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The heavy metal cadmium is a widespread toxic pollutant, released into the 

environment mainly by anthropogenic activities. Human exposure can occur through 

different sources: occupationally or environmentally, with its uptake through 

inhalation of polluted air, cigarette smoking or ingestion of contaminated food and 

water. It mainly enters the human body through the respiratory and the gastrointestinal 

tract and it accumulates in liver and kidneys. Brain is also a target of cadmium 

toxicity, since this toxicant may enter the central nervous system by increasing blood 

brain barrier permeability or through the olfactory nerves. In fact, cadmium exposure 

has been related to impaired functions of the nervous system and to neurodegenerative 

diseases, like amyotrophic lateral sclerosis (ALS). ALS is a fatal motor neuron 

pathology with the 90-95% of ALS cases being sporadic (sALS), while the remaining 

5-10% of familial onset (fALS); among fALS, the 15-20% is attributed to mutations 

in superoxide dismutase 1 (SOD1). SOD1 is an antioxidant protein responsible for 

superoxide anions disruption and it is a homodimeric metalloenzyme of 32 kDa 

mainly located in the cytoplasm, with each monomer binding one catalytic copper ion 

and one structural zinc ion within a disulfide bonded conformer.  

Since oxidative stress is one of the major mechanisms of cadmium induced toxicity 

and an alteration of oxidative homeostasis, through depletion of antioxidant defences, 

it is responsible for a plethora of adverse outcoming mainly leading to cell death; we 

focused on cadmium effect (1) on the energy metabolism in human neuroblastoma 

SH-SY5Y cell line, (2) on the oxidative defence responses in differentiated human 

LUHMES neural cell line and (3) on the function of human SOD1 in a three models 

approach (recombinant protein in E. coli, in SH-SY5Y cell line and in the nematode 

Caenorhabditis elegans). 

The evaluation of energetic metabolism of SH-SY5Y neural cells treated with sub-

lethal CdCl2 doses for 24 hours, showed an increase in glycolysis compared to control. 

This shift to anaerobic metabolism has been confirmed by both glycolytic parameters 

and greater ATP production from glycolysis than oxidative phosphorylation, index of 

lower mitochondrial functionality in cadmium treated cells. Regarding the fuel 

oxidation, cadmium caused an increase in glutamine dependency and a specular 

reduction in the fatty acids one, without altering glucose dependency. Moreover, we 

observed an increase in total GSH, as well as in the GSSG/GSH ratio and in lipid 
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peroxidation, all indexes of an altered oxidative homeostasis better investigated in 

LUHMES cells. In this model, a 24 hours cadmium administration enhanced total 

GSH content at the lowest doses, at which it also activates Nrf2 through a better 

protein stabilization via p21 and P-Akt. The metal adverse effects on cell viability 

could be rescued by GSH addition and by cadmium administration in astrocytes- or 

microglia-conditioned medium. In the latter cases the total GSH level remained 

comparable to untreated cells even at higher CdCl2 concentrations. Finally, SOD1 

catalytic activity was investigated in the presence of cadmium. The first evaluation of 

this metal combined with fixed copper and/or zinc concentrations on the recombinant 

GST-SOD1, expressed in E. coli BL21, showed a dose-dependent reduction in SOD1 

activity only when copper was added to cellular medium, while the expression 

remained always constant. Similar results were obtained in SH-SY5Y cell line, in 

which SOD1 enzymatic activity decreased in a dose- and time-dependent way after 

cadmium treatment for 24 and 48 hours, without altering its expression; as well as in 

the Caenorhabditis elegans model, where a 16 hour cadmium treatment caused a 25% 

reduction only in SOD1 activity.  

In conclusion, cadmium caused a shift to anaerobiosis, Nrf2 activation, with increased 

GSH production, and a reduction in SOD1 activity.  

 

 

  



10 

 

 

  

Chapter 1 

Introduction 



11 

 

Part I 

Cadmium: a non-essential element with toxic 

effects on the nervous system 

 

I.1 Introduction  

The chemical elements cadmium (Cd) belongs to the group IIB of the periodic table. 

It is a soft, silvery-white metal, with chemical and physical properties similar to zinc 

(Zn) and mercury (Hg). Resistant to corrosion, it is a rare element usually present in 

nature as a compound with zinc sulphide and in the majority of its compounds it is 

found at the oxidation state of 2+. Cadmium, possessing a specific density of more 

than 5 g/cm3, is classified as a heavy metal and it is found in air, water and sediment 

with a concentration of 0.15 mg/kg in the Earth crust and of 1.1 × 10-4 mg/L in the sea 

(Zhang and Reynolds, 2019).  

This element was first discovered in 1817 by German chemist Friedrich Strohmier, as 

an impurity of zinc carbonate, and it has been extensively used in the middle of the 

19th and all over the 20th century in industry and agriculture. In fact, cadmium 

compounds are used as stabilizers in PVC products, colour pigment, in re-chargeable 

Ni–Cd batteries, as anticorrosion agent (cadmiation) and this metal is also present as 

a pollutant in phosphate fertilizers, with about 22,000 tons produced yearly worldwide 

(IARC, 2012; Rani et al., 2014). The wide use of cadmium compounds by 

anthropogenic activities, together with the absence of its biodegradation, caused a 

widespread distribution of this element in the environment, with a rapid increase in 

the period 1800-1960 (Sarkar et al., 2013). The widespread use of this element led the 

scientific community to study its adverse effect since 1858 and, from this date on, 

several studies on cadmium toxicity, both on animals and humans, have been reported: 

the first experimental toxicological studies are from 1919, while the first report on 

cadmium chronic effects on humans was published in the late 1930s-1940s (Nordberg, 

2009; Rani et al., 2014). The most famous one is the study on the Itai-Itai disease, a 

skeletal disease observed in Fuchu, Toyama prefecture, Japan in the 1950s (Nordberg, 

2009). Cadmium exposure can provoke damage to several organs, such as kidney, 



12 

 

liver, lungs, brain, testes and heart. Moreover, it can cause osteoporosis, anaemia, non-

hypertrophic emphysema, eosinophilia, anosmia and chronic rhinitis, representing a 

risk factor for humans’ and other animals’ health and leading this toxic heavy metal 

to be part of the group of main environmental and occupational chemical pollutants, 

since not only the high prolonged exposure, but also the moderate and low one can be 

a risk factor (Mezynska and Brzóska, 2018). However, after 1960 we have assisted to 

a decrease in cadmium emissions caused by the improvement in technologies and the 

application of restrictions. This reduction correlates with a progressive decrease of the 

average cadmium intakes (Sarkar et al., 2013). In fact investigations around the world 

have shown that, for general population, the average cadmium intakes in 1960 were 

about 15 μg/kg body weight per month, while in 2000 were 5 μg/kg body weight per 

month, well below the current WHO JECFA (Joint FAO/WHO Expert Committee on 

Food Additives) standard established in 2010 (25 μg/kg body weight per month) 

(Sarkar et al., 2013).  

Moreover in 1993, the International Agency for Research on Cancer (IARC), on the 

basis of sufficient evidence for carcinogenicity in both humans and experimental 

animals, has classified cadmium as a human carcinogen (group I); while the European 

Commission has classified some cadmium compounds as possibly carcinogenic 

(Carcinogen Category 2) (IARC, 2012). 

 

I.2 Sources of cadmium exposure  

In humans cadmium has an extremely long half-life of about 20-30 years and its 

content at 50 years of age is about 15-30 mg and increases with age (Sarkar et al., 

2013). Human exposure to cadmium occurs by occupational sources, through 

ingestion of contaminated food and/or water and by inhalation of polluted air or 

cigarette smoking. Considering the fact that cadmium and its compounds enter the 

body mainly through the respiratory tract (10-40%) and that about the 30-64% of 

inhaled cadmium is absorbed by the body, people occupationally exposed and 

smokers show high cadmium levels in blood and urine placing them in the categories 

at risk (Sarkar et al., 2013). In fact, one cigarette contains from 0.5 to 2 µg cadmium 

and about the 10% of the cadmium content is inhaled and absorbed by the lungs when 

the cigarette is smoked, giving to smokers a 4-5 times higher cadmium level in the 
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blood (Järup, 2003; Nawrot et al., 2010). In particular workers exposed to cadmium 

show average levels of 6.23 μg Cd/g of creatinine and 6.54 μg Cd/L of blood; while 

smokers have values of 3.32 μg Cd/L of blood and 1.20 μg Cd/L of urine, compared 

to non-smokers levels of 1.0 μg Cd/L of blood and 0.8 μg Cd/L of urine, as evaluated 

by the German Commission on Human Biological Monitoring (Reyes-Hinojosa et al., 

2019). 

Regarding the non-smoking population the main source of chronic cadmium exposure 

(95%) is represented by the consumption of contaminated food. Virtually cadmium is 

present in all food since its compounds are readily taken up by plants, due to their 

highly soluble nature, resulting in their storage in crops for food and feed production 

and in a high soil-to-plant transfer (Sarwar et al., 2010). However, the metal 

concentrations vary in function of the type of food and the level of environmental 

contamination. Elevated cadmium concentrations can be found in food from plants, 

in particular from cereals like rice and wheat, green leafy vegetables, potato and root 

vegetables such as carrot and celeriac; as well as in molluscs, crustaceans, offal 

products, oil seeds, cocoa beans and in certain wild mushrooms (Järup and Åkesson, 

2009). More than 80% of this element derives from cereals, vegetables and potato, 

with a regular cadmium intake rates around 2-25 μg/day among children and range 

from 10 to 50 μg/day in adults (Bhattacharyya, 2009). The average cadmium intake 

from food generally varies between 8 and 25 μg per day of which approximately 0.5 

to 1.0 μg is actually retained in the body (Berglund et al., 1994; Olsson et al., 2002). 

This mode of uptake can be influenced by several factors, like dose and exposure time, 

chemical components of the diet, the body's nutritional status, age and gender; having 

subgroups of the population (vegetarians, women in the reproductive phase of life and 

people living in highly contaminated areas) with an exceed in the tolerably weekly 

intake of about 2-fold (Nawrot et al., 2010). A less than a few percentage of cadmium 

intake is represented by drinking water and inhalation of contaminated air (Olsson et 

al., 2002; Vahter et al., 1991). In details, the exposure references for cadmium in food 

is set at 10 mg/kg of dry weigh, in drinking water at 3 μg/L and at 5 ng/m3 for the air 

(Reyes-Hinojosa et al., 2019).  

Currently the risk assessment of environmental exposure to cadmium is conducted 

based on dietary cadmium intake and its concentration in the urine. The Agency for 
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Toxic Substances and Disease Registry (ATSDR), basing on studies in animals, has 

determined the minimum risk levels for acute and chronic inhalation of 0.03 μg Cd/m3 

and 0.01 μg Cd/m3, respectively (Faroon et al., 2012). A safe intake limit of 7 μg 

Cd/week/kg body weight or 25 μg Cd/kg body weight per month (mg/kg bw-mo) or 

0.4-0.5 mg /week and the maximum dose of 60-70 µg per day were set based on the 

critical renal cadmium concentration of between 100 and 200 μg/g wet weight that 

corresponds to a urinary threshold limit of 5–10 μg/g creatinine (Sarkar et al., 2013).  

 

I.3 Cadmium uptake in humans  

The main entry pathways for cadmium in humans are lungs and the gastrointestinal 

tract, with the skin playing a minor role (Nordberg, 2009). 

First the metal needs to enter the cells and, since it does not possess any biological 

function, the use of transport systems for other essential elements has been suggested 

for its cellular uptake. Ion channels and transporters present on the plasma membrane, 

normally involved in the physiological cellular trafficking, are used by cadmium for 

entering the cells. Among ion channels, the voltage gated calcium (Ca) channels 

(VGCC) and transient receptor potential (TRP) channels, are involved in cadmium 

uptake. In particular, the not high selectivity for calcium of T-type VGCC, together 

with their smallest selectivity filter formed by two aspartate and two glutamate 

(EEDD motif), instead of four glutamate (EEEE motif), like the other VGCC, allows 

cadmium permeation in cells (Shuba, 2014). The non-selective cation channels TRP, 

which can be permeated by sodium (Na), calcium and magnesium (Mg), also plays a 

role in cellular cadmium uptake, with TRPA1, TRPV5, TRPV6 and TRPML1 

permeated by cadmium (Thévenod et al., 2019).  

Solute carriers (SLC) for essential metals are responsible for cadmium entrance in cell 

too. The human divalent metal transporter 1 (DMT1) transports a broad range of 

divalent metal ions; it is ubiquitously expressed on cell plasma membrane and in 

epithelial cells it also localized on endosomes, lysosomes and mitochondria (Shawki 

et al., 2012). DMT1 has a cadmium transport efficiency similar to the iron (Fe) one 

and represents a valid route for cadmium uptake from water and food in the 

duodenum, as well as being a key mediator of vesicle-to-cytosol transfer of cadmium 

in various cell type (Thévenod et al., 2019). It is important to note that if the iron 
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stores in the body decrease or if there is an iron deficiency, the intestinal cadmium 

absorption increases; this condition is more prevalent in women at fertile age than 

among men (Akesson et al., 2002). Generally, women show higher cadmium 

concentrations in blood, urine and kidney compared to men and this difference could 

be explained by the close correlation between cadmium absorption and the expression 

of DMT1, which transports cadmium and iron into the mucosa cell in a competitive 

manner. This situation is exacerbated during pregnancy when enterocytes have an 

increased DMT1 density at the apical surface to optimize micronutrients absorption 

(Akesson et al., 2002; Vahter et al., 2007). 

The zinc transporters, Zrt-, Irt-related proteins (ZIP) are valid candidates for cadmium 

entrance in cells, due to the similarity between cadmium and zinc. Among them, ZIP8 

and ZIP14 can be permeated by cadmium, with ZIP8, highly expressed in lungs, liver, 

kidneys and testis, involved in cadmium accumulation and ZIP14 responsible for 

cadmium transport at high affinity (Thévenod et al., 2019). 

Following absorption in the lungs and/or intestine, it is assumed that cadmium in the 

blood primarily binds to albumin and other thiol-containing reactive biomolecules in 

the plasma, as well as on red blood cell membranes, making the blood stream 

responsible for its transport inside the organism (Genchi et al., 2020). Cadmium 

accumulate mainly in the liver and kidneys due to their ability to express 

metallothioneins (MTs), which are the precursor of cadmium detoxification. MTs are 

low molecular weight proteins of 6-7 kDa, rich in sulfhydryl groups (-SH), 

responsible for the maintenance of essential metal ions homeostasis and involved in 

the scavenging of toxic metals and free radicals produced in oxidative stress. Under 

physiological conditions, they bind zinc and copper; however, MTs show affinity for 

other metals, like cadmium, lead (Pb), mercury, nickel (Ni) and silver (Ag). In 

mammals MTs are ubiquitously expressed, with highest concentration in liver, 

kidneys, pancreas and testis, and localized in the cytoplasm, in lysosome, 

mitochondria and nuclei (Sabolić et al., 2010). They are made of 61-68 amino acid 

residues, of which 18-23 are cysteines, and four different isoforms are expressed: 

MT1 and MT2 are present in several tissues, while the other two are tissue-specific, 

with MT3 present in brain and renal tissue and MT4 in keratinocytes (Nordberg, 

2009). The -SH groups of these metal proteins (apoproteins) can complex seven 



16 

 

divalent cations, such as zinc and cadmium, or 12 monovalent metal ions (Nielsen et 

al., 2007). 

Inside the hepatocytes MTs bind cadmium in order to protect the cells from metal ions 

toxicity, with consequent accumulation of Cd-MT complexes. The majority of these 

complexes is stored in the liver; however a small amounts is released into blood 

plasma and then filtered by the renal glomeruli, where the renal tubular cells reabsorb 

Cd-MT complexes through ZIP8-mediated endocytosis (Nordberg, 2009; Wang et al., 

2007). Inside the lysosomes of renal tubular cells, the acidic pH promotes the 

dissociation of cadmium from Cd-MT complex, with the release of free cadmium 

ions, eliminated through urine. Cd-MT complexes can be taken up by other organs 

and they show a short half-life, in contrast to the half-life of free cadmium ions (25-

30 years) (Genchi et al., 2020). However, when almost all binding sites in MT are 

occupied by cadmium, no further binding of cadmium is possible, leading to the end 

of this protective process and to the spread of cadmium toxicity in the cell, that arise 

at concentrations smaller than almost any commonly found mineral, with a 

multifactorial toxicity mechanism (Nordberg, 2009). 

    

I.4 Cadmium toxic effects 

Cadmium can exert a plethora of toxic effects. The free cadmium ions possess not 

only a high affinity for biological structures containing -SH, amino, carboxyl, 

imidazolyl and disulfide groups causing disturbances of their function; but they can 

also interfere with essential bio-elements, such as zinc, calcium, iron, altering their 

homeostasis and biological functions (Mezynska and Brzóska, 2018; Sabolić et al., 

2010). This xenobiotic can stimulate the indirect production of reactive oxygen 

species (ROS), mainly by weakening the enzymatic and non-enzymatic defence 

systems, resulting in the damage of key macromolecules, intracellular organelles and 

cellular membranes. It can also lower the mitochondrial membrane potential, 

disrupting cellular respiration and ATP production (Nair et al., 2013). Moreover 

cadmium provoke oxidative damage on the DNA structure, which leads to the 

induction of cellular proliferation, the inhibition of the apoptotic mechanisms and the 

blocking of the DNA repair mechanisms (Mezynska and Brzóska, 2018; Rani et al., 

2014). Different modes of cell death have been associated with cadmium toxicity in a 
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dose-dependent correlation: sub-micromolar concentrations of cadmium lead to 

proliferation or delayed apoptosis, intermediate concentrations of 10 μM cadmium 

cause various types of apoptotic cell death, and very high concentrations (>50 μM) 

lead to necrosis (Templeton and Liu, 2010). 

Among the toxic effects, oxidative stress is assumed to be the principal molecular 

basis underlying cadmium-induced cytotoxicity, although this element is a redox-

inactive metal. Even though this xenobiotic in unable to directly generate ROS; 

cadmium exposure resulted in an increase in ROS production. In fact, cadmium 

indirectly induces oxidative stress by a displacement of redox-active metals, depletion 

of redox scavengers, inhibition of anti-oxidant enzymes and inhibition of the electron 

transport chain (ETC) resulting in mitochondrial damage (Nair et al., 2013). 

Cadmium can replace redox-active metals, such as iron and copper, from cytoplasmic 

and membrane proteins, thereby increasing the ability of free redox-active ions in 

cells, that can cause the production of ROS via Fenton reaction (Cuypers et al., 2010; 

Rani et al., 2014). It has been demonstrated in rat Leydig cells that cadmium induced 

iron displacement from its binding sites and consecutively iron redistribution in these 

cells caused oxidative stress (Nair et al., 2013). Moreover, cadmium interference with 

iron leads to lipid peroxidation, as shown in male Wistar rats exposed to CdCl2 in 

which it was absent in liposomes in iron-free conditions, showing the inability of 

cadmium to directly induce lipid peroxidation (Casalino et al., 1997). 

Cadmium can also reduce antioxidant defence mechanisms. Among ROS scavengers, 

glutathione (GSH), being implicated in transition metals’ chelation, is considered the 

first line of defence against cadmium toxicity. Due to its high affinity for -SH groups, 

cadmium binds GSH causing the depletion of the GSH pools and the alteration of the 

cellular redox balance with consequent increase in oxidative stress. The importance 

of GSH in cadmium detoxification has been reported by Dudley and Klaassen, who 

showed how its depletion results in enhanced metal hepatotoxicity (Dudley and 

Klaassen, 1984). Cadmium also affects the function of antioxidant enzymes, with the 

activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 

(GPx), and glutathione reductase (GR) altered in the presence of the metal (Nair et al., 

2013). Cadmium atoms also combine with selenium ones and they are excreted via 
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the bile system, causing a depletion in the amount of selenium from the body, which 

leads to less selenium for GPx formation (Rani et al., 2014). 

The mitochondrial ETC is one of cadmium main cellular targets. In a study performed 

on isolated mitochondria from liver, brain and heart of male Dunkin-Hartley guinea 

pigs, complex II and complex III are more sensitive to cadmium than complexes I, 

IV, and V, in all three tissues tested, with a cadmium strong inhibitory effect of 60% 

on complex II and 77% on complex III (Wang et al., 2004). This elevated sensibility 

of complex II and III could be related to the presence, in these complexes, of Fe-S 

clusters, potential cadmium targets (Branca et al., 2020). Cadmium binding to 

complex III causes the impairment of electron transfer through these complex and the 

accumulation of unstable semiubiquinones, which then transfer an electron to 

molecular oxygen, resulting in the formation of superoxide (Nair et al., 2013). 

Moreover, cadmium induces the opening of mitochondrial transition pore, which 

resulted in an increased membrane permeability responsible for cytochrome c release 

and ETC disruption, causing more ROS production (Branca et al., 2020). This 

mitochondrial damage via ROS production causes a significant inhibition of the 

mitochondrial respiratory chain, with a reduced ATP production and oxygen 

consumption, that lead to a shift to anaerobic metabolism and increased production of 

lactate (Al-Ghafari et al., 2019; Monteiro et al., 2018). 

 

I.5 Cadmium and the nervous system 

The function of the nervous system is severely affected by cadmium exposure. 

Cadmium administration in experimental animals causes behavioural defects, changes 

in nervous system biochemistry and brain lesions; in humans acute cadmium 

poisoning produced parkinsonism symptoms, while chronic cadmium exposure can 

generate neuro-behavioural disturbances, such as altered attention, psychomotor 

speed, memory, reduced visuomotor functioning and increase in the risk of 

polineuropathy disease (Méndez-Armenta and Ríos, 2007; Okuda et al., 1997). 

Experimental studies on animals show cadmium ability in inducing neurotoxicity, 

with a wide spectrum of clinical entities, such as neurological disturbance and 

neurochemistry changes (Méndez-Armenta and Ríos, 2007). Newborn rats exposed 

to low cadmium doses exhibit damage in the central nervous system (CNS): the brain 
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cortex, cerebellum, caudate nuclei and putamen showed extensive necrosis and 

haemorrhage, with the endothelium of some blood vessel in the necrotic areas slightly 

damaged (Wong and Klaassen, 1982). 

The symptoms of cadmium toxicity on nervous system in humans are headache, 

vertigo, olfactory dysfunction, parkinsonian-like symptoms, slowing of vasomotor 

functioning, peripheral neuropathy, decreased equilibrium, decreased ability to 

concentrate and learning disabilities (Wang and Du, 2013). However, the exact 

mechanism through which this metal elicits its neurotoxic effects is still unresolved. 

Effects of this xenobiotic on neurotransmitter, oxidative damage, interaction with 

other metals, estrogen-like effect, and epigenetic modification could be involved. 

 

I.5.1 Cadmium uptake in the nervous system 

The blood brain barrier (BBB) is a selective permeable layer composed by endothelial 

cells characterized by tight junctions between the cells, involved in brain and spinal 

cord protection from toxic substances. The BBB supplies the CNS with nutrients, 

regulates the molecular traffic in and out and, being a physical separation between the 

systemic circulation and the brain’s microenvironment, is responsible for the 

maintenance of CNS integrity.  

Under normal conditions cadmium can barely reach the BBB; however, if present in 

the blood stream, it may enter the brain by crossing the BBB and the choroid plexus 

(CP), entering the cerebrospinal fluid (CSF), through which it can reach a specific part 

of the CNS (Yokel, 2006). Cadmium accumulation in the BBB and in the CSF has 

been reported, showing a weak integrity of the blood-cerebrospinal fluid barrier, 

despite the presence of several efflux mechanisms responsible for traffic’s control in 

and out the brain (Karri et al., 2016). Cadmium can enter the cells exploiting the 

physiological ionic channels, transporters and receptors present on the luminal surface 

of the BBB endothelial cells (Thévenod et al., 2019). In case of an acute cadmium 

exposure the BBB protects the majority of the CNS; while in chronic and prolonged 

ones, cadmium is responsible for the weakening of cellular antioxidant defences and 

increasing ROS formation, with the consequent activation of matrix metalloproteinase 

(MMP) that disrupts the BBB tight junctions and enhances its permeability (Branca 

et al., 2020; Yang et al., 2007). MMP expression is linked to pericytes, responsible 
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for the maintenance of vascular structure and function during cerebrovascular 

maturation, homeostasis and disease, and in ischemic brain regions activated MMP 

colocalized with ROS at the level of capillary walls, assuming a key role of pericytes 

in BBB permeability regulation in both physiological and pathological mechanisms 

(Gasche et al., 2001; Underly et al., 2017). 

An in vivo study on adult rats showed how a small amount of cadmium reach the 

brain, due to selective permeability of BBB, while it might diffuse across the barrier 

with the help of a vehicle such as ethanol (Pal et al., 1993). Wong and Klassen also 

reported a higher cadmium toxicity in newborns than in adult rats, probably due to 

differences in BBB maturation (Wong and Klaassen, 1982). 

Another route of cadmium uptake can be represented by the nasal mucosa or olfactory 

pathways, with the metal, transported along the primary olfactory neurons, able to 

reach the termination in the olfactory bulbs bypassing the intact BBB. It has been 

reported how occupational inhalation of cadmium can be toxic to olfactory sense, with 

intranasal exposure related to olfactory disfunction in humans and nasal epithelial 

damage as altered odorant-guide behaviour in rodent models (Wang and Du, 2013). 

Moreover, Kumar and colleagues suggested that the effect of cadmium in brain is 

region-specific and most pronounced in olfactory bulb; in fact they observed a 

decrease in membrane fluidity, phosphatidylcholine and phosphatidylethanolamine 

content, as well as an increase in intracellular calcium level and TBA reactivity in 

olfactory bulb of rats after cadmium exposure (Kumar et al., 1996). 

Once in the brain, cadmium accumulates in the CP in much greater concentrations, 

about 2-3 times higher than the one found in the brain cortex, as revealed by a post-

mortem study on humans (Wang and Du, 2013). This accumulation is mainly due to 

both an abundant pool of metal binding ligands, responsible for metal ions binding, 

and the presence of a highly active antioxidant defence system (Zheng et al., 1991). 

However, none of the cellular defence mechanisms is unlimited causing direct damage 

to CP ultrastructure.  

Even in the nervous system, cadmium ions in cells bind MT. Astrocytes, endothelial 

cells, ependymal cells and oligodendroglia have MT1 and MT2, while in neurons 

there is MT3 (Méndez-Armenta and Ríos, 2007). Cadmium induces the expression of 

MT1 and MT3 mRNA, in relationship to the metal concentration and distribution, as 
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well as the stage of brain development (Choudhuri et al., 1996). Hence the differential 

constitutive expression of brain MTs in newborns and adults might be important in 

cadmium induced neurotoxicity. 

 

I.5.2 Cadmium toxicity in the nervous system 

Exposure to cadmium affects both neurons and glial cells. Morphological changes of 

the cells of the nervous systems have been reported: in mesencephalic trigeminal 

(Me5) neurons from adult rat destruction of the cytoplasmic organelles, swelling and 

vacuolization of the cell body, with consequent cell lysis have been seen (Yoshida, 

2001). The neural extension, axons and dendrites, are the mostly affected and 

apoptotic morphological changes have been identified in cerebral cortical neurons 

treated with cadmium (Wang and Du, 2013). Moreover, cadmium administration at 

the embryonic level caused impaired neurogenesis, resulting in reduced neuronal 

differentiation with fewer differentiated neurons and glia in the facial sensory ganglia 

(Chow et al., 2008).  

In various brain regions the metal administration determined a decrease in total thiols 

and GSH pool as well as an increase in the oxidized glutathione (GSSG) level; while 

the activities of antioxidant enzymes, like SOD, CAT, GST, GR and GPx were 

reduced (Nair et al., 2013). GSH depletion has been reported in primary 

oligodendrocytes, in mouse neuronal cell lines and in rat primary mesencephalic 

cultures (Branca et al., 2020). Moreover, this decrease in antioxidant defence, together 

with the disruption of mitochondrial potential and ETC, determined an enhanced ROS 

level, which results in the activation signalling pathways such as JNK, Erk1/2, p38 

MAPK and their upstream kinases like ASK1, MKK4, MEK1/2, and MEK3/6 

responsible for the activation of apoptosis both caspase-dependent and independent 

(Branca et al., 2020; Nair et al., 2013). 

This increase in free radicals’ production affects the membranes by altering not only 

their fluidity, due to a decrease in cholesterol content, but also the phospholipid 

composition, with an increase in phosphatidylethanolamine and a decrease in 

phosphatidylcholine, phosphatidylinositol, phosphatidylserine and sphingomyelin 

(Gupta and Shukla, 1996; Kumar et al., 1996). However, the major consequence of 

cadmium-induced oxidative stress on membranes is represented by lipid peroxidation, 
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due to the high susceptibility of lipid to be oxidized by superoxide anions and 

hydroxyl radicals. A significantly enhanced lipid peroxidation has been found in 

parietal cortex, striatum and cerebellum in the brain of developing rats exposed to 

cadmium (Méndez-Armenta and Ríos, 2007). Moreover, the level of lipid 

peroxidation corresponds to the level of cadmium exposure (Valko et al., 2006). Lipid 

peroxidation produces a progressive loss of membrane fluidity, that reduces the 

membrane potential and increases membrane permeability to calcium ions, altering 

the intracellular calcium concentration (Simonian and Coyle, 1996).   

Cadmium is responsible for the inhibition of calcium influx, through membrane 

channels, into the nerve terminal following the action potential by acting as a 

competitive ion to VGCC, leading to altered neurotransmitters release (Wang and Du, 

2013). In the amygdala of cadmium-exposed animals the levels of the excitatory 

neurotransmitters glutamate and aspartate were found decreased, while the ones of 

inhibitory neurotransmitters glycine and GABA were increased, suggesting a 

cadmium effect on the balance excitation/inhibition of the synaptic neurotransmission 

(Minami et al., 2001). Together with neurotransmission, other neuronal functions may 

be affected by cadmium, leading to apoptosis in primary murine neurons (Wang and 

Du, 2013). A dose-dependent increase in intracellular calcium concentration has been 

observed in cadmium exposed neurons and this sustained increase could be a mediator 

of cadmium induced apoptosis via activation of the calcium-mitochondria apoptotic 

signalling pathway (Yuan et al., 2013). 

This xenobiotic accumulation at the fetal stage or at birth might cause irreversible 

changes in the brain; in fact neurogenesis is affected by cadmium with a marked 

reduction in neuronal differentiation and axonogenesis, due to a metal-induced altered 

gene expression (Wang and Du, 2013). Cadmium effect on genes could be explained 

by its action as a co-genotoxic chemical agent, due to its ability in causing genomic 

instability through inhibition of DNA repair mechanisms and altered DNA 

methylation (Rani et al., 2014). In fact,  by interacting with the methyltransferase 

DNA binding domain, might interfere with the enzyme-DNA interaction leading to 

alterations in methylation metabolism responsible for gene-specific DNA hypo- or 

hyper-methylation (Wang et al., 2012). Failure of DNA methylation systems in the 

brain leads to clinical syndromes such as mental retardation and autistic-like 
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behaviours (Shahbazian and Zoghbi, 2002). Moreover, cadmium can disrupt the 

endocrine induction by affecting the hypothalamic-pituitary-gonadal axis and/or the 

Leydig cells (Wang and Du, 2013). 

In conclusion cadmium neurotoxicity is a multifactorial process, mainly characterized 

by increased oxidative stress, mitochondrial dysfunction and interference with other 

divalent ions homeostasis, that interests all the cellular types present in the CNS. 

These pathophysiological mechanisms, together with axonal transport impairment, 

excitotoxicity, protein aggregation, neuroinflammation, endoplasmic reticulum stress 

and abnormal RNA processing, are present in the amyotrophic lateral sclerosis (ALS), 

a fatal adult neurodegenerative disease characterized by progressive loss of motor 

neurons (Mancuso and Navarro, 2015). Epidemiological studies on cadmium 

involvement in ALS etiology have been carried out; however the data presented if on 

one side cannot state a direct involvement of this metal in ALS, on the other side 

cannot be excluded (Oggiano et al., 2020).  
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Part II 

Focusing on human Superoxide dismutase 1: 

what to know about it 

 

II.1 Introduction 

Superoxide dismutase (SOD) proteins show themselves to the world as a defense 

mechanism against reactive oxygen species (ROS) toxicity. In fact, they represent a 

family of antioxidant enzymes responsible for the dismutation of superoxide anions 

derived either from extracellular stimuli or as a byproduct of mitochondrial 

respiration. This family is ubiquitous and widely distributed among aerobic 

organisms, aerotolerant anaerobes and some obligate anaerobes too (Scandalios, 

1993). It is also highly conserved among eukaryotes and, to date, three isoforms of 

SOD have been identified in mammals: a cytosolic copper-zinc superoxide dismutase 

(CuZnSOD or SOD1), a mitochondrial manganese superoxide dismutase (MnSOD or 

SOD2) and an extracellular superoxide dismutase (ECSOD or SOD3). These forms 

of SODs elicit similar functions, but differ in protein structures, chromosome 

localizations, metal cofactor requirements, gene distributions and cellular 

compartmentalization (Miao and St. Clair, 2009; Parge et al., 1992). 

The scientific history of SOD (EC 1.15.1.1) started in 1938 when Mann and Keilin 

isolated from bovine blood a copper green protein, named erythrocuprein, with a 

believed biological function in copper storage and it followed by the discovery that 

this erythrocuprein showed a superoxide dismutase activity, by Fridovich and McCord 

in 1969 (McCord and Fridovich, 1969; Scandalios, 1993). Subsequently, the presence 

of zinc in addition with copper was reported, leading to name that protein copper-zinc 

superoxide dismutase (Carrico and Deutsch, 1970). However the first appearance of 

SOD to the world is much older and it was triggered by the proliferation of 

photosynthetic organisms that began to produce oxygen over 2 billion years ago 

(Zelko et al., 2002). 
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II.2 From a euxinic world to an oxygenic one  

When the earth was born the composition of the atmosphere and the ocean was 

different from the one we know today and over the 4.5 billion years history of the 

planet has evolved significantly from reducing to oxidizing (Case, 2017). The early 

biosphere was composed by hydrogen (H2), carbon dioxide and monoxide (CO2 and 

CO), hydrogen sulfide (H2S) and methane (CH4) and was lacking in any significant 

concentration of dioxygen (O2) (Holland, 2002; Sheng et al., 2014). Oxygen 

atmospheric level started to increase between 3.0 and 2.0 billion years ago, during the 

so called Great Oxidation Event (GOE), which led to an increase of oxygen of about 

0.1-15% driven by cyanobacteria as a product of oxygen photosynthesis (Holland, 

2006; Sheng et al., 2014). After the GOE, from 1.9 to 0.9 billion years ago there was 

the “boring billion”, during which the rate of oxygen remained constant, followed by 

the Neoproterozoic Oxidation Event (NOE), 0.8-0.5 billion years ago, the second 

major oxidation incident that elevated the level of atmospheric oxygen to nowadays 

level (Case, 2017; Holland, 2006; Och and Shields-Zhou, 2012). 

The organisms learned how to use oxygen to create energy and new biochemical 

pathways became possible (Smith and Doolittle, 1992). However the use of this 

molecule in biological systems with high electron fluxes comes at the potential threat 

of generating ROS, which, at elevated concentrations, not only can lead to cellular 

damage and cell death, but also may contribute to the development of various diseases, 

like cancer, hypertension, diabetes, atherosclerosis, inflammation and premature 

aging (Case, 2017; Zelko et al., 2002). In fact, oxygen reduction to water (reaction 1) 

in his intermediate steps (reactions 2-5) can lead to the formation of the tree major 

ROS, that are superoxide anion (O2
•-), hydrogen peroxide (H2O2) and hydroxyl radical 

(HO•).  

(1) O2 + 4H+ + 4e- →2H2O 

(2) First step: O2 + e- → O2
•- 

(3) Second step: O2
•- + 2H+ + e- →H2O2 

(4) Third step: H2O2 + H+ + e- →H2O + HO• 

(5) Fourth step: HO• + H+ + e- →H2O 

In order to avoid ROS toxic effects, aerobic organisms developed defense 

mechanisms both non-enzymatic, such as glutathione, cysteine or flavonoids, and 
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enzymatic, capable of removal, neutralization or scavenging of free radicals. Among 

the enzymatic defenses, SOD together with catalase (CAT) is the major mechanism 

involved in superoxide anion detoxification: SOD converts superoxide anion into 

hydrogen peroxide, which is then scavenged to H2O by catalase, avoiding the 

formation of the hydroxyl radical (HO•), which can react with all the macromolecules 

causing several damages (Scandalios, 1993). 

In all living organisms superoxide anion is formed and it can behave as a signal 

molecule (“redox signaling” event), as a harmless intermediate that degrades 

spontaneously or as a toxic agent (“oxidative stress” event); it has been estimated that 

it exists in the biological systems at concentrations ranging from 10 to 200 pM and to 

date SOD is the only family of enzymes able to autonomously eliminate superoxide 

anions in biological systems (Cadenas and Davies, 2000; Murphy, 2009).  

Even if the oxidation of the atmosphere and the ocean brings us to think that 

antioxidants defenses originated in this period for counteracting the oxygen oxidative 

pressure, sequencing analysis of ancient species revealed that the antioxidants 

originated long before the GOE, due to local localization of oxygen from either abiotic 

source, like photolysis of H2O by UV light, or cohabitation in close proximity to an 

oxidative photosynthesizing organism (Case, 2017). 

 

II.3 The evolution of SOD 

SODs are metalloproteins and the metals uptake seems to be related to the time of 

appearance of transition metals in the atmosphere: iron (Fe) first, then manganese 

(Mn) and in the end copper (Cu) and zinc (Zn) (Bannister et al., 1991).  

When life arose, the oceans were euxinic, so iron was highly bioavailable making the 

primitive SOD using this metal for its catalytic center. In fact the most primitive form 

of this enzyme is the FeSOD and it is found in aerobic and anaerobic bacteria, in 

Archea, in Protists and in the chloroplasts of some eukaryotic plants (Smith and 

Doolittle, 1992). This form of SOD shares the 50% similarity with the other one that 

originated in the very early primitive lifeforms, the MnSOD, suggesting that these two 

have evolved from a close common ancestor (Case, 2017).  

MnSOD can be found in all species ranging from Archea to Eukarya, even if in 

eukaryotes is present only in mitochondria. The mitochondrial MnSOD and the 
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prokaryotic MnSOD are structurally related with a high degree of sequence similarity, 

leading to the hypothesis that they have evolved from a common ancestral protein. It 

seems unlikely that mitochondrial and bacterial MnSOD originated from a process of 

convergent evolution, because it should imply the fact that mitochondria and bacteria 

had been subjected to similar selective pressure for a considerable period of time 

(Bridgen et al., 1975). 

The most modern family of the lineage is represented by the CuZnSOD. This protein 

is ubiquitous among plants and animal species and it is localized in the nucleus, 

cytoplasm, mitochondrial intermembrane space, chloroplasts and in the extracellular 

matrix (ECSOD). CuZnSOD can also be found in the periplasmic space of selected 

gram-negative bacteria (Case, 2017). In the higher-level eukaryotes, the ECSOD and 

the intracellular CuZnSOD diverged at an early stage of evolution, before the 

differentiation of fungi, plants and metazoan (Bordo et al., 1994). The higher 

similarity of ECSOD to the fungal one than to the intracellular form, suggests either 

that the extracellular one represents a more primitive version from which the 

intracellular form divergently evolved or that both enzymes converged on the same 

enzymatic reaction and metals used for catalysis and stability (Case, 2017). 

The CuZnSOD developed at a much later time than the Fe/MnSOD and it evolved 

during or after the GOE, due to the increasing copper and zinc bioavailability when 

the level of the atmospheric and oceans oxygen enhanced (Bannister et al., 1991). 

There is minimal structure homology between CuZnSOD and Fe/MnSOD, signifying 

that these two families of SOD derived independently of one another and underwent 

convergent evolution to perform identical reaction (Zelko et al., 2002). Another 

example of convergent evolution upon the same need of superoxide anion removal is 

represented by the most recently discovered family of SOD, the NiSOD; which is 

found in marine bacteria and algae and it´s not related to the other families (Case, 

2017; Youn et al., 1996). 

 

II.4 SOD1 gene structure and regulation 

The human CuZnSOD is encoded by the SOD1 gene (Entrez Gene ID 6647) located 

on chromosome 21q22.11 with a genomic size of 9307 bp, according to UCSC 

Genome Browser. The five exons, interspersed by four introns, code for a 153 bp 
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polypeptide of 16 kDa and several polymorphisms have been identified, mainly in the 

regulatory regions. Two functional species of SOD1 mRNA have been identified: one 

of about 0.7 kb and the other of 0.9kb, both transcribed from the same gene, but with 

different length in their 3’UTR caused by multiple polyadenylation sites (Milani et 

al., 2011).  

This gene is often considered as a “housekeeping gene” because it is mostly 

constitutively expressed and not as easily inducible as the other superoxide dismutase 

genes; however several transcription factors (TFs) are involved in SOD1 regulations 

in response to intracellular and extracellular events (Miao and St. Clair, 2009). 

The constitutive expression is regulated in the proximal promoter region by the 

C/EBP-related factors (CCAAT/Enhancer Binding Proteins), a family of TFs, all 

containing a highly conserved, basic leucine zipper (bZIP) domain at the C-terminus, 

and Sp1 (Specificity protein 1), a ubiquitously expressed C2H2-type zinc finger-

containing DNA binding protein. Both C/EBPα and C/EBPβ can interact with the 

CAAT box located at position -64 to -55 from transcription start site, while Sp1 binds 

in the GC-rich domain between positions -104 to -89 and, when it binds to a 

noncanonical binding-site located between nucleotide -59 and -49, can also 

upregulated  SOD1 as a response to exogenous stress (Minc et al., 1999; Seo et al., 

1996). Other TFs responsible for SOD1 upregulation under stress conditions are Egr-

1, AP-2, AHR, Nrf2 and NF-kB.  

The DNA binding site for nuclear phosphoprotein Egr-1 (Early Growth Response-1) 

is located between nucleotide -59 and -49 in which there is also the noncanonical 

consensus recognition sequences for Sp1 (Minc et al., 1999). Two AP-2 (Activate 

protein 2, a family of closed TFs) sites, located at positions -134 to -127 and -118 to 

-111, are involved in the promoter response to Panax ginseng extracts; while in the 5’ 

flanking region between positions -255 and -238 Cho and coworkers have identified 

a xenobiotic responsive element, recognized by the Aryl Hydrocarbon Receptor 

(AHR), a ligand-activated TF belonging to the helix-loop-helix (bHLH) family (Kim 

et al., 1996; Seo et al., 1996). An antioxidant responsive element (ARE) is located 

between -356 and -330 from the transcription start site in the SOD1 gene promoter 

and it is recognized by the Nrf-2 (Nuclear factor E2) protein (Milani et al., 2011). NF-

kB (Nuclear Factor-kappa B), a family of five TFs (p50, p52, RelA/p65, c-Rel, and 
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RelB), all containing the Rel homology domain (RHD) at the N-terminus and acting 

as homo- and heterodimeric DNA binding complexes, is also responsible for the 

upregulation of SOD1 expression through the PI3K/Akt pathway (Miao and St. Clair, 

2009). 

The AP-1 (Activate protein 1, a homo- or heterodimeric TF made by proteins from 

Jun, Fos, and Maf subfamilies) and TRs (Thyroid Hormone Receptors) proteins are 

instead responsible for the downregulation of this gene. AP-1 repression of gene 

transcription occurs by sequestering essential coactivators, such as Sp1, rather than 

interacting directly with SOD1 gene promoter; while the direct interaction between 

TRs and the thyroid hormone inhibitory element at position -157 to +17 of the SOD1 

gene promoter is responsible for the downregulation (Milani et al., 2011).  

 

II.5 SOD1 protein structure  

Human SOD1 is a 32-kDa homodimeric enzyme in which each subunit holds one 

copper and one zinc binding site in close proximity and an intramolecular disulfide 

bond between Cys57 and Cys146 that further stabilizes the enzyme (Figure 1). SOD1 

monomer is made by eight stranded anti-parallel Greek-key β-barrel, with a 

hydrophobic inner core that constitutes half of the protein backbone and seven 

connecting loops, with loop IV (residues 49−83) and loop VII (residues 121−142) 

being functionally important (Sheng et al., 2014; Wright et al., 2019).  
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Figure 1. SOD1 structure, focus on the metal binding sites (from Sheng et al., 2014). 

 

Loop IV or zinc loop contains all four zinc-binding residues and Cys57, while the 

loop VII or electrostatic loop holds most of the second-sphere active site residues 

including the catalytically important Arg143. These two loops create both the active 

site and the electrostatic forces in and beyond the active site channel that speed 

diffusion of superoxide towards the positively charged copper, zinc and Arg143 in the 

correct orientation to maximize productive interactions (Getzoff et al., 1983). 

The zinc site is tetrahedrally coordinated via three histidine ligands (His63, His71, 

His80) and one aspartate residue (Asp83); while the copper coordination environment 

varies upon copper oxidation state in the active site. In its reduced form it is ligated 

by His46, His48 and His120 in a nearly trigonal planar geometry; upon oxidation the 

imidazolate side chain of His63 bridges the oxidized copper and zinc ions. In addition 

to His63, the copper ion also binds a water molecule and becomes five-coordinate in 
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a distorted square pyramidal geometry, while the zinc ion retains the tetrahedral 

coordination geometry as in the reduced form of the enzyme (M. Fetherolf et al., 2017; 

Sheng et al., 2014).  

Asp124 and Arg143 are other two key residues: the first links the two metal-binding 

sites via hydrogen bonds with His46 and His71; while the second not only is linked 

to copper ligand His48 through hydrogen bonds with Gly61, but also forms a 

hydrogen bond with Cys57, involved in the disulfide intramonomer bridge (Sheng et 

al., 2014). 

The fully metallated, disulfide oxidized SOD1 is an extraordinary stable enzyme with 

a melting temperature of 92 °C and it remains folded in denaturating circumstances, 

like 8M urea or 1% SDS (Roe et al., 1988; Valentine et al., 2005). Metal ions removal 

(apoprotein) drastically reduces the melting temperature to 54 °C and the disulfide 

reduced apo-protein results in a less stable form, that melts at 42 °C (Sheng et al., 

2014). 

The disulfide reduced apo-protein is predominantly found in the monomeric state, 

while zinc addition or disulfide bond formation favors the dimerization, underlying 

the importance of both metallation state and intrasubunit disulfide bond (M. Fetherolf 

et al., 2017). These post-translational modifications strongly influenced SOD1 

monomer-dimer equilibrium, making copper and zinc acquisition together with 

disulfide bond formation the key events for SOD1 maturation.  

 

II.6 SOD1 protein activation  

Human SOD1 requires several post-translational modifications for its activation, that 

are called maturation reactions and include acetylation of the N-terminus, insertion of 

copper and zinc ions, intramolecular disulfide formation and dimerization.  

The non-redox active metal zinc is the second most abundant trace metal and it is 

widely used as a cofactor in proteins. The total intracellular zinc concentrations are 

105-108 molecules per cell, but the “free” zinc pool may be quite low due to the high 

abundance of zinc metalloproteins (M. Fetherolf et al., 2017). Its uptake occurs 

without the need of a chaperone and may be the first SOD1 maturation event (Banci 

et al., 2013). 
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In unfolded SOD1 most of the His residues, and not only the ligands in the two metal-

binding sites, are sensitive to addition of zinc ions. The initial binding of zinc to the 

protein occurs via a diffuse coordination, which in turn suggests that the ligands need 

to be rearranged during the course of the folding process to reach the native metal-

bound state. In fact, zinc catalyses protein folding by binding transiently to the SOD1 

Cu2+/1+ ligands and, once folding is completed, the zinc ion is transferred to the 

thermodynamically favourable position in the zinc site (Szpryngiel et al., 2015). 

The other metal cofactor, copper, enters the cells via copper transporters with low 

affinity or high affinity, like Ctr1, and its incorporation into SOD1 occurs via a copper 

chaperon for SOD1 (CCS) dependent pathway and a CCS independent one.  

CCS is a 27 kDa protein primarily localized in the cytoplasm and in the mitochondrial 

intermembrane space and it consists of three distinct domains. The N-terminal domain 

or domain 1 (D1) harboring the copper-binding motif MXCXXC is responsible for 

metal binding, delivery and transfer to SOD1 (Banci et al., 2013). The SOD1-like 

domain or domain 2 (D2) is made of an eight-stranded anti-parallel β-barrel domain 

homologous to SOD1 and is critical for SOD1-CCS interaction (Furukawa and 

O’Halloran, 2006; Lamb et al., 1999). Domain 3 (D3) is a short polypeptide with a 

conserved CXC motif and it is also called activation domain, since its deletion or 

mutation impairs SOD1 activation (M. Fetherolf et al., 2017). CCS complexes with 

SOD1 through D2 and it transfers copper via D1, with D3 involved in disulfide bond 

formation in an oxygen-dependent manner, evidencing that only disulfide-reduced 

SOD1 monomer are able to interact with CCS (Sheng et al., 2014). CCS is able to 

activate the disulfide-reduced, apoprotein; however the already zinc-bound form 

acquires copper rapidly from CCS, suggesting that the zinc binding is a necessary step 

prior to copper incorporation (Banci et al., 2012). 

Human SOD1 can acquire copper also through a CCS-independent pathway, 

involving reduced glutathione (GSH), having copper delivered into SOD1 by Cu1+-

GSH complexes (Carroll et al., 2004). In fact, deletion of γ-glutamyl cysteine synthase 

1 results in impaired SOD1 activation in the absence of CCS (M. Fetherolf et al., 

2017). 

The SOD1 intramonomer disulfide bond is critical for its enzymatic activity, since 

SOD1 mutants lacking one of the disulfide cysteine possess limited catalytical activity 
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(Sea et al., 2015). Disulfide bonds are often present in proteins to confer them stability, 

but it is rare to find them in such reducing environment like cytosol. For SOD1, 

predominantly a cytosolic protein, copper, CCS and oxygen are required for an 

efficient disulfide bond formation as seen by Banci and colleagues on in vivo NMR 

analysis (Banci et al., 2013). In details co-expression of human CCS with human 

SOD1 in HEK293T cells in zinc-supplemented media resulted in a copper deficient 

SOD1, bound to zinc and with ∼50% oxidized disulfide bond; the complete disulfide 

formation was observed after the cells were incubated with copper (Banci et al., 2013). 

It is important to underline the role of oxygen in SOD1 maturation, since copper 

transfer and disulfide formation are facilitated in the presence of oxygen and a 

prolonged incubation of wild-type SOD1 under anaerobic conditions led to a loss of 

enzymatic activity (Leitch et al., 2009; M. Fetherolf et al., 2017). 

 

II.7 SOD1 catalytic function 

The antioxidant SOD1 enzyme, like the other isoforms of this family, is responsible 

for the superoxide anion dismutation, a process linked to the redox properties of the 

copper ion located in the active site. The dismutation mechanism takes place in two 

steps: first one molecule of superoxide anion binds to Cu(II)-SOD1, reducing the Cu2+ 

center and forming oxygen (step 1); then a second superoxide anion equivalent reacts 

with Cu(I)-SOD1, resulting in oxidation of Cu+ ion and formation of hydrogen 

peroxide (step 2).  

Step 1: Cu2+ZnSOD + O2
•- → Cu+ZnSOD + O2 

Step 2: Cu+ZnSOD + O2
•- + 2H+

→ Cu2+ZnSOD + H2O2 

The first half-reaction is not affected by pH independently from the presence or the 

absence of a metal ion in the zinc site; while step 2 is strongly pH dependent, with a 

strong reduction in activity at pH > 6 in the absence of a metal in the zinc site (Sheng 

et al., 2014). 

Superoxide anion is electrostatically guided into the active site by Arg143 that sits on 

the active site lid, as demonstrated by an order of magnitude drop in the rate constant 

upon the Arg143 positive charge neutralization (Fisher et al., 1994). Moreover, two 

protons are required for the disproportionation process and the structural change upon 
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reduction of Cu2+ to Cu+ demonstrates delivery of the first proton to the active site in 

this process (Sheng et al., 2014). 

The rates of the two half reactions are both nearly diffusion-controlled, with an overall 

constant rate of about 2 × 109 M-1 s-1 and the catalysis is largely unaffected by pH 

changes in the range 5-9.5 (Klug et al., 1972; Valentine et al., 2005).  

This enzyme has been traditionally characterized as a reactive oxygen scavenging 

mechanism, however only a small fraction of cellular SOD1 is necessary for this role, 

leading to possible alternatives functions considering the fact that this protein is one 

of the most abundant in eukaryotic cell. 

 

II.8 SOD1 in amyotrophic lateral sclerosis 

SOD1 has been the first gene found mutated in amyotrophic lateral sclerosis (ALS), a 

fatal progressive neurodegenerative disease firstly described by the French scientist 

and physician Jean-Martin Charcot in 1869 (Rosen et al., 1993).   

ALS is characterized by the loss of both upper and lower motor neurons in the brain 

and in the spinal cord, causing progressive muscle atrophy, paralysis and eventually 

death. The primary symptoms are associated with motor dysfunction, like muscle 

weakness, atrophy, spasticity and dysphagia, even if they can vary among the patients: 

some present spinal-onset disease (weakness in the muscle of the limbs), while one-

third of patients shows bulbar-onset disease, characterized by dysarthria (difficulty 

with speech) and dysphagia (difficulty swallowing). Up to 50% of patients develops 

cognitive and/or behavioural impairment during the course of disease, and 13% of 

patients presents concomitant behavioural variant frontotemporal dementia (FTD) 

(Hardiman et al., 2017). ALS worldwide incidence is between 0.6 and 3.8 per 100,000 

individuals and differs based on ancestral origin, with populations of European origin 

showing the higher incidence (2.1 to 3.8 per 100,000 individuals) (Benjaminsen et al., 

2018; Chiò et al., 2013; Logroscino et al., 2010; Longinetti and Fang, 2019; Marin et 

al., 2014; Palese et al., 2019). Moreover, areas having different ancestral populations 

living in close proximity, such as North America, possess a lower ALS incidence 

(0.63 cases per 100,000 individuals) compared to regions characterised by a quite 

homogeneous population, like Faroe Islands or Scotland (2.6 to 3.8 cases per 100,000 

individuals) (Gordon et al., 2013; Joensen, 2012; Leighton et al., 2019). 
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The age of onset is between 51 and 66 years, a quite wide range since patients in 

Europe have a later age of onset compared to China, Cuba and Uruguay; while the 

mean survival time from symptoms onset to death or invasive respiratory support is 

24 to 50 months, with a male-to-female ratio between 1 and 2 (Longinetti and Fang, 

2019). Although its classification depends on the criteria used, ALS can be divided 

into two groups depending on whether or not there is a family history of the disease: 

about 10% of all ALS cases are considered familial (fALS), due to genetic mutations 

inherited from a family member, while the remaining 90% are considered sporadic 

(sALS), probably caused by a combination of environmental and genetic risk factors. 

20% of fALS and the 3% of sALS cases are associated with mutations in SOD1 gene, 

with over 180 different mutations throughout the five exons; the majority of which 

are missense point mutations resulting in a dominant mode of inheritance causing 

more than 160 disease associated variations spread over the entire 154 amino acid 

sequence (Huai and Zhang, 2019; Kaur et al., 2016). Among SOD1 mutations, the 

most common is the D90A (aspartic acid 90 to alanine), inherited both as a dominant 

and a recessive trait, though the recessive one happens in the majority of cases. The 

A4V (alanine 4 to valine) mutation is only found in the USA and it is the most 

common, being present in 50% of SOD1 linked fALS; while the most famous one is 

the G93A (glycine 93 to alanine), a relatively rare pseudo-wild-type mutation, with 

the enzymatic activity undamaged and the first SOD1 mutated transgenic mouse 

model (Kaur et al., 2016). 

SOD1 mutations in ALS are predominantly single amino acid substitutions, although 

deletions, insertions, and C-terminal truncations can also occur;  SOD1 mutants can 

be classified into two groups based on their position in the protein: the “wild-type 

like” and the “metal binding region” mutants (Hayward et al., 2002). The “wild-type 

like” mutants present mutations scattered throughout the β-barrel structure and zinc 

levels similar to wild-type SOD1; while the “metal binding region” mutants possess 

a very low zinc and copper content since the mutations affect the metal binding ligands 

themselves or elements intimately associated with metal binding (Sirangelo and 

Iannuzzi, 2017).  

Independently form the type of mutation, experimental studies on SOD1 mutants have 

shown an accumulation of SOD1-rich proteinaceous aggregates in the spinal cord, 
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suggesting a toxic mechanism exerted through a gain of function rather than to a loss 

of function, even if the enzymatic activity decreases of about 50-80% compared to 

wild type protein (Borchelt et al., 1994; Kaur et al., 2016). In fact, most ALS-

associated mutations have the greatest effect on the immature form of SOD1, 

destabilizing the metal-free and disulfide-reduced polypeptide to the point that it 

becomes unfolded at physiological temperatures (Furukawa and O’Halloran, 2005). 

An improper protein maturation can make the two aggregation prone segments in the 

C terminus (residues 101-107 and 147-153) available for interaction and alterations 

in the surface hydrophobicity, with increased exposure of the hydrophobic surfaces, 

induce the formation of high molecular weight SOD1 species with lowered solubility 

(Ivanova et al., 2014; Lin et al., 2013). Additionally, demetallation and aberrant metal 

binding promote misfolding and aggregation in SOD1, suggesting a possible key role 

of metal binding in SOD1 pathological aggregation (Sirangelo and Iannuzzi, 2017). 

Heterodimerization seems also to increase the stability of SOD1 mutants, since 

different studies in mice have shown that co-expression of wild-type and mutants 

accelerates the progress of the disease; moreover, the more stable the heterodimer, the 

shorter is the survival time of patients with fALS (Araujo Eleutherio et al., 2020).  

It is important to note that SOD1 aggregates occur not only in neurons, but also in the 

glial cells surrounding the motor neuron; misfolded SOD1 mutant protein within 

microglial cells and astrocytes, together with their activation in response to neuronal 

damage, can cause inflammation and this causes an increased release of toxic factors, 

causing a more rapid disease progression (Kaur et al., 2016). In addition, Urushitani 

and collaborators have shown the interaction between mutant SOD1 and 

chromogranins, components of neurosecretory vesicles and neuroendocrine system, 

that may act as chaperone-like proteins helping mutant SOD1 secretion by motor 

neurons and astrocytes (Urushitani et al., 2006). Finally, several studies have 

demonstrated that SOD1 participates in cell-to-cell propagation of aggregates, 

suggesting a “prion-like behaviour” as a key mechanism underlying the aggregation 

and spreading of misfolded proteins (Pansarasa et al., 2018).  
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The heavy metal cadmium is a widespread toxic pollutant, released into the 

environment mainly by anthropogenic activities. Human exposure can occur through 

different sources and once absorbed it accumulates throughout a lifetime (biological 

half-life of 20-30 years). Brain is also a target of cadmium toxicity, since this toxicant 

may enter the central nervous system by increasing blood brain barrier permeability 

or through the olfactory nerves. Inside the nervous system this heavy metal spreads 

its toxicity in several ways, such as interfering with essential metal ions homeostasis, 

depleting cell’s antioxidant defence systems or damaging mitochondria with a 

consequent alteration of energetic metabolism. 

Cadmium exposure has been related to impaired functions of the nervous system and 

to neurodegenerative diseases, like amyotrophic lateral sclerosis (ALS) in which 

genetic, environmental and lifestyle factors play a role in the pathology onset, with 

the 90-95% of cases being sporadic (sALS) and the remaining 5-10% of familial 

origin (fALS). Among fALS, the 15-20% is attributed to mutations in superoxide 

dismutase 1 (SOD1) gene, that encodes for the homonym antioxidant protein 

responsible for superoxide anions dismutation. SOD1 is a homodimeric 

metalloenzyme of 32 kDa mainly located in the cytoplasm, with each monomer 

binding one copper and zinc ions within a disulfide bonded conformer. Zinc is 

involved in structure stability, while the copper ion is responsible for the catalytic 

activity.   

 

Oxidative stress is one of the major mechanisms of cadmium induced toxicity and an 

alteration of oxidative homeostasis, through depletion of antioxidant defences, is 

responsible for a plethora of adverse outcoming mainly leading to cell death. Since 

the main goal of this thesis was a better understanding of the consequences of 

cadmium-induced oxidative stress, we focused on: 

i. the investigation of energy metabolism following cadmium exposure in 

human neural cell line SH-SY5Y 

ii. the evaluation of cadmium toxicity in LUHMES cell line, as a model of 

differentiated neurons, underlining the role of glutathione and the importance 

of more complex experimental models 



52 

 

iii. the analysis of cadmium effect on the function and expression of human 

SOD1 in three models: expressed as a recombinant protein in E. coli, in 

human neural SH-SY5Y cell line and in the nematode Caenorhabditis 

elegans      
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Abstract 

Cadmium is a widespread pollutant, which easily accumulates inside the human body 

with an estimated half-life of 25-30 years. Many data strongly suggest that it may play 

a role in neurodegenerative diseases pathogenesis. In this paper we investigated 

cadmium effect on human SH-SY5Y neuroblastoma cells metabolism. Results 

showed that, although SH-SY5Y cells already showed hyperactivated glycolysis, 

cadmium further increased basal glycolytic rate. Both glycolytic capacity and reserve 

were also increased, following cadmium administration, endowing the cells with a 

higher compensatory glycolysis when oxidative phosphorylation was inhibited. 

Cadmium administration also led to an increase in glycolytic ATP production rate, 

paralleled by a decrease in ATP production by oxidative phosphorylation, due to an 

impairment of mitochondrial respiration. Moreover, following cadmium 

administration, mitochondria increased their dependency on glutamine, while 

decreasing lipids oxidation. On the whole, our data show that cadmium exacerbates 

the Warburg effect and promotes the use of glutamine as a substrate for lipid 

biosynthesis. Although increased glutamine consumption leads to an increase in 

glutathione level, this cannot efficiently counteract cadmium-induced oxidative stress, 

leading to membrane lipid peroxidation. Oxidative stress represents a serious threat 

for neuronal cells and our data confirm glutathione as a key defense mechanism. 
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3.1 Introduction 

The rare heavy metal cadmium (Cd), found in air, water and sediment with a 

concentration of 0.15 mg/kg in the Earth crust and of 1.1 × 10-4 mg/L in the sea, is 

widely used in both industry and agriculture, leading to its widespread diffusion into 

the environment (Zhang and Reynolds, 2019). The absence of a biodegradation 

system united to its toxicity and accumulation in organisms, with an estimated half-

life of 25-30 years in humans, led the scientific community to classify this metal as 

part of the group of main environmental and occupational chemical pollutants in 

industrialized countries (Mezynska and Brzóska, 2018).  

Since cadmium uptake can occur through inhalation of polluted air, cigarette smoking 

or ingestion of contaminated food and water, the main routes of its entry into human 

body are the respiratory and the gastrointestinal tract, accounting respectively for the 

10-40% and 5-8% of the load, with the skin playing a minor role (Nordberg, 2009; 

Sabolić et al., 2010; Sarkar et al., 2013). Once inside, the majority of cadmium is 

stored in the liver and kidneys, which help spreading its toxicity; however, this metal 

can affect also lungs, testis, cardiovascular and nervous systems.  

Under normal conditions, cadmium can barely cross the blood brain barrier (BBB), 

reaching the central nervous system (CNS); however, if present in the blood stream, 

it can enter the cells through channels, transporters and receptors placed on the luminal 

surface of the BBB endothelial cells (Thévenod et al., 2019). In case of acute cadmium 

exposure, the BBB protects the majority of the CNS; while in chronic and prolonged 

exposures, cadmium is responsible for weakening the cellular antioxidant defences 

and increasing reactive oxygen species (ROS) formation, with the consequent 

activation of matrix metalloproteinases that disrupt BBB tight junctions and enhance 

its permeability (Branca et al., 2020; Yang et al., 2007). Another route of cadmium 

uptake in the CNS is represented by the nasal mucosa or olfactory pathways, with the 

metal, transported along primary olfactory neurons, reaching the terminations in the 

olfactory bulbs and bypassing the intact BBB (Tjälve and Henriksson, 1999).  

Once in the brain, this metal accumulates in the choroid plexus in concentrations much 

greater than those found in the cerebrospinal fluid (Wang and Du, 2013). Having an 

abundant pool of metal binding ligands responsible for metal ions binding, such as 

metallothioneins, and a highly active antioxidant defence system, like the antioxidant 
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enzymes superoxide dismutase and catalase, makes the choroid plexus the first line of 

defence against cadmium toxicity in the CNS (Zheng et al., 1991). However, none of 

the cellular defence mechanisms is perfectly efficient and the consequences of 

cadmium exposure act on several molecular pathways.  

Even though the exact mechanisms through which cadmium exerts its neurotoxicity 

are still unresolved, one of its main targets is the mitochondrion, which can suffer 

several damages triggered by this metal. Cadmium can act on complex II (succinate 

dehydrogenase) and complex III (cytochrome bc1 complex) inducing the inhibition 

of the electron transport chain (ETC) and ATP production, which results in the 

formation of ROS favoured by the high NADH/NAD+ ratio present in the matrix 

(Brand, 2016). In particular the principal site of ROS production seems to reside in 

complex III, and ROS accumulation disrupts the mitochondrial membrane potential, 

activating a sequence of events (Genchi et al., 2020). This altered membrane potential 

leads to an increase in mitochondrial membrane permeability, followed by the release 

of cytochrome c through the opening of transition pore with consequent activation of 

the caspase pathway (Oh and Lim, 2006). Additionally, cadmium has been reported 

to inhibit ATPase, to enhance the level of lipid peroxidation and to alter the cellular 

redox status by reacting with exogenous and endogenous antioxidants, such as 

reduced glutathione (Cannino et al., 2009; Cuypers et al., 2010). 

Al-Ghafari and colleagues showed a loss in the ETC of cadmium-exposed osteoblasts 

together with a reduced ATP production and oxygen consumption, that correlate with 

an increase in lactate production, suggesting a shift to anaerobic metabolism (Al-

Ghafari et al., 2019). Moreover, a metabolomic study on neuronal PC-12 cells 

confirmed the increase in lactic acid content, which could be a reflection of enhanced 

glycolysis due to inadequate energy supply through oxidative phosphorylation (Zong 

et al., 2018). However this increase in glycolytic activity happens in the initial phase 

of exposure, while a chronic exposure inhibits glycolysis due to negative effects on 

hexokinase, phosphofructokinase and pyruvate kinase caused by cadmium binding to 

the sulfhydryl (-SH) groups of the mentioned enzymes (Li et al., 2016; Sabir et al., 

2019). Subsequently, cell energy production is likely obtained by proteins oxidation, 

since cadmium increases the activity of several enzymes involved in amino acids 
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catabolism, such as amino acid oxidase, glutamate dehydrogenase and xanthine 

oxidase (Sabir et al., 2019). 

To better understand the role of cadmium in the mechanisms of neurodegeneration, in 

the present work we have evaluated the mitochondrial status and the energy 

metabolism of SH-SY5Y neuronal cells treated with 10 µM and 20 µM CdCl2 for 24 

hours, by measuring the oxygen consumption rate and the extracellular acidification 

rate through Seahorse technology. In addition, due to the recognized role of lipid 

peroxidation as an important factor in the development of neurodegenerative disorders 

(Peña-Bautista et al., 2019), we have analysed the oxidative status in SH-SY5Y cells 

under the same cadmium treatment conditions. Our results show a decrease of 

mitochondria functionality, together with an enhanced glycolysis, following cadmium 

treatment, suggesting a shift to anaerobiosis due to mitochondrial damage; this is 

confirmed by a greater glycolytic ATP production in cadmium treated cells. 

Moreover, regarding the evaluation of mitochondrial fuel oxidation, cadmium 

treatment led to an increase in glutamine dependency, suggesting the use of proteins 

for energy production. 

 

3.2 Materials and methods 

3.2.1 Mammalian cell culture 

SH-SY5Y (ATCC® HTB-2266™) human neuroblastoma cell line was grown in 

F12:EMEM (1:1) medium supplemented with heat-inactivated 10% FBS, 2 mM L-

glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and maintained at 37 °C in 

a humidified 5% CO2 incubator. ATCC validated cell line by short tandem repeat 

profiles that are generated by simultaneous amplification of multiple short tandem 

repeat loci and amelogenin (for gender identification). All the reagents for cell culture 

were supplied by EuroClone (Pero, Milan, Italy). 

 

3.2.2 Cell viability assay  

Cell viability was investigated using in vitro toxicology assay kit MTT-based, 

according to manufacturer’s protocols (Merck KGaA, Darmstadt, Germany). 

In order to evaluate cadmium toxicity, cells were seeded in 96-well micro-titer plates 

at a density of 1 × 104 cells/well and after 24 hours were treated with different CdCl2 
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concentrations (0-200 μM). After 24 hours at 37 °C, the medium was replaced with a 

complete medium without phenol red and 10 μL of a 5 mg/mL MTT (3-(4,5-

dimethylthiazol-2)-2,5-diphenyltetrazolium bromide) solution was added to each 

well. After a further incubation for 4 hours, upon formed formazan crystals 

solubilization with 10% Triton-X-100 in acidic isopropanol (0.1 N HCl), absorbance 

was measured at 570 nm using a micro plate reader. Viabilities were expressed as a 

percentage of the untreated controls. Each experiment was performed in three 

replicate wells for each metal concentration and results are presented as the mean of 

at least three independent experiments. 

 

3.2.3 Oxygen consumption rate and extra-cellular acidification rate 

measurements 

Oxygen consumption rate (OCR) and extra-cellular acidification rate (ECAR) were 

investigated using Agilent Seahorse XFe96 Analyzer on SH-SY5Y cell line treated 

with cadmium. 

The cells were seeded in Agilent Seahorse 96-well XF cell culture microplates at a 

density of 4 × 104 cells per well in 180 µL of growth medium and were allowed to 

adhere for 24 h in a 37 °C humidified incubator with 5% CO2. Subsequently the seeded 

cells were treated with CdCl2 10 µM or 20 µM for 24 hours. In addition, before 

running the assay, the Seahorse XF Sensor Cartridge was hydrated and calibrated with 

200 µL of Seahorse XF Calibrant Solution in a non-CO2 37 °C incubator in order to 

remove CO2 from the media that would otherwise interfere with measurements that 

are pH sensitive.  

After the 24 hours of cadmium treatment, for Agilent Seahorse XF Cell Energy 

Phenotype Test Kit, Agilent Seahorse XF ATP Rate Assay Kit, Agilent Seahorse XF 

Cell Mito Stress Test Kit and Agilent Seahorse XF Mito Fuel Flex Test Kit the growth 

medium was replaced with 180 μL/well of Seahorse XF Base Medium containing 1 

mM pyruvate, 2 mM L-glutamine and 10 mM glucose; while for Agilent Seahorse XF 

Glycolysis Stress Test Kit the medium substitution was made with XF Base Medium 

containing 2 mM L-glutamine and with XF Base Medium containing 1 mM pyruvate, 

2 mM L-glutamine, 10 mM glucose and 5 mM Hepes for Agilent Seahorse XF 

Glycolytic Rate Assay Kit. Subsequently the plate was incubated into a 37 °C non-
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CO2 incubator for 1 hour, before starting the experimental procedure, and the 

compounds were loaded into injector ports of sensor cartridge. 

For Agilent Seahorse XF Cell Energy Phenotype Test Kit a pre-warmed combined 

mixture of oligomycin and FCCP (carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone) was loaded into injector port A to reach working 

concentration of 1 μM and 2 μM respectively. OCR and ECAR were detected under 

basal conditions followed by the addition of the compounds to measure baseline 

phenotype, stressed phenotype and metabolic potential.  

The OCR and ECAR detected during Agilent Seahorse XF Glycolysis Stress Test Kit 

allowed to measure the glycolytic function in cells (glycolysis, glycolytic capacity, 

glycolytic reserve and non-glycolytic acidification) through the sequential additions 

of pre-warmed glucose, oligomycin and 2-deoxy-D-glucose (2-DG) into injector ports 

A, B and C to reach final concentration of 10 mM, 1 μM and 50 mM, respectively. 

Regarding Agilent Seahorse XF Glycolytic Rate Assay Kit, pre-warmed combination 

of rotenone and antimycin A at working concentration of 0.5 μM and 2-DG at 50 mM 

were loaded into injector ports A and B respectively. OCR and ECAR were detected 

under basal conditions followed by the sequential addition of the compounds in order 

to measure basal glycolysis, basal proton efflux rate, compensatory glycolysis and 

post 2-DG acidification. 

Agilent Seahorse XF ATP Rate Assay Kit measures the total amount of ATP produced 

in living cells, distinguishing between the fractions of ATP derived from 

mitochondrial oxidative phosphorylation and glycolysis, through the detection of 

OCR and ECAR under basal conditions followed by the sequential addition of pre-

warmed working concentration of 1.5 μM oligomycin in injector port A and of 1 μM 

rotenone and antimycin A into injector port B.  

For Agilent Seahorse XF Cell Mito Stress Test Kit pre-warmed oligomycin, FCCP, 

rotenone and antimycin A were loaded into injector ports A, B and C of sensor 

cartridge at a final working concentration of 1 μM, 2 μM and 0.5 μM, respectively. 

OCR and ECAR were detected under basal conditions followed by the sequential 

addition of the compounds and non-mitochondrial respiration, maximal respiration, 

proton leak, ATP respiration, respiratory capacity and coupling efficiency can be 

evaluated. Using the Agilent Seahorse XF Mito Fuel Flex Test Kit the mitochondrial 
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fuel usage in living cells has been determined and, through OCR measuring, the 

dependency, capacity and flexibility of cells to oxidize glucose, glutamine and long-

chain fatty acids can be calculated. Pre-warmed working concentration of 3 μM 

BPTES, 2 μM UK5099 or 4 μM etomoxir were loaded into injector port A and 

compounds mixture of 2 μM UK5099 and 4 μM etomoxir, 3 μM BPTES and 4 μM 

etomoxir or 3 μM BPTES and 2 μM UK5099 into injector port B in order to determine 

glutamine, glucose and long-chain fatty acid dependency, respectively. On the 

contrary fuels capacity is measured by the addition into injector port A of 2 μM 

UK5099 and 4 μM etomoxir, 3 μM BPTES and 4 μM etomoxir or 3 μM BPTES and 

2 μM UK5099 working concentration, followed by injection in port B of 3 μM 

BPTES, 2 μM UK5099 or 4 μM etomoxir working concentration for glutamine, 

glucose and long-chain fatty acid, respectively. 

All the kits and reagents were purchased by Agilent Technologies (Santa Clara, CA, 

USA). 

 

3.2.4 Lipid peroxidation assay 

The extent of lipid peroxidation was determined by the levels of malondialdehyde 

(MDA) measured using the thiobarbituric acid reactive substances assay (Buege and 

Aust, 1978). SH-SY5Y cells were seeded at 1 × 106 cells/100 mm dish and, on the 

following day, were treated with either 10 μM or 20 μM CdCl2. Twenty-four hours 

after the treatment, the cells were harvested by trypsinization, washed with PBS (10 

mM K2HPO4, 150 mM NaCl, pH 7.2) and the resulting pellet was resuspended in 500 

µL PBS. Cell lysis was obtained through sonication (15 sec at 10% amplitude 3 times) 

and protein content was determined by Bradford assay, using BSA for the calibration 

curve (Bradford, 1976). Subsequently 1 mL of a 15% TCA (trichloroacetic acid), 

0.375% TBA (2-thiobarbituric acid) and 0.25 M HCl solution was added to the 

lysates, followed by a 15 minutes incubation at 95 °C. Subsequently, samples were 

centrifuged at 10,000 × g for 10 min, supernatants were collected and the absorbance 

at 530 nm was measured. Additionally, a background sample made by only PBS was 

treated in the same way. Lipid peroxidation level was expressed as nmol of MDA/mg 

protein using a molar extinction coefficient of 1.56 ×105 M-1 cm-1. Results were 
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reported as a percentage compared to untreated control and results are presented as 

the mean of at least three independent experiments. 

All the chemicals were supplied by Merck KGaA, Darmstadt, Germany. 

 

3.2.5 Glutathione detection 

For the measurement of total glutathione (GSH tot), oxidized glutathione (GSSG) and 

reduced glutathione (GSH) content in cells treated with CdCl2 for 24 hours, SH-SY5Y 

cells were seeded in 96-well micro-titer plates at a density of 2 × 104 cells/well. The 

day after seeding, the cells were exposed to either 10 μM or 20 μM CdCl2 for 24 hours, 

with cells not treated with CdCl2 representing the control.  

At the end of the treatment, the cells were lysed in 100 µL/well of 1% SSA 

(Sulfosalicylic acid) and scraped to ensure complete lysis. The assays of total 

glutathione and GSSG were performed in a reaction mix containing 100 μM DTNB 

(5,5′-dithiobis(2-nitrobenzoic acid)), 200 μM NADPH and 0.46 U/mL glutathione 

reductase added to the GSH-buffer (100 mM Na2HPO4, 100 mM NaH2PO4, 1 mM 

EDTA, pH 7.5).  

To measure total glutathione, 50 µL of each cell lysate were transferred into a new 

96-well plate and 50 µL of MilliQ water were added. Then, 100 µL of reaction mixture 

were added to each well and absorbance at 405 nm was measured immediately after, 

as well as after 20 and 30 minutes using a micro plate reader. Additionally, a 

calibration curve was prepared (0-10 μM GSH) and treated like the samples. 

For GSSG evaluation the 50 µL/well left were treated with 1 µL of 2-vinylpyridine 

solution (27 µL 2-vinylpyridine in 98 µL ethanol) for 1 hour at RT in order to block 

the SH-groups. Then 50 µL of MilliQ water and 100 µL of reaction mixture were 

added to each well and absorbance at 405 nm was measured immediately after, as well 

as after 20 and 30 minutes using a micro plate reader. Additionally, a calibration curve 

was prepared (0-10 μM GSSG) and treated like the samples. 

The values of absorbance were compared to standard curves and converted into 

molarity of total glutathione and GSSG: GSH (GSH tot − GSSG) was calculated. 

Total glutathione was expressed as a percentage of the control; while GSSG and GSH 

were expressed as a percentage of total glutathione for each condition. Each 
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experiment was performed in three replicate wells for each metal concentration and 

results are presented as the mean of at least three independent experiments. 

All the chemicals were supplied by Merck KGaA, Darmstadt, Germany. 

 

3.2.6 Glutathione S-transferase and glutathione reductase enzyme activity 

assays 

In order to evaluate the effect of cadmium on glutathione S-transferase (GST) and 

glutathione reductase (GR) activities, SH-SY5Y cells were seeded at 2 × 106 cells/100 

mm dish and, 24 hours later, exposed to either 10 μM or 20 μM CdCl2 for 24 hours. 

Cells not treated with CdCl2 represented the control. Subsequently, control and 

cadmium treated cells were rinsed with ice-cold PBS (10 mM K2HPO4, 150 mM 

NaCl, pH 7.2) and lysed in 50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 

10% glycerol, 1% NP40 buffer, containing protease inhibitors and 1 mM PMSF. After 

lysis on ice, homogenates were obtained by passing the cells 5 times through a blunt 

20-gauge needle fitted to a syringe and then centrifuging at 15,000 × g at 4 °C for 30 

min. The resulting supernatant was used to measure GST activity according to Habig 

et al. (Habig et al., 1974) and GR  activity according to Wang (Wang et al., 2001). 

Enzyme activities were expressed in international units and referred to protein 

concentration, quantified by Bradford assay, using BSA for the calibration curve 

(Bradford, 1976). All assays were performed in triplicate at 30 °C.  

All chemicals were purchased by Merck KGaA, Darmstadt, Germany. 

 

3.2.7 Statistical analysis 

All the experiments were carried out in triplicate. The samples were compared to their 

reference controls and the data were tested by Dunnett multiple comparison 

procedure. Results were considered statistically significant at p < 0.05. 

 

3.3 Results 

3.3.1 Exposure to CdCl2 affects neural cells viability 

In order to determine CdCl2 doses to be used in the analysis of oxidative stress and in 

Seahorse experiments, the effect of this metal was first evaluated on SH-SY5Y cells 

viability.  
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As reported in Figure 1, neuronal cells treated with CdCl2 for 24 hours showed a dose-

dependent reduction in their viability: while doses lower than 50 µM mildly affected 

the cell viability, with a 67% residual viability at 20 µM CdCl2, higher concentrations 

strongly reduced viability, with only 13% residual viability at 200 µM; therefore, 10 

µM and 20 µM CdCl2 concentrations were used for our further experiments. 

 

 

Figure 1. SH-SY5Y viability in the presence of cadmium. 

Cell survival was determined by MTT assay, after a 24-hour incubation in the 

presence of different CdCl2 concentrations (0–200 μM). Data are shown as means ± 

standard error (SEM). 

 

3.3.2 Evaluation of SH-SY5Y energy phenotype shows that cadmium treated 

cells increase basal glycolysis  

In order to investigate if cadmium could cause a different response in cells when 

stressor compounds are administered, the energy metabolism of SH-SY5Y cells 

treated for 24 hours with either 10 µM or 20 µM CdCl2 was analysed using the Agilent 

Seahorse XF Cell Energy Phenotype Test Kit. 

Under basal conditions, the OCR level, measuring mitochondrial respiration rate in 

living cells, showed no difference among the samples (Fig. 2A and C); while the 

ECAR rate, which represents a measure of glycolysis, was found higher in cadmium 

treated cells (Fig. 2B and D). A simultaneous injection of oligomycin, an ATP 
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synthase inhibitor, and FCCP, an uncoupling agent, determined an increase in both 

OCR and ECAR; however, while OCR level increased to the same extent in all the 

conditions studied (Fig. 2A and C), ECAR increase was higher for cadmium-treated 

cells than for control cells (Fig. 2B and D).  

The percentage increase of stressed parameters over baseline ones is the metabolic 

potential, which is defined as the cells’ ability to meet an energy demand via 

respiration and glycolysis. SH-SY5Y cells treated with cadmium showed the same 

metabolic potential of control cells for OCR, while showing a decreased metabolic 

potential for ECAR. In fact, as seen in Figure 2E, the latter showed a dose-dependent 

reduction following 24 hours Cd treatment, although statistically significant only at 

20 µM CdCl2.   
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Fig. 2. Cell energy phenotype after 24-hour exposure to either 10 µM or 20 µM 

CdCl2.  

OCR (A) and ECAR (B) traces, expressed as pmol O2/min/mg proteins and 

mpH/min/mg proteins respectively, in control and CdCl2-treated cells. The arrows 

indicate the time of simultaneous addition of oligomycin/FCCP. The OCR and ECAR 

profiles are representative of three independent experiments. Analysis of baseline and 

stressed level of mitochondrial respiration (C) and glycolysis (D) and metabolic 

potential (E). Bars indicate the mean ± SEM obtained in three independent 

experiments. Statistically significant: * p < 0.05 

 

3.3.3 CdCl2 administration increases both glycolytic capacity and glycolytic 

reserve  

The results obtained in the cell energy phenotype analysis led us to hypothesize an 

increased glycolysis level in cadmium-treated cells. In order to investigate the 
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glycolytic functions, the glycolytic rate and the compensatory glycolysis Agilent 

Seahorse XF Glycolysis Stress Test Kit and Agilent Seahorse XF Glycolytic Rate 

Assay Kit were used.  

The ECAR profile, reported in Figure 3A, determined after treatment with cadmium, 

showed a dose-dependent increase in protons extrusion both at the basal level and 

after the injection of a saturating concentration of glucose; the administration of 

oligomycin and hexokinase inhibitor 2-deoxyglucose (2-DG) permitted, through 

modulation of ECAR, the analysis of glycolytic parameters. Extracellular 

acidification was found higher after cadmium administration. In particular, treatment 

with 20 µM CdCl2 caused a significant increase in non-glycolytic acidification, as 

well as in glycolysis and glycolytic capacity; while following the 10 µM dose, the 

pattern was more similar to that of control cells, with the exception of the glycolytic 

capacity, which was found higher than that of control cells. Regarding the glycolytic 

reserve, we observed the same increase in both cadmium-treated samples (Fig. 3B).  

 

 

Figure 3. Glycolytic functions analysis in cadmium treated cells. 

A) Representative ECAR profile of control and CdCl2-treated cells of three 

independent experiments, expressed as mpH/min/mg proteins. The arrows indicate 

the time of addition of glucose, oligomycin and 2-DG. B) Analysis of different 

glycolytic parameters. Bars indicate the mean ± SEM obtained in three independent 

experiments. Statistically significant: * p < 0.05, ** p < 0.01 

 

The cells possess the ability to switch from glycolysis to oxidative phosphorylation in 

response to environmental changes for energy production; this adaptation can be 

investigated using the Glycolytic Rate Assay. We measured the basal glycolytic rate 
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and the compensatory glycolysis following mitochondrial inhibition in SH-SY5Y 

cells previously treated with either 10 µM or 20 µM of CdCl2 for 24 hours (Fig. 4). 

The proton efflux rate (PER) is sustained by both mitochondrial respiration and 

glycolysis in all conditions. The injection of rotenone and antimycin A, responsible 

for mitochondrial complex I and complex III inhibition, triggered a higher 

compensatory glycolysis in cadmium-treated cells, probably due to higher glycolytic 

capacity and reserve. When 2-DG was added, the PER was minimized, but the rate of 

acidification measured was still higher in treated cells compared to control cells (Fig. 

4A). 

 

Figure 4. Evaluation of basal and compensatory glycolysis after cadmium 

treatment in neuronal cells. 

Analysis of basal and compensatory glycolytic levels in control and cadmium treated 

cells (A). Bars indicate the mean ± SEM obtained in three independent experiments. 

Representative PER and glycoPER profiles of control cells (B) and 10 µM CdCl2 (C) 

or 20 µM CdCl2 (D) treated cells of three independent experiments; results are 

expressed as pmol/min/mg proteins. The arrows indicate the time of 

rotenone/antimycin A and 2-DG addition. Statistically significant: ** p < 0.01 
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3.3.4 CdCl2 administration induces a higher ATP production rate through 

glycolysis 

The increase in glycolytic rate, following CdCl2 administration, suggested that 

cadmium could also act on total ATP production. The Seahorse ATP Rate Assay 

allows to calculate ATP production in living cells, distinguishing between the fraction 

of ATP produced by oxidative phosphorylation and the one produced by glycolysis.  

CdCl2 administration was found to increase the total ATP production rate (Fig. 5A). 

Moreover, cells treated with 10 µM CdCl2 displayed a significantly higher glycolytic 

ATP level (Fig. 5E); on the other hand, cells treated with 20 µM CdCl2 showed a 

decrease in ATP derived from oxidative phosphorylation, as well as an increase in 

glycolytic ATP (Fig. 5C and E). 

Given the ATP production rate, it is also possible to calculate the relative 

contributions of glycolysis and oxidative phosphorylation to ATP production (Fig. 

5B). Treatment with CdCl2 caused a dose-dependent reduction in oxidative 

phosphorylation (Fig. 5D) and a specular dose-dependent increase in glycolysis, 

suggesting that most of the energy demand is supplied by glycolysis (Fig. 5F). 
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Figure 5. ATP production in cadmium treated cells. 

Total (A), mitochondrial (C) and glycolytic (E) ATP production rate in neuronal cells 

treated for 24 hours with CdCl2 (10 µM and 20 µM). Basal percentage level (B) of 

oxidative phosphorylation (D) and glycolysis (F). Bars indicate the mean ± SEM 

obtained in three independent experiments. Statistically significant: * p < 0.05, ** p 

< 0.01, *** p < 0.001 

 

3.3.5 CdCl2 administration leads to a decrease in mitochondrial respiration  

The investigation of ATP production after treatment with CdCl2 showed a decrease in 

oxidative phosphorylation that led us to investigate mitochondrial functions through 

the Mito Stress Test.  

As shown in Figure 6, the presence of 20 µM CdCl2 reduced the oxygen consumption 

basal rate. The injection of the ATP synthase inhibitor oligomycin allowed to 

determine the mitochondrial ATP production rate, which was found significantly 
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lower in 20 µM CdCl2 treated cells (Fig. 6B). Following oligomycin addition, we also 

observed a decrease in OCR rate and an increase in ECAR level (Fig. 6A and C). 

Subsequently, OCR level increased after FCCP injection, allowing the evaluation of 

the maximal respiration rate, as well as the spare respiratory capacity. CdCl2 

administration caused a significant reduction in the maximal respiration rate at 20 µM 

CdCl2, while the spare respiratory capacity significantly increased in treated cells at 

both CdCl2 concentrations. Rotenone and antimycin A injection inhibited 

mitochondrial oxygen consumption leading to a sharp decrease in OCR level; 

however, the oxygen consumption not linked to mitochondria was found to be the 

same for all the conditions tested (Fig 6A and B). Finally, the coupling efficiency did 

not show any difference among the samples (Fig. 6D). 

Taken together these results indicate a lower mitochondrial efficiency in respiration 

and energy production, following treatment with CdCl2.   
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Figure 6. Mitochondrial functionality in SH-SY5Y cells treated with 10 µM and 

20 µM CdCl2. 

OCR (A) and ECAR (C) traces, expressed as pmol O2/min/mg proteins and 

mpH/min/mg proteins respectively, in control and cadmium treated cells. The arrows 

indicate the time of addition of oligomycin, FCCP and rotenone/antimycin A. 

Analysis of key mitochondrial parameters (B) and coupling efficiency (D). Bars 

indicate the mean ± SEM obtained in three independent experiments. Statistically 

significant: * p < 0.05, ** p < 0.01 

 

3.3.6 Mitochondrial fuel oxidation pattern changes when neuronal cells are 

treated with cadmium 

The Mito Fuel Flex test is used to investigate fuels oxidation by mitochondria in order 

to maintain OCR basal level. We analysed the oxidation of glucose, long-chain fatty 

acids and glutamine after 24 hours treatment with CdCl2 at the concentrations of 10 

µM and 20 µM (Fig. 7).  

Analysing the dependency, i.e. the cells’ reliance on a particular fuel pathway to 

maintain baseline respiration, we saw that, for all the conditions studied, half of the 

total dependency was linked to glucose oxidation: in control cells, the other half 

dependency was nearly equally distributed between glutamine and fatty acids, while, 

following treatment with CdCl2, glutamine dependency increased and fatty acids 
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dependency decreased (Fig. 7B, D, F). In fact, Figure 8C and E show that the fatty 

acids dependency decreased in a dose-dependent way, while glutamine dependency 

was significantly higher in cadmium treated cells.  

The evaluation of fuel capacity, i.e. the ability possessed by mitochondria to oxidize 

a fuel when other fuel pathways are inhibited, allows to calculate the fuel flexibility, 

which is the ability of the cells to increase oxidation of a particular fuel in order to 

compensate the inhibition of alternative fuel pathways. The fuel capacity linked to 

glucose oxidation was reduced at increasing CdCl2 doses, leading to a significant 

reduction in fuel flexibility (Fig. 7A). Instead, the fuel flexibility of fatty acids 

remained constant due to the cadmium induced decrease in both dependency and 

capacity (Fig. 7C). Interestingly, glutamine flexibility was completely abolished in 

CdCl2-treated cells, due to the increase in dependency and the lack of variation in 

capacity (Fig. 7E).   
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Figure 7. Evaluation of mitochondrial fuel oxidation in SH-SY5Y Cd-treated 

cells. 

Glucose (A), long-chain fatty acids (C) and glutamine (E) mitochondrial fuel 

oxidation dependency and flexibility. Bars indicate the mean ± SEM obtained in three 

independent experiments. Pie charts of control cells (B), 10 µM CdCl2 (D) and 20 µM 

CdCl2 (F) fuel dependency.  Statistically significant: * p < 0.05, ** p < 0.01  

 

3.3.7 Cadmium exposure increases oxidative stress 

One of the main mechanisms of cadmium toxicity is increasing oxidative stress, 

leading in turn to lipid peroxidation and to a decrease in antioxidant defences. In order 

to understand SH-SY5Y oxidative status, after 24 hours exposure to either 10 µM or 

20 µM CdCl2, lipid peroxidation and glutathione levels, as well as the activity of 

glutathione reductase (GR) and glutathione S-transferase (GST) were analysed.  
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Our data showed an increase in lipid peroxidation levels in cadmium treated cells, 

slightly higher at 10 µM CdCl2 than at 20 µM CdCl2 (Fig. 8A), as well as a significant 

increase in the total glutathione level (Fig. 8B). Moreover, we observed a nearly 2-

fold increase in oxidized glutathione (GSSG) level, with a consequent decrease in the 

reduced, scavenging form (GSH), after incubation with CdCl2 (Fig. 8C).  

Enzyme assays performed on two enzymes involved in the glutathione metabolism, 

GST and GR, did not show any statistically significant variation (Fig. 8D). 

Taken together these results showed an increase in oxidative stress level in cadmium 

treated cells, that could possibly affect energy metabolism. 

 

Fig. 8. Oxidative stress status after 10 µM and 20 µM CdCl2 24-hour 

administration. A) Lipid peroxidation level expressed as a percentage of the control. 

B-C) Total glutathione level (B) and GSSG and GSH (C) levels, expressed as 

percentages of total glutathione in cadmium treated and untreated cells. D) 

Glutathione reductase (GR) and glutathione S-transferase (GST) activities, expressed 

as folds respect to control. Data are shown as means ± standard error (SEM). 

Statistically significant: *p<0.05, ***p<0.001 

 

3.4 Discussion 

The metabolic analysis, performed through Seahorse, allowed to gain some insights 

into the metabolic rearrangements induced by cadmium, a toxic and widely diffused 

metal and a recognized carcinogen. Cadmium toxicity is mainly due to an increase in 
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oxidative stress, as well as to its ability to substitute zinc in hundreds of zinc-proteins 

(Satarug et al., 2018; Urani et al., 2015). Cadmium has been also associated to 

neurodegenerative diseases pathogenesis: oxidative stress has been demonstrated to 

play an essential role in ALS, as well as in Parkinson and Alzheimer disease, 

pathogenesis (Singh et al., 2019; Sultana et al., 2013). These data, along with our 

previous results (Forcella et al., 2020), prompted us to deeply investigate the effect of 

sublethal CdCl2 concentrations on human neuroblastoma SH-SY5Y cultured cells, as 

possible mechanisms of induced neurodegeneration.  

Seahorse analysis showed an increase in glycolytic basal level following cadmium 

administration, as shown by Glycolysis Stress Test and Glycolytic Rate Assay: this 

increase was found significant in the presence of 20 µM CdCl2, although an increasing 

trend was already evident following 10 µM CdCl2 administration. However, Cell 

Energy Phenotype analysis showed that cadmium administration reduced the ability 

to supply energy demand via glycolysis in the presence of stressor compounds, like 

the simultaneous administration of oligomycin and FCCP. Glycolytic capacity, the 

cell’s ability to use glycolysis to its maximum capacity, was also increased upon 

CdCl2 administration, while the glycolytic reserve, indicating how close the glycolytic 

function is to the cell theoretical maximum, was also increased, but to the same extent 

at both CdCl2 concentrations. This could be due to the fact that basal glycolysis 

increased to higher levels after 20 µM CdCl2 administration and/or to the fact that the 

theoretical maximum has been reached. Glycolysis Stress Test also showed a higher 

basal acidification level for cadmium treated cells, measured in the absence of 

glucose, which can be due to cadmium promoting amino acids breakdown to yield 

acetylCoA to fuel Krebs cycle; in fact, mitochondrial fuel oxidation pattern analysis 

showed that cadmium treated cells rely strongly on glutamine to maintain baseline 

respiration. The ECAR measured in this case would therefore be partly due to CO2, 

explaining why the acidification level remained high, following glycolysis inhibition 

by 2-DG, in cadmium treated cells.  

The fact that oligomycin alone was able to induce an increase in the glycolytic 

capacity of cadmium treated cells suggests that these cells rely more on glycolysis 

than on oxidative phosphorylation for ATP production. This is confirmed by Seahorse 

ATP Rate assay showing that, following cadmium administration, ATP is increasingly 
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produced by glycolysis, in a dose dependent way, while the relative contribution of 

oxidative phosphorylation to ATP production decreases. The analysis of PER and 

glycoPER showed that cadmium treated cells are endowed with a higher 

compensatory glycolysis, whose value becomes significant after administration of 20 

µM CdCl2, although an increase is evident also following 10 µM CdCl2 administration. 

The ratio between PER and glycoPER confirms that the relative contribution of 

glycolysis to acidification increases with cadmium administration in a dose dependent 

way.  

The switch to glycolysis for ATP production is also demonstrated by the Mito Stress 

Test, showing that cadmium administration leads to a decrease in basal respiration 

rate in a dose dependent way; this is mirrored by the lower increase, in cadmium 

treated cells, in maximum respiration, following the uncoupler FCCP addition. As 

previously observed in healthy murine C3H cells (Oldani et al., 2020), cadmium led 

to an increase in the spare respiratory capacity, which, for SH-SY5Y cells is similar 

for both CdCl2 concentration, suggesting that the cell theoretical maximum had been 

reached. Although cadmium administration did not alter mitochondrial coupling 

efficiency, these data show that it interfered with mitochondrial respiration, leading 

to a decrease in mitochondrial ATP production, which was found significant only after 

20 µM CdCl2 administration, but could be detected also after 10 µM CdCl2 

administration. The higher ability of cadmium treated cells to compensate with 

glycolysis after mitochondrial respiration inhibition can be correlated to their higher 

glycolytic capacity and reserve. 

The increase in glycolysis promoted by cadmium administration to SH-SY5Y cells is 

well in accordance with our previously reported data on C3H healthy fibroblast treated 

with cadmium (Oldani et al., 2020). This is likely at the basis of the malignant cell 

transformation induced by cadmium, a well-known carcinogen: however, our data 

show that cadmium is able to hyperactivate glycolysis also in cancer cells like SH-

SY5Y cells. These cells already rely on glycolysis more than oxidative 

phosphorylation for ATP production, with more than 50% ATP produced by 

glycolysis, a much higher value compared with the 12% normally measured in healthy 

cells (Seyfried and Shelton, 2010); our measurements also show that basal glycolysis, 

measured as glycoPER, is much higher in SH-SY5Y cells (over 100 
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pmol/min/mgprotein) than in C3H cells (50 pmol/min/mgprotein), reflecting their 

cancer nature. 

Besides increasing glutamine dependency of SH-SY5Y cells, cadmium 

administration induced other rearrangements in mitochondrial fuel oxidation pattern. 

Both control and cadmium-treated cells were found equally dependent on glucose as 

a fuel, reflecting the fact that they are all cancer cells; however, cadmium decreased 

cell capacity to use glucose as a fuel when both lipid and glutamine utilization 

pathways were blocked: as a consequence, fuel flexibility was also decreased. Lipid 

dependency was decreased by cadmium administration in a dose dependent way, as 

well as the cell capacity to use lipids as a fuel when other fuels pathways cannot be 

used; as a result of a decrease in both lipid dependency and capacity, flexibility 

remained constant. Finally, the increase in glutamine dependency, mentioned above, 

was not accompanied by any variation in glutamine capacity, showing that the cells 

cannot increase their ability to use glutamine as a fuel when other fuels pathways are 

blocked; as a result cadmium administration abolished flexibility. The increase in 

glutamine dependency was found similar at both CdCl2 concentrations, suggesting 

that a maximum has been reached in glutamine supply. Moreover, this explains the 

decrease in lipid dependency, since glutamine enters Krebs cycle as -ketoglutarate 

to yield citrate; the latter can be translocated into the cytosol where it is converted by 

citrate lyase into oxalacetate and acetylCoA, which is carboxylated to malonylCoA, 

producing fatty acids. 

Increased glutamine consumption also involves increased glutamate production, 

which could be used for glutathione synthesis, together with glycine and cysteine 

produced from glycolytic intermediates; this could be a defensive mechanism against 

oxidative stress triggered by cadmium and could explain the increase in total 

glutathione observed in our experiments. However, the GSSG/GSH ratio is increased 

following cadmium administration and, although cell death is prevented, lipid 

peroxidation could be detected in cells treated with cadmium. Other cell defense 

mechanisms against oxidative stress play an important role, like metallothioneines, 

whose expression is induced in SH-SY5Y cells following cadmium treatment 

(Forcella et al., 2020); however, GSH is essential for neuronal cells and is normally 
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supplied also by microglia. Further work will address the role of GSH in the protection 

against cadmium toxicity in neuronal cells. 

 

3.5 Conclusions 

Overall, cadmium exposure caused alterations in the oxidative balance of human 

neuronal cells, that led to a rearrangement of the energy metabolism, with an increase 

in glycolysis and in glutamine dependency. This is probably linked to the observed 

higher total glutathione level, since glutamine can lead to a higher glutamate 

production, that could be used for glutathione synthesis, together with glycine and 

cysteine produced by glycolytic intermediates. 
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4.1 Introduction  

The heavy metal cadmium (Cd) is a rare chemical element of non-biological function. 

It was discovered in 1817 by German chemist F. Strohmier, as an impurity of zinc 

carbonate, and from that day on cadmium compounds have been used in industry, as 

stabilizers in PVC products, colour pigment, in re-chargeable Ni–Cd batteries, as 

anticorrosion agent, and in agriculture as a pollutant in phosphate fertilizers, with 

about 22,000 tons produced yearly worldwide (IARC, 2012; Rani et al., 2014). This 

extensive use of cadmium by anthropogenic activities caused a widespread 

distribution of this element in the environment and the absence of a biodegradation 

mechanism led the scientific community to investigate the adverse effects of this 

metal. Several studies have been performed since the middle of the 19th century, 

underlying cadmium toxicity on organisms and leading to the classification of 

cadmium as one of the main environmental and occupational chemical pollutants in 

industrialised countries (Mezynska and Brzóska, 2018; Nordberg, 2009). Cadmium 

exposure can provoke damage to several organs, such as kidney, liver, lungs, brain, 

testes and heart. Moreover, it is a bio-accumulative element with an estimated half-

life of 20-30 years in human.  

Lungs and the gastrointestinal tract are the main entry pathways for cadmium in 

humans. Following its absorption through voltage gated calcium channels (VGCC), 

divalent metal transporter 1 (DMT1) and zinc transporters ZIP8 and ZIP14 in the 

lungs and/or intestine, cadmium primarily binds to albumin and other thiol-containing 

reactive biomolecules in the plasma, as well as on red blood cell membranes, making 

the blood stream responsible for its transport inside the organism (Genchi et al., 2020; 

Thévenod et al., 2019). Despite the fact that this xenobiotic mainly accumulates in the 

liver and kidneys and that under physiological conditions it cannot reach the blood 

brain barrier (BBB), cadmium neurotoxicity has been reported (Méndez-Armenta and 

Ríos, 2007; Wang and Du, 2013).  

There are two routes for cadmium entrance into the central nervous system (CNS): 

BBB and the olfactory nerves. Acute cadmium exposure is blocked by the BBB; 

however a chronic exposure weakens the cellular antioxidant defences with a 

consequent increase in the level of reactive oxygen species (ROS), that activate matrix 

metalloproteinase responsible for BBB tight junctions disruption leading to increase 
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in permeability (Branca et al., 2020; Yang et al., 2007). An in vivo study on adult rats 

showed how a small amount of cadmium reaches the brain, due to selective 

permeability of BBB, while it might diffuse across the barrier with the help of a 

vehicle such as ethanol (Pal et al., 1993). Regarding the second route, the metal can 

be transported along the primary olfactory neurons and reach the termination in the 

olfactory bulbs bypassing the intact BBB (Tjälve and Henriksson, 1999). Kumar and 

colleagues suggested that the effect of cadmium in brain is region-specific and most 

pronounced in the olfactory bulb, since they observed a decrease in membrane 

fluidity, phosphatidylcholine and phosphatidylethanolamine content, as well as an 

increase in intracellular calcium level in olfactory bulb of rats after cadmium exposure 

(Kumar et al., 1996). 

Once inside the CNS, cadmium enters the cerebrospinal fluid (CSF), through which 

it can reach a specific part of the CNS, and accumulates in the BBB, in the CSF and 

in the choroid plexus (CP), showing a weak integrity of the blood-cerebrospinal fluid 

barrier, despite the presence of several efflux mechanisms responsible for traffic’s 

control in and out the brain (Karri et al., 2016; Yokel, 2006). Even in the nervous 

system, cadmium ions inside cells bind metallothioneins (MTs), forming Cd-MT as 

the first detoxification mechanism. However not only a small amount of cadmium is 

not bound by MTs, but also the metal accumulation reduces the pool of free MTs, 

leading to free cadmium ions in the cytosol exerting their toxicity.  

One important mechanism by which cadmium toxicity takes place is represented by 

oxidative stress. Despite the fact that this metal is unable to directly generate ROS; 

cadmium exposure resulted in an increase in ROS production, through displacement 

of redox-active metals in proteins and weakening of antioxidant defence mechanisms 

(Casalino et al., 1997; Cuypers et al., 2010; Dudley and Klaassen, 1984; Nair et al., 

2013; Rani et al., 2014). Due to its high affinity for sulfhydryl groups (-SH), cadmium 

binds glutathione (GSH) causing the depletion of the GSH pools and the alteration of 

the cellular redox balance with consequent increase in oxidative stress. Moreover, 

cadmium affects the enzymatic activities of antioxidant enzymes involved in GSH 

metabolism, such as glutathione peroxidase (GPx) and glutathione reductase (GR) 

(Nair et al., 2013). Cadmium atoms also combine with selenium ones and they are 
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excreted via the bile system, causing a depletion in the amount of selenium from the 

body, which leads to less selenium for GPx formation (Rani et al., 2014). 

The aim of this work is the study of cadmium neurotoxicity on a differentiated 

neuronal model represented by Lund human mesencephalic (LUHMES) neuronal cell 

line. This cell line has been originated in 2005 at Lund University (Lund, Sweden) as 

a subclone of the tetracycline-controlled, v-myc-overexpressing human 

mesencephalon-derived cell line MESC2.10 (Lotharius et al., 2005, Lotharius et al., 

2002). The transformation of committed neural precursor cells with myc oncogenes 

ensures both immortalization and continuous proliferation, with neuronal 

differentiation obtained through inactivation of the oncogene after exposure to 

neurotrophic factors or tetracycline-controlled gene expression (Scholz et al., 2011). 

LUHMES cells possess a high conversion rate to post-mitotic neurons (>99%) after a 

quick and relative synchronized differentiation, making this cell line an interesting 

model system for several applications, such as the study of processes involved in 

neurodegenerative diseases as well as neurodevelopmental studies and the evaluation 

of environmental neurotoxicity (Scholz et al., 2011). 

Metal administration caused a dose-dependent reduction in LUHMES viability, and 

in GSH and ATP content; moreover, cadmium treatment induced the activation of 

Nuclear factor erythroid 2-related factor 2 (Nrf2), and its adversity could be rescued 

by GSH addition. Finally, cadmium effect on cell viability was investigated in a co-

culture model of LUHMES and BV2 (murine microglia cell line) and in the presence 

of astrocyte-conditioned medium, showing not only a protective effect by glia, but 

also the importance of more complex cell line models. 

 

4.2 Materials and methods 

4.2.1 Cell cultures 

LUHMES cells were cultured as described by Scholtz et al. (Scholz et al., 2011) in 50 

µg/ml poly-L-ornithine/1 µg/ml fibronectin pre-coated flask and multi-well plates. 

Proliferating LUHMES cells were grown in proliferation medium, composed of 

advanced DMEM/F12 supplemented with 2 mM L-glutamine, 1x N2 supplement and 

40 g/mL FGF, at 37°C in a humidified atmosphere with 5% CO2 and were splitted 

at an approximately 80% confluence. For differentiation 8 million cells were seeded 



87 

 

in a pre-coated T175 flask in proliferation medium and after 24h the medium was 

replaced by differentiation medium, consisting of advanced DMEM/F12 

supplemented with 2 mM L-glutamine, 1 mM dibutyryl 3′,5′-cyclic adenosine 

monophosphate (cAMP), 2 ng/mL recombinant human glial cell-derived neurotrophic 

factor (GDNF) and 2,25 M tetracycline. Differentiated LUHMES cells were seeded 

on day 2 at 3 × 105 cells/cm2 and treated on day 6. 

Mouse microglia cell line BV-2 was grown in DMEM/F-12 medium containing 10% 

FBS, 4 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and 

maintained at 37 °C in a humidified 5% CO2 incubator. BV-2 monoculture or in co-

culture with LUHMES cells were seeded on day 5 of LUHMES cells differentiation 

at a confluence of 3 × 104 cells/cm2 giving a BV-2 cells confluence equal to 10% of 

LUHMES cells. Conditioned medium (CM) was obtained from BV-2 cells seeded 

with a confluence of 3 × 104 cells/cm2 in a 6 wells plate. After the incubation, the 

medium was centrifuged, to remove cell debris. Then, the CM was transferred to 

LUHMES cells on day 6. 

Human astrocytes, differentiated from human stem cells H9 (Palm et al. 2015), were 

grown in DMEM/F12, 2 mM L-glutamine, 0.5x N2, 0.5x B27 and 1% FBS in 37°C 

incubator with 5% CO2. CM was obtained from human astrocytes seeded with a 

confluence of 3 × 104 cells/cm2 in a 6 wells plate. After the incubation, the medium 

was centrifuged and cell debris. Then, the CM was transferred to LUHMES cells and 

LUHMES-BV2 co-culture on day 6. 

All the reagents were supplied by Sigma Aldrich (Merck KGaA, Darmstadt, 

Germany). 

 

4.2.2 Viability assay 

Cell viability was determined through resazurin reduction and LDH assay. Briefly, a 

resazurin solution was added to the cell medium to obtain a final concentration of 10 

g/mL. After a 60 min incubation at 37°C, the fluorescence signal was measured at 

an excitation wavelength of 530 nm, using a 590-nm long-pass filter to record the 

emission. Viabilities were expressed as a percentage of the untreated controls. Each 

experiment was performed in three replicate wells for each metal concentration, and 

the results are presented as the mean of at least three independent experiments. 



88 

 

LDH activity was detected in both the supernatant and cell homogenate. The medium 

was transferred into a separate plate and stored at 4°C; while the cells were lysed in 

100 µL in a 0.1% Triton X-100/PBS (10 mM K2HPO4, 150 mM NaCl, pH 7.2) 

solution overnight at 4°C under shaking. Subsequently, 20 L of each samples were 

added to 180 L of reaction buffer containing 100 M NADH and 600 M sodium 

pyruvate in potassium-phosphate buffer (KPP-buffer, pH 7.4). Absorption at 340 nm 

was measured at 37 °C in 1 min intervals over a period of 15 min. The slope of the 

absorption intensity was calculated and the ratio of LDH supernatant/LDH total was 

calculated using the slopes of supernatant and homogenate. LDH release was 

expressed in percent. 

All the reagents were supplied by Sigma Aldrich (Merck KGaA, Darmstadt, 

Germany). 

 

4.2.3 GSH assay 

For determination of GSH content, cells were lysed in 100 µL/well of 1% SSA and 

scratched to ensure complete lysis. Experimental determinations of GSH amount was 

performed in a reaction mix containing 100 μM DTNB (5,5′-Dithiobis(2-nitrobenzoic 

acid)), 200 μM NADPH and 0.46 U/mL glutathione reductase added to the GSH-

buffer (100 mM Na2HPO4, 1 mM EDTA, pH 7.5). 40 µL of each cell lysate was 

transferred into a new 96-well plate and 60 µL of MilliQ water were added. 

Additionally, a calibration curve was prepared (0-10 μM GSH) and treated like the 

samples. Then, 100 µL of reaction mix were added to each well and absorbance at 

405 nm was measured immediately, as well as after 20 and 30 minutes using a micro 

plate reader. All values were converted into molarity of GSH and normalized to the 

percentage of untreated cells. Each experiment was performed in three replicate wells 

for each metal concentration, and the results are presented as the mean of at least three 

independent experiments. 

All the reagents were supplied by Sigma Aldrich (Merck KGaA, Darmstadt, 

Germany). 
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4.2.4 ATP assay 

For the detection of ATP level, a commercially available ATP assay reaction mixture 

CellTiter-Glo (Promega, Madison, WI, USA), containing luciferin and luciferase, was 

used. 50 μL of a 1:1 mixture of 0.5% Triton-X 100 and CellTiter-Glo solution was 

added to the cells grown in 96-well plates. After a 2 minutes RT incubation 100 L 

of each sample were transferred to a black 96-well plate. Additionally, a calibration 

curve was prepared (0-10 μM ATP) and treated like the samples. Luminescence was 

measured, values were converted into molarity of ATP and normalized to the 

percentage of untreated cells. Each experiment was performed in three replicate wells 

for each metal concentration, and the results are presented as the mean of at least three 

independent experiments. 

 

4.2.5 SDS-PAGE and Western Blotting 

To examine the effect of cadmium on Nrf2 pathway, differentiated LUHMES were 

treated on day 6 with CdCl2 5μM for 24 h. 

The cells were lysed in RIPA buffer containing 1 μM leupeptin, 2 μg/mL aprotinin, 1 

μg/mL pepstatin, 1 mM PMSF (phenylmethylsulfonyl fluoride) and phosphatase 

inhibitors. Lysates were transferred into a NucleoSpin filter and centrifuged at 10,000 

× g, for 1 min to remove all DNA and RNA. Flow-through was collected and proteins 

amount was quantified using a BCA protein assay (Smith et al., 1985). 

SDS-PAGE and Western blotting were performed by standard procedures (Laemmli, 

1970). Twenty micrograms of proteins were separated on 10-15% acrylamide/bis-

acrylamide gels depending on the size of the target proteins and transferred onto a 

nitrocellulose membrane using iBlot 2 at 20V for 3-5 min. The membrane was 

subsequently blocked for 30 min in 5% (w/v) BSA in TBS and incubated overnight at 

4 °C probed with the appropriate primary antibodies. The following primary 

antibodies were used: mouse anti-NF200 (dilution 1:1000) (N0142 Sigma-Aldrich, 

Merck, Darmstad, Germany), mouse anti-Nrf2 (dilution 1:1000) (sc518033 Santa 

Cruz Biotechnology, Dallas, TX, USA), rabbit anti-p21 (dilution 1:1000) (#29475, 

Cell Signaling Technology, Danvers, MA, USA), rabbit anti-Akt (dilution 1:1000) 

(#9272, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-phospho-Akt 

(dilution 1:1000) (#9272S, Cell Signaling Technology, Danvers, MA, USA), rabbit 
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anti-phospho-GSK3β (dilution 1:1000) (#558P, Cell Signaling Technology, Danvers, 

MA, USA)  and mouse anti-GAPDH (dilution 1:500) (ab9484, Abcam, Cambridge, 

UK). After three washing (10 min each) in TBS, 0.1% (v/v) Tween 20, the membrane 

was incubated for 1 h with anti-mouse IgG HRP-conjugated secondary antibodies 

diluted 1:10000 (AB_10015289, Jackson ImmunoResearch, Cambridge, UK) and 

anti-rabbit IgG HRP-conjugated secondary antibodies diluted 1:5000 (AB_2307391, 

Jackson ImmunoResearch, Cambridge, UK). After three washing (10 min each) in 

TBS, 0.1% (v/v) Tween 20, proteins were visualized using ECL detection system. 

Protein levels were quantified by densitometry of immunoblots using ImageJ 

software. 

All the reagents were supplied by Sigma Aldrich (Merck KGaA, Darmstadt, 

Germany). 

 

4.2.6 Real-time quantitative PCR analysis 

In order to evaluate cadmium effect on antioxidant, Nrf2-controlled ARE genes, a RT-

qPCR on differentiated LUHMES treated on day 6 with CdCl2 5 μM for 24 h was 

performed. 

Total RNA was extracted from both control and treated cells using PureLink RNA 

Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) and quantified using 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

cDNA was generated using iScript™ Reverse Transcription Supermix (Bio-Rad, 

Hercules, CA, USA) for 5 min at 25 °C, 20 min at 46°C and the reverse-transcriptase 

was inactivated for 1 min at 95 °C. All RT-PCRs were based on the SsoFast EvaGreen 

detection system, were run in a CFX96 Cycler and analysed with Biorad iCycler 

software. A comparative threshold cycle (CT) method was used to analyze the RT 

PCR data. The amount of target genes, normalized to the endogenous reference of 

PGK and RPL13A rDNA primers (ΔCT) and relative to the calibrator of untreated 

CTR (ΔΔCT), was calculated by the equation 2 -ΔΔCT as previously described (Livak 

and Schmittgen, 2001).  
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4.2.7 Statistical analysis 

All the experiments were carried out in triplicate. The samples were compared to their 

reference controls and the data were tested by Student t-test. Results were considered 

statistically significant at p < 0.05. 

 

4.3 Results 

4.3.1 Cadmium exposure reduces LUHMES cells viability and ATP and GSH 

intracellular content 

To assess cadmium toxicity on cell viability, differentiated LUHMES cells at day 6 

were treated with different metal concentrations. Cell viability dramatically dropped 

at concentrations higher than 10 µM, as shown from the resazurin and LDH assay in 

Figure 1A. Moreover, the intracellular ATP content decreased in a dose-dependent 

way, while the GSH content showed an increase, reaching a double value respect to 

control at the concentrations of 1 µM and 5 µM,  and a subsequent decrease in a dose-

dependent way (Figure 1B).  

 

Figure 1. Cadmium effects on LUHMES cells viability. 

LUHMES cells were treated on day 6 with CdCl2 in a range of 0-1000 µM. After 24h 

the cells were analysed by resazurin assay and LDH assay (A), GSH and ATP assay 

(B). Data were reported as percentage normalized to the untreated cells. Data were 

reported as mean ± SD of at least three independent experiments. 

 

4.3.2 Cadmium induces Nrf2 protein activation through p21 and P-Akt 

Since cadmium can induce oxidative stress and Nrf2 represents a first line defence 

against oxidative metabolism alterations, we investigated both Nrf2 protein 
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expression level and mRNA level on day 6 LUHMES cells treated with 5 µM CdCl2 

for 24h. Cadmium treatment increased Nrf2 protein expression of about 2-fold 

compared to control, without altering its mRNA level, which remained constant, 

suggesting an activation through protein stabilization rather than an increase in 

transcription (Figure 2).  

This enhanced protein level led us to perform further analysis on possible Nrf2-

mediators. We decided to focus our attention on p21, which is able to contribute to 

basal and inducible antioxidant response through its binding to Nrf2 domains required 

for Keap1-mediated ubiquitination and degradation (Chen et al., 2009), and to 

GSK3β, which promotes Nrf2 degradation by decreasing its stability in a Keap1-

indipendent way (Chowdhry et al., 2013). Moreover, the level of phosphorylated Akt 

was analysed as well, since not only GSK3β is negatively regulated by the PI3K-Akt 

axis, but this axis is also a positive Nrf2 regulator (Huang et al., 2015).  Our results, 

reported in Figure 2A-B, showed not only a significant increase of about 10-fold in 

the expression level of p21, but also in phosphorylated, active Akt and in 

phosphorylated, inactive GSK3β, in the presence of 5 µM CdCl2. The enhanced level 

of these proteins led us hypothesize that Nrf2 activation could be mediated by p21 and 

P-Akt.  

Cadmium exposure led to an increase in Nrf2 protein level, which in turn can lead to 

an enhanced transcriptional activity of Nrf2-controlled genes. Among the over 200 

antioxidant response element (ARE) genes controlled by this transcriptional factor, 

we focused our attention on the ones involved in the synthesis and metabolism of 

glutathione, as well as the genes coding for heme oxygenase and superoxide 

dismutase, due to cadmium indirect ability in oxidative stress induction. Cadmium 

24h exposure triggered a significant increase of more than 10-fold in GCLM and of 

150-fold in HMOX1 transcripts, responsible for the coding of glutamate-cysteine 

ligase modifier subunit and heme oxygenase 1 respectively (Figure 2C). No 

differences were observed in the mRNA level of genes coding for glutathione S-

transferases (GSTT1 and GSTM1), glutamate-cysteine ligase catalytic subunit 

(GCLC), glutathione synthetase (GSS), glutathione reductase (GSR) and superoxide 

dismutases (SOD1 and SOD2), that was found similar in untreated cells as shown in 

Figure 2C.  
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Figure 2. Analysis of Nrf2 activation pathway and Nrf2-controlled genes on 

cadmium treated LUHMES cells.  

A) Representative Western blot analyses performed on differentiated LUHMES cells 

treated with 5 µM CdCl2 on day 6 for 24 h. Protein extracts were separated on a 12% 

SDS-PAGE and probed with anti-NF200 (marker of differentiation), anti-Nrf2, anti-

p21, anti-P-Akt, anti-Akt and anti P-GSK3β antibodies. GAPDH was used as a 

loading control. The experiments were performed in triplicate. B) Densitometric 

analysis was performed with ImageJ Software. Data are expressed by comparing the 

data obtained after Cd treatment with those of control cells and are presented as means 

± SD. C) mRNA expression of Nrf2, GSTT1, GSTM1, GCLC, GCLM, GSS, GSR, 

HMOX1, SOD1 and SOD2 genes. The expression was monitored by RT-PCR and 

normalized to PGK and RPL13A rDNA primers. Expression profiles were determined 

using the 2−∆∆CT method. Data are expressed by comparing the data obtained after 

cadmium treatment with control cells and are presented as means ± SD. Statistically 

significant: * p < 0.05, ** p < 0.01, *** p < 0.001 
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4.3.3 Glutathione rescues LUHMES cells loss of viability induced by cadmium 

As the results obtained on cadmium-treated LUHMES cells showed alterations in 

glutathione metabolism, with a first high increase in glutathione content followed by 

a dose-dependent reduction and enhanced Nrf2 protein level with elevated GCLM 

transcription, we decided to investigate cell viability in the presence of both cadmium 

and reduced glutathione (GSH).   

A pre-treatment with a range of GSH concentrations in the presence of fixed 20 µM 

CdCl2 showed a rescue in cell viability in a dose-dependent manner after 24h, as 

shown by resazurin reduction and LDH assay in Figure 3A, suggesting a protective 

effect of GSH. Moreover, this protection was confirmed when LUHMES cells were 

pre-treated with 500 µM GSH and subsequently exposed to a range of cadmium 

concentrations: cell viability remained comparable to control with only a slight 

reduction (84% viability) at the highest dose (Figure 3B). In conclusion, we can 

assume that GSH exerts a protective function on LUHMES cells in the presence of 

cadmium, keeping the cells viable compared to the differentiated neurons exposed 

only to the toxicant (Figure 3C).   
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Figure 3. Protective role of GSH on LUHMES cells treated with cadmium. 

A) LUHMES cells were pre-treated on day 6 with GSH (0-1000 µM) for 1h and then 

treated with 20 µM CdCl2. After 24h, cell viability was evaluated by resazurin assay 

and LDH assay. Data were reported as percentage normalized to untreated (NT) cells. 

Data were reported as mean ± SD of at least three independent experiments. B) 

LUHMES cells were pre-treated on day 6 with 500 µM GSH for 1h and then treated 

with 0-100 µM CdCl2. After 24h, cell viability was evaluated by resazurin assay and 

LDH assay. Data were reported as percentage normalized to untreated (NT) cells. 

Data were reported as means ± SD of at least three independent experiments. C) 

Comparative graph of LUHMES cells treated on day 6 with only 0-100 µM CdCl2 

(control) and LUHMES cells pre-treated on day 6 with 500 µM GSH for 1h and then 

treated with 0-100 µM CdCl2 (+ GSH 500 µM). 
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4.3.4 Evaluation of cadmium toxicity on viability in a LUHMES-BV2 co-

culture model and in astrocytes CM 

Microglia are the resting macrophages of the CNS. They rapidly respond to brain 

injury and disease by altering their morphology and phenotype to adopt an activated 

state, which takes place upon exposure to different stimuli, including trauma to brain 

or spinal cord, ischemia, infection, air pollutants, neurotoxic agents and dysregulated 

cellular functions (Block and Hong, 2007; Davalos et al., 2005). In physiological 

conditions, microglia monitor the surrounding microenvironment, using their 

ramifications as sentinels; while in neuropathological conditions or in the presence of 

infectious agents, they rapidly activate, adopting an amoeboid phenotype 

characterized by a large cell body. Depending on the source of the signal, microglia 

give a specific response, which includes phagocytosis, increased migration, 

proliferation and release of bioactive molecules (Soulet and Rivest, 2008). Although, 

the activation of microglia has a neuroprotective function, its hyperactivation can 

cause neurotoxicity through the release of inflammatory cytokines and chemokines 

(Block and Hong, 2007).  

In the CNS the most abundant glial cells are represented by astrocytes, essential in 

synapse formation and function, in ion and neurotransmitter concentrations, 

contributing to the integrity of BBB and to brain homeostasis and neuronal survival 

(Heithoff et al., 2021). Astrocytes are also in contact with different brain cells as well 

as the vasculature, thereby coupling neurons and other brain cells to blood supply 

through astrocytic end feet. 

Since in the nervous system the glial cells play an important role in neurons’ 

protection against injuries and toxicants, we evaluated cadmium toxicity on LUHMES 

cells viability in a co-culture with murine microglia BV2 cell line, as well as in 

astrocytes or BV2 CM.  

LUHMES and BV2 cells showed quite a similar dose-dependent reduction in cell 

viability after a 24h treatment with cadmium; a dose-dependent reduction was seen 

also in the co-culture system, even if accompanied by a slight improvement of 

viability (Figure 4A-B). In the presence of cadmium, BV2 and LUHMES-BV2 cells 

intracellular total GSH content does not increase as in LUHMES cells, but remains 
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comparable to control until the dose of 10 µM, dropping dramatically at higher 

concentrations (Figure 4C). Regarding ATP, we observed a lower dose-dependent 

reduction in co-cultures compared to LUHMES cells, as seen in Figure 4D.   

 

Figure 4. Cadmium effects on LUHMES-BV2 cells viability. 

BV2 cells were added to LUHMES cells on day 5 and the treatment was performed 

on day 6 with CdCl2 concentrations in a range of 0-100 µM. After 24h the cells were 

analysed by resazurin reduction (A), LDH assay (B), GSH assay (C) and ATP assay 

(D). Data were reported as percentage normalized to the untreated cells. Data were 

reported as mean ± SD of at least three independent experiments. 

 

LUHMES cells viability in the presence of BV2 cells and astrocytes CM showed a 

resistance to cadmium toxicity, with a lower viability reduction than LUHMES cells 

alone. In particular, at the highest dose of 100 µM, CdCl2 cells viability in astrocytes 

CM was about 50% of the initial value (Figure 5A-B). The total GSH content in both 

CMs remained constant and similar to the control at all the concentrations tested 

(Figure 5C); while the ATP level reduced in a dose-dependent way more dramatically 

in BV2 cells supplemented with CM than in the astrocytes (Figure 5D). The co-culture 

viability, together with total GSH and ATP content, in astrocytes CM was also 
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evaluated. As shown in Figure 5, LUHMES-BV2 co-cultured in astrocyte CM 

behaved in the same way as LUHMES cells in astrocyte CM, underlying the stronger 

protective role of astrocyte rather than microglia.  

 

Figure 5. Viability of LUHMES cells in astrocyte and BV2 CM and of LUHMES-

BV2 co-cultures in astrocyte CM after cadmium exposure. 

BV2 cells were added to LUHMES cells on day 5 and the treatment was performed 

on day 6 in either BV2 or astrocytes CM with CdCl2 concentrations in a range of 0-

100 µM. After 24h the cells were analysed by resazurin reduction (A), LDH assay 

(B), GSH assay (C) and ATP assay (D). Data were reported as percentage normalized 

to the untreated cells. Data were reported as means ± SD of at least three independent 

experiments. 

 

4.4 Discussion 

The evaluation of cadmium neurotoxicity on differentiated neurons was carried out 

using LUHMES cell line as a model, due to its inducible, quick and relative 

synchronized differentiation (Scholz et al., 2011). As expected, metal administration 

caused a reduction of cell viability in a dose-dependent way, with a complete neurons’ 
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death at the highest dose. Moreover, the analysis of ATP and GSH level, as indicators 

of energy metabolism and oxidative stress, underlined a cell altered homeostasis after 

cadmium exposure. In particular the dose-dependent decrease in ATP level indicates 

a reduced mitochondrial functionality, probably due to the electron transport chain 

disruption caused by cadmium binding to complex II and/or III, leading to ROS 

overproduction. This, in turn, would lead to a widespread impairment in oxidative 

balance, which is confirmed by the strong increase in GSH level at the lower CdCl2 

doses, reaching a peak at 5 µM, followed by a dramatical dose-dependent decrease. 

Since GSH is one of the major non enzymatic antioxidant defence mechanism and 

since high oxidative stress is one of the main mechanisms through which cadmium 

exerts its toxicity, we have focused our attention on Nrf2.  

The transcriptional factor (TF) Nrf2 is an important player in cellular homeostasis 

maintenance. Under physiological conditions it is negatively regulated by Keap1, 

which binds Nrf2 leading to its ubiquitination and proteasomal degradation. However, 

upon stress conditions, Keap1 dissociates from Nrf2, which consequently 

accumulates in the cytosol and translocates to the nucleus where it binds to ARE genes 

activating them. The Nrf2 pathway acts as a complementary signal in enhancing the 

action of antioxidant systems against oxidative damage. Our results showed, upon 24h 

treatment with 5 µM CdCl2, an enhanced Nrf2 protein level, but no variation in mRNA 

level, leading us to hypothesize that this metal administration caused alterations in 

oxidative balance with consequent cytosolic Nrf2-protein stabilization; this was 

confirmed by the expression level of p21 and phosphorylation levels of both GSK3β 

and Akt. The over 10-fold increase of p21 together with a nearly 2-fold increase in P-

GSK3β and P-Akt suggest the disruption of Keap1-Nrf2 complexes. In fact, p21 and 

P-Akt are positive regulators of Nrf2 activation: p21 and Keap1 bind on the same 

domain on Nrf2, but with opposite functions; while P-Akt phosphorylates GSK3β 

inhibiting it and cancelling its negative effect on Nrf2 (Chen et al., 2009; Chowdhry 

et al., 2013). A further evidence of alteration in oxidative homeostasis leading to Nrf2 

activation is given by the increased transcriptional levels of GCLM and HMOX1, 

coding for glutamate-cysteine ligase modified subunit and heme oxygenase 1 

rispectively. These are two important proteins involved in oxidative stress 

metabolism, since glutamate-cysteine ligase reaction is the rate limiting step of GSH 
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synthesis, while heme oxygenase 1 is a stress inducible enzyme involved in ROS 

detoxification. Moreover, not only Nrf2 is activated after cadmium exposure, but its 

over-expression also exerts a protective role against cadmium toxicity, making the 

regulation of this TF a possible therapeutic approach (Al-Ghafari et al., 2019; 

Ashrafizadeh et al., 2020; Chen and Shaikh, 2009; Khan et al., 2019; Wang and 

Gallagher, 2013; Wu et al., 2012). Further analysis of Nrf2 activation and downstream 

effectors at different times after cadmium exposure and/or at different concentrations 

should be performed in order to better investigate its activation in the presence of this 

toxicant.  

Since an acute, but especially a prolonged cadmium exposure, is responsible for the 

reduction of GSH pool, due to cadmium high affinity for -SH groups, we decided to 

investigate LUHMES cells viability when GSH was added to the cultures. In the 

presence of cadmium, a pre-treatment with GSH increased cell viability; in particular, 

500 µM GSH restored LUHMES cells viability compared to control cells, even at the 

highest CdCl2 doses at which in the absence of GSH the viability is completely null, 

suggesting a protective role of GSH on LUHMES cells viability. This could be due to 

either to a bigger pool of GSH that scavenge cadmium, or to a higher antioxidant 

defence potential; the evaluation of the GSH/GSSG ratio in both control and pre-

treated cells, together with Nrf2 signalling pathway should be the following steps.  

We have to take into account that the CNS is not only made by neurons, but the glial 

cells (astrocytes, microglia, oligodendrocytes) are of vital importance for brain 

architecture and functions. Therefore, for a more appropriate approach to the study of 

cadmium neurotoxicity we evaluated LUHMES cells viability in a co-culture system 

with BV2, a murine microglial cell line, and in astrocyte or microglia CM. Our results 

showed an increased LUHMES cells viability in astrocytes and BV2 CM, while 

LUHMES-BV2 co-culture alone behaved quite similarly to LUHMES cells. ATP 

levels are increased both in the co-culture and in the presence of CM, but what is 

really interesting is the disappearance of GSH initial peak when cells are treated with 

CM, leading us to hypothesize a possible external GSH uptake. This could be another 

important role of GSH and the evaluation of Nrf2 in LUHMES cells treated with either 

astrocytes or BV2 CM could be an interesting approach. Moreover, these data show 
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the protective effects of glial cells and the importance of more complex experimental 

model for the study of cadmium neurotoxicity. 
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Abstract  

Cadmium (Cd) is a widespread toxic environmental contaminant, released by 

anthropogenic activities. It interferes with essential metal ions homeostasis and affects 

protein structures and functions by substituting zinc, copper and iron. In this study, 

the effect of cadmium on SOD1, a CuZn metalloenzyme catalyzing superoxide 

conversion into hydrogen peroxide, has been investigated in three different biological 

models. We first evaluated the effects of cadmium combined with copper and/or zinc 

on the recombinant GST-SOD1, expressed in E. coli BL21. The enzyme activity and 

expression were investigated in the presence of fixed copper and/or zinc doses with 

different cadmium concentrations, in the cellular medium. Cadmium caused a dose-

dependent reduction in SOD1 activity, while the expression remains constant. Similar 

results were obtained in the cellular model represented by the human SH-SY5Y 

neuronal cell line. After cadmium treatment for 24 and 48 hours, SOD1 enzymatic 

activity decreased in a dose- and time-dependent way, while the protein expression 

remained constant. Finally, a 16 hours cadmium treatment caused a 25% reduction of 

CuZn-SOD activity without affecting the protein expression in the Caenorhabditis 

elegans model. Taken together our results show an inhibitory effect of cadmium on 

SOD1 enzymatic activity, without affecting the protein expression, in all the 

biological models used, suggesting that cadmium can displace zinc from the enzyme 

catalytic site. 
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5.1 Introduction 

Cadmium (Cd) is a toxic, rare heavy metal, naturally occurring with zinc. However, 

due to huge anthropogenic release into the environment (∼22,000 tons/year) it has 

become a widespread contaminant. Being massively used in battery production, as 

well as alloys coatings, plating, and a stabilizer for plastics (IARC, 2012), exposure 

can occur occupationally; however, the general population can also be exposed 

environmentally, since cadmium is found in air, soil and water. Cadmium exposure 

for non-occupational reasons can primarily occur through contaminated food, air, 

drinking water, cosmetics and cigarette smoking (Bocca et al., 2014; Hartwig and 

Jahnke, 2017; Satarug and Moore, 2004). Moreover, although occupational exposure 

is decreasing, thanks to better regulations of cadmium exposure in the workplaces 

(Zhang and Reynolds, 2019), environmental contamination is steadily increasing, due 

to the bioaccumulative nature of this metal (IARC, 2012). Cadmium accumulates in 

the human body with a biological half-life of 26-30 years and is primarily taken up by 

the liver and kidney (e.g. 2 μg/g liver, and 70 μg/g kidney) (Mezynska and Brzoska, 

2018; Rani et al., 2014). It can also penetrate into neurons via voltage-gated calcium 

channels (Usai et al., 1999) and has been shown to significantly affect the function of 

both peripheral (Miura et al., 2013) and central nervous system (Marchetti, 2014). 

Clinical symptoms include olfactory dysfunction, peripheral neuropathy, neurological 

disturbances, mental retardation, and learning disabilities, as well as motor activity 

impairment and behavioral alterations (Wang and Du, 2013). 

Because of its similarity to zinc, cadmium easily enters the cells by molecular 

mimicry, via several transporters and receptors for essential metals such as Cu/Zn 

transporters, DMT1 (Divalent Metal Transporter 1), and Ca-channels. Inside the cell, 

cadmium toxicity is linked to its ability to bind thiol containing molecules such as 

GSH, and protein-Cys leading to displacement of redox-active metals and 

mitochondrial and metabolic dysfunction.   

Cadmium therefore represents a serious hazard for human health, considering both 

toxicity and exposure frequency (ATDSR, 2019). Epidemiological and experimental 

studies have linked cadmium exposure to lung cancer and other cancers (Joseph et al., 

2001; Waalkes, 2000), however, many data show that cadmium is also a neurotoxin 

(Garza-Lombó et al., 2018; Wang and Du, 2013). Although there is still much to be 
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elucidated, cadmium neurotoxicity has been related to different neurodegenerative 

diseases, such as Alzheimer’s disease, Parkinson disease (Chin-Chan et al., 2015), 

multiple sclerosis and amyotrophic lateral sclerosis (Bar-Sela et al., 2001; Branca et 

al., 2018; Sheykhansari et al., 2018). 

Amyotrophic lateral sclerosis (ALS) is a progressive and invariably fatal 

neurodegenerative disease: less than 10% of all ALS cases are familial (fALS), and 

among these 20% are related to SOD1 mutations (Huai and Zhang, 2019). The 

etiology of sporadic forms (sALS), representing over 90% of all cases, is still 

unknown, although many genetic and environmental factors have been suggested to 

play a role (Ingre et al., 2015; Wang et al., 2017). Among these factors are heavy 

metals, like copper, aluminium, arsenic, cobalt, zinc and cadmium, all of which have 

been found at elevated concentrations in ALS patients (Roos et al., 2013). In 

particular, cadmium has been shown to enter olfactory neurons, from where it can 

easily reach the brain bypassing the blood brain barrier, especially in younger 

individuals (Wang and Du, 2013). It is noteworthy that cigarette smoking, one of the 

most important routes for cadmium uptake, is the only factor correlated to negative 

survival in ALS patients (Calvo et al., 2016).  

Although SOD1 mutations are responsible for many ALS familial forms, wild-type 

SOD1 (WT-SOD1) has also been implicated in ALS pathogenesis (Pansarasa et al., 

2018). Gruzman et al., 2007 suggested the involvement of altered WT-SOD1 in sALS 

pathogenesis, showing that a single crosslinked protein species of SOD1 is common 

in both fALS and sALS. Ezzi et al., 2007 also demonstrated that oxidized WT-SOD1 

can gain many of the toxic properties of ALS-linked mutant SOD1. Moreover, the 

presence of aggregated, misfolded SOD1 in the nuclei of glial cells of the spinal cord 

from ALS patients, with and without SOD1 mutations, was also demonstrated 

(Forsberg et al., 2010). Human SOD1 maturation includes the coordination of copper 

and zinc ions, as well as disulfide bond formation between Cys57 and Cys146. The 

formation of the disulfide bond, which is facilitated by the copper chaperone for SOD1 

(CCS), is a rare event for cytosolic proteins that are surrounded by a reducing 

environment (Banci et al., 2012). These post-translational modifications (PTM) are 

essential for the production of a stabilized native conformation and the subsequent 

functional homodimer formation (Ding and Dokholyan, 2008). Because of its affinity 
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for thiols, cadmium can easily interfere with SOD1 folding by binding cysteines, as 

well as by substituting to zinc. In fact, it has been shown that in SOD1 G93A 

transgenic mice, mutant SOD1 inhibits the fast retrograde transport that is facilitated 

by the dynein-dynactin complex, even during ALS presymptomatic stages (Bilsland 

et al., 2010). On the other hand, cadmium has been shown to affect axonal transport, 

causing microtubule disassembly, inhibition of microtubule formation, and kinesin- 

and dynein-dependent motility (Böhm, 2014; Méndez-Armenta and Ríos, 2007). This 

metal can also interfere with the release of neurotransmitters and cause oxidative 

stress, mitochondrial damage and induction of apoptosis (Choong et al., 2014; Maret 

and Moulis, 2013). Previous investigations of cadmium ability to displace either zinc 

or copper, or both, from human SOD1 (hSOD1) have led to contradicting results 

(Huang et al., 2006; Kofod et al., 1991; Luchinat et al., 2014; Polykretis et al., 2019; 

Wang et al., 2015). Therefore, due to the primary function of SOD1, and the emerging 

role of environmental factors in the pathogenesis of ALS, we investigated cadmium 

neurotoxicity on SOD1 activity and expression in three different biological models: 

recombinant E. coli cells overexpressing human superoxide dismutase 1 (hSOD1), 

SH-SY5Y human neuroblastoma cells, and Caenorhabditis elegans. E. coli is the most 

widely used microorganism for overexpressing recombinant proteins; we chose to 

express human SOD1 as a Glutathione-S- transferase (GST) fusion protein, which 

allows easy purification through affinity chromatography and tag removal. SH-SY5Y 

human neuroblastoma cells are a widely used model for in vitro studies on 

neurotoxicity and neurodegenerative diseases (Cheung et al., 2009; Rossi et al., 2015), 

while C. elegans is an organism largely used as a model in different research fields, 

including metal toxicology (Du et al., 2019; Moyson et al., 2018; Soares et al., 2017; 

Srivastava et al., 2016), neurotoxicology (Chia et al., 2020) and ALS (Therrien and 

Parker, 2014; Van Damme et al., 2017). E. coli has an endogenous CuZn-SOD, while 

human neuronal cells possess three different SODs, like all animals: a cytosolic CuZn-

SOD (SOD1), a mitochondrial isoform containing manganese in its catalytic site 

(SOD2) and an extracellular CuZn enzyme (SOD3) (Miller, 2012). C. elegans has five 

SOD isoforms, two of which are expressed in the cytosol and are homologous to the 

human CuZn-SOD1 (sod-1 and sod-5). The sod-1 isoform is the primary CuZn-SOD 

expressed in actively growing worms, whereas the sod-5 isoform is expressed in a 



112 

 

particular larval growing phase named dauer (Jensen and Culotta, 2005; Wang and 

Kim, 2003), in which nematodes enter when there are depletion of nutrients or harsh 

environmental conditions (Hu, 2007).  

Our results show that cadmium administration leads to a decrease in CuZn-SOD1 

activity in all models, without affecting the protein expression and suggest that Cd 

ions can displace zinc from the enzyme catalytic site. 

 

5.2 Materials and methods 

5.2.1 Human SOD1 cloning and bacterial strains 

Human superoxide dismutase 1 (hSOD1) cDNA sequence was purchased from 

Addgene (Watertown, MA, USA) and was amplified using the following specific 

primers: forward primer (5’ CCGGAATTCATGGCGACGAAG 3’) with an EcoRI 

site (underlined), reverse primer (5’ CGCTCGAGTTATTGGGCGATC 3’) with a 

XhoI site (underlined). PCR product was digested using EcoRI and XhoI restriction 

enzymes (New England Biolabs, Ipswich, MA, USA) and cloned into previously 

digested EcoRI/XhoI plasmid pGEX-6P-1 (GE Healthcare, Chicago, IL, USA). The 

obtained pGEX-6P-1/hSOD1 recombinant plasmid was verified by automated 

sequencing (Bio-Fab research, Pomezia, Italy), using commercially available vector 

oligonucleotide primers. Escherichia coli strain DH5α (Invitrogen UK Ltd. Paisley, 

England) was used for DNA manipulation, for storing and propagating plasmids, 

whereas E. coli BL21 (DE3) (Invitrogen UK Ltd. Paisley, England) was used as 

expression strain. These strains were transformed with pGEX-6P-1/hSOD1 plasmid 

and recombinant hSOD1 was expressed as GST-fusion protein. 

 

5.2.2 Recombinant protein expression optimization 

In order to optimize time and temperature conditions for recombinant protein 

expression, the E. coli BL21 harboring pGEX-6P-1/hSOD1 plasmid was grown at 

37°C and, once optical density at 600 nm (OD600) has reached 0.6, the induction was 

carried out with IPTG 200 μM at 20°C, 30°C and 37°C for 3 hours and overnight.  

Collected samples were centrifuged at 6,000 × g for 15 min at 4°C. The cell pellet 

obtained from 200 mL of bacterial culture was resuspended in PBS (10 mM K2HPO4, 

150 mM NaCl, pH 7.2 containing 1 μM leupeptin, 2 μg/mL aprotinin, 1 μg/mL 
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pepstatin and 1 mM PMSF) with a ratio of 50 μL PBS per 1 mL of culture. Then the 

suspension was lysed by sonication (30 sec at 10 % amplitude for 3 times) and 

centrifuged at 13,000 × g for 20 min at 4°C.  

Soluble fraction protein concentration was determined by the Bradford method, using 

BSA for the calibration curve (Bradford, 1976). SDS-PAGE and Blue-Coomassie 

staining were carried out by standard procedures (Laemmli, 1970). Protein soluble 

samples (15 µg) and cellular pellets were separated on a 12% SDS-PAGE gel and 

stained with Blue-Coomassie reagent overnight at 4°C or transferred onto a 

nitrocellulose membrane (Millipore, Burlington, MA, USA). Subsequently the 

membrane was blocked for 30 min in 1% (w/v) dried milk in PBS and 

immunodecorated overnight at 4°C with mouse anti-human SOD1 antibody (1:1,000 

dilution) (NBP1-47443, Novus Biologicals, Centennial, CO, USA). After extensive 

washing in PBS with 0.3% (v/v) Tween20, the membrane was incubated for 1 hour 

with goat anti-mouse horseradish peroxidase conjugated IgG (1:10,000 dilution) 

(#7076, Cell Signaling Technology, Danvers, MA, USA). After a final wash in PBS, 

0.3% (v/v) Tween20, detection of antibody binding was carried out with ECL 

detection system (EuroClone, Pero, Milan, Italy), according to the manufacturer’s 

instructions. 

All chemicals were purchased from Merck KGaA, Darmstadt, Germany. 

 

5.2.3 E. coli BL21 growth curves, hSOD1 expression and activity analysis in 

the presence of different metals mixtures 

Growth curves of E. coli BL21 transformed strain were assessed in the presence of 

copper, zinc or cadmium metals added to bacterial growth medium. Overnight 

cultured bacteria were inoculated at OD600 = 0.1 into fresh LB medium supplemented 

with ampicillin (100 μg/mL) and different concentrations of Cu2SO4 (0-1000 μM), 

ZnCl2 (0-100 μM) or CdCl2 (0-500 μM) and growth rate was monitored by measuring 

OD600 every 60 min over a total time of 6 hours.  

Subsequently the metals influence on hSOD1 expression and activity was carried out 

either at inoculation or induction. In the first case the overnight cultured bacteria were 

inoculated into fresh LB medium directly in the presence of Cu2SO4, ZnCl2 or CdCl2. 

Regarding the induction condition, overnight cultured bacteria were inoculated into 
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fresh LB medium and copper, zinc or cadmium ions were added once OD600 of 0.6 

was reached. In both cases protein induction was performed at OD600 = 0.6 with IPTG 

200 μM and bacterial cultures grew at 30°C for 3 hours. Bacteria samples with no 

metals added represented the control. 

The effect of combination of different metals mixtures (Cu2SO4 and CdCl2, or ZnCl2 

and CdCl2, or Cu2SO4, ZnCl2 and CdCl2) on hSOD1 was investigated by selecting 

Cu2SO4 and ZnCl2 concentrations in which the enzyme activity was highest and then 

different concentrations of CdCl2 (0-500 μM) were added. The combination of the 

metals was added in the LB medium at either inoculation or induction as described 

above. Bacteria samples without CdCl2 represented the control. 

Aliquots of cell suspensions were collected after 3 hours from the induction and 

processed (see 2.2) to assay hSOD1 activity (see 2.4) and recombinant protein 

expression levels through SDS-PAGE. Protein soluble samples (15 µg) were 

separated on a 12% SDS-PAGE gel and stained with Blue-Coomassie reagent 

overnight at 4°C. Densitometry analysis of GST-SOD1 normalized against the total 

loaded proteins was performed using ImageJ software (National Institute of Health, 

USA).  

All chemicals were purchased from Merck KGaA, Darmstadt, Germany. 

 

5.2.4 SOD1 activity assay 

Recombinant hSOD1 catalytic activity was measured using an indirect method 

described by Vance et al., 1972. This technique is based upon the ability of the enzyme 

to compete with ferricytochrome c for superoxide anions generated by the aerobic 

xanthine oxidase system, causing an inhibition in the reduction of ferricytochrome c. 

Briefly, a solution of 0.01 mM ferricytochrome c, 0.1 mM EDTA, and 0.01 mM 

xanthine was incubated with different volumes of soluble protein samples, containing 

the hSOD1 recombinant protein. Ferricytochrome c was dissolved in 10 mM Hepes-

Tris pH 7.5 and xanthine in 1 mM NaOH. All reactions were performed in 1 mL of 

total volume at room temperature. Reactions were initiated with the addition of 

xanthine oxidase at a final concentration of 0.0061 U/mL: this amount of xanthine 

oxidase has a rate of ferricytochrome c reduction corresponding to an increase of 

0.025 absorbance per min at 550 nm, as suggested by Vance et al., 1972.  
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Under these conditions, 1 unit of SOD1 is the amount of enzyme able to yield a 50% 

decrease in the rate of ferricytochrome c reduction. The enzymatic activity was 

calculated using the following formula: 

𝑈/𝑚𝑔

=
[(∆𝐸/𝑚𝑖𝑛 𝑢𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑 − ∆𝐸/𝑚𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒)/1/2∆𝐸/𝑚𝑖𝑛 𝑢𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑] × 𝑉𝑡

𝜀 × 𝑑 × 𝑉𝑐 ×𝑚𝑔/𝑚𝑙
 

Where E is the absorbance at 550 nm, Vt is the total reaction volume, Vc is the volume 

of sample use for the assay and ε is the ferricytochrome c molar extinction coefficient 

of 27.7 mM-1cm-1. 

The uninhibited sample represents the rate of ferricytochrome c reduction and it 

contains all the reaction reagents except the recombinant protein.  

All chemicals were purchased from Merck KGaA, Darmstadt, Germany. 

 

5.2.5 Mammalian cell culture 

SH-SY5Y (ATCC® HTB-2266™) human neuroblastoma cell line was grown in 

F12:EMEM (1:1) medium supplemented with heat-inactivated 10% FBS, 2 mM L-

glutamine, 100 U/mL penicillin, 100 μg/ml streptomycin and maintained at 37°C in a 

humidified 5% CO2 incubator. ATCC validated cell line by short tandem repeat 

profiles that are generated by simultaneous amplification of multiple short tandem 

repeat loci and amelogenin (for gender identification). All the reagents for cell culture 

were supplied by EuroClone (Pero, Milan, Italy). 

 

5.2.6 Neuronal cell viability assay  

Cell viability was investigated using in vitro toxicology assay kit MTT-based, 

according to manufacturer’s protocols (Merck KGaA, Darmstadt, Germany). 

In order to evaluate cadmium toxicity, cells were seeded in 96-well micro-titer plates 

at a density of 1 × 104 cells/well and after 24 hours were treated with different CdCl2 

concentrations (0, 0.01, 0.1, 1, 10, 100,1000 μM). After 48 hours at 37°C, the medium 

was replaced with a complete medium without phenol red and 10 μl of a 5 mg/mL 

MTT (3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide) solution was 

added to each well. After a further incubation for 4 hours, the formed formazan 

crystals were solubilized with 10% Triton-X-100 in acidic isopropanol (0.1 N HCl) 
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and the absorbance at 570 nm was measured using a micro plate reader. Viabilities 

were expressed as a percentage of the untreated controls. The 50% growth inhibition 

(IC50) was determined from dose-response curves. Each experiment was performed 

in three replicate wells for each metal concentration and results are presented as the 

mean of at least three independent experiments. 

 

5.2.7 SDS-PAGE and Western blotting of SOD1 from SH-SY5Y human 

neuroblastoma cells 

To evaluate the effect of cadmium on SOD1 activity and expression, SH-SY5Y cells 

were seeded at 2 × 106 cells/100 mm dish and treated with the metal for 24-48 hours 

at the final concentrations of 10 μM and 20 μM. Cells not treated with CdCl2 

represented the control. 

The cells were then rinsed with ice-cold PBS and lysed in 10 mM potassium 

phosphate, 0.6 M sorbitol containing 1 μM leupeptin, 2 μg/mL aprotinin, 1 μg/mL 

pepstatin and 1 mM PMSF. Sorbitol was added to lysis buffer in order to avoid the 

release of mitochondrial SOD (Jensen and Culotta, 2005). After lysis on ice, 

homogenates were obtained by passing 5 times through a blunt 20-gauge needle fitted 

to a syringe and then by sonicating (10 sec at 10% amplitude 2 times). Then, a 

centrifugation was performed at 14,000 × g for 10 min at 4°C and supernatants were 

used to assay SOD1 activity (see 2.4) and expression. Protein content was quantified 

by Bradford method (Bradford, 1976). To evaluate the SOD1 expression levels, 25 μg 

of protein samples were analyzed by Western blot analysis. This was performed by 

resolving protein soluble samples on 15% acrylamide gel and then blotted onto a 

nitrocellulose membrane (Millipore, Burlington, MA, USA). The membrane was 

subsequently blocked and incubated overnight at 4°C with mouse anti-human SOD1 

antibody (1:1,000 dilution) (NBP1-47443, Novus Biologicals, Centennial, CO, USA) 

and rabbit anti-human α-tubulin (1:1,000 dilution) (#2144, Cell Signaling 

Technology, Danvers, MA, USA), used as a loading control. After washing, 

membrane was incubated for 1 hour with goat anti-mouse or anti-rabbit horseradish 

peroxidase conjugated IgG (1:10,000 dilution) (#7076, #7074, Cell Signaling 

Technology, Danvers, MA, USA). The antibody detection was carried out with ECL 

detection system (EuroClone, Pero, Milan, Italy), according to the manufacturer’s 
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instructions. Protein levels were quantified by densitometry of immunoblots using 

ImageJ software (National Institute of Health, USA). All chemicals were purchased 

from Merck KGaA, Darmstadt, Germany. 

 

5.2.8 C. elegans strain maintenance and handing procedures 

The Bristol N2 wild type strain (University of Minnesota, MN, USA) was used for 

this work. Worms were cultured at 20°C in small plates with 3 mL of solid nematode 

growth medium (NGM: 50 mM NaCl, 2.5 g/L peptone, 17 g/L agar; 1 mM CaCl2, 1 

mM MgSO4, 5 mg/mL cholesterol in ethanol) and seeded with live OP50 E. coli as 

food source, according to the standard procedure (Brenner, 1974). 

To avoid the possibility that the treatments with CdCl2 could directly affect E. coli 

and thus indirectly the nematodes (Liao et al., 2011), all experiments were performed 

with heat-killed E. coli according to Gruber et al., 2007.  

All chemicals were purchased from Merck KGaA, Darmstadt, Germany. 

 

5.2.9 C. elegans acute toxicity assay 

An acute toxicity assay was performed to assess cadmium effect on C. elegans 

viability and to determine the concentration for further experiments. Three-days-old 

adult gravid nematodes were transferred onto freshly OP50-seeded NGM plates for 

12 hours to lay eggs. After removing adult worms from the plates, newly laid eggs 

were grown and after 3 days the synchronized worms were used for carrying out the 

experiments. 60 synchronized adult worms were placed onto 3 mL NGM plates 

supplemented with different concentrations of CdCl2, which was given to worms as 

food source through OP50 absorption (H??ss et al., 2011) and prepared as follows. 

All CdCl2 (0, 4, 8, 12, 16 g/L) concentrations were prepared in distilled water and was 

used to resuspend 0.3 OD600 of OP50. Absorption was carried out overnight at 4°C in 

shaking conditions; thereafter the bacteria were pelleted, at 7000 × g, for 15 min at 

4°C, resuspended in LBLS medium (10 g/L peptone, 5 g/L yeast extract and 5 g/L 

NaCl) and killed for 150 minutes at 65°C in a water-bath. Two hundred of OP50 with 

cadmium absorbed solution was plated onto the NGM agar. Survived worms were 

recorded daily and transferred for 5 days onto a new fresh plate. Worms were counted 

as dead if they did not respond to gentle stimulation with platinum transfer pick. At 
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least 60 worms were used for each treatment and three independent experiments were 

performed.  

All chemicals were purchased from Merck KGaA, Darmstadt, Germany. 

 

5.2.10 C. elegans protein extraction and quantification 

For SOD1 enzymatic assay, 70-days-old adult gravid nematodes were allowed to lay 

eggs for 7 hours onto 10 cm freshly OP50-seeded NGM. Subsequently the adult 

worms were removed, and newly laid eggs were left to grow. One-day synchronized 

adult worms were collected in S-buffer (0.1 M NaCl, 0.05 M K2HPO4, 0.05 M 

KH2PO4, pH 6), washed for removing OP50 residues, counted and seeded in equal 

number onto 10 cm plates containing 20 mL of NGM supplemented with 4 g/L and 8 

g/L of CdCl2 OP50 absorbed (see 2.9) for 16 hours. The control (0 g/L) and treated 

nematode (about 3000 worms each) were collected separately in S-buffer, washed 3 

times and then resuspended in 200 µL of lysis buffer (10 mM potassium phosphate, 

0.6 M sorbitol, 1 µM leupeptidin, 2 µg/mL aprotinin, 1 µg/mL pepstatin and 1 mM 

PMSF). Lysate was obtained by sonication (1 min at 20% amplitude in ice-water bath, 

followed by 10 sec at 10% amplitude for 4 times). Finally, a centrifugation was 

performed at 13000 × g for 10 min at 4°C and supernatants were used to assay SOD1 

activity.  

For Western blot analysis, 3-days-old adult gravid nematodes were allowed to lay 

eggs for 16 hours onto 10 cm freshly OP50-seeded NGM. After adult worms removal, 

newly laid eggs were left to grow. One-day synchronized adult worms were collected 

in S-buffer and about 1000 worms were seeded onto 10 cm plates containing 20 mL 

of NGM supplemented with 4 g/L and 8 g/L of CdCl2 OP50 absorbed (see 2.9) for 16 

hours. Cd treated and not treated worms were collected in PBS 1X and washed two 

times at 6000 x g for 1 min at 4°C. Then nematodes were resuspended in 200 µL of 

lysis buffer (PBS 1X, glycerol 10%, β-mercaptoethanol 1 mM, PMSF 2 mM) and 

incubated at -80°C for 15 min. Subsequently worms were sonicated (2 min at 20% 

amplitude in ice-water bath, followed by 10 sec at 10% amplitude for 4 times) and 

centrifugated at 13000 x g for 10 min at 4°C. The supernatants were used to assay 

SOD1 expression by Western blot, using tubulin as loading control (20 µg). SOD1 

antibody (1: 1,000 dilution) (sc-17767) was supplied by Santa Cruz Biotechnology 
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(Dallas, TX, USA) and α-tubulin antibody (1: 2,000 dilution) (T6199) was supplied 

by Merck KGaA (Darmstadt, Germany).   

Protein content were quantified by Bradford method (Bradford, 1976). For each 

treatment three independent experiments were performed. 

All chemicals were purchased from Merck KGaA, Darmstadt, Germany. 

 

5.2.11 Statistical analysis 

All the experiments were carried out in biological triplicates. The samples were 

compared to their reference controls and the data were tested by Dunnett multiple 

comparison procedure. Results were considered statistically significant at p < 0.05. 

 

5.3 Results 

5.3.1 Recombinant hSOD1 expression optimization 

Human wild-type superoxide dismutase 1 (hSOD1) was expressed in-frame with the 

GST tag coding sequence.  

The optimal expression condition, yielding a high-level of soluble hSOD1-GST, was 

reached by inducing with 200 µM IPTG, for 3 hours at 30°C (Figure 1). Overnight 

induction at all temperatures tested, as well as induction at 37°C for 3 hours, led to a 

higher expression of the protein in inclusion bodies, whereas induction at 20°C led to 

a lower yield in protein expression (data not shown).  

The apparent molecular mass of monomeric recombinant hSOD1 fused with GST was 

found about 42 kDa, in accordance with hSOD1 and GST moiety molecular masses 

of 15.8 kDa (Ahl et al., 2004) and 27 kDa, respectively. 
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Figure 1. hSOD1 expression evaluation through SDS-PAGE analysis and 

Western blot.  

Bacterial growth was performed at 37°C and, when OD600 reached 0.6, induction was 

carried out with 200 μM IPTG, at 30°C, at three different times (0h, 3h and ON). (A) 

Representative SDS-PAGE analysis performed on soluble protein samples (15 µg) 

and pellets prepared from E. coli BL21 strain transformed with recombinant pGEX-

6P-1/hSOD1 plasmid and stained with Coomassie blue. TE: total extract, SN: 

supernatant; ON: overnight. (B) Representative Western blot performed on soluble 

protein samples (15 µg) from E. coli BL21 pGEX-6P-1/hSOD1 after 3 hours of 

induction at 30°C. 

 

5.3.2 Single metals administration effects on E. coli BL21 growth and 

recombinant hSOD1 activity 

In order to evaluate the possible toxic effect of cadmium on hSOD1 activity and 

expression, we first investigated the toxicity of this metal on E. coli cells, analyzing 

the growth curve of E. coli BL21 expressing hSOD1 by adding different 

concentrations of CdCl2 (0, 50, 100, 250, 500 μM) directly in the LB medium at 

inoculation (see Materials and Methods). No significant differences were observed at 

all concentrations tested (Supplementary Figure 1A).  

Moreover, cadmium addition to the medium, either at inoculation or just before 

induction, did not affect hSOD1 activity (Figure 2A). 

Since the amounts of Cu2SO4 and ZnCl2 could be limiting in E. coli cells, due to SOD1 

overexpression, we also tested the effect of these metal ions addition. BL21 cells 

expressing recombinant hSOD1 were grown in the presence of different 
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concentrations of Cu2SO4 or ZnCl2 showing that these metals did not affect bacterial 

growth (Supplementary Figure 1B, C). Copper addition led to a dose-dependent 

increase in hSOD1 activity, with a maximum activity at 500 μM Cu2SO4, followed by 

a decrease at higher Cu2SO4 concentrations (Figure 2C). 

Administration of 15 μM ZnCl2 led to a decrease in hSOD1 activity, when the metal 

was added both at the inoculation and after induction. However, higher concentrations 

did not significantly change hSOD1 activity, which remained comparable to the 

control (Figure 2E).  

Single metals addition did not cause any alteration in recombinant protein expression 

(Figure 2B, D, F and Supplementary Figure 2). 
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Figure 2. Evaluation of CdCl2, Cu2SO4 and ZnCl2 effect on recombinant hSOD1 

activity and expression. 

Enzymatic activity of hSOD1 after E. coli exposure to different concentrations of 

CdCl2 (A), Cu2SO4 (C) and ZnCl2 (E) (reported on the x-axis): y-axis represents SOD1 

specific activity, as folds respect to control. Densitometric analysis, performed with 

ImageJ software, of recombinant hSOD1 expression after E. coli exposure to different 

concentrations of CdCl2 (B), Cu2SO4 (D) and ZnCl2 (F) (reported on the x-axis). 

All data were normalized to the control. Data represent mean ± standard error (SE) of 

three independent experiments. *p<0.05, **p<0.01, ***p<0.001. 

 

5.3.3 Metal mixture effects on recombinant GST-SOD1 

The effect of different CdCl2 concentrations (0, 50, 100, 250, 500 μM) on hSOD1 

expressed in E. coli was investigated in the presence of fixed, optimal Cu2SO4 or 

ZnCl2 concentrations (500 μM and 50 μM respectively). 
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The simultaneous addition of both CdCl2 and Cu2SO4 led to a dose-dependent 

reduction in hSOD1 enzymatic activity, with a decrease of 50% in the presence of 500 

μM CdCl2. On the other hand, the presence of both CdCl2 and ZnCl2 did not affect 

hSOD1 activity, which remained comparable to the control (Figure 3A, C).  

Finally, we tested the addition of different CdCl2 concentrations (0, 50, 100, 250, 500 

μM) in the presence of both 500 μM Cu2SO4 and 50 μM ZnCl2. The presence of all 

three metals led to a decrease in hSOD1 activity in a dose-dependent way, which was 

more evident when the metals were added at the inoculation (Figure 3E). It is worth 

noting that the decrease measured in the presence of only 500 μM Cu2SO4 was much 

higher (Figure 3A), suggesting a protective role for ZnCl2.  

No CdCl2 effect was detected on hSOD1 expression levels in any of the conditions 

tested (Figure 2B, D, E and Supplementary Figure 3).  
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Figure 3. Evaluation of CdCl2 effects on recombinant hSOD1 in E. coli cells 

treated with either Cu2SO4 and/or ZnCl2. 

Enzymatic activity of hSOD1 after E. coli exposure to different CdCl2 concentrations 

(0-500 μM), in the presence of either 500 μM Cu2SO4 (A) or 50 μM ZnCl2 (C) or both 

500 μM Cu2SO4 and 50 μM ZnCl2 (E). Y-axis represents specific activity folds. 

Densitometric analysis, performed with ImageJ software, of recombinant hSOD1 after 

E. coli exposure to different CdCl2 concentrations (0-500 μM), in the presence of 

either 500 μM Cu2SO4 (B) or 50 μM ZnCl2 (D) or both 500 μM Cu2SO4 and 50 μM 

ZnCl2 (F). 

The controls (0 μM CdCl2) were used to normalize data that represent mean ± standard 

error (SE) of three independent experiments. *p<0.05, **p<0.01, ***p<0.001. 
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5.3.4 Cadmium effect on endogenous SOD1 in SH-SY5Y cell line 

The investigation of cadmium neurotoxicity on SOD1 was further carried out on the 

SH-SY5Y human neuroblastoma cell line as an in vitro model. 

To assess optimal, non-cytotoxic CdCl2 concentration to be used in SH-SY5Y cell 

line, we initially evaluated the half maximal inhibiting concentration (IC50), after a 

48-hours cadmium treatment. As shown in Figure 4A, cadmium treatment induced a 

high cell mortality, with an IC50 of 26.676 ± 3.498 μM. We therefore decided to 

investigate endogenous SOD1 activity and expression following 10 and 20 μM CdCl2 

administration for 24 and 48 hours.  

A 24-hours treatment did not cause any effect on the catalytic activity of the enzyme, 

while we obtained a reduction of about 50% in SOD1 activity after 48 hours of CdCl2 

administration at both concentrations (Figure 4B). Moreover, even in this model the 

protein expression levels remained constant at all the conditions studied, as shown in 

Western blot and densitometric analysis reported in Figure 4 C-D. 
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Figure 4. Evaluation of CdCl2 effect on endogenous SOD1 in SH-SY5Y cell line. 

(A) Dose-response curves of human SH-SY5Y cell lines to CdCl2. Cell survival was 

determined by MTT assay in the presence of different CdCl2 doses (0-1000 µM) for 

48 hours. Nonlinear Regression of experimental data was obtained using a Four 

Parameter Logistic Curve f1 = min + (max-min)/(1 + (x/EC50)^(-Hillslope)). (B) 

SOD1 activity after SH-SY5Y exposure to either 10 or 20 μM CdCl2 for 24 and 48 

hours. The different CdCl2 concentrations are reported on the x-axis. Y-axis represents 

the fold of specific activity. Data were normalized to the control and represent mean 

± E.S. of three independent experiments. (C) Representative Western blot analyses of 

SOD1 in SH-SY5Y cells soluble extracts (25 µg) treated with CdCl2. α-Tubulin was 

used as a loading control. (D) Densitometric analysis was performed with ImageJ 

Software. Values are expressed by comparing the data obtained after CdCl2 treatment 

with those of control. Values are presented as means ± standard error (SE) of three 

independent experiments. *p<0.05, **p<0.01. 
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5.3.5 SOD1 analysis in the presence of cadmium in the in vivo Caenorhabditis 

elegans model 

Cadmium effect on SOD1 was also evaluated in a whole model organism, the 

nematode C. elegans. At first, we performed an acute toxicity assay to assess the effect 

of cadmium treatment on the nematode viability and determine the concentration to 

use in the following experiments. Worms were treated for 5 days with different doses 

of CdCl2 (0, 4, 8,12, 16 g/L), given as a food source through E. coli adsorption; dead 

and live nematodes were recorded everyday (Figure 5A). For all the conditions tested, 

mortality showed a peak between day 1 and day 2 and subsequently decreased until it 

reached 30% of the initial value for the lower doses and 60% for the higher ones. 

These results underline how cadmium administration caused a reduction in worm 

viability in a non-linear dose dependent way, with 4-8 g/L and 12-16 g/L 

concentrations behaving similarly. 

Subsequently, we evaluated SOD1 activity and expression after a 16-hours treatment 

with cadmium, since a longer time of exposure caused an elevated mortality that could 

lead to non-optimal results. 

The protein extraction performed in a sorbitol lysis buffer allowed the enzymatic 

assay only of cytosolic SOD1, discarding the mitochondrial superoxide dismutases, 

which were part of the insoluble fraction. In the presence of 4 and 8 g/L CdCl2, SOD1 

activity showed a reduction of about 25 % (Figure 5B), while there were no significant 

differences in protein levels with respect to the control at all the doses investigated, 

as confirmed by Western blot analysis reported in Figure 5C-D. 
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Figure 5. Evaluation of CdCl2 effects on SOD1 in C. elegans. 

(A) Acute cadmium toxicity test on C. elegans. For each concentration tested, worms 

viability was calculated as the percentage of live animals respect to the number of 

nematode on day 0. (B) SOD1 activity after 16 hours treatment with 0-4-8 g/L CdCl2. 

Different CdCl2 concentrations are reported on the x-axis; specific activity folds are 

reported on the y-axis. Data were normalized to the control and represent mean ± 

standard error (SE) of three independent experiments. (C) Representative Western 

blot analyses of SOD1 in nematode protein soluble extracts (20 µg) treated with 

CdCl2. α-Tubulin was used as a loading control. (D) Densitometric analysis was 

performed with ImageJ Software. Values are expressed by comparing the data 

obtained after cadmium treatment with those obtained without cadmium 

administration. Values are presented as means ± standard error (SE) of three 

independent experiments. *p<0.05. 

 

5.4 Discussion 

Cadmium exerts serious toxic effects at multiple levels: it enters the cells through zinc 

transporters, causes copper and zinc dysregulation, and it can easily substitute zinc in 

a variety of zinc proteins (Satarug et al., 2018; Urani et al., 2015), including the 

cytosolic CuZn superoxide dismutase (SOD1). SOD1 is one of the most important 
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proteins involved in oxidative stress defense, especially in neuronal cells (Kaur et al., 

2016). In this work we show, in three different experimental models, that cadmium 

can impair SOD1 activity, without affecting its expression level. Concentrations of 

CdCl2 up to 500 µM were found not to be toxic for E. coli and did not cause a reduction 

in SOD1 enzymatic activity. This suggests that either copper or zinc are limiting 

during E. coli growth, as a consequence of the high expression levels of the 

recombinant protein. Absolute SOD1 specific activity measurements, yielding a value 

around 8.1 U/mg for cells grown in the presence of either copper alone or copper and 

zinc and a value of 2.8 U/mg for cells grown without copper, show that copper is the 

limiting metal in our conditions. Our data are in accordance with previous data 

obtained by Lin et al., 2018 showing that Cu2+-binding sites saturation facilitates Zn2+ 

binding.  

When administered together with optimal 500 µM Cu2SO4 concentration, cadmium 

led to a dose dependent decrease in SOD1 specific activity, starting at 50 µM CdCl2. 

However, in the presence of an optimal ZnCl2 concentration (50 µM), no decrease in 

SOD1 activity was measured at increasing CdCl2 concentrations, suggesting that 

cadmium displaces zinc when copper is in excess and zinc is limiting. Due to their 

larger size, cadmium ions can be difficult to release once they have displaced zinc 

ions. Moreover, Crow et al., 1997 suggested that zinc is more likely to dissociate than 

copper, because SOD1 has an approximately 7000-fold lower affinity for zinc than it 

does for copper. More recently Huang et al., 2006 showed that cadmium can displace 

zinc, inducing a conformational change in SOD1 and decreasing its activity. Kofod et 

al., 1991, investigating yeast SOD1 structure by NMR, showed that cadmium binds 

to the Zn site with the same coordination, the Cu-Cd enzyme having a structure 

identical to the native enzyme, and that cadmium binding to the copper site occurs 

only if the zinc site is already occupied.  

When both copper and zinc were administered to E. coli recombinant cells, a decrease 

in SOD1 specific activity was still detected, although to a minor extent with respect 

to the decrease observed in the absence of zinc; this could be due to a higher amount 

of SOD1 undergoing folding in E. coli in the presence of 500 µM copper, so that a 50 

µM ZnCl2 concentration becomes limiting. Adding the metals at induction or at 

inoculation produced the same result, suggesting that copper and zinc can be inserted 
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into SOD1 in both conditions. No additional amounts of copper and zinc were 

administered to neuronal cells and C. elegans, because SOD1 is not overexpressed in 

these two experimental models and thus the metals concentrations are not limiting. 

SOD1 folding requires the insertion of copper and zinc ions into the catalytic site. 

Copper can be inserted either through the copper chaperone (CCS), as in yeast, or in 

an independent way requiring glutathione, as in E. coli and C. elegans; in humans both 

pathways can be used for copper insertion  (Banci et al., 2012; Carroll et al., 2004; 

Leitch et al., 2009). On the other hand, zinc insertion mechanism during SOD1 folding 

has not yet been fully elucidated. Moreover, SOD1 is an aggregation-prone enzyme 

and amyloid fibers have been detected in patients of both familial and sporadic ALS 

(Kaur et al., 2016). SOD1 misfolding has since long been associated to ALS 

pathogenesis. Data obtained by de la Torre et al., 1996 and Ravikumar et al., 2000 

already showed its activity to be reduced in Parkinson’s disease and other 

neurodegenerative diseases. In fact, besides displacing zinc from proteins, cadmium 

has a high affinity for cysteines and could interfere with SOD1 folding, which requires 

the formation of a disulfide bridge between C57 and C146. This is well in accordance 

with previous data from showing that cadmium binds to the interface of the two SOD1 

subunits leading to enzyme misfolding (Polykretis et al., 2019; Wang et al., 2015). 

These authors investigated cadmium replacement of copper and zinc in SOD1 through 

in-cell NMR in HEK393 cells, showing that Cd2+ does not replace Zn2+ but induces 

the formation of a disulfide bridge between C57 and C146. Premature Cys oxidation 

could prevent zinc binding, since only the native structured apoSOD1 can effectively 

bind zinc, as shown by Luchinat et al., 2014 through in-cell NMR. Moreover, 

cadmium binding to glutathione, which in E. coli is essential for SOD1 folding, could 

also impair folding leading to SOD1 aggregation.  

A decrease in SOD1 specific activity was demonstrated by our results in SH-SY5Y 

cells treated with either 10 or 20 µM CdCl2. These concentrations were chosen to 

mimic a real in vivo situation, since cadmium concentrations up to 20 µM have been 

reported in the human body, due to the metal extremely long half-life (Satarug and 

Moore, 2004). SOD1 expression level was found unaltered upon cadmium 

administration, in accordance with our previous toxicogenomic study (Forcella et al., 

2020) showing that CdCl2 addition to cultured SH-SY5Y cells did not change SOD1 
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expression level, while up-regulating metallothioneines and down-regulating genes 

related to neuronal functions. In accordance with our results, Huang et al., 2006 

showed that cadmium induces metallothioneins expression and oxidative stress 

mediated apopotosis in N2A murine neuroblastoma cells. 

The results were further confirmed in Caenorhabditis elegans, the multicellular model 

organism chosen for its easy laboratories handling (Kaletta and Hengartner, 2006), 

the similarity of biological traits within human physiology, anatomy, and metabolism 

(Kaletta and Hengartner, 2006) and its wide use for metal toxicity evaluation (Du et 

al., 2019; Moyson et al., 2018; Soares et al., 2017; Srivastava et al., 2016). Since it 

has been demonstrated that the main uptake route of cadmium for C. elegans is driven 

by food ingestion (H??ss et al., 2011), we performed the acute toxicity assay. We 

observed that the daily treatment caused a significant reduction in worm viability, 

although in a non-linear dose dependent way. The employment of a daily treatment 

allowed us not only to determine the cadmium lethal concentration but also to evaluate 

the effect of a long exposure at sub-lethal concentrations, not least to choose the 

optimal condition for the subsequent experiments. Noteworthy, also in C. elegans the 

cadmium treatment with 4 and 8 g/L for 16 hours induced a 25% reduction in SOD1 

activity, without altering the protein level. In accordance with results obtained in 

neuronal cells, Cui and coauthors reported that cadmium treatment induced the 

expression of genes involved in metal detoxification, including mtl-1, mtl-2 and the 

cadmium-specific response gene, cdr-1, underlining the important roles of these 

proteins in the defense against cadmium toxicity (Cui et al., 2007). However, a more 

recent paper demonstrated that the knockdown of the three genes did not increase 

cadmium hypersensitivity, suggesting that other factors may be involved in the 

response to cadmium (Hall et al., 2012; Winter et al., 2016).  

On the whole, our data confirm the results of previous papers (Huang et al., 2006; 

Kofod et al., 1991; Romandini et al., 1992; Wang et al., 2015) showing that cadmium 

can substitute zinc leading to a reduction in SOD1 enzymatic activity. However, we 

cannot exclude that cadmium can react also with cysteines, as suggested by Polykretis 

et al., 2019, particularly during SOD1 folding. Our work also shows that cadmium 

can interfere with SOD1 activity when administered to a whole organism, like C. 

elegans, at sublethal doses for a short time; this confirms the risk associated to 
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cadmium contamination and suggests a role for cadmium in ALS pathogenesis. In the 

past years, other authors (Vinceti et al., 1997) failed to detect cadmium in the blood 

of sporadic ALS patients and found no evidence of association between ALS risk and 

toenails content of cadmium (Bergomi et al., 2002). However, it is well known that, 

once inside the body, cadmium enters the cells through a variety of transporters, the 

most relevant being Zn transporters in the lung and DMT1 in the intestine; it is 

therefore quickly removed from biological fluids and accumulates within cells and 

tissues by binding to different proteins. 

 

5.5 Conclusions 

Our results using three different model systems clearly demonstrate that cadmium 

leads to a loss of SOD1 enzymatic activity. The role of SOD1 mutations in fALS is 

already known and recognized. However, the mechanism(s) of metals are gaining 

attention as possible factors contributing to ALS (Tesauro et al., 2021). Cadmium, as 

a widespread environmental contaminant, has recognized effects on oxidative stress 

and metal dyshomeostasis, all factors contributing to neurodegenerative diseases. Our 

data show that cadmium can be harmful at low doses, mimicking environmental 

contamination. Thus, although insights into the contribution of both environmental 

and genetic (or genetic-like) factors are essential to the comprehension of ALS 

pathogenesis, understanding the environmental contribution is a critical aspect being 

the only component of the risk which can be modified. Our data confirm the 

importance of introducing effective measures to prevent environmental accumulation 

of cadmium, along with restoration and/or control of metal homeostasis in subjects at 

higher risk. 
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5.6 Supplementary figures 
 

 
Figure S1. Evaluation of CdCl2 effect on E. coli growth. 

E. coli BL21 growth curve in the presence of different CdCl2 doses (0-500 μM) (A), 

Cu2SO4 doses (0-1000 μM) (B) and ZnCl2 doses (0-100 μM) (C) added to the 

inoculation. 
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Figure S2. Evaluation of CdCl2, Cu2SO4 and ZnCl2 effect on recombinant hSOD1 

expression. 

Representative SDS-PAGE stained with Coomassie blue of soluble extracts (15 µg) 

prepared from recombinant E. coli exposed to different CdCl2 concentrations at the 

time of inoculation (A) or induction (B), to different Cu2SO4 concentrations at the 

time of inoculation (C) or induction (D) and to different ZnCl2 concentrations at the 

time of inoculation (E) or induction (F). 
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Figure S3. Evaluation of metal ions mixture effect on recombinant hSOD1 

expression. 

Representative SDS-PAGE stained with Coomassie blue of soluble extracts (15 µg) 

prepared from recombinant E. coli exposed to exposed to 500 μM Cu2SO4 and 

different CdCl2 concentrations (0-500 μM) at the time of inoculation (A) or induction 

(B), to 50 μM ZnCl2 and different CdCl2 concentrations (0-500 μM) at the time of 

inoculation (C) or induction (D) and to fixed 500 μM Cu2SO4 and 50 μM ZnCl2 

together with different CdCl2 concentrations (0-500 μM) at the time of inoculation (E) 

or induction (F). 
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The heavy metal cadmium is a widespread toxic pollutant, released into the 

environment mainly by anthropogenic activities. It has been classified as one of the 

main environmental and occupational chemical pollutants in industrialized countries, 

due to its extensive use in anthropogenic activities, to the absence of a biodegradation 

system and to its toxicity and accumulation in organisms, with an estimated half-life 

of 25-30 years in humans (Mezynska and Brzóska, 2018).  

Human exposure can occur through different sources: occupationally for workers 

exposed to the metal or environmentally for the general population, since it is found 

in air, soil and water. Cadmium uptake can occur through inhalation of polluted air, 

cigarette smoking or ingestion of contaminated food and water. It mainly enters the 

human body through the respiratory and the gastrointestinal tract, accounting 

respectively for the 10-40% and 5-8% of the load, with the skin playing a minor role; 

it accumulates in liver and kidneys (Nordberg, 2009; Sabolić et al., 2010; Sarkar et 

al., 2013).  

Brain is also a target of cadmium toxicity, since this toxicant may enter it either by 

increasing blood brain barrier permeability or through the olfactory nerves, affecting 

both peripheral and central nervous system (CNS) (Branca et al., 2020; Marchetti, 

2014; Miura et al., 2013; Tjälve and Henriksson, 1999). Moreover, cadmium exposure 

has been related to impaired functions of the nervous system and to neurodegenerative 

diseases, like amyotrophic lateral sclerosis (ALS), a fatal motor neuron disease 

accounting for the 90-95% of sporadic cases (sALS) and the 5-10% of familial ones 

(fALS) (Branca et al., 2018). In the onset of this pathology genetic, environmental 

and lifestyle factors play an important role, with cigarette smoking being the only 

factor correlated to negative survival in ALS patients (Calvo et al., 2016). Moreover, 

ALS patients showed elevated heavy metals concentrations (Roos et al., 2013). 15-

20% of fALS is related to mutations in superoxide dismutase 1 (SOD1) gene, that 

encodes for the homonym antioxidant protein responsible for superoxide anions 

dismutation. SOD1 is a homodimeric metalloenzyme of 32 kDa, mainly located in the 

cytoplasm, with each monomer binding one copper and one zinc ion and a disulfide 

intrasubunit bond. The zinc ion and the disulfide bond are involved in structure 

stability and correct folding, while the copper ion is responsible for the catalytic 

activity. 
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Inside the nervous system cadmium spreads its toxicity in several ways, such as 

interfering with essential metal ions homeostasis, depleting cell’s antioxidant defence 

systems or damaging mitochondrial with a consequent alteration of energetic 

metabolism.  

We initially investigated the energetic metabolism of human neural SH-SY5Y cells 

exposed to 10 µM or 20 µM CdCl2. We have decided to use sub-lethal cadmium doses 

to mimick a real in vivo situation due to this metal widespread distribution and 

extremely long half-life; in fact, cadmium heavily accumulates in the organism (e.g. 

2 μg/g liver, and 70 μg/g kidney) reaching its plateau in the kidney at 50 years of age 

and concentrations up to 20 µM have been reported in the human body (Forcella et 

al., 2020; Satarug and Moore, 2004). Moreover, depending on the composition of the 

diet and the quality of the consumed meals, the total amount of ingested cadmium in 

industrialized countries ranges from 10 μg to over 200 μg per day, considering an 

acceptable daily intake level of 0.1 μg kg−1 body weight per day for chronic exposure 

(Mezynska and Brzoska, 2018; Wang and Du, 2013).  

SH-SY5Y cells treated with sub-lethal CdCl2 concentrations showed an enhancement 

in glycolytic functions, although the metal administration caused a decrease in the 

ability to supply energy demand via glycolysis in the presence of stressor compounds, 

compared to control cells. Cadmium treatment induced an increase in basal and 

compensatory glycolysis, as well as in glycolytic capacity and glycolytic reserve, i.e. 

the cell’s ability to use glycolysis to its maximum capacity, a measure of how close 

the glycolytic function is to the cell theoretical maximum. Moreover, upon cadmium 

addition, the evaluation of ATP production showed a higher rely on glycolysis rather 

than oxidative phosphorylation for energy production, although we did not observe 

any alteration in mitochondrial coupling efficiency in the presence of the toxicant. A 

closer investigation of mitochondrial functionality highlighted a reduction in basal 

respiration, maximum respiration and ATP production in the presence of CdCl2 in a 

dose-dependent way, probably due to cadmium negative effects on complex II and 

complex III of the electron transport chain (ETC) (Brand, 2016). Overall, in the 

presence of cadmium we observed an enhanced glycolysis due to inadequate energy 

supply through oxidative phosphorylation, in accordance with previous work on 

mouse neuronal PC-12 cells, mouse C3H cell line and human osteoblasts treated with 
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sub-lethal cadmium concentrations (Al-Ghafari et al., 2019; Oldani et al., 2020; Zong 

et al., 2018).  

The energy metabolism study also showed a higher basal extracellular acidification 

rate (ECAR) for cadmium treated cells, measured in the absence of glucose, which 

can be due to cadmium promoting amino acids breakdown to yield acetylCoA to fuel 

Krebs cycle, as suggested by Sabir and colleagues (Sabir et al., 2019). This hypothesis 

is supported by the mitochondrial fuel oxidation pattern analysis, showing that 

cadmium treated cells strongly rely on glutamine to maintain baseline respiration; 

therefore, the ECAR measured in this case would be partly due to CO2, explaining 

why the acidification level remained high, following glycolysis inhibition, in 

cadmium treated cells. However, this increase in glutamine dependency was not 

accompanied by any variation in glutamine capacity, meaning that the cells cannot 

increase their ability to use glutamine as a fuel when other fuels pathways are blocked. 

Both CdCl2 concentrations lead to a similar increase in glutamine dependency, 

suggesting that a maximum has been reached in glutamine supply. Moreover, this 

explains the decrease in lipid dependency in cadmium treated cells, since glutamine 

enters Krebs cycle as α-ketoglutarate to yield citrate; the latter can be translocated into 

the cytosol where it is converted by citrate lyase into oxalacetate and acetylCoA, 

which is carboxylated to malonylCoA, producing fatty acids. 

An increase in glutamine consumption could be linked to a defensive mechanism 

against oxidative stress triggered by cadmium, since it can lead to a higher glutamate 

production, that could be used for glutathione synthesis, together with glycine and 

cysteine produced by glycolytic intermediates. This assumption could be an 

explanation of the increase in total glutathione observed in our experiments. However, 

the ratio GSSG/GSH is increased following cadmium administration and, although 

cell death is prevented, lipid peroxidation could be detected in cells treated with 

cadmium revealing an altered oxidative homeostasis, which was investigated in 

differentiated neurons, using differentiated LUHMES cells.  

Upon cadmium exposure in differentiated LUHMES cells, we have observed a strong 

increase in GSH level at the lower CdCl2 doses, reaching a maximum peak at 5 µM, 

followed by a dramatical dose-dependent decrease. This increase in GSH content at 
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lower metal doses could be a first scavenging response, due to cadmium high affinity 

for sulfhydryl groups (-SH).  

In order to better understand this enhanced GSH content at cadmium lower doses, we 

have focused our attention on Nuclear factor erythroid 2-related factor 2 (Nrf2), an 

important player in cellular homeostasis maintenance. Under physiological 

conditions, Nrf2 is negatively regulated by Keap1, which dissociates in the presence 

of stress conditions, like an increase in reactive oxygen species (ROS). Free Nrf2 

accumulates in the cytoplasm and subsequently translocates to the nucleus where it 

binds to antioxidant responsive element (ARE) genes activating them. Differentiated 

LUHMES treated with 5 µM CdCl2 showed an increased Nrf2 protein level, leading 

us to hypothesize that cadmium induced oxidative balance alterations require the 

activation of complementary signalling pathway in enhancing the action of 

antioxidant systems against oxidative damage, like the Nrf2 one. However, we have 

observed an increase only in the protein expression level, while the mRNA transcript 

remains comparable to control, suggesting that Nrf2 is activated through protein 

stabilization. This stabilization was further confirmed by the enhanced p21 expression 

level and the increase in both GSK3β and Akt phosphorylation. In fact, p21 and P-

Akt are positive regulators of Nrf2 activation as p21 and Keap1 bind on the same 

domain on Nrf2, but with opposite functions, while P-Akt phosphorylates GSK3β 

inhibiting it and cancelling its negative effect on Nrf2 (Chen et al., 2009; Chowdhry 

et al., 2013).  

Another evidence of altered oxidative homeostasis causing Nrf2 activation is given 

by the increased transcriptional levels of HMOX1 and GCLM. The first gene encodes 

for heme oxygenase 1, a stress inducible enzyme involved in ROS detoxification, 

while the second codes for glutamate-cysteine ligase modified subunit, a part of the 

glutamate-cysteine ligase, the enzyme catalyzing the rate limiting step in GSH 

synthesis. This increase in GCLM transcript could be an explanation for the higher 

GSH level found at CdCl2 lowest doses, as an early response against cadmium 

toxicity. Moreover, the evaluation of GSH pre-treatment in the presence of the metal 

on LUHMES viability underlined the protective role exerted by GSH, since it restored 

cells viability even at the highest CdCl2 doses, that could be inactivated either through 

a bigger pool of cadmium scavenging GSH, or by a higher antioxidant defence 
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potential. A protective role on LUHMES cells viability is also played by astrocytes 

and microglia conditioned medium (CM), which prevents cell death even at the 

highest metal concentrations. Regarding GSH, in CM its level remained quite similar 

to the control till 50 µM CdCl2 and its initial peak observed in LUHMES cells at the 

lowest CdCl2 doses was not present, leading us to suggest a possible external GSH 

uptake.   

Our results showed an altered oxidative metabolism after cadmium administration, in 

accordance with this metal ability to indirectly increase oxidative stress, despite its 

inability in direct ROS generation. One of the mechanisms for cadmium induced 

oxidative stress is the weakening of antioxidant enzymes, like SOD1; previously 

investigations of cadmium ability to displace either zinc or copper, or both, led to 

contradicting results (Huang et al., 2006; Kofod et al., 1991; Luchinat et al., 2014; 

Polykretis et al., 2019; Wang et al., 2015). During SOD1 maturation the coordination 

of copper and zinc ions, as well as a disulfide bond formation between Cys57 and 

Cys146, are not only required, but also necessary for the production of a stabilized 

native conformation and the subsequent functional homodimer formation (Ding and 

Dokholyan, 2008). Although zinc insertion mechanism during SOD1 folding has not 

yet been fully elucidated, it is known that copper can be inserted either through the 

copper chaperone (CCS), as in yeast, or in an independent way requiring GSH, as in 

Escherichia coli and Caenorhabditis elegans, while in humans it can take place using 

both pathways (Banci et al., 2012; Carroll et al., 2004; Leitch et al., 2009).  

Cadmium dysregulation of copper and zinc homeostasis and its substitution to zinc in 

a variety of zinc proteins, led as to suggest a possible involvement of cadmium 

negative effect on SOD1 linked to ALS, in accordance with SOD1 being most 

important in oxidative stress defense in neuronal cells and its mutations being 

responsible for 20% of fALS and 3% sALS (Kaur et al., 2016; Satarug et al., 2018; 

Urani et al., 2015).  

Our results, obtained in three different experimental models, clearly demonstrate the 

inactivating effect of cadmium on SOD1 activity, not affecting its expression level. In 

the first model, represented by the human SOD1 expressed as a recombinant protein 

in E. coli, CdCl2 concentrations up to 500 µM apparently did not cause any decrease 

in SOD1 activity. However, having a high expression levels of the recombinant 
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protein, either copper or zinc could be limiting during E. coli growth; in fact, the mean 

of absolute SOD1 specific activity was 8.1 U/mg for cells grown in the presence of 

either copper alone or copper and zinc and a value of 2.8 U/mg for cells grown without 

copper, showing that copper is the limiting metal in our conditions, in accordance with 

Lin and colleagues (Lin et al., 2018).  

When administered together with optimal 500 µM Cu2SO4 concentration, cadmium 

led to a dose dependent decrease in SOD1 specific activity, starting at 50 µM CdCl2, 

not seen in the presence of an optimal ZnCl2 concentration (50 µM). When both 

copper and zinc were administered, a decrease in SOD1 specific activity was still 

detected, although to a minor extent respect to the decrease observed in the absence 

of zinc. Taken together these results suggest that cadmium displaces zinc when copper 

is in excess and zinc is limiting. Due to its larger size, cadmium ions can be difficult 

to release once they have displaced zinc ions and also zinc is more likely to dissociate 

than copper, because SOD1 has an approximately 7000-fold lower affinity for zinc 

than it does for copper (Crow et al., 1997). Moreover, cadmium can displace zinc, 

inducing a conformational change in SOD1 and decreasing its activity (Huang et al., 

2006). 

Another explanation could be that cadmium can increase SOD1 aggregation, since the 

amount of purified protein obtained from cells grown without cadmium was found to 

be one third of the amount obtained from the same number of cells grown in the 

presence of cadmium. In fact, besides displacing zinc from proteins, cadmium has a 

high affinity for cysteines and could interfere with SOD1 folding, which requires the 

formation of a disulfide bridge between Cys57 and Cys146, as shown by Polykretis 

and colleagues (Polykretis et al., 2019). Moreover, cadmium binding to GSH, which 

in E. coli is essential for SOD1 folding, could also impair folding leading to SOD1 

aggregation.  

Identical results were obtained also in the other two experimental models, the human 

neuroblastoma SH-SY5Y cell line and the nematode C. elegans. Not only SH-SY5Y 

cells treated with either 10 µM or 20 µM CdCl2 showed a decrease in SOD1 specific 

activity, without alteration in SOD1 expression level, but a reduction in SOD1 activity 

was also further confirmed in C. elegans, in which a sub-lethal cadmium uptake 
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through food ingestion caused a 25% reduction of SOD1 activity without altering the 

protein level. 

Overall, cadmium caused alterations in the oxidative balance, that led to a reduction 

in the activity of antioxidant enzymes, like SOD1, and to the activation of Nrf2 

resulting in an increase in GSH production, as well as to a rearrangement of the energy 

metabolism. This plethora of adverse effect together with cadmium bio-accumulative 

attitude should be taken into account by the authority in order to have better cadmium 

regulations for long-term human safety. 
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