birth the 
fetus moves from an in utero hypoxic to a relatively hyperoxic environment with an 
approximate fourfold elevation in oxygen concentration, the developmental changes 
(increase in the levels of antioxidants) have been proposed as compensatory mecha-
nisms aimed at protecting the newborn from oxidative stress (Khan and Black 
2003). In line with this, Stringari et  al. (2008) showed that cerebral GSH levels 
significantly increased over time during the early postnatal period in mice, but ges-
tational exposure to MeHg caused a dose-dependent inhibition of this developmen-
tal event, indicating that prenatal exposure to MeHg disrupts the postnatal 
development of the GSH antioxidant system in the mouse brain. In agreement, the 
authors observed increased lipid peroxidation in the brain of MeHg-exposed ani-

GSHgCH3

GSHgCH3

MRP 1

Oxidative stress

GS- depletion
 + +HgCH3GS-

Fig. 2 MeHg-glutathione interaction. MeHg (+HgCH3) interacts with the reduced form of glu-
tathione (GSH or GS−) in the intracellular milieu. This interaction is responsible for decreases in 
the concentrations of this important thiol antioxidant, leading to oxidative stress. On the other 
hand, MeHg-GSH interaction leads to the formation of an excretable complex (GSHgCH3), which 
is transported out of the cell via multidrug resistance protein-1 (MRP1)
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mals, reinforcing the important antioxidant role of GSH in the CNS (Dringen 2005), 
as well as the importance of the pro-oxidative properties of MeHg in the induction 
of oxidative stress.

 Secondary Neurotoxic Consequences Resultant 
from the MeHg’s Pro-oxidative Properties

As previously discussed, MeHg is able to interact with nucleophilic groups from 
both high- and low-molecular-weight biomolecules. This interaction leads to mis-
balances in the structure and/or function of these molecules [proteins (receptors, 
transporters, enzymes, structural proteins), lipids (i.e., membrane constituents and 
intracellular messengers), and nucleic acids (i.e., DNA)], significantly contributing 
to MeHg’s neurotoxicity. The following paragraphs cover secondary deleterious 
events resultant (at least partially) from the interaction of MeHg with nucleophilic 
groups from biomolecules, with a particular emphasis on neurotoxic events. 
Changes in the homeostasis of neurotransmission and antioxidant defenses are par-
ticularly discussed.

 MeHg Impairs Neurotransmission: Focus on Glutamate

Taking into account the ubiquitous distribution of sulfhydryl- and selenohydryl-
containing proteins in the nervous system, as well as the importance of the proper 
redox state in such proteins to allow for correct functioning, a generalized toxic 
effect of MeHg toward different systems should be expected. In line with this, 
MeHg has been reported to disrupt the homeostasis of different neurotransmission 
systems, such as the glutamatergic (for a review, see Aschner et  al. 2007), the 
GABAergic (Basu et al. 2010), the dopaminergic (Daré et al., 2003), and the cholin-
ergic (Von Burg et al. 1980; Roda et al. 2008).

With respect to the dopaminergic system, evidence shows that dopamine recep-
tors present decreased functionality in the striatum of MeHg-exposed rats (Daré 
et al. 2003). Moreover, a recent study by Bridges et al. (2016) showed that MeHg-
exposed fish during different developmental periods presented significant changes 
in dopamine concentrations in embryos, as well as in the telencephalon of adult 
brains, which were paralleled by significant decreases in monoamine oxidase activ-
ity in both embryos and brain tissue. Concerning the cholinergic system, the 
 inhibitory effect of MeHg toward rat brain muscarinic receptors was reported sev-
eral years ago (Von Burg et  al. 1980). In agreement, developmental exposure to 
MeHg caused delayed MeHg exposure-related effect on M2- and M3-muscarinic 
receptors in the cerebellum of rats (Roda et al. 2008). MeHg also disrupts GABAergic 
homeostasis: in young rats chronically exposed to MeHg during the postnatal 
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period, neurological impairment was paralleled by a significant reduction in the 
activity of glutamic acid decarboxylase (GAD; responsible for GABA synthesis 
from glutamate) in the occipital cortex, frontal cortex, and caudate-putamen 
(O’Kusky and McGeer 1985). The authors suggest the involvement of GABAergic 
neurons in MeHg-induced lesions of the cerebral cortex and neostriatum. In addi-
tion, in an in vivo experimental model with captive juvenile mink, Basu et al. (2010) 
showed that long-term (89  days) MeHg-exposed animals showed concentration-
dependent decreases in [(3)H]-muscimol binding to GABA(A) receptors and 
GABA-T activity in several brain regions, with reductions as great as 94% (for 
GABA(A) receptor levels) and 71% (for GABA-T activity) measured in the brain 
stem and basal ganglia, indicating that chronic exposure to MeHg likely disrupts the 
transmission of GABA, the main inhibitory neurotransmitter in the mammalian ner-
vous system.

Even though the GABAergic, dopaminergic, and cholinergic neurotransmitter 
systems have been pointed as potential targets for MeHg (see above), most of the 
available data concerning the deleterious effects of MeHg toward a neurotransmitter 
system is related glutamate. Glutamate is the most important excitatory neurotrans-
mitter in the mammalian CNS, serving crucial roles on development, learning, 
memory, and response to injury (Fonnum 1984). Due to its direct and indirect pro-
oxidative properties, MeHg increases extracellular glutamate levels, which result 
from both inhibition of glutamate uptake (Aschner et al. 2000; Brookes and Kristt 
1989) and stimulation of its release into the synaptic cleft (Reynolds and Racz 
1987), culminating in excitotoxic events (Aschner et al. 2007b). Overactivation of 
the NMDA subtype glutamate receptors leads to an increased Na + and Ca2+ influx, 
which is associated with the generation of oxidative stress and neurotoxicity (Lafon-
Cazal et al. 1993). Indeed, glutamate-mediated increased intracellular Ca2+ concen-
trations leads to increased nitric oxide production (due to activation of neuronal 
nitric oxide synthase), as well as to mitochondrial collapse (Farina et al. 2011a). 
Notably, MeHg-induced Ca2+ and glutamate dyshomeostasis and MeHg-induced 
ROS generation (oxidative stress) are events that contribute independently to neuro-
toxicity but also represent interconnected phenomena affecting each other. Figure 3 
depicts the relationship between glutamate and calcium dyshomeostasis and oxida-
tive stress in MeHg-mediating neurotoxicity.

 MeHg Induces Lipid and Nucleic Acid Oxidation

Both in vitro and in vivo studies (Andersen and Andersen 1993; Yin et al. 2007; 
Carvalho et  al. 2007) have pointed to lipid peroxidation as an important conse-
quence of MeHg’s pro-oxidative effects. Lipid peroxidation is a free-radical-medi-
ated chain of reactions that, once initiated, results in an oxidative deterioration of 
polyunsaturated lipids. The most common targets are components of biological 
membranes (Rosenblum et al. 1989). However, it is important to mention that the 
initiation and propagation of lipid peroxidations normally requires a free radical 
able to abstract the hydrogen atom of a lipid, as well as molecular oxygen 
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(Rosenblum et al. 1989). In this scenario, MeHg is unlikely to cause lipid peroxida-
tion through direct interaction with lipids. Conversely, reactive species (i.e., H2O2, 
superoxide anion, nitric oxide) generated (or poorly detoxified) after MeHg expo-
sure seem to be the main players in MeHg-induced lipid peroxidation.

The increased levels of H2O2 observed after MeHg exposure represent conse-
quences of different phenomena, such as MeHg’s inhibitory effects toward 
 glutathione peroxidases (GPxs; Farina et al. 2009; Franco et al. 2009), which are 
important enzymes involved in peroxide disposal by means of glutathione (GSH). 
GPxs represent a family of selenoproteins whose catalytic activity (peroxide detoxi-
fication) depends on the reducing power of a selenol group located at the active site 
(Brigelius-Flohé 2006). Due to the extremely high affinity of MeHg for selenol 
groups (see above, item 2), the decreased GPx activity after MeHg exposures has 
been attributed to direct inhibitory events (Farina et al. 2009).

Another mechanism related to the increased H2O2 levels after MeHg exposure 
appears to be the direct hampering effect of this toxicant toward the entire GSH 
antioxidant system. In addition to the direct depletion of reduced GSH by MeHg, 
which certainly contributes to the decreased detoxification of H2O2 by GSH-

Fig. 3 Interplay between glutamate and calcium dyshomeostasis with oxidative stress in 
MeHg-mediating neurotoxicity. MeHg-induced inhibition of astrocyte glutamate uptake (event 
1; Aschner et al. 2000) and stimulation of glutamate release (event 2; Farina et al. 2003a, b) lead to 
elevated extracellular glutamate levels. High levels of extracellular glutamate can overactivate its 
receptors, such as the ionotropic N-methyl D-aspartate-type glutamate receptor (event 3). 
Overactivation of the N-methyl D-aspartate-type glutamate receptor leads to an exaggerated 
increase in the influx of Ca2+ into postsynaptic neurons, resulting in excitotoxicity. Ca2+ can be 
buffered by mitochondria, leading to increased ROS generation (event 4), which contributes to 
decrease the activity of astrocyte glutamate transporters (event 5) GLU glutamate, CH3Hg+ MeHg, 
ROS reactive oxygen species, NMDAR N-methyl D-aspartate receptor, mGLUR metabotropic glu-
tamate receptor
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dependent peroxidases, MeHg also impedes the physiological maturation of several 
enzymes involved with GSH metabolism, thus leading to increased levels of brain 
H2O2 and lipid peroxidation (Stringari et al. 2008).

In addition to the decreased H2O2 detoxification induced by MeHg (Stringari 
et al. 2008; Farina et al. 2009; Usuki et al. 2011), increased H2O2 generation also 
represents an important mechanism by which this toxicant leads to higher ROS 
levels. In an experimental study with isolated mitochondria from the rat cerebellum, 
Mori et al. (2007) observed that MeHg affects the mitochondrial electron transfer 
chain (mainly at the level of complexes II–III), leading to the increased formation of 
H2O2. Corroborating these findings, an in  vitro experimental study with isolated 
mitochondria from the mouse brain showed that MeHg toxicity was blunted by 
catalase, thus indicating that H2O2 is an important factor in the generation of ROS 
in MeHg-exposed mitochondria (Franco et al. 2007). Although these two studies 
have demonstrated the increased generation of H2O2 in MeHg-exposed mitochon-
dria, the actual contribution of superoxide anion (an H2O2 precursor) in such an 
event requires further investigation. While it is known that increased H2O2 levels 
represent a consequence of MeHg exposure, the precise role of this molecule in 
mediating MeHg-induced oxidative damage has not yet been fully determined. 
However, an interesting experimental study showed that catalase, which detoxifies 
H2O2, was able to abolish the inhibitory effects of MeHg on glutamate transport in 
cultured astrocytes (Allen et al. 2001), indicating that H2O2 is responsible, at least 
in part, for some toxic effects induced by MeHg. This notion was corroborated by a 
study from Franco et al. (2007), who observed that MeHg-induced H2O2 generation 
was responsible for the mitotoxic effects elicited by this compound.

As already mentioned, increased levels of reactive species other than H2O2 have 
also been observed after MeHg exposure. Particularly, increased production of 
superoxide anion and nitric oxide has been reported as a consequence of MeHg 
exposure under both in vitro and in vivo conditions. These molecules (superoxide 
anion and nitric oxide) seem to be responsible (at least partially) for oxidative 
changes in lipids because superoxide anion is a direct precursor of H2O2 (McCord 
and Fridovich 1969) and because nitric oxide can directly react with superoxide 
anion, generating peroxynitrite (Darley-Usmar et al. 1992), which has the ability to 
promote lipid peroxidation reactions (Radi et al. 1991).

The aforementioned evidences clearly show that lipid peroxidation represents an 
important consequence of MeHg-exposure. Protein oxidation (specifically related to 
the modulation of the redox state of thiols and selenols, discussed in item 2) is also 
pivotal in MeHg toxicity. In addition, pro-oxidative changes toward nucleic acids 
(specially DNA) have also reported as a consequence of MeHg exposure (Belletti 
et al. 2002; Glaser et al. 2014; Feng et al. 2016 10.1007/s12035-015-9643-y). Even 
though molecular mechanisms concerning MeHg-induced DNA oxidation are scarce 
(or absent) in the literature, it is reasonable to suppose that it shares mutual aspects 
with MeHg-induced lipid peroxidation. This is assumed taking into account that 
hydroxyl radical (produced by H2O2 in the presence of Fe2+) and peroxynitrite 
(whose levels may also increase after MeHg exposure) have been pointed as impor-
tant molecules leading to DNA oxidation (Aust and Eveleigh 1999).
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 Linking Molecular and Behavioral Outcomes

Even though human exposure to MeHg represents a ubiquitous phenomenon, two 
specific and tragic episodes – Japan (Minamata Bay) and in Iraq – were instrumen-
tal to understand several aspects concerning the toxicology of MeHg in humans 
(Bakir et al. 1973; Eto and Takeuchi 1977). In both episodes, the most important 
symptoms observed in humans highly exposed to MeHg were visual impairment, 
hearing impairment, cerebellar ataxia, hyperkinesia, psychiatric symptomatology, 
and somatosensory disturbances (numbness and paresthesia) (Bakir et  al. 1973; 
Ekino et al. 2007). Of note, experimental studies with MeHg-exposed animals have 
also detected some of these aforementioned symptoms (for a review, see Farina 
et al. 2011b). In this scenario, one might ask whether these symptoms are necessar-
ily linked to the pro-oxidative properties of MeHg, as well as their molecular con-
sequences (lipid peroxidation, disruption of glutamate and/or calcium homeostasis, 
etc.). It is very difficult to answer this question based on epidemiological studies 
with humans. However, experimental evidence indicates that, at least for the case of 
motor impairments, the answer is yes.

Cerebellar ataxia (inability to coordinate movements due to cerebellar damage) 
is commonly observed in MeHg-exposed animals (Hirayama et al. 1985; Dietrich 
et  al. 2005). In experimental models, cerebellar ataxia-related behaviors, which 
have generally been evaluated through the open field, rotarod, or beam walking 
tasks, have been linked to decreased cerebellar GPx activity, increased cerebellar 
lipid peroxidation, changes in calcium homeostasis, and changed cerebellar thiol 
status (Farina et al. 2005; Franco et al. 2006; Hoffman and Newland 2016). Of note, 
neuroprotective agents, which prevented MeHg-induced motor impairment in mice, 
also prevented MeHg-induced cerebellar lipid peroxidation (Farina et  al. 2005), 
suggesting that MeHg-induced cerebellar lipid peroxidation is related to the motor 
impairment observed in MeHg-exposed animals.

MeHg-induced motor impairments were delayed by nimodipine, an L-type cal-
cium channel blocker (Shen et al. 2016), suggesting that changes in calcium homeo-
stasis are responsible, at least partially, for MeHg-induced behavioral changes 
(impaired motor performance). In agreement with this recent study, Sakamoto and 
collaborators (1996) observed that different Ca2+ channel blockers (flunarizine, 
nifedipine, nicardipine, and verapamil) prevented signs of neurotoxicity in the rats 
treated with MeHg.

In an experimental study using MeHg-exposed lobster cockroach Nauphoeta cine-
rea, Adedara and collaborators (2016) observed that MeHg caused locomotor deficits, 
which were paralleled by decreased acetylcholinesterase activity and increased dichlo-
rofluorescein oxidation and lipid peroxidation. Co-exposure to luteolin, a polypheno-
lic compound with antioxidant properties, reversed the MeHg-induced locomotor 
deficits and enhanced the exploratory profiles of MeHg-exposed cockroaches as well 
as reversed the MeHg-induced acetylcholinesterase activity inhibition and decreased 
dichlorofluorescein oxidation and lipid peroxidation levels (Adedara et al. 2016), indi-
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cating a relationship between the pro-oxidative effects of MeHg and the behavioral 
consequences of MeHg-exposures.

Based on the previous-mentioned evidences, it is likely that behavioral symp-
toms resultant from MeHg exposure (particularly, motor impairment) are linked, at 
least in part, to the pro-oxidative properties of MeHg, as well as their molecular 
consequences. Concerning the linking between molecular and behavioral outcomes 
after MeHg exposure, studies on the relationship between molecular parameters and 
behavioral impairment others that those related to the motor function (i.e., visual 
impairment, cognitive skills, etc.) are scarce.

 Concluding Remarks and Perspectives

As discussed in this chapter, MeHg is an electrophilic compound that interacts with 
sulfhydryl- and selenohydryl-containing proteins and low-molecular-weight mole-
cules in biological systems. In the central nervous system, these molecules can act 
as scavengers, enzymes, transporters, receptors, structural components, etc. 
Consequently, MeHg exposure leads to several secondary deleterious events, such 
as impaired chemical neurotransmission, changes in the ionic homeostasis, as well 
as lipid, protein, and nucleic acid oxidation.

Because most of the deleterious effects caused by MeHg seem to be related to its 
pro-oxidative properties, antioxidant molecules have been reported as protective 
agents against MeHg-induced neurotoxicity (Farina et al. 2005; Wagner et al. 2010; 
Wormser et al. 2012; Adedara et al. 2016). Anyway, it is important to note that most 
data on such protective properties come from experimental studies. In fact, the cur-
rent scenario of human exposure to MeHg, which is mostly linked to the long-term 
exposure to relatively low MeHg concentrations due to the ingestion of contami-
nated fish, does not favor the development of epidemiological studies concerning 
the potential beneficial role of antioxidants against MeHg-induced neurotoxicity. 
Taking into account that such kind of study is extremely important, but scarce, fur-
ther research concerning the potential beneficial role of antioxidants against MeHg-
induced neurotoxicity in humans is well warranted.

From a nutritional point of view, it is important to mention that both selenium 
and ω-3 polyunsaturated fatty acids, which represent nutritional constituents of fish, 
present antioxidant properties and have displayed protective effects against MeHg-
induced toxicity under experimental conditions (Kaur et al. 2007, Kaur et al. 2008; 
Glaser et al. 2010a, b). In this regard, the development of studies comparing the 
potential hazardous/beneficial effects of the ingestion of different fish species, with 
particular focus on the ratio between MeHg and potential protective antioxidant 
components (i.e., selenium and ω-3 polyunsaturated fatty acids), seems to represent 
a promised perspective for future epidemiological studies, which could offer quan-
titative nutritional recommendations concerning fish consumption.
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Abstract Vanadium (V) is a transition metal that presents in multiple oxidation 
states and numerous inorganic compounds and is also an ultra-trace element consid-
ered to be essential for most living organisms. Despite being one of the lightest 
metals, V offers high structural strength and good corrosion resistance and thus has 
been widely adopted for high-strength steel manufacturing. High doses of V expo-
sure are toxic, and inhalation exposure to V adversely affects the respiratory system. 
The neurotoxicological properties of V are just beginning to be identified. Recent 
studies by our group and others demonstrate the neurotoxic potential of this metal 
in the nigrostriatal system and other parts of the central nervous system (CNS). The 
neurotoxic effects of V have been mainly attributed to its ability to induce the gen-
eration of reactive oxygen species (ROS). It is noteworthy that the neurotoxicity 
induced by occupational V exposure commonly occurs with co-exposure to other 
metals, especially manganese (Mn). This review focuses on the chemistry, pharma-
cology, toxicology, and neurotoxicity of V.

Keywords Vanadium • Neurotoxicity • Metals • Oxidative stress • Toxicology • 
Neurodegeneration • Parkinson’s disease

 Introduction

Vanadium (V) is a transition metal which belongs to Group VB of the periodic table, 
with an atomic weight of 50.9415, an atomic number of 23, and oxidizing states 
ranging from −1 to +5. Vanadium has many industrial uses, and its contribution to 
environmental contamination has been steadily growing in recent years. Vanadium 
is widely distributed in the earth’s crust but occurs in low abundance. Vanadium is 
an essential trace element for normal cell growth but can be toxic when present at 
higher concentration. It can exist in many oxidation states with many oxyanions and 
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oxycations, which form in solution. The multiple oxidation states, ready hydrolysis, 
and polymerization confer a level of complexity to the chemistry of vanadium well 
above that of many metals. Vanadium dissolves in natural waters as the vanadyl ion 
V(IV) and the vanadate ion V(V). Both species have different nutritional and toxic 
properties. Studies carried out on yeast cells, for example, have demonstrated that 
V(V) is a strong inhibitor of the enzyme Na and K-ATPase, while V(IV) appears to 
be a weaker inhibitor (Patel et al. 1990).

Vanadium is among the list of essential micronutrients required in small quanti-
ties for normal metabolism (Ray et al. 2006). It has therefore been incorporated in 
the formulations and preparations of many multinational pharmaceutical companies 
(Nutrition Dynamics Inc., Texas, USA; All Nature Pharmaceuticals Inc., USA; and 
Ranbaxy Pvt. Ltd., Mumbai, India) along with vitamins and other essential trace 
elements for maintenance of normal health. Although the micronutrients lack phar-
macological potencies, they assume a repair function for the essential critical mol-
ecules of the cell, such as DNA and proteins (Fenech and Ferguson 2001).

 Uses of Vanadium and Its Compounds

Vanadium is used widely in industrial processes, including the production of special 
steels, temperature-resistant alloys, glass, pigments, and paints, for lining arc weld-
ing electrodes and as a catalyst. Its use with nonferrous metals is of particular 
importance in aircraft construction, atomic energy industry, and space technology 
(ChemIDPlus, 2016). Vanadium is preferred in the rising production of special 
steels and temperature-resistant alloys, namely, HSL-A, which is a high-strength, 
lightweight, and low-cost micro-alloyed steel, because it is one of the lightest met-
als with an inherent high strength. The characterization of metals in welding fumes 
by ICP-MS revealed that the V concentration is about 2.5% of whole transition 
metal content.

Vanadium is a chemical intermediate principally for V alloys and compounds. 
Vanadium is used (1) as a catalyst for many organic reactions; (2) as an oxidation 
catalyst in many industrial synthesis processes like automobile catalytic converters; 
(3) as a catalyst in the production of phthalic anhydride from naphthalene or 
2-xylene, maleic anhydride from benzene or n-butane/butene, adipic acid from 
cyclohexanol/cyclohexanone, and acrylic acid from propane; (4) as a catalyst (fer-
rovanadium) to oxidize sulfur dioxide in sulfuric acid manufacturing; (5) as a depo-
larizer to manufacture yellow glass; (6) to manufacture ceramic coloring material, 
vanadium salts (YVO4), and pesticides; (7) in the inhibition or absorbance of UV 
transmission in glass; (8) as a photographic developer; (9) in dyeing textiles; and 
(10) in manufacturing a high capacity battery, namely, the vanadium redox battery, 
that uses vanadium ions in different oxidation states to store chemical potential 
energy.

Minor amounts of V are used to produce oxalic acid from cellulose and anthra-
quinone from anthracene. V is also used to lower the melting point of enamel frits 
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for the coating of aluminum substrates. Further uses are in the making of supercon-
ductor magnets, as a corrosion inhibitor in carbon dioxide scrubbing solutions of the 
Benfield and related processes for the production of hydrogen from hydrocarbons, 
and as the  cathode in primary and secondary (rechargeable) lithium batteries 
(ChemIDPlus 2016).

 Chemistry of Vanadium

Vanadium usually occurs in aqueous solution as vanadate ions, often as polymer-
ized isopolyvanadates, with the exact composition dependent on the protonation 
and condensation equilibria (Greenwood and Earnshaw 1997). Monomeric V ions 
are found only in very dilute solutions, since increases in the concentrations of these 
ions lead to polymerization, especially if the solution is acidic, reducing their bio-
availability and associated toxicity (Duffus 2007). In industrial processes catalyzed 
by vanadium pentoxide (V2O5), V is involved in the oxidation of many organic com-
pounds, forming reactive intermediates, some of which are ROS and may be carci-
nogenic (Hussain et al. 2003; Valko et al. 2006).

Vanadium occurs in various oxidative states with the ability to participate in 
reactions involving the formation of free radicals (Crans et al. 2004). V is quickly 
reduced to V(IV) in plasma by enzymatic (e.g., NADPH) and nonenzymatic (ascor-
bic acid) plasmatic antioxidants and is then transported and bound to plasma pro-
teins. The equations below show a few such reactions which may occur inside the 
cell (Liochev and Fridovich 1990), forming peroxovanadyl radicals {V(IV) – OO·} 
and vanadyl hydroperoxide {V(IV) – OH·} (Evangelou 2002).

 
V V NADPH V IV NADP H( ) + ® ( ) + ++ + .

 

 
V IV O V V O( ) + ® ( ) + -

2 2 · .  

 
V V O V IV OO( ) + ® ( ){ }-

2 · – · .
 

The generated superoxide undergoes further conversion by a dismutation reaction 
with SOD to H2O2. Some studies have shown that a one-electron reduction of V(V) 
to V(IV), which is mediated by nonenzymatic ascorbate and phosphate, may be an 
important V(V) reduction pathway in vivo (Ding et al. 1994). The resulting ROS 
formed by V(IV) from H2O2 and lipid hydroperoxide through the Fenton-like reac-
tion might be critically significant in the mechanisms of V(V)-induced cellular 
injury during physiological conditions (Ding et al. 1994; Zhang et al. 2001):

 
V IV H O V V OH OH( ) + ® ( ) + +-

2 2 · .
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Vanadium compounds even in signal transduction studies point to their ability to 
induce oxidative stress and mitochondrial permeability transition pore opening 
related to oxidative stress (Afeseh Ngwa et al. 2009; Zhao et al. 2010). Vanadium 
produces ROS-like hydroxyl free radicals by different ways (Cortizo et al. 2000; 
Gândara et  al. 2005), initiating the peroxidative decomposition of cellular mem-
brane phospholipids. This radical was also shown to damage the inner mitochon-
drial membrane, triggering a sequence of events leading to the loss of cell viability 
upon mitochondrial deenergization.

 Vanadium Toxicology and Pharmacology

Vanadium has been reported in the blood, feces, and urine of workers following 
occupational exposure to V2O5 dust, demonstrating absorption as a consequence of 
V2O5 inhalation (Sjoberg 1954). Vanadium compounds released in large quantities, 
mainly by burning fossil fuels and also from various industrial processes, can be 
precipitated on the soil and drained by rain and groundwater which may be directly 
absorbed by plants (Pyrzyńska and Wierzbicki 2004), eventually reaching those 
who consume these plants. The major anthropogenic point sources of atmospheric 
emission are metallurgical plants (30  kg V per ton), followed by the burning of 
crude or residual oil and coal (0.2–2 kg V per 1000 tons and 30–300 kg V per 106 L). 
By-products containing V2O5 include dust, soot, boiler scale, and fly ash. The pro-
cessing of V slag (about 120 g V2O5 per kg) is characterized by the formation of 
dust, with V concentrations ranging from 5 to 120 mg/m3 (IARC 2006b). Crude oil 
from Venezuela is believed to have the highest V concentrations of 1400 mg/kg. 
Elevated levels of airborne V (4.7 mg/m3) have been found in the breathing zone of 
steel industry workers (Kiviluoto et al. 1979). The toxicity of V compounds increases 
with its valency, making V2O5 the most toxic form and therefore warranting the full 
characterization of its toxicological properties. Studies have shown that inhaled 
V2O5 causes occupational lung diseases (bronchitis and airway fibrosis) commonly 
referred to as pneumoconiosis. The consequences of environmental exposure to 
lower levels of V2O5 on human health remain unclear, in part because air pollution 
particulates are a complex mixture of many organic and inorganic components, 
including a variety of metals [5].

The IARC classifies V2O5 as a Group 2B (possible) human carcinogen (IARC 
2006a). Acute cases of V poisoning have been reported in man with sequelae of 
anemia, weakness, vomiting, anorexia, nausea, tinnitus, headache, dizziness, palpi-
tations, transient coronary insufficiency, bradycardia with extra systoles, dermatitis, 
green discoloration of the tongue, leucopenia, leukocyte granulation, and lower 
cholesterol levels (Friberg et al. 1986). Epidemiological studies have reported an 
association between decreased birthweight and V exposure estimated from particu-
late matter (Jiang et al. 2016). Exposure to geogenic particulate matter (PM) com-
prising mineral particles has been linked to human health effects. Vanadium 
exposure in humans has been shown to induce motor deficits and neurobehavioral 
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changes (Jiang et al. 2016; Li et al. 2013; Zhu et al. 2016). However, very little data 
exist on the neurological health effects associated with occupational dust exposure 
in natural settings. ICP-MS analyses of roadside dust samples revealed Al 
(55,090 μg/g), V (70 μg/g), Mn (511 μg/g), and Fe (21,600 μg/g). The ratio of V to 
Mn in inhaled dust during occupational exposures can vary from 1:1 to 1:8. People 
with V concentrations around 14.2 mg/L in their urine demonstrated neurobehav-
ioral deficits, especially in visuospatial abilities and attention (Barth et  al. 2002; 
SIMRAC 2000). Vanadium alters the viability of macrophages isolated from dogs, 
rabbits, and rats exposed to V2O5 in vitro for 20 h (Sheridan et al. 1978). The i.p. 
administration of V2O5 altered phospholipid content and induced significant 
increases in the levels of glucose-6-phosphate dehydrogenase and 6- phosphogluconate 
dehydrogenase in rats (Kacew et al. 1982). In animal studies, intranasal delivery of 
geogenic dust containing Mn and V (0.01–100 mg/kg dust) into adult mice via oro-
pharyngeal aspiration induced a neuroinflammatory response (DeWitt et al. 2016; 
Keil et al. 2016). Very recently, Azeez et al. (2016) demonstrated that chronic post-
natal V exposure in mice led to a functional deficit and region-dependent myelin 
damage associated with glial cell activation and proinflammatory cytokine induc-
tion. Rats experienced a significant spatial memory deficit in the Morris water maze 
(MWM) 3–12  months after V exposure (Folarin et  al. 2016). Additional studies 
showed that exposure to dust containing elevated concentrations of metals can cause 
neuroinflammation and neurodegeneration (Calderon-Garciduenas et  al. 2016; 
Jiang et al. 2016; Reis et al. 2014).

The cytotoxicity caused by compounds of V has been documented (Cortizo et al. 
2000; Sabbioni et al. 1991). Various V compounds are known to impede the activi-
ties of ribonuclease (Lau et al. 1993), protein kinases (Bollen et al. 1990; Stankiewicz 
and Tracey 1995), ATPases (Sabbioni et al. 1991), and phosphatases (Tracey 2000). 
Some V compounds either inhibit or stimulate the activity of DNA or RNA enzymes 
eliciting mutagenic and genotoxic responses (Stemmler and Burrows 2001). Single- 
stranded DNA breaks in cells of mouse testes were observed 24 h after one intra-
peritoneal (i.p.) injection of V2O5 (5.75, 11.5, and 23 mg/kg) (Altamirano-Lozano 
et al. 1996), indicating an ability to cross the blood-testis barrier. Vanadium has also 
been reported to cross the blood-brain barrier, inducing neurochemical changes in 
the brain (Witkowska and Brzezinski 1979). Vanadium-containing substances alter 
blood levels of thyroid hormone with higher triiodothyronine plasma levels in 
V-treated rats (Badmaev et al. 1999; Mukherjee et al. 2004). Vanadium-containing 
compounds can also change the metabolism of sugars and lipids (Nakai et al. 1995). 
The ability of V-containing compounds to alter gene expression has generated inter-
est among biological scientists for such compounds. In insulin receptor- 
overexpressing cells, greater levels of Ras, MAPK, p70s6k, and c-raf-1 have been 
observed following V exposure (Pandey et  al. 1999). Increased levels of macro-
phage inflammatory protein (MIP)-2 mRNA triggered by vanadates are accompa-
nied by increased NFκB DNA-binding activity in bronchoalveolar lavage (BAL) 
cells (Chong et al. 2000). Vanadate exposure has also been shown to induce gene 
expression of tumor necrosis factor-alpha (TNF-α), activator protein-1 (AP-1), and 
interleukin-8 (IL-8) (Ding et  al. 1999; Jaspers et  al. 1999; Ye et  al. 1999). 
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Mechanistically, vanadate activates TNF-α gene promoter through NFκB (Jaspers 
et al. 2000; Ouellet et al. 1999).

The ability of V compounds to be potent inhibitors of protein tyrosine phospha-
tases (PTPs) appears to be the underlying mechanism of some of its effects (Fig. 1). 
Examples include neurite outgrowth in human neuroblastoma SH-SY5Y cells and 
the differentiation and neurite outgrowth of rat pheochromocytoma cells (PC12 
cells) after treatment with sodium orthovanadate (Rogers et al. 1994). This is dis-
tinct from the kind of differentiation signaling induced by nerve growth factor 
(Rogers et al. 1994). However, a reduced rate of proliferation in the presence of a 
couple of peroxovanadium complexes has been reported in neuroblastoma NB41 
and glioma C6 (Faure et al. 1995). Faure et al. demonstrated that the mechanism 
responsible for this is the reversible block at the G2–M transition of the cell cycle 
and that removal of the peroxovanadium complex restored normalcy to cell cycling. 

Fig. 1 A postulated mechanism of inhibiting phosphatases by vanadate and peroxovanadium 
complexes (Morinville et al. 1998). Vanadate acts as a transition state analogue and forms a revers-
ible bond, thus inhibiting protein tyrosine phosphatases (PTPs). On the other hand, peroxovana-
dium complexes oxidize the cysteine residue in the catalytic domain of PTPs to irreversibly inhibit 
PTPs
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Using apoptotic neuronal models, Farinelli and Greene (1996) have shown that sub-
stances which cause a cell-cycle block in the S, G2, and M phases don’t prevent cell 
death, whereas substances which block cell-cycle progression before the G1–S tran-
sition prevent apoptosis. The peroxovanadium-induced cell-cycle block at G2–M 
therefore might be linked to apoptotic cell death.

Vanadium compounds can show antineoplastic effects in vivo (Thompson et al. 
1984). In vitro, sodium orthovanadate displayed a time- and dose-dependent cyto-
toxicity in proliferating primary cultures and tumor cell lines, while non- proliferating 
cells were found to be less susceptible to vanadate-induced cytotoxicity (Cruz et al. 
1995).

Since V species like vanadates and peroxovanadium complexes alter intracellu-
lar phosphorylation levels in a nonselective manner through the inhibition of protein 
phosphatases, it is unsurprising that they have profound effects on intracellular sig-
naling cascades. A good example is the MAPK cascade consisting of ERK, the 
c-Jun N-terminal protein kinases (JNKs), and p38 (Kyriakis and Avruch 1996; 
Marshall 1995; Whitmarsh and Davis 1996), which are implicated in the tight regu-
lation of some intracellular pathways and connected to both cell survival and apop-
totic responses (Kummer et al. 1997; Xia et al. 1995). Interference with the MAPK 
signaling cascade by V compounds could explain some of the observed insulin- 
mimicking effects of V compounds since they can activate the MAPK signaling 
cascade and since the insulin-mediated activation of IRK causes the activation of 
ERKs and the protein kinases p70s6k and p90rsk (Pandey et al. 1995). In addition, 
sodium orthovanadate, vanadyl sulfate, and sodium metavanadate stimulate ERK-1, 
ERK-2, p70s6k and p90rsk in CHO cells (Pandey et al. 1995), while peroxovana-
dates activate ERK in HeLa cells (Zhao et al. 1996). Given that MAPK links to cell 
survival and apoptosis, the ability of V to modulate the activity of its members is 
possibly responsible for V-induced toxicity, although the role of the MAPKs in 
mediating peroxovanadium complex-induced cell death has yet to be fully eluci-
dated (Fig. 2) (Morinville et al. 1998).

The extent of V’s involvement in modulating various cell death pathways has yet 
to be explored. In one of the programmed cell death paradigms, extracellular ligands 
like TNF-α can bind to a death receptor (DR) spanning the cell membrane 
(Haunstetter and Izumo 1998). As previously mentioned, NFκB activity and JNK 
can be potentially altered by V complexes (Barbeau et  al. 1997; Gopalbhai and 
Meloche 1998), with a real potential to modify cell death signal sites or routes 
(Morinville et al. 1998). The inhibition of PTPs can affect the transduction signals 
arising from DRs. Apoptotic signals from DRs involve caspase activation. The pre-
cise regulation of each caspase has yet to be fully elucidated even though it is known 
that these caspases are activated by cleavage at a specific aspartate residue. Also, 
peroxovanadium complexes can activate caspases (Morinville et al. 1998).

Vanadium compounds might not only cause apoptotic cell death but also death 
through necrosis. Despite evidence suggesting that the mechanism underlying V 
toxicity is independent of its ability to inhibit PTPs, the relationship between V 
exposure and necrosis needs to be extensively probed as very little is known of the 
players involved in this distinct necrotic cell death (Morinville et al. 1998).
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 Vanadium-Induced Neurotoxicity and its Relevance 
to Neurodegeneration

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, 
affecting over one million Americans and about 2% worldwide of those over the age 
of 60 years (Bergareche et al. 2004; Elbaz et al. 2002). Since most PD cases are 
sporadic, enormous interest has emerged in understanding the role of environmental 
factors in various Parkinsonian disorders (Hanna et al. 1999; Kumar et al. 2004). 
Many occupational exposures have been linked to the etiology and progression of 
PD, including farming, steel/alloy manufacturing, mining, wood/pulp processing, 
carpentry, planer milling, cleaning, forestry/logging, orchard farming, as well as 
certain occupations comprising body and fender repair, working in oil and gas 
fields, auto painting, and railroad and auto mechanics. These occupational expo-
sures are often related to environmental exposure to certain metals, fuel oil, pesti-
cides, herbicides, well water, magnetic fields, and rural living (Fall et  al. 1999; 

Fig. 2 A simplified diagram of the apoptotic signaling pathways modified by vanadium (V) com-
pounds (Morinville et al. 1998). Vanadium has been shown to modulate multiple signaling path-
ways including the MAPK and NFκB signaling cascades that contribute to apoptotic cell death. 
The proteins that can be modulated by V are marked with an asterisk. Dotted lines indicate putative 
connections
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Gorell et  al. 2004; Jankovic 2005; Noonan et  al. 2002). Some reports have sug-
gested that welders may be at a higher risk of developing Parkinsonism and welding 
is a risk factor for PD pathogenesis (Racette et al. 2001, 2005). In a mortality study 
of occupational information reported on US death certificates, a significantly higher 
proportion of PD fatality cases correlated with likely exposure to Mn through 
welding- related jobs (Park et al. Park et al. 2005a, b). On the other hand, some occu-
pational studies did not find any statistically significant association between PD and 
welding (Gorell et al. 1999, 2004).

Sundin (1998) estimated that more than one million people were employed as 
welders worldwide, and millions around the world are exposed to welding aerosols 
on a daily basis (Antonini et al. 2009a; Antonini et al. 2009b). The American weld-
ing association (http://www.aws.org/w/a/research/outlook.html),  McInerny 
et al. 2009) expects that the number of welders will continue to grow to meet the 
increasing demand for steel and metal products around the world as developing 
countries continue to modernize. In 1991, it was also reported that more than three 
million people performed welding as a part of their work at least intermittently 
(Sferlazza and Beckett 1991). Welding fumes comprise a complex mixture of 
gases with fine and ultrafine particles of different metals and their oxides, which 
form during welding by metal vaporization and oxidation (McNeilly et al. 2004; 
Yu et al. 2000). The fumes from welding have also been found to contain silicates 
and fluorides of metals like chromium, Mn, V, titanium, molybdenum, cobalt, 
nickel, copper, and zinc (Sanderson 1968). These fumes, which also produce gases 
such as hydrogen fluoride, carbon monoxide, nitrogen oxide, fluorine, and ozone, 
can adversely affect the health of welders as well as the health of those in the 
immediate area (American society of safety engineers, http://www.asse.org/prac-
ticespecialties/articles/weldingfumes.php). The exact nature of the welding fumes 
is largely dependent on the composition of the electrode, the filler wire, and the 
type of welding being performed (Antonini et  al. 1996; Sferlazza and Beckett 
1991). More than 90% of V goes into steelmaking, and the dominant market driver 
of V production in recent years has been the rapid growth in worldwide steel pro-
duction (Bunting 2006).

Individuals exposed to V have manifested neurological symptoms like tremor 
and CNS depression (Done 1979). Inhaled V2O5 has induced significant dopaminer-
gic neuronal loss in the substantia nigra of mice, accompanied by morphological 
alterations of striatal medium spiny neurons (Avila-Costa et al. 2004). The same 
group also reported in their animal studies that V inhalation produced necrotic-like 
cell death, a loss of dendritic spines, and notorious alterations in the neuropile, 
resulting in the impairment of spatial memory as evaluated by the Morris water 
maze (Avila-Costa et al. 2004, 2006).

Our laboratory recently probed the cell death signaling mechanisms leading to the 
loss of dopaminergic neuronal cells following exposure to V (Afeseh Ngwa et al. 
2009). Vanadium (V2O5) was found to be neurotoxic to rat dopaminergic neuronal 
(N27) cells, with an EC50 of 37  μM.  ICP-MS analysis determined that a time- 
dependent uptake of V into the cells accompanied the neurotoxic effects. Also, the 
metal transporter proteins transferrin (Tf) and divalent metal transporter 1 (DMT1) 
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were upregulated. We further showed that V exposure generated up to a threefold 
increase in ROS, which was accompanied by the release of mitochondrial cyto-
chrome c into the cytoplasm with consequential activation of initiator caspase-9 and 
activator caspase-3. Interestingly, we also observed that V exposure further induced 
the caspase-mediated proteolytic cleavage of a pro-apoptotic kinase, protein kinase 
C delta (PKCδ), resulting in persistently increased kinase activity. Co-treating V 
with the pan-caspase inhibitor Z-VAD-FMK significantly blocked V-induced PKCδ 
proteolytic activation and increases in DNA fragmentation, hence supporting the role 
of caspase-mediated PKCδ cleavage in V-induced neurotoxicity. Importantly, V was 
also highly neurotoxic to murine primary mesencephalic dopaminergic neurons.

In another animal model study (Ngwa et al. 2014), we examined the neurotoxic 
effects of V on the olfactory bulb since anosmia is considered an early symptom of 
neurological diseases, including PD. C57 black mice were exposed intranasally to an 
environmentally relevant exposure dose of 182 μg V2O5 three times a week for up to 
1 month. Behavioral, neurochemical, and histological studies were performed follow-
ing the intranasal exposure. When compared to controls, the treatment group experi-
enced dramatic decreases in olfactory bulb weights, tyrosine hydroxylase levels, as 
well as dopamine and DOPAC levels. The severe neurotoxic effect of V in the olfac-
tory system had a neuroinflammatory component, as evidenced by the accumulation 
of astroglia in the glomerular layer of the olfactory bulb where dopaminergic neurons 
were degenerating. Neurobiological changes in response to intranasal V exposure 
were severe enough to be manifested at the behavioral level as impaired olfaction and 
significant locomotor deficits. These results suggest exposure to V is toxic to dopami-
nergic neurons and impairs olfaction in mouse models. However, more evidence is 
needed to prove a cause-and-effect relationship between PD and V exposure.

 Conclusions

This review has covered the evidence supporting the idea that V and its compounds 
may interfere with various cellular functions including neuronal functions, leading 
to changes through the generation of ROS and interactions with protein tyrosine 
phosphatases (PTP) that affect cell signaling pathways, which may in turn produce 
or inhibit cell death depending on V’s oxidation state and the type of V compound. 
Much research on V and its compounds has been on its respiratory effects, as well 
as some on its effects on the kidney and liver, whereas comparatively little has been 
done on its possible neurotoxic effects. Vanadium and its compounds, often in syn-
ergy with other neurotoxic compounds like Mn that co-occur in occupational fumes, 
are likely neurotoxic. Manganese, which has been linked with Parkinson-like symp-
toms, has garnered almost all the attention for its association with welding fumes 
and neurotoxicity, while V and its compounds have thus far been largely neglected. 
Based on this review, much more work is warranted to explore how mixed metals, 
and their individual components like V, potentiate the neurotoxic effects caused by 
welding fumes.
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Neurotoxicity of Zinc

Deborah R. Morris and Cathy W. Levenson

Abstract Zinc-induced neurotoxicity has been shown to play a role in neuronal 
damage and death associated with traumatic brain injury, stroke, seizures, and neu-
rodegenerative diseases. During normal firing of “zinc-ergic” neurons, vesicular 
free zinc is released into the synaptic cleft where it modulates a number of postsyn-
aptic neuronal receptors. However, excess zinc, released after injury or disease, 
leads to excitotoxic neuronal death. The mechanisms of zinc-mediated neurotoxic-
ity appear to include not only neuronal signaling but also regulation of mitochon-
drial function and energy production, as well as other mechanisms such as 
aggregation of amyloid beta peptides in Alzheimer’s disease. However, recent data 
have raised questions about some of our long-standing assumptions about the mech-
anisms of zinc in neurotoxicity. Thus, this review explores the most recent pub-
lished findings and highlights the current mechanistic controversies.

Keywords Zinc • Abeta • Excitotoxicity • Neurotoxicity

 Introduction

Most neuronal zinc is protein-bound. There are, however, small pools of free zinc 
located in presynaptic vesicles of glutamatergic neurons as well as other, less well 
understood, intracellular non-vesicular zinc pools. While there has been a signifi-
cant amount of work on protective roles of zinc in specific clinical situations such 
as traumatic brain injury (Young et al. 1996; Cope et al. 2011; 2016), there is also a 
great deal of data showing that the release of excess free zinc can cause acute 
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neuronal damage and death. Zinc-induced neurotoxicity has been associated with a 
number of brain disorders and injury including ischemic brain injury (stroke), trau-
matic brain injury, and seizures. Under these conditions, excessive free zinc is 
released into the synaptic cleft. Upon release, zinc modulates a number of postsyn-
aptic neuronal receptors, with excess zinc leading to neuronal death (Inoue et al. 
2015). While the exact mechanisms of zinc toxicity during these pathological con-
ditions are not fully understood, there is evidence that the influx and accumulation 
of excess zinc causes excitotoxicity, generates oxidative stress, and impairs neuro-
nal energy production (Morris and Levenson 2012). In this review, we will explore 
the most recent studies examining the mechanisms of zinc-induced toxicity.

 Zinc Toxicity and Neuronal Signaling

There are a number of important postsynaptic receptors, such as the voltage-gated 
calcium channels (VGCC), N-methyl-D-aspartate receptors (NMDAR), and 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPAR), that are 
not only modulated by zinc but also permeable to zinc ions (Inoue et  al. 2015). 
NMDA receptors, for example, have a high-affinity zinc-binding site that can bind 
synaptically released zinc at nanomolar concentrations. Zinc is thus responsible for 
fine-tuning the activity of these important glutamate receptors. Synaptic zinc has 
also been shown to diffuse outside of the synaptic cleft where it can inhibit extra-
synaptic NMDA receptors (Anderson et al. 2015). The excess release of free ionic 
zinc can not only regulate the amount and type of NMDA receptor expression 
(Wang et al. 2015) but acts as an intermediate in the cascade of biochemical events 
including calcium dysregulation, production of reactive oxygen species, mitochon-
drial disruption, and excitotoxicity leading to postsynaptic neuronal damage and 
death (Granzotto and Sensi 2015). This cascade has been shown to be important in 
a wide variety of clinical scenarios such as trauma, epilepsy, and stroke. Additionally, 
there is now evidence of mutations in NMDA receptors with altered zinc affinities 
that may have implications for neurodevelopment leading to a variety of develop-
mental disorders including childhood epilepsy and cognitive deficits (Serraz et al. 
2016).

Zinc is also an allosteric modulator of gamma-aminobutyric acid A receptors 
(GABAAR) and glycine receptors (GlyR). GABAAR and GlyR are pentameric iono-
tropic receptors and ligand-gated chloride ion channels that mediate inhibitory neu-
rotransmission. Because the balance between inhibitory and excitatory synaptic 
transmission is needed for normal brain function, these receptors play an important 
role in preventing neurotoxicity. Under normal conditions, zinc inhibits GABA 
receptors. Zinc has a biphasic effect on Gly receptors such that low concentrations 
of zinc potentiate GlyR function and high concentrations inhibit GlyR function 
(Kuenzel et al. 2016). Using a recombinant in vitro model exposed to the ligands 
GABA or glycine and increasing concentrations of zinc (10 nM–1 mM), zinc con-
centrations of >100 μM were required for zinc inhibition of GABAAR and GlyR 
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(Kuenzel et al. 2016). Reports have also suggested that GABAA receptors without 
the γ subunit are the most sensitive to zinc inhibition, while receptors with the γ 
subunit are the least sensitive to zinc inhibition (Smart et  al. 1991; Hosie et  al. 
2003). This suggests that the subunit combinations of GABAAR and potentially 
GlyR are important for the sensitivity of zinc inhibition. Further examination of 
these receptors could give further insight into the mechanisms underlying neurotox-
icity of zinc.

 Mitochondrial Function and Energy Production

It has been known for quite some time that excess zinc can inhibit cellular energy 
production leading to neuronal death. A wide variety of mechanistic hypotheses 
have been proposed to explain the role of excess zinc and mitochondrial dysfunction 
including zinc-mediated alterations in Kreb’s cycle intermediates, electron transport 
chain components, mitochondrial calcium (Pivovarova et al. 2014), and essential 
cofactors (e.g., NAD+), many of which have been thoroughly reviewed (Dineley 
et al. 2003; Floriańczyk and Trojanowski 2009). The following represents the most 
recent data on the role of excess zinc in cellular energy regulation and production.

AMPK Recently, new information on a possible role for AMP-activated protein 
kinase (AMPK) in zinc-mediated neuronal death has appeared. AMPK is an energy- 
sensing protein needed for cellular energy homeostasis. During zinc-induced neuro-
nal death, the upstream kinase liver kinase B1 (LKB1) activates AMPK which in 
turn induces the pro-apoptotic protein Bim. This leads to caspase-3 activation and 
zinc-induced apoptosis. Additionally, inhibition of AMPK has a neuroprotective 
effect by reducing zinc-induced neuronal death (Eom et al. 2016). Thus, blocking 
this LKB1-AMPK-Bim signaling cascade could have potential therapeutic efficacy 
in ischemic and acute brain injury by preventing zinc-induced neuronal damage.

NAD+ Depletion It is generally accepted that excess zinc reduces levels of 
nicotinamide- adenine dinucleotide (NAD+) (Sheline et al. 2010; Cai et al. 2006). 
More recently, treatment of primary cortical cultures with 40 μM zinc for 12 h and 
24 h reduced NAD+ levels to approximately 28 ± 12% and 14 ± 6% of controls, 
respectively (Kim et  al. 2016a). Treatment with ethyl pyruvate (EP), an anti- 
inflammatory and anti-oxidative agent, during zinc-induced toxicity not only 
replenished NAD+ levels but also chelated intracellular zinc, resulting in decreased 
neuronal cell death (Kim et al. 2016a). In animal models of stroke and traumatic 
brain injury, EP has shown to have neuroprotective qualities (Shi et  al. 2015; 
Turkmen et al. 2016). NAD+ replacement and zinc chelation therapy could underlie 
the effect of EP in these disorders.

ERK Activation and Signaling The RAS/MEK/ERK signaling pathway also 
appears to be involved in zinc-induced mitochondrial dysfunction (He and Aizenman 
2010). Under normal conditions, Ras activates the kinases MEK1/MEK2 resulting 
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in the phosphorylation and activation of ERK1/ERK2. ERK1/ERK2 is then translo-
cated to the nucleus where it activates transcription factors such as Elk1. The most 
recent analysis of the role of excess zinc in the process suggests that ERK1/ERK2 
is required for the zinc-mediated mitochondrial hyperpolarization that leads to neu-
ronal death (He and Aizenman 2010).

An additional role for ERK activation in zinc-induced neurotoxicity involves the 
striatal-enriched protein tyrosine phosphatase (STEP). Excess zinc results in the 
hyperphosphorylation of the membrane-associated STEP isoform, STEP61. At the 
same time, exogenous zinc activates brain-derived neurotrophic factor (BDNF) and 
its receptor TrkB resulting in protein kinase A (PKA) activity. Together STEP61 and 
PKA lead to ERK2 phosphorylation and activation (Poddar et al. 2016), which has 
been associated with mitochondrial dysfunction and neuronal death.

 Hormone Regulated Mechanisms of Zinc Toxicity

Angiotensin II Angiotensin II is best known for its role in vasoconstriction. 
However, an early finding that the angiotensin system may be involved in neuropro-
tection led to the hypothesis that angiotensin modulated zinc-induced neuronal tox-
icity (Park et al. 2013). Using mouse cortical cell cultures, they showed that high 
levels of exogenously applied zinc (300 μM for 15 min) induced cell death, while a 
combined treatment with zinc and angiotensin II significantly increased NADPH 
oxidase, ROS levels, and cell death only in neurons, with no effect on astrocytes. 
While the exact mechanisms are not known, these actions appear to be through the 
activity of the angiotensin II type 2 receptor (AT2R) and not the type 1 receptor 
(AT1R) (Park et al. 2013). Preclinical studies involving animal models of both trau-
matic brain injury (Villapol et al. 2015) and ischemia (Panahpour et al. 2014) have 
demonstrated that blocking AT1R can provide neuroprotective effects. Given that 
Park et  al. (2013) found that AT2R is involved in zinc-induced oxidative stress, 
these data suggest that more than one mechanism involving the hormone angioten-
sin may be involved in zinc neurotoxicity.

Stress Hormones There is a link between the stress response and neuronal zinc 
toxicity. Using an in vitro cell model of dopaminergic neurons, pretreatment with 
urocortin, a member of the corticotrophin-releasing factor neuropeptide family, did 
not affect cell death but increased the zinc permeable TRPM7 channel expression. 
However, urocortin-pretreated cells followed by incubation with extracellular zinc 
resulted in increased cell death via zinc influx into the cell through the TRPM7 
channel, ultimately resulting in increased ROS levels and cell death (Kim et  al. 
2016b). Interestingly, the anesthetic lidocaine has been shown to not only inhibit the 
TRPM7 channel but also reduces TRPM7-medicted zinc toxicity (Leng et al. 2015).
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 Zinc-Mediated Aβ Aggregation and Neurotoxicity

Alzheimer’s disease (AD) is an all-too-common neurodegenerative disorder, char-
acterized by progressive loss of cortical and hippocampal neurons resulting in cog-
nitive decline. There are a large number of factors including age, genetics, 
epigenetics, and a variety of modifiable environmental risk factors that appear to 
play a role in the development and progression of AD (Uchoa et al. 2016; Klein 
et al. 2016; Bellou et al. 2016). The pathological hallmarks of this disorder include 
hyperphosphorylation of the tau protein, leading to neurofibrillary tangles that dis-
rupt neuronal function, and the development of extraneuronal AD plaques. These 
plaques are rich in aggregates of the Aβ peptide formed by the cleavage of amyloid 
precursor protein (APP) by the enzymes β- and ϒ-secretase, producing Aβ peptides 
that range from 39 to 42 amino acids in length (Greenough et al. 2013). While the 
role of zinc and these peptides in the etiology of AD are discussed in detail in other 
chapters in this volume, this section will focus on the most recent data related to the 
specific role of zinc interactions with the long form of Aβ (Aβ42) and our expanding 
understanding of the role of zinc in neurotoxicity.

Zinc and Extracellular Aβ Aggregation The etiology and progression of AD has 
long been linked to the dysregulation of metals in the brain such as copper, iron, and 
particularly the essential trace element zinc (Bush 2013). This hypothesis is sup-
ported by findings that brain zinc concentrations in AD patients are significantly 
higher (>1000  μM) than age-matched controls (350  μM) (Lovelle et  al. 1998). 
Because Aβ has long been known to form aggregates that precipitate in the presence 
of high concentrations of zinc in vitro, as reviewed in Greenough et al. (2013), a 
prevailing hypothesis has been that abnormally high zinc concentrations in the brain 
could lead to zinc-mediated Aβ aggregation and plaque formation. This model, 
however, was soon shown to be overly simplistic. Recent work has revealed signifi-
cant debates over the role of zinc in Aβ-mediated neurotoxicity.

Historically, the possible interactions between zinc and Aβ42 leading to aggrega-
tion of Aβ peptides have received a great deal of attention. However, the most recent 
data on the kinetics of Aβ fiber formation show that zinc can facilitate the aggrega-
tion of both Aβ42 and Aβ40. Interestingly, even very low concentrations of ionic zinc 
(Zn2+) have been shown to result in extracellular aggregation of Aβ (Matheou et al. 
2016). Additional evidence for the role of zinc in Aβ40 aggregation came from work 
showing that Zn2+ coordinates with specific amino acid residues of Aβ40 resulting in 
a shift from Aβ40 monomers to dimers and oligomers. Zinc was shown to be respon-
sible for stabilization of the potentially toxic oligomers while inhibiting the forma-
tion of less toxic fibrils (Xu et al. 2015; Abelein et al. 2015).

Even more recently, attention has focused on the N-terminal domain of the Aβ 
peptide (Aβ1–16), a region of the peptide known to have a metal-binding domain 
(Mezentsev et al. 2016). Specifically, the AD-associated variant containing an isoas-
partate at position 7 (isoAβ) and a phosphorylated serine at position 8 (pS8-Aβ) has 
now been shown to coordinate with the Aβ1–16 region of native Aβ through the 
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metal-binding domain. The resulting zinc-dependent dimers (isoAβ − Zn − Aβ1–16) 
then serve as seeds for the initiation of Aβ toxic aggregation (Mezentsev et al. 2016). 
Other work narrowed the key amino acid residues in the N-terminal region to Aβ6–14 
and showed a specific role for the histidine at position 6, as well as the segment 
between amino acids 11 and 14 in the zinc-mediated interactions between Aβ mol-
ecules (Istrate et al. 2016).

Despite the significant progress that the above work represents, there are still 
contradictory data, likely due, at least in part, to the use of different methods to 
measure aggregation (Sharma et al. 2013). Thus, Sharma and colleagues sought to 
use a variety of methods including thioflavin (ThT) staining to detect amyloid 
aggregation, native gel electrophoresis and Western blotting, as well a transmission 
electron microscopy (TEM) to evaluate the effect of zinc ions on Aβ aggregation 
and neuronal toxicity. Their work confirms that the neurotoxic molecules are derived 
from Aβ42, not Aβ40 peptides. Aβ42 monomers (that spontaneously form soluble 
oligomers) and preformed oligomers reduced the survival of cultured Neuro-2A 
cells by approximately 40% and 55%, respectively. They also confirmed that longer 
fibrils had little neurotoxicity with an 86% survival rate. The addition of zinc ions 
to Neuro-2A cells also resulted in in very little cell death, with an approximately 
85% survival rate. What was surprising, however, was the finding that the addition 
of zinc ions combined with Aβ42 also did not significantly reduce cell survival. In 
contrast, the combination of copper (Cu2+) and Aβ42 resulted in significant cytotox-
icity, leading to the conclusion that copper is responsible for the formation of neu-
rotoxic oligomers of Aβ42, while sub-stoichiometric levels of zinc participate in the 
formation and stabilization of nontoxic, insoluble, amorphous aggregates of Aβ42 
(Sharma et al. 2013).

Subsequent work similarly found that very low zinc concentrations (nM) reduced 
the self-affinity of Aβ molecules and the formation of Aβ−Aβ dimers that are more 
toxic than monomers or fibrils (Hane et al. 2016). These findings, while in contrast 
to much of the currently accepted data on the role of zinc and Aβ formation, are not 
without precedent (Garai et al. 2007). Clearly, these controversial, but very impor-
tant, studies need to be addressed with future work to understand the full role of zinc 
in Aβ oligomer formation, neurotoxicity, and Alzheimer’s disease.

Zinc and Intracellular Aβ Aggregation While most of the attention has been 
directed at the role of zinc in extracellular Aβ aggregation, plaque formation, and 
neurotoxicity, there is now a growing body of literature suggesting a neurotoxic 
function for intracellular zinc and Aβ oligomers. For example, lysosomal zinc has 
been implicated in the accumulation of Aβ oligomers in Chinese hamster ovary cells 
expressing the amyloid precursor protein/mutant presenilin 1 (APP/mPS1) gene. 
Treatment of cells with the zinc ionophore clioquinol not only reduced the intracel-
lular accumulation of Aβ42 in these cells but protected them from lysosomal dilation 
and autophagy stimulated by the drug chloroquine (Seo et al. 2015). The authors 
suggest that manipulation of lysosomal zinc may represent a novel strategy for 
clearing Aβ from intracellular compartments.
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In addition to lysosomal zinc stores that appear to modulate Aβ, there is also 
evidence of intraneuronal Aβ that is localized to the nucleus (Khmeleva et  al. 
2016). It appears that zinc increases the binding of DNA and RNA to aggregates 
of Aβ42 and to amorphous aggregates, forming complexes that may contribute to 
neuronal toxicity (Khmeleva et al. 2016). These intracellular interactions appear to 
be particularly relevant in the medial performant pathways-dentate gyrus granule 
cell synapses of the hippocampus. This region of the brain not only has high con-
centrations of Zn2+ but is also especially vulnerable to damage in AD (Takeda and 
Tamano 2016).

Calcium and Zinc Interactions A recent review highlighted the possible interac-
tions between calcium and zinc cations leading to Aβ aggregation and tau phos-
phorylation in AD (Sensi 2014). There are a number of reasons this relationship 
should not be ignored. First, when zinc is released from glutamateric synapses in the 
hippocampus, it modulates the activity of postsynaptic voltage-gated calcium chan-
nels (VGCC) and the glutamate receptors NMDAR and AMPAR, all of which func-
tion as calcium channels (Corona et al. 2011). A recent review highlighted the fact 
that glial cells also have functional NMDA receptors and hypothesized a role for 
zinc and Aβ in neuronal-glial communication (Hancock et al. 2014). Additionally, 
newly published data show that zinc activates a metabotropic Gq-coupled Zn2+-
sensing receptor known as mZnR/GPR39 (Abramovitch-Dahan et al. 2016). This 
receptor is expressed in brain regions including the frontal cortex, amygdala, and 
hippocampus (Khan 2016). Under normal conditions, synaptically released zinc 
activates mZnR/GPR39 and induces calcium signaling. However, in the presence of 
Aβ, zinc ions appear to be sequestered, resulting in the inhibition of mZnR/GPR39 
and calcium signaling (Abramovitch-Dahan et al. 2016). Given the importance of 
calcium signaling in neuronal function, the role of zinc and Aβ and the possible 
implications for neurotoxicity clearly requires more attention and investigation.

 Conclusions

While the presence of free zinc in neurons and the role of excess zinc in neuronal 
damage and death has been known for almost three decades, the mechanisms 
responsible for zinc-mediated neurotoxicity are still being explored and debated. 
Recent controversies, particularly surrounding the role of mitochondrial zinc, cal-
cium, and Aβ aggregation, have all highlighted not only the importance of zinc in 
the brain but also the clear need for more research that will impact our understand-
ing and treatment of brain injury, stroke, epilepsy, and Alzheimer’s disease.
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Neurotoxicity of Copper

Felix Bulcke, Ralf Dringen, and Ivo Florin Scheiber

Abstract Copper is an essential trace metal that is required for several important 
biological processes, however, an excess of copper can be toxic to cells. Therefore, 
systemic and cellular copper homeostasis is tightly regulated, but dysregulation of 
copper homeostasis may occur in disease states, resulting either in copper defi-
ciency or copper overload and toxicity. This chapter will give an overview on the 
biological roles of copper and of the mechanisms involved in copper uptake, stor-
age, and distribution. In addition, we will describe potential mechanisms of the 
cellular toxicity of copper and copper oxide nanoparticles. Finally, we will sum-
marize the current knowledge on the connection of copper toxicity with neurode-
generative diseases.

Keywords Copper • Nanoparticles • Neurotoxicity • Neurodegenerative disease • 
Oxidative stress • Brain

 Introduction

Copper represents the third most abundant essential transition metal in humans 
(Lewińska-Preis et al. 2011). After the liver, the brain is the organ containing the 
highest copper content (Szerdahelyi and Kása 1986). In its function as a cofactor 
and/or as structural component for several enzymes, copper participates in many 
physiological pathways, including energy metabolism, antioxidative defense and 
iron metabolism (Scheiber et  al. 2014). Furthermore, copper has been linked to 
important biological processes including angiogenesis, response to hypoxia and 
neuromodulation (Scheiber et al. 2014). However, excess of cellular copper above 
the needs is deleterious. Given the requirement for copper on the one hand and the 
potential toxicity of copper on the other hand, cells have evolved mechanisms to 
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maintain cellular copper concentrations in a proper range. However, in genetic cop-
per dyshomeostasis and in neurodegenerative diseases, these homeostatic mecha-
nisms may fail and as a consequence copper deficiency or copper overload may 
occur. Following a brief overview on copper homeostasis and the essentiality of 
copper, this chapter will review the potential mechanisms of copper toxicity and list 
the neurologic diseases that have been connected to noxious effects of copper. In 
addition, we will discuss the toxicity of copper nanoparticles.

 Brain Copper Content and Spatial Distribution

Total brain copper content has been estimated to be 3.1 μg g−1 wet weight in humans 
(Lech and Sadlik 2007), 5.5 μg g−1 wet weight in mice (Waggoner et al. 2000), and 
1.0 μg g−1 wet weight in rat (Olusola et al. 2004). However, the brain is a heteroge-
neous organ with anatomically and physiologically different regions which vary in 
their specific copper contents (Davies et al. 2012; Krebs et al. 2014; Ramos et al. 
2014). In humans, by far the highest copper contents are found in locus coeruleus 
and substantia nigra (Warren et al. 1960; Davies et al. 2012; Krebs et al. 2014), two 
structures which are rich in neuromelanin, but also areas within the hippocampus 
are strongly enriched in copper (Dobrowolska et al. 2008). While the copper con-
centration of the cerebrospinal fluid (CSF) in humans and rodents ranges between 
0.2 and 0.5 μM (Stuerenburg 2000; Forte et al. 2004; Strozyk et al. 2009; Fu et al. 
2015), the extracellular copper concentration in brain tissue may be higher. At least 
for the synaptic cleft, copper concentrations of up to 250 μM have been reported 
(Kardos et al. 1989; Hopt et al. 2003).

Brain copper content and distribution change during development, with age and 
in neurodegenerative diseases. An increase in copper content with age has been 
reported for rodents (Maynard et al. 2002; Tarohda et al. 2004; Wang et al. 2010; Fu 
et al. 2015) and cattle (Zatta et al. 2008), whereas no significant alteration with age 
was observed for most human brain regions (Loeffler et al. 1996; Davies et al. 2012; 
Ramos et al. 2014). The copper content in brains of Wilson’s disease (WD) patients 
was shown to be almost eight times that of control brains, with homogeneous cop-
per accumulation in all brain regions (Litwin et  al. 2013). Such a nonselective 
increase of copper throughout the brain was also observed in the ATP7B null mice, 
a rodent model of Wilson’s disease (Boaru et al. 2014). Brain copper contents of 
Menkes disease (MD) patients (Nooijen et  al. 1981; Willemse et  al. 1982) and 
mouse models of MD (Camakaris et al. 1979; Lenartowicz et al. 2015) were found 
to be lowered to values down to 20% of those found for controls. The amyloid 
plaques in Alzheimer’s disease (AD) brain are strongly enriched in copper (Lovell 
et al. 1998), while cerebral cortex, frontal cortex, amygdala, and hippocampus were 
shown to be decreased by up to 50% in copper content (Deibel et al. 1996; Akatsu 
et al. 2012; James et al. 2012; Rembach et al. 2013). In Parkinson’s disease (PD) 
and incidental Lewy body disease, a reduction by about 50% in copper content of 
substantia nigra and locus coeruleus has been reported (Ayton et al. 2013; Davies 
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et al. 2014). Substantial lower copper levels have also been observed in hippocam-
pal tissue from patients with mesial temporal lobe epilepsy associated with hippo-
campal sclerosis (Ristić et al. 2014) and in brains of scrapie-infected mice (Thackray 
et al. 2002), whereas an increase in copper was shown for the striatum of Huntington’s 
disease (HD) patients (Dexter et  al. 1992) and in iron-rich areas of the dentate 
nucleus of patients suffering from Friedreich’s ataxia and spinocerebellar ataxia 
type 3 (Koeppen et al. 2012).

 Copper Homeostasis

 Cellular Copper Homeostasis

Many components of the cellular copper homeostasis machinery have been 
described at the molecular level (Fig. 1). The copper transport receptor (Ctr) 1 is 
considered as the major entry pathway for copper into mammalian cells (Lee et al. 
2002a, b), but other copper uptake systems have also been reported (Lee et  al. 
2002b; Moriya et al. 2008; Kidane et al. 2012). Further evidence for such alterna-
tive transport mechanism was provided by data from cell-specific Ctr1 knockout 
mice (Nose et al. 2006; Kim et al. 2009). The copper transporter Ctr2 (Bertinato 
et  al. 2008), the divalent metal transporter (DMT) 1 (Arredondo et  al. 2003; 
Espinoza et al. 2012; Monnot et al. 2012; Lin et al. 2015), and anion transporters 
(Alda and Garay 1990; Zimnicka et al. 2011) have been discussed as possible can-
didate proteins mediating this alternative transport mechanism (Fig. 1). The accu-
mulation of copper in the cytosol bears the risk of copper toxicity. However, under 
physiological conditions, the concentration of free copper within the cell is kept 
very low at around 10−18 M (Rae et al. 1999). This low concentration of free copper 
is maintained by efficient binding of copper to metallothioneins (MTs) and ligands 
of low molecular mass such as glutathione (GSH) (Scheiber et al. 2014). In addi-
tion, mitochondria are likely to contribute to the cellular copper buffering capacity 
(Cobine et al. 2004; Maxfield et al. 2004; Leary et al. 2009). A group of specialized 
proteins, termed copper chaperones, shuttle copper to copper-dependent enzymes 
and to organelles (Fig. 1), thereby protecting it from being scavenged by MTs or 
GSH. Atox1 transfers Cu+ to the N-terminal metal-binding domains of the copper- 
transporting P-type ATPases ATP7A and ATP7B; the copper chaperone for super-
oxide dismutase (CCS) facilitates the insertion of copper into superoxide dismutase 
(SOD) 1, while Cox17, Sco1, Sco2, and Cox11 participate in the insertion of cop-
per ions into mammalian cytochrome c oxidase (Robinson and Winge 2010). In 
addition, a yet to be identified copper ligand aids in the transport of copper into the 
mitochondrial matrix (Cobine et al. 2004; Vest et al. 2013). Cellular copper export 
in mammals relies on the function of two proteins, ATP7A and ATP7B (Fig. 1). 
These proteins belong to the protein family of P1B-type ATPases that use the 
energy of ATP hydrolysis to transport heavy metals across cellular membranes 
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(Arguello et al. 2007). In addition to their critical function in the efflux of cellular 
copper, ATP7A and ATP7B shuttle copper to the secretory pathway for incorpora-
tion into copper-dependent enzymes such as tyrosinase, peptidylglycine-amidating 
monooxygenase (PAM), dopamine β-monooxygenase (DβM), lysyl oxidase (LOX), 
and ceruloplasmin (Cp) (Scheiber et  al. 2014). In the brain, ATP7A is further 
required for the release of copper from hippocampal neurons upon NMDA activa-
tion (Schlief et al. 2005).

Fig. 1 Mechanism of cellular copper transport. Copper enters cells via the copper transporter 
Ctr1, DMT 1, and/or yet-unknown transporters. A cuprireductase provides Cu+, the preferred sub-
strate for Ctr1 and DMT1. In cells, accumulated copper is sequestered by GSH or stored in 
metallothioneins (MT). Copper chaperones shuttle copper to its specific cellular targets. CCS pro-
vides copper to SOD1. A yet-unknown copper ligand aids in the transport of copper into the mito-
chondrial matrix and Cox17, Sco1/Sco2 and Cox11 participate in the insertion of copper into 
cytochrome c oxidase (CCO). Atox1 delivers copper to the copper-transporting P-type ATPases 
ATP7A and ATP7B that shuttle copper to the secretory pathway for subsequent incorporation into 
copper-dependent enzymes and mediate cellular copper efflux
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 Systemic Copper Homeostasis

Overall balance of systemic copper in the body is achieved by regulation of the rate 
of uptake of copper in the small intestine and efflux of copper from the liver in the 
bile (Scheiber et al. 2013). Most dietary copper is absorbed in the small intestine 
(Linder and Hazegh-Azam 1996), and Ctr1 has been shown to be essential for this 
process as mice with intestinal-specific knockout of Ctr1 exhibited severe copper 
deficiency and death by 3 weeks of age due to intestinal block of copper absorption 
(Nose et al. 2006). While it is clear that Ctr1 is required for copper to be bioavail-
able (Nose et al. 2006), its function in apical copper entry is still under controversial 
debate. In most studies, Ctr1 was observed to be localized to the apical surface (Kuo 
et al. 2006; Nose et al. 2010), but Zimnicka et al. (2007) reported that Ctr1 is located 
at the basolateral membrane in the enterocytes. Furthermore, enterocytes deficient 
in Ctr1 hyperaccumulated copper (Nose et al. 2006), suggesting the contribution of 
other transporters in the transport of copper across the brush border of the intestinal 
epithelial cells. Indeed, DMT1 (Arredondo et al. 2003; Espinoza et al. 2012) and 
anion transporters (Zimnicka et al. 2011) have been implicated in this process. The 
copper efflux protein ATP7A is responsible for the transport of copper across the 
basolateral surface of intestinal epithelia cells into portal circulation (Scheiber et al. 
2013). Increasing dietary copper causes ATP7A in intestinal enterocytes to traffic 
from the trans-Golgi network (TGN) to sub-basolateral membrane vesicles that 
periodically fuse with the plasma membrane to release copper into the basolateral 
milieu (Monty et al. 2005; Nyasae et al. 2007). ATP7B is the transporter responsible 
for efflux of copper from the liver into the bile, the principle pathway for removing 
excess copper from the body (Scheiber et al. 2013). Excess copper in the hepatocyte 
stimulates trafficking of this protein from the TGN to vesicles close to the apical 
membrane of the hepatocyte that abuts the biliary canaliculus (Cater et al. 2006), 
thus increasing the capacity of rapid copper sequestration from the cytosol and 
allowing for subsequent excretion of excess copper via exocytosis.

 Brain Copper Homeostasis

Brain copper homeostasis is regulated by the brain barrier systems, i.e., the blood- 
brain barrier (BBB) and blood-CSF barrier (BCB). The main route for copper entry 
into the brain parenchyma appears to be the BBB (Fig. 2), requiring the combined 
action of Ctr1 and ATP7A (Choi and Zheng 2009; Monnot et al. 2011; Zheng and 
Monnot 2012; Fu et al. 2014). Ctr1 is strongly expressed in brain capillary endothe-
lial cells (Kuo et al. 2006) and has been proposed to locate on the luminal side of 
these cells (Kaler 2011) making it an ideal candidate in regulating copper uptake 
from the blood. Copper levels in brains of Ctr1-heterozygous knockout mice are 
reduced to about 50% of that of wild-type animals (Lee et al. 2001) confirming the 
fundamental role for Ctr1 in the transport of copper across the BBB into the brain. 
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The requirement of ATP7A in copper export from brain capillary endothelial cells 
has been demonstrated in a cell culture model for these cells (Qian et al. 1998) and 
dysfunction of ATP7A results in hyperaccumulation of copper in brain capillaries of 
mouse models of Menkes disease (Kodama 1993; Yoshimura et al. 1995). ATP7A 
mRNA levels in the BBB were found to be about 13 times higher than ATP7B 
mRNA levels, supporting a predominant role for ATP7A in copper export from 
brain capillary endothelial cells into brain parenchyma (Fu et al. 2014). Although 
the transport of copper from blood circulation into the choroid plexus (CP) is faster 
than into cerebral capillaries, further transport of copper from the CP into the CSF 
is very slow, virtually prohibiting the passage of copper from blood to CSF (Choi 
and Zheng 2009; Fu et al. 2014). Moreover, in vitro and in vivo data demonstrated 
that the direction of BCB in transporting copper is from the CSF to blood (Fig. 2), 
providing evidence that the BCB’s role in CNS copper homeostasis is to remove 

Fig. 2 Brain copper homeostasis. The blood-brain barrier (BBB) appears to be the main route 
for copper entry into the brain. Brain capillary endothelial cells take up copper from the blood via 
Ctr1. These cells release copper via ATP7A into the brain parenchyma and copper is subsequently 
taken up into astrocytes, neurons and other brain cells, most likely predominantly via Ctr1. At least 
astrocytes release via ATP7A excess of copper into the CSF.  The choroid plexus functions in 
extracting copper from the CSF. Copper taken up via Ctr1 and/or DMT1 into choroidal epithelial 
cells that constitute the blood-CSF barrier (BCB) is either released into the blood via ATP7B or 
stored for potential release by ATP7A back into the CSF
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copper from the CSF (Monnot et al. 2011). However, the situation might be differ-
ent in the developing brain for which the BCB has been hypothesized to be the pri-
mary route of copper entry (Donsante et al. 2010). Using a choroidal cell model, it 
was shown that both Ctr1 and DMT1 mediate copper accumulation by choroidal 
epithelial cells (Monnot et al. 2012; Zheng et al. 2012) although Ctr1 appears to 
play a much more significant role in transporting Cu into the cells than does DMT1 
(Zheng et al. 2012). Both transporters are enriched at the apical membrane of epi-
thelial cells of the CP (Kuo et al. 2006; Wang et al. 2008; Davies et al. 2012; Zheng 
and Monnot 2012) consistent with the proposed function of the CP in extracting 
copper from the CSF. In contrast to the BBB, ATP7B mRNA is more abundantly 
expressed in choroidal epithelial cells than ATP7A.  However, data from siRNA 
knockdown experiments indicates that both Cu-transporting ATPases, ATP7A and 
ATP7B, contribute to copper transport across the BCB (Fu et al. 2014). Furthermore, 
upon copper incubation of rat choroid plexus tissue, ATP7B was shown to traffic 
from a perinuclear location toward the basolateral membrane, whereas ATP7A 
translocated toward the apical microvilli, suggesting that while ATP7B is responsi-
ble for release of copper into the blood, ATP7A is responsible for the efflux of cop-
per from choroidal epithelial cells into the CSF (Fu et al. 2014). Such trafficking 
behavior of ATP7A and ATP7B in choroidal epithelial cells has been previously 
hypothesized by Kaler (Kaler 2011) but contrasts the situation reported for other 
polarized cells (Monty et al. 2005; Llanos et al. 2008; Michalczyk et al. 2008) and 
to the localization of ATP7A and ATP7B reported for human epithelial cells of the 
CP (Davies et al. 2012).

 Essentiality of Copper

By virtue of its function as cofactor and/or structural component in a number of 
important enzymes, copper is essential for a variety of biological pathways (Scheiber 
et al. 2014). The final step of the electron transfer in the mitochondrial respiratory 
chain, the oxidation of reduced cytochrome c by dioxygen, is catalyzed by cyto-
chrome c oxidase, a member of the superfamily of heme-copper-containing oxi-
dases (Ferguson-Miller and Babcock 1996). The copper-dependent SODs 1 and 3 
contribute to the antioxidative defense by catalyzing the dismutation of superoxide 
to oxygen and hydrogen peroxide (Perry et al. 2010). The multi-copper oxidase Cp 
plays an important role in iron homeostasis and thus links copper and iron metabo-
lism (Healy and Tipton 2007). Lysyl oxidase has a crucial role in the formation, 
maturation, and stabilization of connective tissues by catalyzing the cross-linking of 
elastin and collagen (Lucero and Kagan 2006). Both DβM and PAM belong to a 
small class of copper proteins found exclusively in mammals (Klinman 2006). DβM 
catalyzes the final step in noradrenaline synthesis, the oxidative hydroxylation of 
dopamine to noradrenaline, and thus plays an important role in the catecholamine 
metabolism (Timmers et  al. 2004). PAM exclusively catalyzes the C-terminal 
α-amidation of propeptides, a posttranslational modification essential for the 

Neurotoxicity of Copper



320

bioactivity of diverse physiological regulators, including peptide hormones, neu-
rotransmitters, and growth factors (Bousquet-Moore et al. 2010b). Tyrosinase is the 
key enzyme in the biogenesis of melanin pigments. Among others, tyrosinase cata-
lyzes the hydroxylation of L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), 
the rate-limiting step in the biosynthesis of melanins and dopamine, and its subse-
quent oxidation to DOPA quinone (Olivares and Solano 2009). Primary and second-
ary copper amine oxidases regulate biogenic amine levels by catalyzing their 
oxidative deamination (Klinman 1996).

In addition to its requirement for enzymes, a growing body of evidence indicates 
a role for copper in biological processes such as coagulation (Wakabayashi et al. 
2001), angiogenesis (Urso and Maffia 2015), response to hypoxia (Feng et al. 2009), 
nonclassical secretion (Prudovsky et al. 2008), and neuromodulation (Gaier et al. 
2013). Synaptosomes and primary hippocampal neurons have been shown to release 
copper following depolarization (Kardos et al. 1989; Hopt et al. 2003; Schlief et al. 
2005) in concentrations sufficient to modulate excitatory and inhibitory neurotrans-
mission (Gaier et al. 2013; Scheiber et al. 2014). Several of the neuromodulatory 
functions of copper appear to be directly linked to interactions of copper with recep-
tors, but copper may exert its neuromodulatory functions also by altering intracel-
lular signaling pathways (Gaier et al. 2013; Scheiber et al. 2014). The exact role of 
copper in synaptic physiology remains to be elucidated (for review, see Gaier et al. 
2013). However, synaptically released endogenous copper and exogenously applied 
copper protect primary hippocampal neurons against NMDA-mediated excitotoxic 
cell death (Schlief and Gitlin 2006) in a process that involves the cellular prion pro-
tein (Gasperini et  al. 2015). While an inhibitory effect of copper on long-term 
potentiation (LTP) has been demonstrated using hippocampus slices that had been 
exposed to exogenous copper (Doreulee et al. 1997; Salazar-Weber and Smith 2011) 
and hippocampal slices of rats that had been fed a high-copper diet (Goldschmith 
et al. 2005; Leiva et al. 2009), copper has been shown to be required for amygdalar 
LTP (Gaier et al. 2014a, b).

The essentiality of copper is best illustrated by MD, a rare, X-linked recessive 
disorder caused by genetic defects in the copper-transporting ATPase ATP7A that 
manifests with clinical symptoms, including severe progressive neurological degen-
eration, increased seizure frequency, connective tissue abnormalities, muscular 
hypotonia, hypothermia, and abnormalities of the skin and hair (Kaler 2011; 
Kodama et al. 2011). As ATP7A is required for the transport of copper across the 
basolateral surface of intestinal epithelia cells into portal circulation, loss of func-
tion of ATP7A leads to failure of copper absorption in the intestine and hence to a 
systemic copper deficiency (Kodama et al. 2011). Treatment with parental copper 
can improve neurological outcomes when initiated in the neonatal period and the 
BBB is immature, but proves ineffective when initiated at later age due to the essen-
tial role of ATP7A for copper transport across the BBB (Kaler 2011; Kodama et al. 
2011). Many of the clinical symptoms of MD can be ascribed to a decrease in the 
activities of secreted copper-dependent enzymes that rely on the function of ATP7A 
to receive their copper (Kaler 2011; Kodama et al. 2011). Decreased PAM activity 
and the subsequent lack of α-amidated peptides are thought to contribute to the 
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neurodevelopmental delay and increased seizure frequency associated with MD 
(Bousquet-Moore et al. 2010a; Kaler 2011). Partial deficiency of DβM accounts for 
the elevated dopamine to noradrenaline ratio in plasma and CSF of MD patients 
(Kaler 1998). Hypopigmentation of the skin and hair is a consequence from reduced 
tyrosinase activity and lowered LOX activity is responsible for bone and connective 
tissue abnormalities (Kaler 2011; Kodama et al. 2011). However, low CCO activity 
as a consequence of impaired transport of copper into the brain is likely to be the 
major cause of the severe neurodegeneration associated with MD (Kaler 2013; 
Scheiber et al. 2014). In support of this view, a mouse model (Atp7aNes) in which the 
Atp7a gene was selective deleted in neural cells showed normal to slightly elevated 
brain copper levels and no signs of Menkes-like degenerative neuropathology and 
early mortality (Hodgkinson et al. 2015). Nevertheless, ATP7A has been shown to 
have a critical role in the availability of an NMDA receptor-dependent releasable 
pool of copper in primary hippocampal neurons (Schlief et  al. 2005), which has 
been shown to protect these cells against NMDA-mediated excitotoxic cell death 
(Schlief et al. 2006). Failure of this copper-dependent neuroprotective pathway in 
MD may contribute to the extensive neurodegeneration seen in this fatal disease 
(Schlief et al. 2006; Schlief and Gitlin 2006; Hodgkinson et al. 2015).

 Toxicity of Copper

Copper toxicity in individuals without genetic susceptibility is rare (de Romaña 
et al. 2011). Acute copper toxicity has been described for individuals that acciden-
tally or with suicidal intention ingested high doses of copper (Franchitto et  al. 
2008). For copper doses up to 1 gram, gastrointestinal symptoms predominate. 
Ingestion of higher copper doses may result in nausea, vomiting, headache, diar-
rhea, hemolytic anemia, gastrointestinal hemorrhage, liver and kidney failure and 
even death may occur (Franchitto et al. 2008). Chronic copper toxicity is a feature 
of WD, Indian childhood cirrhosis, and idiopathic chronic toxicosis that originate 
from genetic defects affecting copper metabolism (Scheiber et al. 2013). In addi-
tion, copper may contribute as a noxious metal to the pathology of neurodegenera-
tive disorders, including AD, PD, and HD (Scheiber et al. 2014).

 Mechanisms of Copper Toxicity

 Oxidative Mechanisms

Copper toxicity is in large part a consequence of the redox activity of copper. Copper 
can easily cycle between the reduced Cu(I) and the oxidized Cu(II) oxidation state, 
allowing it to facilitate redox reactions and to coordinate a large variety of ligands 
(Liu et al. 2014). This feature is utilized by most of the copper-dependent enzymes 
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that employ copper as a cofactor in fundamental redox reactions (Liu et al. 2014). 
However, the redox nature that makes copper biologically useful also renders it 
potentially toxic. Redox cycling of copper in the presence of superoxide or reducing 
agents such as ascorbic acid or GSH may catalyze the generation of highly reactive 
hydroxyl radicals from hydrogen peroxide via the Haber-Weiss cycle (Gunther et al. 
1995). The hydroxyl radical, being the most powerful oxidizing radical likely to 
arise in biological systems, is capable of initiating oxidative damage by abstracting 
the hydrogen from an amino-bearing carbon to form a carbon-centered protein radi-
cal or from an unsaturated fatty acid to form a lipid radical and by inducing DNA 
strand breaks and oxidation of bases (Gaetke et al. 2014). In addition, copper ions 
are capable of accelerating lipid peroxidation by splitting lipid hydroperoxides in a 
reaction analogous to the Fenton reaction, giving alkoxyl and peroxyl radicals 
thereby propagating the chain reaction (Halliwell 2006).

Mitochondria are major targets for copper-induced oxidative damage. 
Ultrastructural changes of liver mitochondria in WD patients; in the Long-Evans 
Cinnamon (LEC) rat, a rat model of WD; and in rats with dietary copper overload 
(Sokol et al. 1990; Zischka et al. 2011; Fanni et al. 2014) are accompanied by func-
tional impairment of enzymes of mitochondrial respiration (Sokol et al. 1993; Gu 
et al. 2000; Zischka et al. 2011). Altered activities of respiratory chain enzyme com-
plexes similar to that found in the liver have been observed in brain tissue of 
ATP7B−/− mice (Sauer et al. 2011). Treatment of cultured hepatocytes mixed neuro-
nal/glial cultures or neuroblastoma cultures with copper was shown to inhibit mito-
chondrial pyruvate and α-ketoglutarate dehydrogenase complexes, which was 
attributed to mitochondrial ROS formation (Sheline and Choi 2004; Arciello et al. 
2005). As markers of lipid peroxidation are elevated in hepatocyte mitochondria of 
WD patients, animal models of WD and rats with dietary copper overload, oxidative 
membrane damage is likely to contribute to the mitochondrial alterations observed 
under these copper-overload conditions (Sokol et  al. 1990, 1994; Zischka et  al. 
2011). In addition, increased levels of phosphatidic acid and phosphatidyl hydroxyl 
acetone have been observed in liver mitochondria of ATP7B−/− mice (Yurkova et al. 
2011), indicative of ROS-mediated fragmentation of mitochondrial cardiolipin 
(Yurkova et al. 2008). Cardiolipin is a phospholipid crucial for integrity and func-
tion of the mitochondrial inner membrane and oxidation of cardiolipin has been 
shown to impair oxidative phosphorylation and to cause induction of apoptosis 
(Hauck and Bernlohr 2016). The induction of the mitochondrial permeability transi-
tion as a consequence of copper-mediated oxidative stress was observed in primary 
hepatocytes (Roy et al. 2009) and primary astrocytes, but not in primary neurons 
(Reddy et al. 2008). Mitochondrial permeability transition results in increased per-
meability of the inner mitochondrial membrane leading to cell death via apoptosis 
and/or necrosis (Javadov and Kuznetsov 2013).

Extensive genome damage is a common feature of metal-overload conditions, 
including many neurological disorders, in particular base modifications and strand 
breaks (Hegde et al. 2011; Mitra et al. 2014). The induction of oxidative DNA dam-
age by copper and various copper complexes has been demonstrated in vitro with 
isolated DNA (Sagripanti and Kraemer 1989; Tkeshelashvili et  al. 1991) and 
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 cultured mammalian cell cultures (Ma et al. 1998; Alimba et al. 2016) as well as 
in vivo (Prá et al. 2008; Georgieva et al. 2013). Copper is thought to exert its geno-
toxic effect via a site-specific mechanism that involves the generation of singlet 
oxygen and/or hydroxyl radicals bound to or in close proximity of high-affinity 
copper- binding sites on double-stranded DNA rather than via the generation of free 
hydroxyl radicals (Sagripanti and Kraemer 1989; Tkeshelashvili et al. 1991; Frelon 
et  al. 2003). Facilitation of autoxidation of catecholamines such as adrenaline, 
L-DOPA, dopamine, and 6-hydroxydopamine by copper results not only in an 
increased production of superoxide (Halliwell 2006), but complexes resulting from 
catecholamine oxidation products and copper also oxidatively damage DNA (Lévay 
et  al. 1997; Spencer et  al. 2011). This observation has been used to explain the 
selective copper neurotoxicity in neurodegenerative diseases, in particular PD 
(Spencer et al. 2011).

The oxidative DNA damage exerted by copper and/or copper-induced oxidative 
stress may lead to activation of the tumor suppressor protein p53 (Phatak and Muller 
2015) which in turn can trigger apoptosis by transcriptionally activating or repress-
ing the expression of a panel of pro- and antiapoptotic proteins or by direct action at 
the mitochondria (Wang et al. 2014). Indeed, elevated p53 mRNA and protein levels 
and nuclear translocation of p53 have been shown in liver cells and neurons upon 
copper exposure (Strand et al. 1998; Narayanan et al. 2001; VanLandingham et al. 
2002). A supporting role of p53 in copper-induced cell death has been demonstrated 
for neurons and liver cells deficient or mutated in p53 which are more resistant to 
the toxic effect of copper (Strand et  al. 1998; VanLandingham et  al. 2002). The 
induction of apoptosis in hepatocytes in response to copper has further been shown 
to involve the activation of the endogenous CD95 system (Strand et al. 1998), a 
downstream effector of p53-dependent apoptosis (Haupt et al. 2003), and the activa-
tion of acid sphingomyelinase and subsequent release of ceramide (Lang et  al. 
2007) by copper-induced ROS. As the induction of apoptosis via the CD95 system 
in hepatocytes has been shown to require the activation of acid sphingomyelinase 
in  vivo (Kirschnek et  al. 2000), copper may stimulate acid sphingomyelinase in 
these cells at least in part through the endogenous CD95 system (Lang et al. 2007). 
However, in erythrocytes, copper induced phosphatidylserine exposure and death 
via leukocyte-secreted acid sphingomyelinase, suggesting that ceramide might also 
be involved in CD95-independent pathways leading to hepatocyte and erythrocyte 
death after copper treatment (Lang et al. 2007).

 Binding to Biomolecules

Although copper toxicity is ascribed in large part as a consequence to copper- 
induced oxidative stress, direct binding of copper to proteins should be considered. 
In this regard, copper has been shown to bind to the X-linked inhibitor of apoptosis 
(XIAP), an antiapoptotic protein that directly binds to and inhibits specific caspases, 
thereby inducing a conformational change in the protein as well as a decrease in its 
half-life (Mufti et al. 2006). These two changes make the cell more susceptible to 
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apoptotic stimuli and may contribute to the pathophysiology of copper toxicosis 
syndromes (Mufti et al. 2007). In addition, copper may nonspecifically bind to thiol 
and amino groups in proteins unrelated to copper metabolism, thereby altering pro-
tein structure and modifying their biological functions (Letelier et al. 2005). Binding 
of copper has been shown to inhibit enzymatic activities of the cytochrome P450 
oxidative system, GSH transferases, and lactate dehydrogenase (Letelier et al. 2005, 
2006; Pamp et  al. 2005). Noncompetitive inhibition of Na+/K+-ATPase from rat 
brain synaptic plasma membranes (Vasić et al. 1999; Krstić et al. 2005; Nedeljković 
and Horvat 2007) and rabbit kidney (Li et al. 1996) by copper most likely occurs via 
binding of copper to protein sulfhydryl groups (Vujisić et al. 2004). Na+/K+-ATPase 
is concentrated in the synaptic membranes where it mediates potassium uptake and 
sodium release, which are required to restore ionic equilibria after the passage of 
nervous impulse (de Lores Arnaiz and Ordieres 2014). Consequently, inhibition of 
Na+/K+-ATPase will lead to diverse alterations of neuronal behavior (de Lores 
Arnaiz and Ordieres 2014). Copper binding to proteins involved in DNA repair may 
contribute to copper-induced DNA damage. Copper has been shown to inhibit the 
activities of the DNA glycosylases NEIL1 and NEIL2 by forming stable complexes 
with these proteins (Hegde et al. 2010) and to inhibit both phosphatase and kinase 
activities of the enzyme polynucleotide kinase 3′-phosphatase (PNKP) that is 
responsible for preparing nicked DNA for ligation (Whiteside et al. 2010). Copper 
has further been shown to strongly inhibit DNA-binding affinity of the DNA nick- 
sensor poly(ADP-ribose)polymerase-1 (PARP-1) and H2O2-induced poly(ADP- 
ribosyl)ation in HeLa S3 cells (Schwerdtle et al. 2007). As binding to DNA lesions 
and the activity of PARP-1 depends on three zinc finger domains (Eustermann et al. 
2011), copper may exert its inhibitory effect by displacing zinc and/or by oxidation 
of the cysteines complexing zinc in these zinc finger structure (Schwerdtle et al. 
2007).

Alteration of gene expression and metabolic pathways may also contribute to 
copper toxicity. Utilizing the ATB7B−/− mice, an animal model for WD, Huster et al. 
(2007) provided evidence that despite significant copper accumulation, copper- 
mediated oxidative stress does not play a major role at early stages of the disease. 
Instead, in presymptomatic ATB7B−/− mice, copper overload was shown to have a 
distinct and selective effect on liver gene expression and metabolism: Accumulated 
copper selectively upregulated the molecular machinery associated with cell cycle 
and chromatin structure and downregulated lipid metabolism (Huster et al. 2007). In 
fact, transcripts of genes involved in lipid metabolism remain significantly down-
regulated in ATP7B−/− mice liver at all stages of WD (Ralle et al. 2010). Transcripts 
of enzymes involved in key steps of cholesterol biosynthesis were found to be most 
affected and accompanied by a marked decrease in liver cholesterol and VLDL 
cholesterol in serum (Huster et  al. 2007; Ralle et  al. 2010). Furthermore, severe 
dysregulation of sterol metabolism was observed in brains of ATP7B−/− mice (Sauer 
et  al. 2011). The mechanism through which copper induces its effects on gene 
expression is not yet fully revealed. However, analysis of downregulated signaling 
pathways revealed a significant involvement of specific nuclear receptors (Burkhead 
et al. 2011). Indeed, NR3C1/glucocorticoid receptor (GR) and NR1H4/farnesoid X 

F. Bulcke et al.



325

receptor (FXR), two key nuclear receptors with functions in lipid metabolism, are 
less abundant in nuclei of ATP7B−/− hepatocytes (Wilmarth et  al. 2012). Also 
nuclear receptor target gene expression and activity are impaired in HepG2 cells 
treated with copper, livers from ATP7B−/− mice, and hepatic autopsy samples of 
WD patients (Wooton-Kee et  al. 2015). Recent evidence suggests that copper 
directly decreases nuclear receptor function by competing with zinc for occupancy 
of the DNA-binding zinc finger domains (Wooton-Kee et al. 2015). The selective 
effects of copper on gene expression may be explained by differences in zinc finger 
coordination among different zinc-containing transcription factors that may result 
in a spectrum of susceptibility to copper interaction with the zinc finger proteins 
(Wooton-Kee et al. 2015).

Increasing evidence suggests a neuromodulatory function of copper (Gaier et al. 
2013; Scheiber et al. 2014). Several of the neuromodulatory functions of copper 
appear to be linked to its effects on voltage-gated ion channels and synaptic recep-
tors, but copper may exert its neuromodulatory functions also by altering intracel-
lular signaling pathways in neurons (Gaier et al. 2013; Scheiber et al. 2014). Thus, 
copper neurotoxicity may be in part a consequence of excess copper adversely 
affecting synaptic transmission and functions.

 Neurotoxicity of Copper

A number of neurodegenerative disorders have been connected with disturbances in 
copper homeostasis in brain (Rivera-Mancia et  al. 2010; Scheiber et  al. 2014; 
Bandmann et al. 2015). Here we will only shortly mention the main characteristics 
of the disorders and will focus more on the evidence presented so far on the roles 
that copper deprivation or copper excess may play in the pathology of the diseases.

 Neurologic Wilson Disease

WD is a rare, inherited autosomal recessive disease of copper metabolism that origi-
nates from a genetic defect in the copper-transporting ATPase ATP7B.  Impaired 
ATP7B function in WD results in failure of biliary copper secretion, leading to cop-
per accumulation in the liver, brain and other tissues as well as in failure of loading 
of Cp with copper (Dusek et al. 2015). The majority of patients with WD present 
either predominantly hepatic or neuropsychiatric symptoms, the latter occurring in 
up to 50% of WD patients (Das and Ray 2006). Neurologic symptoms in WD are 
manifold and include dysarthria, tremor, Parkinsonism, dystonia, ataxia, chorea and 
cognitive impairments (Lorincz 2010). Ventricular dilatation and generalized atro-
phy are common neuropathological abnormalities in the WD brain (Meenakshi- 
Sundaram et  al. 2008). Macroscopic structural changes are most consistently 
observed in the basal ganglia, particularly in the dorsal striatum, but have also been 
reported for the thalamus, brainstem, and frontal cortex (Brewer and 
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Yuzbasiyan-Gurkan 1992; Meenakshi-Sundaram et al. 2008). Involvement of the 
white matter has been considered to be present in at least 10% of cases (Mikol et al. 
2005). Copper toxicity is considered as primary cause of the brain damage associ-
ated with WD, although other factors, such as decreased Cp oxidase activity and 
subsequent disturbance of iron metabolism, may also contribute (Dusek et al. 2015). 
Copper content in brains of WD patients is strongly increased in all brain regions 
(Litwin et al. 2013) and a fair degree of correlation between the severity of neuro-
degeneration and cerebral copper content has been reported (Horoupian et al. 1988).

The occurrence of abnormal astrocytes, i.e. Alzheimer type I and II cells and 
Opalski cells, already in early stages of the disease is a typical neuropathological 
feature of WD (Mossakowski et al. 1970; Bertrand et al. 2001; Das and Ray 2006). 
Astrocytes, localized in the brain between neurons and capillary endothelial cells, 
are considered the first parenchymal cells to encounter metals crossing the BBB 
(Scheiber and Dringen 2013) and abnormal astrocytes in WD stain strongly for MT 
and copper (Bertrand et  al. 2001; Mikol et  al. 2005), suggesting that astrocytes 
accumulate excess copper, in order to protect neurons from copper toxicity. Such a 
neuroprotective function of astrocytes has been reported for cultured brain cells 
(Brown 2004) and is supported by data from the North Ronaldsay sheep, an animal 
model for copper toxicosis, where an elevated brain copper content was accompa-
nied by increased expression of MT and copper accumulation in astrocytes 
(Haywood et al. 2008). However, during the course of WD, the storage capacity of 
astrocytes is likely to get exhausted, leading to astrocyte damage as well as to an 
increase in extracellular copper in the brain parenchyma. Thus, both impairments of 
astrocyte functions that are required for normal neuronal function (Parpura et al. 
2012) and exposure of neurons to excess copper should be considered to contribute 
to neuronal death in WD.

 Alzheimer Disease

AD is the most common neurodegenerative disease in humans with most of the 
cases representing the late-onset form that is sporadic with no obvious implication 
of genetic factors (Prakash et al. 2016). The disease is characterized by a progres-
sive decline and ultimately loss of memory and multiple other cognitive functions 
along with psychiatric disturbances (Castellani et al. 2010). Aside from age, other 
risk factors include family history of dementia and genetic and environmental fac-
tors (Castellani et al. 2010). The major pathological hallmarks of AD are the pres-
ence of extracellular senile plaques, primarily composed of amyloid-β (Αβ) peptides 
of 40 and 42 residues, and intracellular neurofibrillary tangles, primarily constituted 
of hyperphosphorylated tau protein (Ballard et al. 2011).

Strong evidence implicates a dyshomeostasis of copper in the etiology of AD, 
but controversy exists regarding the role of copper in the pathogenic process. While 
some evidence supports a detrimental role of copper in AD, other studies suggest 
the opposite. In support of the former, Aβ peptides bind copper with high affinity, 
and the senile plaques are strongly enriched in copper (Eskici and Axelsen 2012). 
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Copper has been shown to precipitate Aβ peptides in vitro, and it has been suggested 
that copper triggers the formation of senile plaques (Roberts et al. 2012). However, 
with increasing copper:Aβ ratios, the aggregation pathway changes, and the aggre-
gating peptide is diverted into soluble oligomeric forms that are thought to be the 
most neurotoxic Aβ species (Eskici and Axelsen 2012; Matheou et  al. 2015). 
Although the precise mechanisms by which oligomeric Aβ species exert their toxic 
effects are unknown, copper may exacerbated the toxicity of such Aβ oligomers 
through the formation of ROS, as Aβ can mediate the reduction of Cu2+ to Cu+ 
(Roberts et al. 2012), by increasing the specific inhibition of cytochrome c oxidase 
(Crouch et  al. 2005) or by enhancing microglial activation (Yu et  al. 2015). 
Moreover, copper has been implicated in tau pathology associated with AD, by 
stimulating the phosphorylation and aggregation of tau and by enhancing the toxic-
ity of tau aggregates (Du et al. 2014; Voss et al. 2014).

On the contrary, lower copper contents in affected brain regions of AD patients 
(Loeffler et al. 1996) and mouse models for AD (Bayer et al. 2003) as compared to 
controls rather argue for a copper deficit contributing to the neurodegeneration in 
AD.  Copper supplementation and administration of Cu(gtsm) as copper source 
improved the survival and cognitive functions in mouse models of AD (Bayer et al. 
2003; Crouch et al. 2009). However, intake of copper had no effect on cognition in 
patients with mild AD (Kessler et al. 2008). Mechanistically, copper deficiency may 
exacerbate disease progression by influencing amyloid precursor protein processing 
and Aβ metabolism (Cater et al. 2008). In addition, copper deficiency may impair 
the activity of copper-dependent enzymes. In this regard, low activities of cyto-
chrome c oxidase (Maurer et al. 2000) and SOD1 (Marcus et al. 1998) have been 
reported for the AD brain.

 Parkinson Disease

PD is the second most common neurodegenerative disease in humans, with the 
majority of cases representing idiopathic PD (Thomas and Flint Beal 2007). PD is 
characterized by a complex motor disorder known as Parkinsonism that manifests 
with resting tremor, bradykinesia, rigidity and postural instability (Thomas and 
Flint Beal 2007). The pathological hallmarks of the disease are the loss of 
neuromelanin- containing dopaminergic neurons in the substantia nigra pars com-
pacta and the presence of α-synuclein aggregates, named Lewy bodies (Thomas and 
Flint Beal 2007). The precise mechanisms underlying α-synuclein aggregation and 
nigral cell loss are unknown. Among others, oxidative stress, mitochondrial dys-
function, inflammation and dyshomeostasis of metals have been suggested to con-
tribute to the pathogenesis of PD (Jomova et al. 2010).

The role of copper in PD is controversial, as some evidence points to a noxious 
role of copper in the pathology of PD, while other studies suggest a deficiency of 
copper in PD.  Thus, copper has been demonstrated to bind to both soluble and 
membrane-bound α-synucleins with high affinity, to accelerate aggregation of 
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 soluble α-synuclein (Uversky et  al. 2001), and a copper-binding oligomer of 
α-synuclein has been discussed as neurotoxic form of α-synuclein (Brown 2010). 
However, while the total copper content in brains of PD patients does not differ 
strongly from healthy controls, copper levels are substantial lower in substantia 
nigra of PD patients (Loeffler et al. 1996; Ayton et al. 2013; Davies et al. 2014). This 
reduction in the copper content of the substantia nigra in PD has been discussed to 
result in the impairment of copper-dependent pathways, thereby contributing to the 
pathogenesis of PD (Double 2012; Ayton et al. 2013; Davies et al. 2014). In support 
of this view, copper supplementation (Alcaraz-Zubeldia et al. 2001, 2009) and the 
use of the BBB-permeable copper complex Cu(II)atsm (Hung et al. 2012) have been 
shown to be neuroprotective in animal models of PD, whereas copper chelation was 
not (Youdim et al. 2007).

 Huntington’s Disease

HD is a rare autosomal-dominant, progressive neurodegenerative disease character-
ized by motor, cognitive, and psychiatric abnormalities (Anderson 2011). HD is 
caused by polyglutamine expansion at the N-terminus of the huntingtin protein 
(McFarland and Cha 2011) that finally leads to brain atrophy, predominantly in the 
striatum and the cerebral cortex (Anderson 2011). Aggregation of the mutant hun-
tingtin protein, oxidative stress, impaired energy metabolism, loss of neurotrophic 
support and transcriptional dysregulation have been discussed to contribute to 
development and progression of HD, but the exact pathogenic mechanism remains 
unknown. Accumulation of copper in the HD brain has been hypothesized to foster 
disease progression by promoting aggregation of the mutant huntingtin protein (Fox 
et al. 2007; Hands et al. 2010; Xiao et al. 2013). Further supporting a potential role 
of copper in disease progression, treatment with copper chelators, dietary copper 
reduction and genetic manipulation of copper transporters delayed disease progres-
sion in animal models for HD (Nguyen et al. 2005; Tallaksen-Greene et al. 2009; 
Cherny et al. 2012; Xiao et al. 2013).

 Autism Spectrum Disorders

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders, 
including autistic disorder and Asperger syndrome, that are characterized by perva-
sive difficulties since early childhood across reciprocal social communication and 
restricted, repetitive interests and behaviors (Murphy et al. 2016). The etiology of 
ASD is currently unknown but is likely to be multifactorial encompassing both 
genetic and environmental factors (Murphy et al. 2016). There is some evidence for 
an alteration of copper homeostasis in ASDs. Homozygous deletions of the 
COMMD1 gene have been linked to autism (Levy et al. 2011), which loss of func-
tion results in copper overload in hepatic cell lines and is the cause of copper 
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toxicosis in Bedlington Terriers (Fedoseienko et al. 2014). Hair and nail samples of 
autistic children contain significant elevated levels of copper when compared to 
healthy controls and the levels of copper correlated positively with the severity of 
autism (Lakshmi Priya and Geetha 2011; Russo and de Vito 2011). Excess copper 
has further been shown to affect a pathway at the glutamatergic synapses associated 
with autism (Baecker et al. 2014).

 Neurotoxicity of Copper Nanoparticles

Nanoparticles are usually defined as objects with at least two dimensions in the 
nanoscale (Borm et al. 2006). Due to their small size and their relative high surface, 
compared to the bulk material, they provide various interesting material properties. 
The chemical and physical properties of nanoparticles do not only depend on their 
size but also on their composition, shape, surface area, catalytic activity, and surface 
modifications (Kettler et al. 2014; Amin et al. 2015). Due to the huge variety of 
these materials, nanoparticles gained a lot of interest from industry and the scientific 
community over the last decades (Borm et al. 2006; Cupaioli et al. 2014).

The cheap price and the special features of copper oxide nanoparticles (CuO- 
NPs) led to an increased interest from the industry toward this material (Yurderi 
et  al. 2015). However, despite their high application potential, there are various 
disadvantages of this material. The biocidal activity of CuO-NPs is a double-edged 
feature. On the one hand, CuO-NPs are effectively used in wood preservatives, anti-
fouling paint, water filters, sterile surface coatings or textiles and bandages (Almeida 
et al. 2007; Ben-Sasson et al. 2014; Dankovich and Smith 2014). On the other hand, 
the biocidal activity of CuO-NPs could be unintentionally harmful to the human 
health and the environment (Karlsson et al. 2008).

It is important to elucidate the uptake and distribution of CuO-NPs in the body to 
understand the toxic mechanisms of CuO-NPs. Several studies report that nanopar-
ticles are able to enter the body by different routes but inhalation is the most prob-
able uptake route for nanoparticles, whereas the skin is hardly penetrated 
(Oberdörster et al. 2004; Borm et al. 2006; Kimura et al. 2012). Nanoparticles are 
able to enter the brain upon inhalation either directly by translocation over the nerve 
endings of the olfactory bulb or indirectly after uptake into the blood stream and 
crossing of the BBB (Kreyling et al. 2002; Oberdörster et  al. 2004; Sharma and 
Sharma 2012). Especially for the occupational exposure scenario, it has to be con-
sidered that high amounts of Cu-containing NPs can unintentionally be released 
from electric motors or during welding (Szymczak et  al. 2007). The majority of 
airborne copper is present as fine particles and nanoparticles. A recent study identi-
fied such airborne copper as source for poor motor neuron performance and altered 
basal ganglia in school kids, demonstrating the impact of nano-particular copper on 
the brain (Pujol et al. 2016).

The high toxic potential of CuO-NPs was demonstrated by in vitro studies on 
lung cell lines (Kim et al. 2013; Ivask et al. 2015). This high toxicity of CuO-NPs 
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was confirmed by in  vivo inhalation and injection studies on rats and mice 
(Chen et al. 2006; Liao and Liu 2012; Privalova et al. 2014; Jing et al. 2015). Hereby, 
one particular inhalation study reported the high toxicity of CuO-NPs in compari-
son to the less toxic micrometer-sized copper oxide particles (Yokohira et al. 2008). 
In vivo studies have also shown that CuO-NPs can accumulate in the brain and have 
a high capacity to alter brain functionality (An et al. 2012; Privalova et al. 2014). 
The animals treated with CuO-NPs suffered severe cognitive impairments and dam-
age of the BBB (An et al. 2012; Sharma and Sharma 2012). Wistar rats treated with 
CuO-NPs showed a decrease in learning and memory abilities as well as an impaired 
hippocampal LTP (An et al. 2012) which may involve the reported effects of CuO- 
NPs on neuronal potassium and sodium channels (Xu et al. 2009; Liu et al. 2011).

Several studies have evaluated the toxicity of CuO-NPs on brain cells including 
neurons (Li et al. 2007; Chen et al. 2008; Xu et al. 2009; Prabhu et al. 2010; Liu 
et al. 2011; Perreault et al. 2012) and astrocytes (Bulcke et al. 2014; Bulcke and 
Dringen 2014; Bulcke and Dringen 2016; Joshi et al. 2016). In contrast to iron oxide 
nanoparticles (Petters et al. 2014), CuO-NPs have a high toxic potential on primary 
cultured astrocytes (Bulcke and Dringen 2014) and alter in sub-toxic concentrations 
their glucose and glutathione metabolism and induce the synthesis of MTs (Bulcke 
and Dringen 2014; Bulcke and Dringen 2016). CuO-NP application leads to sub-
stantial cellular copper accumulation. CuO-NPs are likely to enter astrocytes by 
endocytotic mechanisms (Bulcke and Dringen 2016), but also extracellular libera-
tion of copper ions has been suggested to be involved in the copper accumulation 
observed in glial cells after exposure to CuO-NPs (Joshi et al. 2016). The conse-
quence of an exposure of cells to CuO-NPs is most likely mediated by an increase 
in cytosolic copper concentration which is caused by accumulation of copper liber-
ated from particles rather than adverse particle effects (Bulcke and Dringen 2016). 
Thus, the reported toxicity of CuO-NPs to brain cells is most likely mediated by 
accelerated ROS production and oxidative damage (Bulcke et al. 2014).

 Conclusions

Copper is an essential trace element which is involved in a large variety of different 
cellular functions. However, as copper in excess leads to accelerated formation of 
ROS and inactivation of cellular enzymes, the availability of copper is tightly regu-
lated both on the systemic and cellular level. Both excess of copper and copper 
deprivation have severe adverse consequences on cells and organism as clearly 
shown by the different types of neurodegenerative disorders which have been con-
nected with disturbances in copper homeostasis. The dilemma that sufficient 
amounts of copper have to be available but that an excess of copper has to be pre-
vented makes therapeutic approaches to correct disturbances of copper homeostasis 
in neurological disorders a challenging task.
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Abstract Thallium (Tl+) is a ubiquitous natural trace metal considered as the most 
toxic among heavy metals. The ionic ratio of Tl+ is similar to that of potassium (K+), 
therefore accounting for the replacement of the latter during enzymatic reactions. 
The principal organelle damaged after Tl+ exposure is mitochondria. Studies on the 
mechanisms of Tl+ include intrinsic pathways altered and changes in antiapoptotic 
and proapoptotic proteins, cytochrome c, and caspases. Oxidative damage pathways 
increase after Tl+ exposure to produce reactive oxygen species (ROS), changes in 
physical properties of the cell membrane caused by lipid peroxidation, and con-
comitant activation of antioxidant mechanisms. These processes are likely to 
account for the neurotoxic effects of the metal. In humans, Tl+ is absorbed through 
the skin and mucous membranes and then is widely distributed throughout the body 
to be accumulated in bones, renal medulla, liver, and the Central Nervous System. 
Given the growing relevance of Tl+ intoxication, in recent years there is a notorious 
increase in the number of reports attending Tl+ pollution in different countries. In 
this sense, the neurological symptoms produced by Tl+ and its neurotoxic effects are 
gaining attention as they represent a serious health problem all over the world. 
Through this review, we present an update to general information about Tl+ toxicity, 
making emphasis on some recent data about Tl+ neurotoxicity, as a field requiring 
attention at the clinical and preclinical levels.
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 Introduction

Thallium (Tl+) is a toxic heavy metal that was accidentally discovered in 1861 by 
Sir William Crookes by burning the dust from a sulfuric acid industrial plant. He 
observed a bright green spectral band that quickly disappeared. The new element 
was  named  “thallium”  (after  thallos  meaning  young  shoot)  (Galván-Arzate  and 
Santamaría 1998).

Tl+ poisoning is one of the most complex and serious toxic patterns known to 
man. The symptomatology is usually nonspecific due to the multi-organ involve-
ment. The first symptoms of Tl+ poisoning include fever, gastrointestinal altera-
tions, and neurological symptoms such as delirium, convulsions, and coma. 
Symptoms may appear rapidly, but during acute toxicity, they are replaced by a 
gradual development and expression of mild gastrointestinal disturbances, polyneu-
ritis, encephalopathy, tachycardia, skin eruptions, stomatitis, atrophic changes of 
the  skin,  Mee’s  lines,  and  skin  hyperesthesia  (mainly  in  the  soles  of  the  feet). 
Development of psychotic behavior with hallucinations and dementia has also been 
reported in advanced stages of intoxication. In human beings, the most characteris-
tic sign of Tl+ toxicity is alopecia, which usually appears 15–20 days after intoxica-
tion (Saddique and Peterson 1983).

Tl+ is a nonessential heavy metal exhibiting environmental and occupational 
threats, as well as therapeutic hazards, because of its use in medicine. It is found in 
two oxidation states, thallous (Tl+) and thallic (Tl3+) salts, both of which are consid-
ered highly  toxic  to humans, as well as domestic and wild organisms. Many Tl+ 
compounds are colorless, odorless, and tasteless, and these characteristics, com-
bined with the high level of toxicity of TI+ compounds, have led to their use as a 
poisoning agent. Because of its similarity to potassium (K+) ions, plants and animals 
readily absorb Tl+ through the skin and digestive and respiratory systems. In mam-
mals, it can cross the placental, blood-brain, and gonadal barriers (Rodríguez- 
Mercado and Altamirano-Lozano 2013).

 Clinical and Industrial Use of Tl+

In the past, Tl+ salts were used for treatment against syphilis, as well as to reduce 
night sweats in patients suffering from tuberculosis and malaria. Nowadays, Tl201 is 
employed as a tracker in radio-medicine studies. Since 1920, Tl+ was used as poison 
for rodents and insects, and this practice was sustained unfortunately in some coun-
tries until  the 1980s. Tl+ salts have also been utilized as depilatory agents. Other 
uses of this metal include the manufacture of imitation jewelry, fabrication of low- 
temperature thermometers, ceramic semiconductor material, scintillation counters 
for radioactivity quantification, and optical lenses (Peter and Viraraghavan 2005). 
Nowadays, Tl+ is restricted to industrial purposes only in few countries. Still, the 
environmental and health problems derived from its use persist.
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 Pollution by Tl+

As above mentioned,  industrial uses of Tl+ include electronic devices, as well as 
glass and Tl+-containing catalysts, all of them patented for industrial processes 
(Ponton et al. 2016). Since 1975, Tl+ was considered as a potential agent contribut-
ing to environmental pollution when discharged in wastes from mines and ore- 
processing and coal-burning plants (Zitko 1975; Gómez-González et al. 2015).

Peter and Viraraghavan (2005) proposed Tl+ as a toxic metal contributing to public 
health problems. Studies in China have demonstrated that Tl+ produces specific endemic 
diseases as a result of natural geochemical processes and anthropogenic activities. 
These problems are due to Tl+ contamination in local drinking water and vegetables 
surrounding the Tl+-rich sulfide mineralized areas (Li et al. 2012). The main factors 
facilitating the release of Tl+ from sulfide minerals and rocks are its mobility in most 
aqueous environments, and its ability to be dispersed easily during oxidation of Tl+-
bearing sulfides. High rainfall precipitation (around 1000 mm per year), warm tempera-
ture, and hydrological conditions aid Tl+ dispersion from the source points (i.e., the 
mine wastes containing high contents of sulfide minerals) to the downstream areas 
(Xiao et al. 2012; Zhuang and Gao 2015). Other environmental factors are known to 
contribute to Tl + poisoning; for example, in estuaries of South West England, Tl+ is 
accumulated by macroalgae and deposit-feeding invertebrates (Tuner et al. 2013).

Other countries such as Brazil (Alves et al. 2014), Italy (Malandrino et al. 2016), 
Czech Republic (Loula et al. 2016), provinces of Flanders (Govarts et al. 2016), and 
Canada (Ponton et al. 2016) have suffered from important human health issues asso-
ciated with exposure to Tl+ in water of rivers.

In Area of Doñana, Spain, 29 shrews were studied, and their livers and kidneys 
were dissected. They showed high concentrations of Tl+ that were dependent on the 
organ studied and gender. These subjects were collected from a protected area with 
great amount of acidic waters and sludge from pyrite mines (Sánchez-Chardi 2007).

Whatever the case, it seems clear that Tl+ emerges as an important environmental 
pollutant causing severe clinical alterations in subjects exposed to the metal; there-
fore, the characterization of those potential sources of Tl+ for its release is an impor-
tant health issue to prevent communal exposures.

 Human Poisoning and Neurological Symptoms

Features of Tl+ poisoning depend on the dose, route of administration, individual 
susceptibility, and onset of treatment. Tl+ intoxication in human beings is princi-
pally accidental, through its ingestion from Tl+-containing rodenticides or its direct 
consumption for homicidal or suicidal purposes. For instance, two patients were 
acutely intoxicated with Tl+ in water, and they exhibited the following CNS mani-
festations: confusion, disorientation, and hallucinations followed by anxiety, 
depression, lack of attention, as well as memory and verbal fluency impairment. 
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Noteworthy, the elevated concentrations of Tl+  in  urine  (14,520  μg/L), blood 
(2056 μg/L),  and drinking water  (3124 mg/L)  found  in  this  study also produced 
lesions and degeneration in the striatum of one of the patients (Tsai et al. 2006).

In another case, three patients were intoxicated by contamination of heroin with 
Tl+ (content in urine 200–300 μg/dL). The main symptoms exhibited by them included 
generalized weakness, insomnia, loss of vision, and alopecia (Afshari et al. 2012). In 
China, 30 patients with endemic  thallotoxicosis showed several clinical manifesta-
tions similar to those previously described for other cases (Li et al. 2012). Another 
study (100 cases) in Iran showed that long-term opioid abuse contaminated with the 
metal led to Tl+ intoxication; the mean urinary Tl+ level in these subjects was close to 
21 μg/L, and their symptoms comprised ataxia, tremor, insomnia, neuropathy, sweet-
ing, scalp hair loss, nausea, and vomiting (Ghaderi et al. 2015).

 Macro- and Micro-distribution

Tl+ (30 mg/kg; 4 h) administered to rats produced toxic effects and altered the morphol-
ogy and function of kidney. The magnitude of distribution and damage was followed 
by the ileum, stomach, and liver (Leung and Ooi 2000). This evidence suggests that 
regions with high metabolic rate and elevated content of biochemical substrates for 
oxidative activity, such as the kidney, liver, and brain, could be more vulnerable to Tl+ 
toxicity. In the brain, Tl+ distribution exhibited a differential pattern over time. For 
instance, after 5 min, tissue was characterized by very low Tl+ contents in white matter 
fiber tracts and a highly heterogeneous pattern of the metal distribution in different 
nuclei, layers, and cell types in different brain regions. Uptake was higher in the glo-
merular layer of the olfactory bulbs, with varying intensities in different glomeruli, in 
neurons,  in  layer  II/III  and V of cingulate cortical areas,  in  the  lateral habenula,  in 
mammillary bodies in the central nucleus of the inferior colliculus, in the oculomotor 
nucleus, and in many brainstem and facial nerve nuclei. High Tl+ uptake was also pres-
ent in interneurons from layer IV and pyramidal cells of layer V in the cerebral cortex. 
At 24 h, Tl+ distribution was remarkably different from that of 5 min. Such differences 
in distribution can obey to different mechanisms of clearance (Wanger et al. 2012). 
Previous studies of our group support a pattern of differential distribution throughout 
the brain regions (Ríos et al. 1989; Galván-Arzate et al. 2000).

 Neurotoxic Mechanisms of Tl+

Probably one of the most important mechanisms for Tl+ toxicity lies in its ability to 
interfere with energy production by inhibiting the Na+/K+-ATPase. Tl+-induced brain 
damage is associated with an increased oxidative stress via induction of lipid peroxi-
dation (del Carmen Puga Molina and Verstraeten 2008), supporting the concept that 
reactive oxygen species (ROS) production plays a pivotal role for its toxic pattern. An 
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increased generation of ROS, and the concomitant disruption of cellular energy pro-
duction from impaired mitochondria, can block cell cycle progression, which in turn 
leads to cell apoptosis. Tl+ also inhibits DNA replication, leading to cell cycle arrest 
and death. The induction of cell cycle arrest is associated with upregulation of the 
CDK (cyclin-dependent kinases) inhibitor p21. In addition, apoptosis is associated 
with the elevation of proapoptotic proteins such as Apaf and Bad and downregulation 
of antiapoptotic proteins such as Bcl-2 and Bcl-xL. Tl+ also produces a decreased cell 
viability in C6 glioma cell, coursing with cell cycle progression at G2/M phase and 
CDK2 protein, as well as increased expression of p53 and p21 (Chia et al. 2005).

Another recent potential mechanism described for this metal involves excitotox-
icity. MK-801 is a potent, noncompetitive glutamate receptor antagonist that blocks 
N-methyl-D-aspartate  receptors  (NMDAr)  and  the  toxic  events  elicited  by  their 
overactivation in models of ischemia and neurodegeneration. Since Tl+ competes 
with K+ for Na+/K+-ATPases, blocking their activity, the metal might exert its neu-
rotoxic effects in part through secondary excitotoxicity, involving membrane depo-
larization  and  further  overactivation  of  NMDAr,  as  evidenced  by  the  protective 
effect exerted by MK-801 on Tl+-induced alterations in motor activity and oxidative 
damage  to  lipids  in different  rat brain  regions  (Osorio-Rico et al. 2015). Current 
experiments are actually in progress to confirm this hypothesis.

In turn, Tl+-induced apoptosis (at doses ranging 100–500 μM) involves swelling in 
mitochondria  and  opening  of  the  membrane  transition  pore  (MTP)  in  Jurkat  cells 
(Bragadin et al. 2003). In turn, MTP opening induces a decrease in the liver mitochon-
drial potential and an increase in states III and IV of the mitochondrial respiratory chain 
(Korotkov et al. 2008; Korotkov 2009). Succinate dehydrogenase (complex II) activity, 
ATP levels, and ATP/ADP ratio are also decreased by Tl+ in liver mitochondria (Eskandari 
et al. 2015), and this could be taking place also in the CNS. Moreover, in pheochromo-
cytoma cells (PC12), Tl+ produces apoptosis by altering intrinsic pathways in a manner 
dependent of caspase 9 and caspase 3 activation (Hanzel and Verstraeten 2009).

 Central and Peripheral Effects of Tl+ on Enzymes

Tl+ produces histopathological damage in liver and kidney when administered at 
high doses (30 mg/kg for 4 days) in an acute scheme. In serum, aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) activities were increased in 
a dose-dependent manner after administration of 30, 60, and 120 mg/kg of Tl+ for 
16 h (Leung and Ooi 2000). Heme oxygenase and ALA synthase were increased, 
whereas NADPH cytochrome P-450 was decreased after Tl+ exposure (50, 100, or 
200 mg/kg) (Woods et al. 1984).

In  vivo  studies  have  demonstrated  that  glutathione  (GSH)  concentrations  and 
glutathione peroxidase (GPx) were not decreased by Tl+ in the renal cortex, medulla, 
or brain regions (24 h after administration of the metal). This evidence suggests that 
Tl+ toxicity takes time to express markers of oxidative damage, a consideration that 
is supported by the fact that in the brain, only the striatum exhibited a decrease in 
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GHS at 7 days after the Tl+ administration (Appenroth and Winnefeld 1999; Osorio- 
Rico et al. 2015; Galván-Arzate et al. 2005). In contrast,  in vitro exposure to Tl+ 
decreased  the  content  of  GSH  and  GPx  enzyme  activity  (Hanzel  et  al.  2005), 
emphasizing the role of oxidative stress as part of the toxic pattern of this metal.

 Changes in Locomotor Activity

There are only few reports describing the effects of Tl+ on motor and behavioral 
skills. The metal decreased endpoints of locomotor activity in an open-field test at 
different doses  (8, 16, and 32 mg/kg) at 24 h and 7 days after  its administration 
(Osorio-Rico et al. 2015; Galván-Arzate et al. 2005). While early changes in motor 
activity could be due to immediate alteration in the function of neurochemical sys-
tems, late changes could be more related with lack of motor regulation after brain 
tissue has been damaged, which is the case of the striatum. More detailed studies are 
needed to support this suggestion.

 Therapy Against Tl+ Intoxication

Unfortunately, there are no controlled trials for treatment of Tl+-poisoned patients. 
Then, the controversial reports are useless. Literature is mostly represented by a lim-
ited number of toxicological studies in animals and case reports offering very limited 
data. Strong evidence points against the use of traditional metal chelators, such as 
dimercaprol (British anti-Lewisite) and penicillamine, especially since the latter may 
cause redistribution of Tl+ into the CNS. Likewise, forced K+ diuresis appears harm-
ful. The use of single- or multiple-dose activated charcoal  is supported by  in vitro 
binding experiments and some animal data, and therefore, charcoal hemoperfusion 
may be a useful adjunct. Multiple animal studies provide evidence for enhanced elim-
ination and improved survival with Prussian blue. Unfortunately, despite the fact that 
many patients have been treated with Prussian blue, the data presented are insufficient 
to  comment  definitively  on  its  efficacy. However,  Prussian  blue’s  safety  profile  is 
superior to that of other proposed therapies (and it should be considered the drug of 
choice for treatment of acute Tl+ poisoning). Public health efforts should focus on 
greater restrictions on access to, and use of Tl+ salts (Hoffman 2003).

Huang et al. (2014) reported that treating severe Tl+ poisoning requires lowering 
of its blood levels as soon as possible. These authors reported the case of a patient 
with supralethal blood levels of Tl+ who was treated successfully using combined 
hemoperfusion  (HP) and continuous veno-venous hemofiltration  (CVVH). Three 
rounds of HP alone decreased blood Tl+ levels by 20.2%, 34.8%, and 32.2%, while 
each of the five subsequent rounds of CVVH reduced Tl+ blood levels by 63.5%, 
64.2%, 42.1%, 18.6%, and 22.6%. The reversal of symptoms and prevention of last-
ing neurological damage indicates that combining HP, CVVH, and 2,3- dimercapto
propane- 1-sulfonate  constitutes  a  suitable  therapy  comprising  neuroprotective 

L. Osorio-Rico et al.



351

agents, along with supportive therapy that can be considered as successful to treat 
cases of severe Tl+ poisoning. Nonetheless, additional efforts require finding more 
effective therapies for Tl+ intoxication.

 Conclusion

Tl+, similar to other toxicants, represents a complex threat to mankind. Knowledge 
about the toxic mechanism exerted by this element is crucial for the design of strategies 
for professional health care. Early recognition of the clinical characteristics of poison-
ing is also important to initiate appropriate therapy and minimizing deceases. In addi-
tion, since the toxic pattern exerted by Tl+ favors alterations in the CNS at the biochemical 
and molecular levels, more preclinical and clinical investigations associated with neuro-
physiological featuring will be helpful for the early identification of Tl+ intoxication and 
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Fig. 1 Summarized mechanisms proposed for Tl+ toxicity. Tl+ induces direct blockade of Na+/
K+-ATPase; mitochondrial swelling; dysfunction of complexes I, II, and IV of the electron trans-
port chain (ETC); ATP depletion; reactive oxygen species (ROS) formation; decrease of antioxi-
dant enzyme activity; and oxidative stress evidenced by lipid peroxidation (LP). Through these 
mechanisms, this metal could induce membrane depolarization and further ion channel activation, 
as well as voltage-gated N-methyl-D-aspartate receptor (NMDAr) activation. Also in mitochon-
dria, Tl+ can alter the balance of Bad-Bax/Bcl2 proteins, increasing cytochrome C release, activat-
ing  PAF1,  inducing  apoptosome  formation,  and  activating  caspases  9  and  3,  thus  leading  to 
apoptotic cell death
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treatment. In the meantime, the major mechanisms involved in Tl+ neurotoxicity involve 
mitochondrial impairment, energy depletion, Na+/K+-ATPase dysfunction, ROS forma-
tion and oxidative stress, and proapoptotic signaling, with a potential risk to involve 
secondary excitotoxicity. These events are summarized in Fig. 1.
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Abstract Metals are a component of a variety of ecosystems and organisms. They 
can generally be divided into essential and nonessential metals. The essential metals 
are involved in physiological processes once the deficiency of these metals has been 
associated with diseases. Although iron, manganese, copper, and zinc are important 
for life, it has been evidenced that they are also involved in neuronal damage in many 
neurodegenerative disorders. Nonessential metals, which are metals without physio-
logical functions, are present in trace or higher levels in living organisms. Occupational, 
environmental, or deliberate exposures to lead, mercury, aluminum, and cadmium are 
clearly correlated with the increase of toxicity and varied kinds of pathological situa-
tions. Actually, the field of neurotoxicology needs to satisfy two opposing demands: 
the testing of a growing list of chemicals and resource limitations and ethical concerns 
associated with testing using traditional mammalian species. Toxicological assays 
using alternative animal models may relieve some of this pressure by allowing testing 
of more compounds while reducing expenses and using fewer mammals. The nervous 
system is by far the more complex system in C. elegans. Almost a third of their cells 
are neurons (302 neurons versus 959 cells in adult hermaphrodite). It initially under-
went extensive development as a model organism in order to study the nervous sys-
tem, and its neuronal lineage and the complete wiring diagram of its nervous system 
are stereotyped and fully described. The neurotransmission systems are phylogeneti-
cally conserved from nematodes to vertebrates, which allows for findings from C. 
elegans to be extrapolated and further confirmed in vertebrate systems. Different 
strains of C. elegans offer a new perspective on neurodegenerative processes. Some 
genes have been found to be related to neurodegeneration induced by metals. Studying 
these interactions may be an effective tool to slow neuronal loss and deterioration.
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 Introduction

Metals are a component of a variety of ecosystems and organisms. They can gener-
ally be divided in essential and nonessential metals. The essential metals are 
involved in different kinds of physiological processes once the deficiency of these 
metals has been associated with various diseases. Although metals are important 
elements for life, they usually are required in trace amounts, and the excessive quan-
tities of metal levels can accumulate in various organs. For this reason, the elevated 
levels of metals may induce various pathological events. Although essential metals 
are important for life, it has been evidenced that they are also involved in neuronal 
damage in many neurodegenerative disorders.

Some metals are essential for life processes, but they are also culpable for several 
degenerative mechanisms. Due to the widespread existence of metals in our envi-
ronment from both natural and anthropogenic sources, understanding the mecha-
nisms that they act in the organisms must be well studied. Many organisms have 
evolved cellular detoxification systems including glutathione (GSH), metallothio-
neins (MTs), pumps and transporters, and heat shock proteins (HSPs) to regulate 
intracellular metal levels and avoid some toxic effect that could be caused by essen-
tial or nonessential metals.

Iron (Fe) has been related to several neurodegenerative disorders which can 
result from both Fe accumulation in specific brain regions and defects in its metabo-
lism and/or homeostasis.

Mn neurotoxicity has been associated to dopamine (DA) oxidation, mitochon-
drial dysfunction, and astrocytosis, thus leading to a syndrome named manganism, 
which resembles Parkinson’s disease (Benedetto et al. 2009).

Recent studies have reported oxidative damage due to copper (Cu) in various 
tissues, including brain tissue, which is important to study because the vulnerability 
of the brain to oxidative stress and disturbances in the copper homeostasis have 
been connected with neurodegenerative disorders (Scheiber et al. 2014).

Excessive zinc (Zn) is neurotoxic and causes neurodegeneration following tran-
sient global ischemia and plays a crucial role in the pathogenesis of vascular-type 
dementia (VD). In addition, increasing evidence suggests that the etiology of 
Alzheimer’s Disease (AD) may involve disruptions of zinc homeostasis, and oxida-
tive stress, thus facilitating reactive oxygen species production is an early and sus-
tained event in AD disease progression.

The presence of toxic amounts of metals in the environment may originate from 
some human activities and a diversity of natural processes. The unquestionable 
increase levels of contaminants in the environment are a huge concern to human 
health and for the environment. Nonessential metals, which are metals without 
physiological functions, are present in trace or higher levels in living organisms. 
Occupational, environmental, or deliberate exposures to this kind of metals are 
clearly correlated with the increase of toxicity and varied kinds of pathological 
situations.

Lead (Pb2+) has been known for centuries to be a neurotoxin, able to cross the 
blood-brain barrier more readily in children than in adults, and impair ontogenetic 
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development of brain –adversely affecting cognitive ability and producing  behavioral 
abnormalities.

Mercury (Hg), like other toxic metals, may enter motor neurons as a possible 
pathogenic factor in amyotrophic lateral sclerosis and other neurodegenerative dis-
orders (Pamphlett and Kum Jew 2013). The molecular mechanisms mediating 
methylmercury (MeHg)-induced neurotoxicity and neurodegeneration are better 
known when compared with other Hg forms (organic and ethylmercury).

Aluminum (Al3+) is the most widely distributed metal in the environment. Al was 
used as a phosphate-binding gel in patients with chronic renal failure, and the first 
Al neurotoxicity cases were reported in these patients (Alfrey et al. 1976). Al has 
neurotoxic effects, and it has long been implicated in the pathogenesis of AD and 
other neurodegenerative diseases (Campbell 2002; Gupta et al. 2005).

Cadmium (Cd) can enter into the brain parenchyma and neurons (Antonio et al. 
2003) causing neurological alterations in humans and animal models (Lukawski 
et  al. 2005), leading to lower attention, hypernociception, olfactory dysfunction, 
and memory deficits. Additionally, there are in vitro studies showing the neurotoxic-
ity of Cd on cell culture of neurons and glial cells (Lopez et al. 2006).

In recent years, neurodegenerative diseases have become an important world-
wide health issue. Neurodegeneration is characterized by cell death and/or loss of 
structure and/or function of neurons. Many neurodegenerative diseases including 
Parkinson’s disease (PD) and Alzheimer’s disease (AD) are the result of neurode-
generative processes. Owing to the prevalence, morbidity, and mortality, as well as 
social, ethical, and personal burden of neurodegenerative disorders, considerable 
effort has been directed toward the identification of a rational strategy to treat these 
devastating brain pathological conditions. A substantial challenge is to discern phe-
nomena that may represent causes from those that may represent effects. The neu-
rodegenerative process is associated with many events, of which each one may 
correspond to a typical feature of a specific disease.

There was a time when non-mammals were thought to be far from ideal models 
for the study of biomedical sciences because they are phylogenically too distant 
from humans. However, it has now become abundantly clear that some non- 
mammals are not only convenient models but also are endowed with physiological 
and pharmacological properties common to humans. Thus, several species have 
become very popular alternative organisms and are being used extensively as com-
plementary/alternative animal models.

The identification of the molecular components and mechanisms of neurodegen-
erative diseases has often been inhibited by the complexities of the vertebrate brain 
and the difficulties of modeling the diseases in cell cultures. The recent advances in 
genetic technologies and the high sequence similarity between human and 
 invertebrate genomes allow for the dissection of the molecular pathways involved in 
neurological diseases using model organisms. The field of neurotoxicology needs to 
satisfy two opposing demands: the testing of a growing list of chemicals and 
resource limitations and ethical concerns associated with testing using traditional 
mammalian species. National and international government agencies have defined a 
need to reduce, refine, or replace mammalian species in toxicological testing with 
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alternative testing methods and nonmammalian models. Toxicological assays using 
alternative animal models may relieve some of this pressure by allowing testing of 
more compounds while reducing expense and using fewer mammals.

 Caenorhabditis elegans as a Model for Metal-Induced 
Neurodegeneration

The nervous system is by far the more complex system in C. elegans. Almost a third 
of their cells are neurons (302 neurons versus 959 cells in adult hermaphrodite). It 
initially underwent extensive development as a model organism in order to study the 
nervous system (Brenner 1974), and its neuronal lineage and the complete wiring 
diagram of its nervous system are stereotyped and fully described (Sulston 1983; 
Sulston et al. 1983; White et al. 1986). The structure of the nervous system has been 
described in unprecedented detail by electron microscopic reconstruction (White 
et al. 1986). The high-resolution images obtained with electron microscopy allowed 
White and colleagues to identify all the synapses, about 890 electrical junctions, 
1410 neuromuscular junctions, and 6393 chemical synapses, using the same neu-
rotransmitter systems (cholinergic, gamma-aminobutyric acid [GABA]ergic, gluta-
matergic, dopaminergic [DAergic], and serotonergic) that are expressed in 
vertebrates (Chen et al. 2006). The neurotransmission systems are phylogenetically 
conserved from nematodes to vertebrates, which allows for findings from C. elegans 
to be extrapolated and further confirmed in vertebrate systems.

In addition, several genes involved in neurotransmission have been identified in 
C. elegans. As a result, knockout mutants can be generated and the synaptic trans-
mission can be evaluated. For instance, worms lacking the tyrosine hydroxylase 
gene (cat-1), responsible for the biosynthesis of DA (Lints and Emmons 1999), 
present defective response to bacterial mechanosensation, i.e., they do not slow 
their basal movement in response to food presence, as worms with normal DA sig-
naling do (Sawin et al. 2000). Individual neurons can be ablated by laser, and behav-
ioral evaluations can be performed to obtain the phenotype related to that neuronal 
loss (Avery and Horvitz 1989; Bourgeois and Ben-Yakar 2007). Remarkably, trans-
genic worms can be generated by the fusion of the green fluorescent protein (GFP) 
to a reporter gene of interest, thus allowing in vivo imaging of any desired neuron 
(Chalfie et al. 1994).

As a result of the extensive study of C. elegans nervous system and the advan-
tages of using mutants and transgenics, the nematode offers unique perspectives as 
a neurotoxicological model, which use has been recently increasing in the toxicol-
ogy community. Studies examining metals as neurotoxicants address a vast array of 
outcomes including measuring endpoints on behavioral, structural, signaling, and 
molecular levels. Motor and mechanosensory functions of glutamatergic neurons 
are evaluated by measuring the pharyngeal pumping rate and the response to touch. 
Mechanosensory functions of DAergic and serotoninergic neurons are appraised by 
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observing the ability of worms to slow down when they encounter food. 
Neurodegeneration of specific neurons induced by metal exposure can be visual-
ized, and the mechanism of neurotoxicity can be determined by biochemical assays 
or by using mutants. Of note, the use of whole-organism assays allows the study of 
a functional multicellular unit, such as a dopaminergic synapse, instead of a single 
cell, which is of relevance to the extrapolation of the findings from worms to 
mammals.

 Metal-Induced Neurodegeneration

Heavy metal pollution is of serious concern, along with the development of human 
production activities and industrial and agricultural waste water emissions (Jiang 
et  al. 2016). Metals are persistent environmental contaminants; consequently the 
occurrence of unbalance in metal metabolism in the brain was described by a vast 
literature as being associated with neurodegenerative disease. Some of the most 
compelling evidence for the contribution of metals into neurodegeneration comes 
from studies of postmortem tissue implicating metal accumulation in the areas of 
the brain coincident with cell death in patients with confirmed neurodegenerative 
disease (Martinez-Finley et al. 2011; Berg and Youdim 2006; Chen et al. 2013). It is 
not certain, however, whether metal presence is the cause or consequence of the 
disease. The mechanism by which metals produce neurodegenerative damage is 
metal and dose dependent; however, they share common mechanisms including free 
radical production, protein aggregation, bioenergetic dysfunction, calcium dysregu-
lation and metal transport alteration (Chen et al. 2016; Farina et al. 2013; Gaeta and 
Hider 2005) and most likely a combination of these factors ultimately triggers the 
neurodegenerative process. For instance, magnetic resonance imaging and postmor-
tem studies determined, for instance, that Fe is accumulated in brain areas respon-
sible for different neurodegenerative diseases: cortex for Huntington’s disease 
(Rosas et al. 2012); caudate nucleus, globus pallidus, and putamen in progressive 
supranuclear palsy (Boelmans et al. 2012); and basal ganglia in multiple sclerosis 
(Grimaud et al. 1995). Moreover, recent evidences have found direct links between 
divalent metal transporter (DMT) and Parkinson’s disease (PD), as the postmortem 
brains of PD patients show upregulation of DMT1 protein in the substantia nigra 
pars compacta (SNpc) (Salazar et al. 2008).

Neurodegeneration is characterized by the cell death or loss of structure and/or 
function of neurons. Remarkably, many neurodegenerative diseases including PD 
and Alzheimer’s disease (AD) are the result of neurodegenerative processes induced 
by essential and nonessential metals. Neurodegenerative diseases have become 
more prevalent and of great epidemiological importance. These diseases are charac-
terized by progressive accumulation of proteins aggregates and disruption of the 
proteostasis in neuron cells, resulting in progressive degeneration and consequent 
debilitating conditions. Neurons normally do not reproduce or replace themselves, 
so when they become damaged or die, they cannot be replaced by the organism. 
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Remarkably, neurological symptoms manifest when certain percentage of neurons 
are degenerated and the available therapeutic options cannot revert the damage. 
Because of that, understanding the mechanisms that underlie metal induced neuro-
toxicity may contribute to the development of effective therapies.

 Essential Metals Neurotoxicity

Iron (Fe2+) is an important metal to the organism homeostasis and exists abundantly 
in the environment. Iron participates in many cellular functions, is essential for nor-
mal neural development and physiology, and plays a fundamental role as a compo-
nent of mitochondrial respiratory chain complexes (Farina et al. 2013). However, if 
inappropriately managed, the transition metal can cause toxic effects in many organ-
isms (Hu et al. 2008). All the absorbed iron is bound to storage or transporting pro-
teins and the levels of intra and extracellular free iron are very low. Indeed, even low 
levels of free Fe can cause toxic effects in different types of cells (Hu et al. 2008).

As in mammals, Fe2+ is essential to worms, as it is necessary for the cytochromes 
of the respiratory chain complexes and for P450 metabolism enzymes. Genes 
involved in Fe and energy homeostasis in vertebrates are conserved in the nema-
tode. These include aconitase, ferritin, divalent metal transporter-1 (DMT-1), 
frataxin, and Fe sulfur cluster assembly proteins. The Fe regulating protein-1 (IRP-1) 
homologue (ACO-1) of C. elegans has aconitase activity and is posttranslationally 
regulated by Fe.

Fe overload in worms causes phenotypic and behavioral defects as well as altera-
tion of the resistance to oxidative stress, characterized by reduced life span, body 
size, generation time, brood size, head thrash, and body bend frequencies, as well as 
chemotaxis plasticity (Hu et al. 2008; Valentini et al. 2012). Several of these defects 
(body bend frequency and life span) were transferred from Fe-exposed C. elegans 
to their progeny (Hu et al. 2008).

Some disorders have been related to genetic causes and called neurodegeneration 
with brain iron accumulation (NBIA), two of which, aceruloplasminemia and neu-
roferritinopathy, are caused by mutations in genes directly involved in iron meta-
bolic pathway and others, such as pantothenate kinase 2-, phospholipase-A2-, and 
fatty acid 2-hydroxylase-associated neurodegeneration (Dusek et  al. 2012). The 
observation that pharmacological agents with Fe chelation capacity prevent neuro-
nal death induced by parkinsonian toxins (Zhu et al. 2007) highlights the pivotal 
role of Fe in PD neuronal death. Notably, as the brain ages, Fe accumulates in 
regions that are affected by Alzheimer’s disease, Parkinson’s disease, or Huntington’s 
disease (Bartzokis et al. 1997; Schipper 2012; Pfefferbaum et al. 2009).

Using C. elegans, Klang et al. linked Fe aging to protein insolubility, and other 
research has associated Fe and the neurodegeneration in diseases (Klang et  al. 
2014). The adverse effects of Fe on locomotive behavior suggest that Fe might 
be involved in disruption of synaptic function between neurons and muscle cells. 
In C. elegans models of Aß toxicity, Fe was shown to possess high affinity for Aß. 
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Aß accumulation in the Aß-expressing strain CL2006 resulted in Fe homeostasis 
disruption. In addition to increasing Fe content, Aß has also been shown to increase 
ROS generation (Wan et al. 2011).

In a recent study, Fagundez et al. found that C. elegans acutely treated with Fe2+ 
depicted altered DAergic neurons, which was associated with oxidative stress, 
decreased locomotor activity, and reduction in egg laying and longevity (Fagundez 
et al. 2015). This is a plausible consequence to evidences that show that PD brains 
exhibit increased total Fe concentration (Gotz 2006; Friedman et al. 2009; Norfray 
et al. 1988). An increase in iron as seen in PD brains may increase DA synthesis, 
causing excess DA to be released into the cytoplasm, which may lead to increased 
ROS production (Chege and McColl 2014).

It is known that Fe2+/3+accumulation causes free radical damage through the 
Fenton reaction (Fraga and Oteiza 2002; Aisen et al. 2001), as Fe2+ reduces hydro-
gen peroxide to the highly cytotoxic hydroxyl radical (OH•) (Fig. 1). Mitochondrion 
is the main site of superoxide production and an important site of Fe metabolism. 
Hence, the continuous Fe influx renders this organelle susceptible to the oxidative 
effects of Fe. In mitochondria, Fe can trigger different cell death pathways and lead 
to ferroptosis, a form of cell death very different from necrosis or apoptosis (Dixon 
et al. 2012), which may explain the neurotoxicological effects of this metal.

Manganese (Mn) is an essential ubiquitous metal ion required for normal growth, 
development, and cellular homeostasis (Erikson et al. 2005) and is one of the most 
abundant naturally occurring elements in the earth’s crust. Mn exists in various 
chemical forms, oxidation states (Mn2+, Mn3+, Mn4+, Mn6+, Mn7+), salts (sulfate, 
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Fig. 1 Scheme of Fenton reaction and Haber-Weis reaction triggered by Fe or Cu
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chloride, and gluconate), and chelates (aspartate, fumarate, succinate) (Farina et al. 
2013). In humans and animals, Mn plays an important role in the development and 
functioning of the brain as a cofactor of several enzymes involved in neurotransmit-
ter synthesis and metabolism (Takeda 2003).

Manganese (Mn) depicts vital functions in C. elegans, as it participates as cofac-
tor of important enzymes as Mn-SOD. It has been demonstrated that Mn supple-
mentation in the worm’s growth medium (up to 1 mM) increases mean life span and 
fertility and causes thermal stress resistance (Lin et al. 2006). On the other hand, Mn 
toxicity in C. elegans has been associated with increased ROS formation and gluta-
thione production, altered mitochondria membrane potential, and DA neuronal 
death (Benedetto et  al. 2010; Settivari et  al. 2009). Therefore, maintaining Mn 
homeostasis is very important.

Short-term exposure of young worms (L1 for 30 min) is enough to cause distinc-
tive puncta and discontinuous GFP signal of neuronal processes of the DAergic 
CEP mechanosensory neurons, in a dose-dependent manner (Benedetto et al. 2010). 
On the other hand, no serotoninergic, cholinergic, GABAergic, or glutamatergic 
neurons were affected in this experimental design. In addition, the same study 
revealed that the lack of dopamine transporter-1 (DAT-1) depicted hypersensitivity 
to Mn, thus indicating that lack of clearance of DA and its extracellular increased 
levels at the synaptic cleft facilitates its reaction with the metal and generating reac-
tive oxidative species (Sistrunk et al. 2007). Corroborating to that, Mn toxicity was 
increased by administration of exogenous DA at 10 mM (Benedetto et al. 2010).

The control of Mn uptake is tightly regulated in eukaryotes. Many transporters 
are involved in this regulation, being one of the most important the divalent metal 
transporter (DMT-1) (Au et  al. 2008). In C. elegans, three isoforms of DMT-1, 
named SMF-1, SMF-2, and SMF-3, are distributed in different regions of the worm 
(Au et al. 2009; Settivari et al. 2009). Notably, Mn induced DAergic neurotoxicity 
is reduced by knocking out smf-1 gene, which is expressed in DAergic neurons 
(Settivari et al. 2009), and Mn levels are reduced in this mutant (Au et al. 2009). 
This finding demonstrates that Mn uptake into DAergic neurons is in part related to 
the neurodegeneration; however, Mn uptake through the intestine by SMF-3 is of 
particular relevance as well. Of note, SMF-3 is downregulated in order to reduce 
excessive metal uptake upon Mn exposure, and worms lacking smf-3 depict lower 
Mn levels and hyper-resistance to this metal (Au et al. 2009).

Studies of familial PD have identified 11 genes associated with heritable PD, 
including dj-1 (Bonifati 2005). Loss of function mutations in dj-1 (PARK7) repre-
sents the second most common cause of autosomal recessive PD (De Marco et al. 
2010). DJ-1 is thought to protect DAergic neurons via an antioxidant mechanism, 
but the precise basis of this protection has not yet been resolved. A preliminary 
study in C. elegans demonstrated that Mn uptake is increased in djr-1.1 deletion 
mutants (Brinkhaus et al. 2014). In djr-1.2 mutants, Mn exposure increased dauer 
movement, which is a strong indicative of reduced DA signaling (Chen et al. 2015).

PD is a neurodegenerative disease characterized by accumulation of misfolded 
α-synuclein, which aggregates and forms Lewy bodies. Moreover, Mn has been 
shown to stimulate the aggregation of α-synuclein in vitro and potentially  exacerbate 
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other neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and 
prion disease (Bowman et al. 2011; Santner and Uversky 2010). In this context, it 
has been investigated in vivo the role of Mn on protein aggregation disorders. Mn 
treatment activates the ER-unfolded protein response, severely exacerbates toxicity 
in a disease model of protein misfolding (polyglutamine), and increases aggregate 
insolubility (Angeli et al. 2014), which is an important clue to the development of 
PD-like syndrome in humans. In contrast, worms expressing α-synuclein in a pdr-1 
and djr-1.1 background are not more sensitive to Mn as it would be expected 
(Bornhorst et  al. 2014). Actually, wild-type α-synuclein is protected from 
Mn-induced neurotoxicity. Although some evidences indicate its neurotoxic effects, 
α-synuclein has been implicated in neuroprotection and can play multiple roles in 
metal homeostasis.

In summary, studies on Mn-induced neurotoxicity in C. elegans brought new 
targets to combat Mn toxicity, as BLI-3 (Benedetto et al. 2010), lipocalin-related 
protein LPR-5 (Rudgalvyte et al. 2016), TRT-1 (a catalytic subunit of telomerase) 
(Ijomone et al. 2016), and others to be further evaluated (Parmalee et al. 2015).

Copper (Cu) is an indispensable element for all organisms that have an oxidative 
metabolism. Copper is after iron and zinc the third most abundant essential transi-
tion metal in human liver (Lewinska-Preis et  al. 2011). The brain concentrates 
heavy metals including copper for metabolic use (Bush 2000). Cu is of great impor-
tance for the normal development and function of the brain.

Although essential to C. elegans, it has been described that copper (Cu) exposure 
induces significant behavioral defects (Williams and Dusenbery 1990; Anderson 
et al. 2004; Jiang et al. 2016; Zhang et al. 2010). Indeed, even with the cessation of 
exposure (post 20 h), worms still exhibited reduced locomotion (Anderson et al. 
2004) Notably, it was confirmed that low and high Cu concentrations (2.5 and 
200 μM) cause GABAergic neuron degeneration, especially AVL, RMEs, and RIS 
neurons, as verified by GFP labeling (Du and Wang 2009). Reduction in GABAergic 
input has been related to locomotor deficits in C. elegans (Jorgensen 2005).

C. elegans avoids toxic chemicals by reversing their movement, this behavior is 
mediated by amphid sensory neurons, particularly the ASH neurons (Hilliard et al. 
2002; Bargmann et al. 1990; Sambongi et al. 1999). Sensory modulation is essential 
for animal sensations, behaviors, and survival (Guo et al. 2015). Studies have been 
demonstrating that CuSO4 (Cu2+) is a potent chemical repellent to C. elegans. 
Mutants that have structural defects in ciliated neurons (che-2 and osm-3) as well as 
worms with three laser-operated neurons (ADL, ASE, and ASH) showed no avoid-
ance behavior from Cu2+ (Sambongi et al. 1999; Wang et al. 2015; Esposito et al. 
2010), thus corroborating to the effects of this metal in sensory neurons.

It is known that amyloid precursor protein (APP) contains a Cu-binding domain 
(CuBD) localized between amino acids 135 and 156 (APP135–APP156), which can 
reduce Cu2+ to Cu1+ in vitro (Multhaup et al. 1996). Cerpa et al. (2004) and White 
et  al. (2002) demonstrated that the worm homologue, APL-1 CuBD, has protective 
properties against Cu2+ neurotoxicity. In agreement, in vivo studies demonstrated 
that even though exposure to Cu increases wild-type Aβ aggregation in worms and 
accelerated their paralysis, animals show decreased sensitivity to toxic CuCl2 expo-
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sures (150–450 mM) compared to control worms (Luo et al. 2011; Minniti et al. 
2009). These results illuminate a complex and dynamic relationship between Cu 
homeostasis and the role of Aβ in C. elegans, with metal-induced changes on the 
aggregation state of Aβ being coupled with protection against Cu2+ toxicity from the 
aggregates themselves.

APP is an integrated protein present in many cells and notably at the synapses of 
neurons, being one of its functions Fe export from the cells (Duce et al. 2010). It has 
been demonstrated that APP transgenic mice have imbalanced homeostasis of diva-
lent metals such as Cu and Zn. Zn or Cu can bind to E2 domain of APP, thus inhibit-
ing Fe export from neurons (Dahms et  al. 2012). Increased Fe levels inside the 
neurons can lead to the aforementioned neurodegenerative effects of Fe, besides 
APP cleavage and formation of Aβ peptides (Fig. 2).

Zinc (Zn) is an essential trace metal that participates in numerous biological 
processes, including enzymatic function, protein structure, and cell signaling path-
ways. As the other essential metals, both excess and deficiency of zinc can lead to 
detrimental effects on development and metabolism, resulting in abnormalities and 
diseases.

Zinc is also essential to C. elegans development and reproduction (Dietrich et al. 
2016). In C. elegans, families of the CDFs (cation diffusion facilitators), ZIPs (Zrt- 
and Irt-like proteins), and MTs (metallothioneins) are involved in Zn metabolism. 
Deletion of MT-1 and MT-2 results in increased Zn accumulation, while mtl-1 
knockout worms show heightened sensitivity to increased Zn level. The Zn source 

Fig. 2 Proposed mechanism of loss of control of Fe export from APP induced by Zn and Cu. APP 
exports excessive Fe from the neurons; however Cu and Zn may bind to the E2 domain of APP, 
thus causing conformational changes and impairing its function. Malfunction of APP may contrib-
ute to Aβ fibril formation and aggregation. Increased Fe levels may oxidize dopamine, generating 
by-products such as 6-hydrohydopamine quinone, which increases oxidative stress in the mito-
chondria of the neurons
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is the peptone, a component of NGM, as well as the agar. E. coli acquires Zn from 
the NGM, and worms acquire the metal from bacteria ingestion. Little is known 
about Zn neurotoxicity in C. elegans, and the preliminary studies point out reduc-
tion in body bends, head trashes’ frequency, and feeding starting at 5 mg/L, which 
is a sublethal concentration (Dhawan et al. 1999; Jiang et al. 2016). Related to that, 
Zn inhibits acetylcholine esterase activity (AChE), with an EC50 of 2.76 mg/L.

Moreover, Wang et  al. (Wang et  al. 2007) described that Zn exposure caused 
locomotion deficits that were transferred to the progeny. In addition, chemotaxis 
plasticity defects were observed in Zn-exposed worms and their progeny. Notably, 
authors described the appearance of uncoordinated worms following Zn exposure, 
which indicates that besides reducing worms’ movement, the metal changes the 
characteristics of the movement. By using thermotaxis and associative learning end-
points, Zhang et al. observed that Zn exposure (50 μM) reduced worms’ response in 
both assays (Zhang et al. 2010). Altogether, these data suggest that Zn may cause 
neuronal alterations; however it still needs to be further confirmed which neuro-
transmissions systems are damaged by this metal.

 Nonessential Metals

Toxicological metals, such as mercury, cadmium, lead, and aluminum, have no 
known normal biological function and are detrimental to any organism when 
absorbed (Duce 2010). These metals can also induce oxidative toxicity but more 
likely work by binding to proteins and interfering with metal transport and protein 
function (Wright and Baccarelli 2007). When absorbed in high doses, they usually 
damage specific organs such as the kidneys, bone, and brain and may also be impli-
cated in the pathogenesis of neurodegenerative diseases, particularly Alzheimer’s or 
Parkinson’s disease (Poujois et al. 2016). Neurodegenerative diseases are mediated 
or triggered by an increase in free radical production, protein aggregation, mito-
chondrial dysfunction, calcium unbalance, and metal transport alteration, and these 
actions initiate a cascade of events which finally lead to neurodegeneration and cell 
death (Gaeta and Hider 2005; Levenson 2005; Price 1999). As a result of specific 
reactions, different chemical forms of mercury are present, such as elemental mer-
cury (Hg0) and inorganic (Hg2+ and Hg+) and organic mercury compounds. The 
toxic properties and target organs of Hg are dependent upon its chemical speciation. 
Organomercurials with a short aliphatic chain (methyl or ethyl) are the most harm-
ful compounds, and they may cause irreversible damage to the nervous system 
(Sanfeliu et  al. 2003). The major source of methylmercury (CH3Hg+ or MeHg) 
exposure is the consumption of some predator fish, and, therefore, if fish is a dietary 
component, mercury intake is practically inevitable. MeHg has a higher entrance 
rate into the central nervous system when compared to inorganic forms, rendering it 
an important neurotoxicant agent (Debes et al. 2006). The occupational exposure to 
Hg (mainly Hg0) is caused by its use in gold mining and in industry (Lubick 2010; 
Neghab et al. 2012). Hg0 is also of toxicological relevance but less important for 
neurodegenerative process.
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MeHg interacts with and oxidizes nucleophilic groups of several biomolecules; 
sulfhydryl (thiol/thiolate; -SH/-S−) groups are important and relevant targets of 
MeHg in the biological systems (Farina et al. 2013). MeHg can modify the oxida-
tion state of the –SH groups on proteins by direct interaction with thiols, as well as 
indirect mechanisms, modulating their functions (Kim et al. 2002). MeHg is known 
to affect a variety of neuronal activities including generation of ROS, increased 
calcium influx, dopamine metabolism, neural stem cell differentiation, DNA dam-
age, and mitochondrial dysfunction (Petroni et al. 2012; Sadiq et al. 2012; Tamm 
et al. 2008; Tiernan et al. 2015). MeHg poisoning is characterized by severe neuro-
logical deficits due to brain lesions and disruptions of neurotransmitter systems 
(Aschner and Syversen 2005). In addition, MeHg exposure has been shown to 
increase β-amyloid in the hippocampus and decrease it in the cerebrospinal fluid, 
both hallmarks of Alzheimer disease (Kim et  al. 2014). An interesting aspect of 
MeHg neurotoxicology is its preferential affinity for specific structures of the cen-
tral nervous system; commonly, the cerebral and cerebellar cortices are the regions 
more severely affected (Eto et al. 2010).

An interesting work of McElwee and colleagues demonstrate that mercurials 
depicted a clearly different mechanism of toxicity. C. elegans exposure to the HgCl2 
and MeHgCl caused different effects on gene expression, and different genes were 
important in the cellular response to the two mercurials (McElwee et  al. 2013). 
HgCl2 was the most toxic among the inorganic metals, with severe toxicity on asso-
ciative learning behavior, thermotaxis, and locomotion behavior in nematodes. 
HgCl2 at concentrations of 10 and 50 μM also induced moderately but significantly 
higher associative learning behavior, higher body bend, or thermotaxis to cultiva-
tion temperature. Since the locomotion behavior defects reflect the possible dys-
function of the nervous systems, authors suggest that HgCl2 could cause some 
neuronal disturb in C. elegans (Wang and Xing 2008; Zhang et al. 2010). Du and 
Wang demonstrated that C. elegans GABAergic system could be affected by expo-
sure to high concentrations (75 μM and 200 μM) of HgCl2, by causing clear axonal 
degeneration and neuronal loss in nerve cords (Du and Wang 2009).

However, MeHg was more toxic to C. elegans than HgCl2 when assessing feed-
ing, movement, and reproduction, all of which requiring proper neuromuscular 
activity. MeHg exposure resulted in increased steady-state levels of the stress 
response genes at lower concentrations than HgCl2 (McElwee and Freedman 2011). 
In addition, MeHg causes severe toxic effects such as decreased survival, develop-
mental delay, and decreased pharyngeal pumping in worms (Helmcke et al. 2009). 
MeHg causes oxidative stress in C. elegans as indicated by the disruption in gluta-
thione levels as well as the increase expression of HSP and GST (Helmcke and 
Aschner 2010). The data from studies of Helmcke and Aschner suggest that gst-4 
contributes to the response to MeHg exposure but that knockdown of this gene does 
not affect lethality. Metallothionein knockouts displayed increased lethality upon 
exposure to MeHg. Increases in mtl-1 expression following acute MeHg exposure 
was observed in acute exposure at L1 stage but no change following chronic expo-
sure (Helmcke and Aschner 2010). Van Duyn and colleagues demonstrated that 
worms exposed chronically to 1 μM of MeHg depicted a dopaminergic neuronal 
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degeneration of 30% under reduction in skn-1 gene expression. Notably, no degen-
eration was observed in wild-type animals, indicating that SKN-1 is an important 
pathway in C. elegans to inhibit MeHg-induced dopaminergic neuronal degenera-
tion (Vanduyn et al. 2010). The dependency of SKN-1 was demonstrated in early-
life MeHg exposure, once it led to decreases in DA-mediated behavior seen at 72 h 
which positively correlated to dopaminergic degeneration at 96 h (adult stage). In 
this work, Martinez-Finley and colleagues (Martinez-Finley et al. 2013) demon-
strate the presence of irregularities in DAergic neurons 96 h following 30 min expo-
sure (at L1 stage) to 20  μM MeHg. Taken together, these results indicate that 
exposure to MeHg confers dopaminergic neurodegeneration in C. elegans model, 
and it could occur later in life. Furthermore, knockdown of skn-1 amplified MeHg’s 
effect.

Lead (Pb+2) is a nonessential heavy metal and a ubiquitously present pollutant in 
the ecosystem. Pb+2 is a neurotoxicant agent that could be considered as the main 
global environmental health danger, which can predominantly affect populations in 
undeveloped countries and in urban centers (Oteiza et al. 2004). In humans, inhala-
tion and oral ingestion are the major routes of Pb exposure. Pb accumulates in dif-
ferent brain regions, and lipid oxidation was found in the parietal cortex, striatum, 
hippocampus, thalamus, and cerebellum in rats exposed to Pb during gestation and 
until postnatal day 45 (Villeda-Hernandez et  al. 2001). The mechanisms of lead 
neurotoxicity are complex and still not fully understood. One of the basic mecha-
nisms proposed for Pb-induced neuronal toxicity is its substitution for calcium in 
intracellular signal transduction. In particular, acute and chronic exposure to lead 
would predominantly affect two specific protein complexes: protein kinase C and 
the N-methyl-D-aspartate subtype of glutamate receptor (Marchetti 2003). Pb can 
promote the formation of protein aggregates at nanomolar concentrations (Basha 
et al. 2005) as well as cause the accumulation of intracellular β-amyloid protein and 
increase dense-core plaques in the primate model (Wu et al. 2008). Pb alters several 
cell signals, in particular those sensitive to calcium, affecting second messengers 
that subsequently modulate transcription factors and ultimately gene expression 
(Oteiza et al. 2004). The main target of Pb-induced toxicity is the nervous system, 
and children are particularly sensitive to Pb intoxication due to a higher rate of gas-
trointestinal absorption, decreased excretion, a high access of Pb to the brain, and 
the vulnerability of the developing central nervous system to this metal (Lidsky and 
Schneider 2003).

Pb-exposed C. elegans show a variety of alterations in some parameters such as 
life span, development, locomotion, learning, and memory behaviors (Ye et  al. 
2008; Zhang et al. 2010). In a study concerning acute toxicity, Roh and cols observed 
that LD50 for different metals tested in C. elegans after 24 h of exposure was as 
follows: Pb > As > Cr > Cd. The calculated LD50 for Pb was 34 mg/L (Roh et al. 
2006). Another study demonstrated that younger (L1–L3) larvae show more sensi-
tivity to Pb-induced neurotoxicity regarding neuronal survival and synaptic function 
than L4 larvae and young adult nematodes (Xing et al. 2009). Du and Wang (2009) 
studied the effect of Pb in the GABAergic neurons and demonstrated the neurode-
generation, and abnormal structures can be formed in these motor neurons after Pb 
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exposure. Exposure to Pb at 2.5 μM could also induce noticeable neuronal loss, and 
exposure to 75 μM and/or 200 μM significantly reduced the relative size and fluo-
rescent intensities of AVL, RMEs, and RIS neurons in C. elegans. As mercury, lead 
depicted high toxicity in associative learning behavior, thermotaxis, and locomotion 
behavior in this nematode. A low concentration of 2.5 μM of Pb resulted in signifi-
cant decrease of associative learning behavior and higher concentrations as 50 μM 
also induced moderately but significantly higher body bend or thermotaxis (Zhang 
et  al. 2010). Ye and colleagues (2010) observed that expression of MTL-1 and 
MTL-2 did not rescue the neurobehavioral toxicity induced by exposure to 200 mM 
of Pb in mtl-1 and mtl-2 mutants. However, the overexpression of MTL-1 and 
MTL-2 at the L2 larval stage significantly suppressed the toxicity on locomotion 
behavior caused by Pb exposure. In contrast, expression of proteins not related with 
stress response and adaptive response, such as MOD-5 and EAT-4, did not influence 
the toxicity on behaviors induced by Pb.

Aluminum (Al3+) is the third most abundant element and the most abundant 
metal in the earth’s crust. Its toxicity is directly linked to its bioavailability. Although 
Al is one of the most common elements in the biosphere, the amounts taken up into 
living cells are extremely small and are exceptionally difficult to measure accu-
rately. Even when the bioavailability of this metal is low due to the formation of 
Al-silicate complexes, certain environmental and industrial factors could raise Al 
availability. Human exposure to Al3+ occurs through a number of mechanisms 
including soil and fertilizers, cookware, and water from purification systems, as 
well as pharmaceutical and cosmetic preparations (Verstraeten et al. 2008). In bio-
logical fluids, this trivalent cation is rarely present as an ion because it complexes 
extensively with biologically available ligands such as phosphate, hydroxide, and 
citrate (Duce and Bush 2010). The exact function of Al in animals remains unknown. 
Al is highly reactive with carbon and oxygen, making it toxic to living organisms. 
Al3+ can increase the production of reactive species and produce oxidative stress on 
its own and synergistically with Cu and Fe (Walton 2013). Al can stabilize the intra-
cellular Fe2+ by preventing its oxidation but enhances Fe-initiated oxidative damage 
(Exley 2006). Al and Fe, but neither copper nor zinc, are key to the precipitation of 
beta-sheets of Abeta_1–42 in senile plaque cores in AD (Exley 2006). Al+3 has long 
been implicated in the pathogenesis of neurodegenerative diseases (Gupta et  al. 
2005) since it is associated with the abnormal aggregation of Aβ (Domingo 2006), 
tau aggregation (Mizoroki et  al. 2007), and cellular dysfunction (Bharathi et  al. 
2008). The contributions of Al3+ to AD pathogenesis and neuropathology involving 
APP and Aβ metabolism, formation and growth of tau pathology, and neuron-to-
neuron spreading of Al inducing the progression of AD have been reviewed recently 
(Walton 2013). In order to protect the brain from the noxious effects of Al, there is 
an active efflux of the metal at the blood-brain barrier  mediated by a monocarboxyl-
ate transporter (Yokel et al. 2001). However, exposure to high amounts of Al or an 
increased blood Al concentration due to a decreased renal functionality can lead to 
brain Al accumulation. However, the results of many of these reports do not address 
confounding variables such as genetic backgrounds that may predispose an organ-
ism to the susceptibility of Al-induced neurological damage.
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A study evaluating chronic exposure to Al demonstrated that it can be toxic to 
C. elegans. Page and collaborators (Page et al. 2012) demonstrate that Al can induce 
changes in growth, development, lifespan, and fertility. Al also induces changes in 
elemental composition of whole worms. The exposure occurred during develop-
ment, as lifespan was unaffected by Al exposure during adulthood. In addition 
lower levels of Al slowed C. elegans development and reduced hermaphrodite self- 
fertility and adult body size. A significant developmental delay was observed even 
when Al exposure was restricted to embryogenesis period of C. elegans. Ye et al. 
(Ye et al. 2008) demonstrated that Al exposure (2.5 and 75 μmol/L) caused a signifi-
cantly decrease in memory functions at least 7 h post exposure. Furthermore, they 
observed that posttreatment with vitamin E could recover the memory defects in 
worms exposed to 75 μmol/ L Al. In addition, exposure to Al (2.5 and 75 μmol /L) 
and posttreatment with vitamin E (100 and 200 lg/mL) did not affect the body bend 
behavior. VanDuyn and collegues (VanDuyn et al. 2013) described a novel model 
for Al3+ toxicity and have shown that the C. elegans transporter SMF-3 plays a sig-
nificant role in modulating Al3+-induced dopaminergic neuron degeneration through 
the intracellular sequestration of Al3+. In addition they demonstrated that SMF-3 
expression is sensitive to Al3+, and the PD-associated proteins α-synuclein, Nrf2/
SKN-1, and Apaf1/CED-4 modulate Al3+-associated dopaminergic neuron cell 
death.

Cadmium (Cd2+) is a nonessential transition heavy metal and an environmental 
pollutant that has been classified as a category 1 human carcinogen (IARC 1993). 
The main pathways of exposition in humans include diet and smoke (EFSA 2009). 
Cd exposure is directly associated with teratogenic and mutagenic problems (WHO 
1996). Workers as miners, welders, smokers, and workers in battery production are 
at risk of high Cd2+ occupational exposure (Wang and Du 2013). The occupational 
Cd2+ exposure can be correlated with lung cancer and other cancers such as the 
prostate, renal, liver, hematopoietic system, urinary bladder, pancreatic, testis, and 
stomach (Waalkes 2000). In cells, Cd2+ can induce oxidative stress, suppress gene 
expression, and inhibit DNA damage repair and apoptosis (Bishak et  al. 2015). 
Chronic exposure to Cd may severely interfere with normal function of the nervous 
system, and infants and children are more susceptible than adults. The neurotoxic 
effects of Cd2+ were complex and could be associated with both biochemical 
changes of the cell and functional changes of central nervous system, indicating that 
Cd neurotoxic effects play a role in the systemic toxic effects of the exposure to 
Cd2+, particularly the long-term exposure (Wang and Du 2013). Cd2+ impairs cell 
viability and disturbs MAPKs pathways (Rigon et al. 2008), induced mitophagy in 
brain tissue by ROS production (Wei et al. 2015), and induces oligodendrocyte pro-
genitors cell death mainly by apoptosis (Hossain et al. 2009). Some studies indicate 
that Cd could be a possible etiological factor of neurodegenerative diseases, 
 including Alzheimer and Parkinson diseases. Jiang et al. (2007b) in an early study 
found that Cd2+ accelerates self-aggregation of Alzheimer’s tau peptide, and it has 
been reported in a case study that a 64-year-old man developed PD symptoms 
3 months after acute exposure to Cd2+ (Okuda et al. 1997).
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In C. elegans, Cd2+ has been shown to alter behavior; decrease growth, life span, 
and reproduction; and to affect feeding and movement (Boyd et al. 2010; Chen et al. 
2013; Hoss et  al. 2011). Low Cd exposure in phytochelation synthase-1 (pcs-1) 
RNAi worms resulted smaller, necrotic and sterile worms which had a shorter life 
span. Following higher concentrations of Cd, pcs-1 worms arrested at L2–L4 stage 
presented necrotic cells and died (Vatamaniuk et al. 2001). 290 genes were identi-
fied that are differentially expressed following a 4- or 24-h exposure to cadmium. 
Several of these genes are known to be involved in metal detoxification, including 
mtl-1, mtl-2, cdr-1, and ttm-1 (Cui et al. 2007). Cd but not Cu or Zn was able to 
influence temporal transcription response in a concentration-dependent manner. Cd 
accumulation found to be highest in mtl-2 and double-mutant strains (Bofill et al. 
2009; Swain et al. 2004; Zeitoun-Ghandour et al. 2010). A study of Gonzalez-Hunt 
(Gonzalez-Hunt et al. 2014) depicted that exposure to mitochondrial genotoxins, as 
Cd2+, during early development may predispose to dopaminergic neurodegeneration 
later in life. Cd exposure was also shown to cause GABAergic neurodegeneration in 
worms. At low Cd concentration, neuronal loss was observed, while at high Cd 
concentration, axonal degeneration and neuronal loss, as well as reduced size of 
AVL, RMEs, and RIS neurons, were noted in fluorescently labeled GABAergic 
neurons (Du and Wang 2009).

Uranium (U) is present in the environment as a result of natural deposits and 
release by human applications. Experimental studies show that after exposure, ura-
nium can reach the brain and lead to neurobehavioral impairments, including 
increased locomotor activity, perturbation of the sleep-wake cycle, decreased mem-
ory, and increased anxiety (Dinocourt et al. 2015). There are concerns that U expo-
sure may also result in neurologic sequelae, particularly since it readily crosses the 
blood-brain barrier (BBB), accumulates in specific brain regions, and decreases 
neurocognitive performance, as observed in Gulf War veterans (Fitsanakis et  al. 
2006; McDiarmid et al. 2009; Dobson et al. 2006). Accordingly, rats exposed to 4% 
enriched U for 1.5 months through drinking water accumulated twice as much U in 
some key areas such as the hippocampus, hypothalamus, and adrenals than did con-
trol rats. The U accumulation was correlated with a 38% increase in paradoxical 
sleep, a reduction of spatial working memory, and an increase in anxiety- like behav-
ior (Houpert et al. 2005). In addition, exposure for 1.5 months to depleted U did not 
induce these effects, suggesting that the radiological activity induces the primary 
events of these effects of uranium. However, U depicted a low cytotoxicity in pri-
mary rat cortical neuron cultures upon exposure to uranyl acetate until cultures are 
exposed to 100 μM. Furthermore, no significant changes in F2-prostanes and thiol 
metabolite levels were observed, and only minimal changes in total adenosine 
nucleotides (ATP + ADP + AMP) were detected.

In earlier studies, (Jiang et al. 2007a, 2009) used C. elegans as an in vivo model 
to determinate the U accumulation and the capacity to produce neurodegeneration. 
In these studies, U demonstrates an ability to accumulate in a dose-dependent man-
ner at the same time increase the toxicity to the nematode. However, when 1 mM of 
U was used, the nematode did not present any signal of neurodegeneration in a 
 pan- neuronal and a dopamine-specific GFP-tagged strains. In the same set of 
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 experiments, accumulation studies further indicated that MT1 appears to be the 
protein form that is associated with the uptake of U in C. elegans. C. elegans mtl-1 
knockout mutants displayed increased cellular accumulation of U (Jiang et  al. 
2009). Uranium exposure in different generations can cause differential effects of 
development plasticity, selection pressures, and evolutionary responses. Exposure 
at P0 generation showed that C. elegans individuals were smaller, slower, and less 
fertile and developed slower than untreated worms. Across generations, phenotypic 
changes can vary in amplitude and in direction, in a dose-dependent manner 
(Dutilleul et al. 2013).

 Metal Nanoparticle Neurotoxicity

Nanotechnology is rapidly developing and increasingly playing important roles in 
various fields, particularly medicine and chemistry. Nanoparticles (NPs) are struc-
tures of 100–500 nm, varying in composition, size, shape, and surface properties. 
They may be presented as polymeric, metal/metal oxide NPs, or quantum nanodots, 
for instance. The surface of nanomaterials can be modulated according to their 
application such as for drug delivery, the biocompatibility of the nanomaterials can 
be modified, and their cell specific targeting ability can also be enhanced by attach-
ing them with targeting ligand (Subbiah et al. 2010; Thanh and Green 2010). In 
vivo, NPs have to avoid nonspecific interactions with plasma proteins and must 
contain their colloidal stability under physiological conditions, especially in a wide 
range of pH (Thanh and Green 2010). In an attempt to reduce NP toxicity, poly-
meric coatings have been used in order to increase water solubility, to reduce toxic-
ity, and to direct site-specific metal delivery (Subbiah et al. 2010; Thanh and Green 
2010). Toxicological evaluation of these nanomaterials has become necessary as 
there is a growing concern on the short- and long-term effects following exposure.

One of the most tested NPs is AgNPs, which are commonly found in consumer 
products and were proven to have anti-HIV properties (Elechiguerra et al. 2005); 
however their action on neurons is still uncertain. In worms, sublethal concentra-
tions of AgNPs may cause adverse neurological responses. Contreras et  al. 
(Contreras et al. 2014) found that exposure to 100 mg AgNP/L reduced the flex, 
amplitude, wavelength, and velocity of the body bend of exposed worms, which was 
worsened in the progeny following multiple generation exposures (four genera-
tions). Different NP sizes (2.5 or 10 nm) caused different effects on worms’ life 
span and reproduction; however the motility was reduced equally following expo-
sure to all different sized AgNPs. Of note, worms’ locomotion is regulated by 
GABAergic, cholinergic, and dopaminergic neurons; then alteration in these param-
eters may indicate neuronal damage (Rand 2007; Jorgensen 2005). Notably, these 
AgNPs were coated with thiolated polyethylene glycol (mPEG-SH) polymer to ren-
der them water soluble.

Long-term early onset exposure to cadmium telluride (CdTe) quantum dots 
 (QD- 0.1 and 1 μg/L) caused abnormal foraging behavior, which is related to altered 
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function of the motor neurons (Zhao et  al. 2015). In accordance, there was a 
decreased fluorescence of motor neuron cell bodies, indicating alteration in their 
development. Furthermore, authors demonstrated that these QDs crossed the intes-
tinal barrier and reached RME neurons, which are GABAergic motor neurons. In 
addition, this prolonged exposure increased defecation cycle length, an indication 
of alterations in other GABAergic neurons, AVL and DVB. Indeed, CdTe QDs also 
caused decreased fluorescence in these neurons as well.

Another study with CdTe QDs coated with 3-mercaptopropionic acid demon-
strated that exposed worms depicted behavioral defects, including alterations in 
body bending, head trashing, pharyngeal pumping, and defecation cycle. Impaired 
learning and memory were also affected by these QDs. Of particular importance, 
CdTe QDs altered the expression of genes related to glutamatergic, serotoninergic, 
and dopaminergic neurotransmission, thus indicating that behavioral alterations are 
associated with neuronal modifications (Wu et al. 2015).

Al2O3 NPs have been used in industry and biomedical applications; however 
their toxicity can be very high. These NPs were able to alter worms’ locomotor 
behavior due to alterations in glutamate, serotonin, and dopamine neurotransmitter 
systems (Li et al. 2012, 2013). The study demonstrated some molecular targets for 
Al2O3 NP neurotoxicity: non-NMDA glutamate receptors GLR-2 and GLR-6, 
ionotropic serotonin receptor MOD-1, and D1-like dopamine receptor DOP-1.

NPs caused severe deficits in gut development, defecation behavior, lethality, 
locomotion, growth, reproduction, ROS production, and changes in gene expression 
(Rui et al. 2013; Zhao et al. 2014). Notably, locomotor activity in C. elegans is a 
good parameter to evaluate neurotoxicity. In view of that, many studies with metal 
NPs use this endpoint to characterize their toxicity level. For instance, the behav-
ioral toxicity of TiO2, ZnO, and SiO2 NPs of 30 nm size in a prolonged exposure in 
L1 worms has been evaluated and compared. Authors described that worms reduced 
significantly head trashes and body bends following exposure to the three NPs and 
that toxicity order was ZnO > TiO2 > SiO2 (Wu et al. 2013). Notably, N-acetyl cys-
teine reverted locomotor alterations caused by these NPs, demonstrating that oxida-
tive stress plays an important role in these metals NP-induced neurotoxicity.

In view of that, the same research group identified that sod-2, sod-3,mtl-2, and 
hsp-16.48 mutants exhibited a more severe decrease in both head thrash and body 
bend than that of wild-type N2 nematodes (Wu et al. 2014). This indicates that the 
lack of SOD isoforms, metallothioneins, and heat shock proteins, which are pro-
teins involved in oxidative stress protection and metal elimination, renders worms 
more susceptible to metal/metal oxide NPs. Corroborating to that, a study of Ma and 
cols (Ma et al. 2009) demonstrated that exposure to ZnO NPs caused reduced move-
ment speed that was associated to increased mtl-2:GFP expression. On the other 
hand, Jung et al. used a multi-endpoint high-throughput assay to compare nano-Ag, 
TiO2, CeO2, and SiO2 with higher sizes, in a chronic exposure paradigm using L4 
worms; however they did not find significant alterations in worms’ speed (Jung 
et  al. 2015). In agreement, Khare et  al. reported that TiO2 and ZnO NPs sized 
<100 nm were much less toxic to exposed worms, in contrast to <25 nm NPs (Khare 
et  al. 2011). Moreover, ZnO NPs sized 21 nm decreased in a more significative 
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 manner head trashes and body bends in comparison to 35 and 65 nm ZnO (Khare 
et al. 2015). These different findings indicate that the size of the NPs and the age of 
the worms are important variables to take into account. Notably, smaller NPs are 
generally more neurotoxic, probably due to easier absorption and uptake from the 
neurons. In addition, young worms are more susceptible to neuronal damage, espe-
cially when exposed chronically. For instance, worms exposed to Fe-NPs from L4 
stage for 24 h depicted slightly lower behavioral defects compared to L1 worms 
treated until they reached adulthood (Wu et al. 2012).

 Concluding Remarks/Perspectives

This chapter revised the effects of essential and nonessential metals in the nervous 
system of a nematode. By using C. elegans as animal model, molecular targets 
involved in metal-induced neuronal degeneration have been discovered as well as 
new relationships between metals and molecular targets. Various genetic strains of 
C. elegans – mutants and GFP tagged – offer a unique perspective on neurodegen-
erative processes and their etiology. A collection of genes have been found to be 
related to neurodegeneration induced by metals, especially SKN-1, MTL (1 and 2 
isoforms), and different HSPs (Fig. 3). Targeting these interactions may be an effec-
tive approach to modify the vulnerability of these neurons and to thus slow neuronal 
loss and clinical deterioration.

Fig. 3 Putative molecular targets that protect from metal-induced neurodegeneration
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C. elegans is also an excellent tool for genetic analysis and manipulations. The 
availability of mutants and green fluorescent protein (GFP) tagging makes it easy to 
explore a wide range of chemicals and their effects. Several effects in response to 
exposure to metals, especially those involving gene expression and behavior, have 
been reported using the nematode as a model.
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