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resumo 
 

 

O cádmio exerce efeitos nocivos para a saúde pública. A exposição ambiental 
e ocupacional, são as duas principais formas de exposição em humanos. Foi 
também demonstrado que mesmo baixos níveis de exposição ao cádmio 
podem causar falência de diferentes órgãos. A exposição ao cádmio está 
também associada a doenças relacionadas com o tecido ósseo. Além disso, foi 
relatado que a exposição ao cádmio pode perturbar a homeostasia do cálcio, 
formação de vitamina D e é também capaz de interagir directamente no 
metabolismo ósseo.  
As espécies reactivas de oxigénio têm uma função importante na reabsorção 
óssea e, desta forma, a ruptura do equilíbrio oxidativo pode resultar em 
distúrbios no seu metabolismo. Embora os efeitos deletérios do cádmio no 
osso sejam conhecidos, os mecanismos de acção nas células ósseas ainda 
não estão completamente esclarecidos. 
Os objectivos deste estudo consistiram em avaliar o papel do cádmio na 
promoção de alterações celulares, tais como desequilíbrio oxidativo e indução 
de apoptose. 
Para investigar os efeitos do cádmio foi utilizada a linha humana de 
osteosarcoma MG-63. A inibição da viabilidade celular pelo cádmio foi avaliada 
através do ensaio de MTT. Com base nesses resultados foram escolhidos as 

doses subletais de cádmio (20 e 50 µM) a serem utilizadas nos estudos 

posteriores. As células foram expostas às duas concentrações de cádmio em 
dois períodos de tempo (24 e 48 horas). Os seus efeitos citotóxicos foram 
avaliados vários por parâmetros enzimáticos de stress 
oxidativo,nomeadamente a determinação da actividade de superóxido 
dismutase, catalase e a glutationa reductase assim como conteúdo total de 
glutationa . Além destes, foi também avaliada a indução da apoptose pelo 
cádmio, através do ensaio com anexina V. 
Observaram-se diferenças em todas as enzimas anti-oxidantes, 
nomeadamente, um aumento da actividade catalase com o aumento da dose 
de cádmio e uma inibição da actividade da glutationa reductase assim como da 
concentração de glutationa, resultando em stress oxidativo. Finalmente, 
observou-se que nas doses e tempos testados, o cádmio induziu apoptose nas 
células. 
Em conclusão, o cádmio, nas concentrações de 20 µM e 50 µM induziu 
alterações na fisiologia da linha celular humana MG-63, causando stress 
oxidativo levando à morte celular por apoptose. 
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abstract 

 
Cadmium exerts harmful effect on public health. Environmental and 
occupational exposure, are the two main ways for human exposure. It was also  
shown that even low levels of cadmium exposure can leave to renal and other 
organs failure. Exposure to cadmium is associated with various bone problems 
and diseases like bone loss, fragilization and osteoporosis. Moreover, it was 
reported that cadmium exposure may perturb calcium homeostasis, Vitamin D 
formation and interact directly on bone metabolism.  
Reactive oxygen species have an important function in bone resorption, so 
disruption of the oxidative balance in bone tissue may result in disorders in 
bone metabolism. Although the deleterious effects of cadmium in bone are 
known, the mechanisms of action in bone cell are still not completely 
understood. 
The aims of this research study were to evaluate cadmium role in promoting 
cellular alterations, namely inducing oxidative stress imbalance and ultimately 
apoptosis. 
To investigate cadmium effects the human osteoblast-like cell line MG-63 was 
used. Inhibition of cell viability by cadmium was assessed by MTT assay. 
Based on these results, the sublethal doses of cadmium, 20 and 50 μM were 
chosen, for further studies. Cells were exposed to those concentrations of 
cadmium chloride for two periods of time (24 and 48 hours). After that, cells 
were harvested and several parameters were evaluated. The cytotoxic 
parameters followed a comprehensive set of oxidative stress assays with 
enzymatic parameters, namely determination of the activity of superoxide 
dismutase, catalase glutathione reductase and total glutathione content. 
Moreover, cadmium-induced apoptosis was assessed with annexin V assay. 
We observed differences in all anti-oxidant enzymes, namely an increase, 
catalase activities with the increased of cadmium dose and a glutathione 
reductase activity inhibition and also depletion on glutathione content, which 
may result in imbalance in oxidative stress. Finally, for the doses and periods 
tested, cadmium induced cell apoptosis..  
In conclusion, cadmium chloride at 20 µM and 50 µM induced changes on 
human MG-63 cell line physiology, as it cause oxidative stress imbalance which 
lead to cell death by apoptosis.  
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Introduction 

1. CADMIUM: GENERAL CONSIDERATIONS  

 Cadmium (Cd) was discovered in XIX century in 1817 by the German chemist 

Friedrich Strohmeyer. It is a natural element in the earth's crust and usually found in 

combination with other elements such as oxygen (cadmium oxide), chlorine (cadmium 

chloride), or sulfur (cadmium sulfate, cadmium sulfide). All soils and rocks, including coal 

and mineral fertilizers, contain some Cd. Most Cd used is extracted during the production 

of other metals like zinc, lead and copper (1). 

 Cd does not corrode easily and has many applications, including the manufacture of 

nickel-cadmium (Ni-Cd) batteries, pigments and plastic stabilizers and also in metal 

coatings, alloys and electroplating. It also has applications in nanotechnology, e.g., in 

cadmium-containing nanoparticles (such as those of CdSe or CdTe), which have numerous 

biomedical applications, especially in the diagnosis of cancer (2-4). Natural sources of Cd 

exposure include volcanic activity, forest fires and soil particles carried by wind. Most 

important anthropic sources are copper (Cu) and nickel (Ni) smelting and fossil fuel 

combustion (5). 

 Cd is nowadays classified as a toxic element without any beneficial role in human 

physiology. It was recently reported that some marine algae contain a form of the enzyme 

carboanhydrase with Cd instead of zinc (Zn) in their active sites (6).  
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1.1. Cadmium as a Health Hazard 

 Cd is an ubiquitous environmental and occupational pollutant. Its first harmful 

effects were discovered only forty years later of its discover, as acute gastrointestinal and 

respiratory problems in persons using cadmium carbonate powder as a polishing agent. 

Soon after 1912, its occupational exposure was augmented with production of Ni-Cd 

batteries in Sweden. Damage in the lungs in Cd-exposed workers was reported early as the 

1930s, later, in the 1940s proteinuria and emphysema was reported and confirmed by 

further investigations on lungs, kidneys, and bones (recently reviewed by Nordberg (7)). It 

was based on Itai-itai disease that the dangerous dimensions of Cd as an environmental 

pollutant were demonstrated. Itai-itai was an endemic bone disease characterized by 

fractures and severe pain related to Cd exposure that occurred after World War II in 

Toyama Prefecture in Japan. By 1968, the Japanese government acknowledged this as an 

environmental disease related to Cd-contaminated water released from a mine into the 

Jinzu River, which was used to irrigate rice fields (7). For the first time, Cd pollution was 

shown to have severe consequences on human health with the demonstration that exposure 

to high Cd levels was associated with adverse effects on the skeleton through toxic effects 

on kidney, and also, as was confirmed later, by direct Cd effects on bone tissue. For all 

that, World Health Organization considers Cd as a highly toxic and a human carcinogen 

causing cancers in lung, prostate, pancreas, and kidney (8). 

1.1.1. Cadmium intake 

 Humans are prone to make contact with Cd either by occupational and non-

ocupational exposure. The routes of its intake involve the lungs, intestines and skin. Cd 

binds predominantly to metallothioneins (9-11). The Cd–metallothionein complex is 

distributed to various tissues and organs and is ultimately reabsorbed in kidney tubuli (10, 

12). There are no known mechanisms for the excretion of Cd in humans, thus it 

accumulates in tissues. The half-life of Cd in kidney cortex is 20–35 years. In humans, the 

largest amount of Cd is deposited in the kidneys, liver, pancreas and lungs (13).  

  



3 

 

1.1.1.1. Occupational exposure 

 Occupational exposure to Cd usually occurs in: mines; production of batteries and 

pigments containing Cd; mineral smelting, Cd production and processing; recycling 

electronic waste and in smoking. In the last few decades, the production and use of Cd had 

a significant drop, especially in the United States of America and in the European Union 

(14). Cd nanoparticles, despite their potential to revolutionize medical therapy, are putative 

toxicants, and their use is therefore likely to become another source of its toxicity in the 

future. However, Cd remains a major health problem, mostly due to its long half-life (15 to 

20 years) and persistence in the environment. It can enter the food chain, increasing Cd 

human availability by bioaccumulation (15).  

1.1.1.2. Non- occupational exposure 

 Food is the main source of Cd for the non-smoking population estimates of dietary 

Cd intake worldwide range from 10–40 μg/day in non-polluted areas to several hundred 

micrograms in Cd-polluted regions (16). Cd is a contaminant present in almost all forms of 

food, with greater incidence to wheat and rice, green leafy vegetables, in potatoes and in 

fish and jellyfish (mollusks and crustaceans). This is due to anthropic activities (as those 

reported above) which contribute in a significantly manner to Cd leakage to food chain by 

the soil and seas contamination. Additionally, the predominant human Cd daily intake 

arrives from smoking. Depending of the brand, each cigarette can contain between 1 μg 

and 2 μg of Cd, which 40% to 60% can reach the blood stream by oral intake (17, 18). 

1.1.2. Cadmium and bone 

 As reported above, the consumption of Cd-contaminated rice and water provoked 

severe problems in Toyama-Japan population. Itai-itai etiology consists in symptoms of 

osteomalacia and osteoporosis, femoral pain, lumbago and skeleton deformations, renal 

tubular dysfunction, immune deficiencies and anaemia. Biochemical findings were 

characteristic of osteomalacia with increased serum levels of alkaline phosphatase and 

decreases in calcium and phosphate levels. Anemia and gastrointestinal and renal 

dysfunction were other less prominent findings (7) 
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 To define the occupational and environmental exposure risks, the Scientific 

Committee on the Toxicology of Metals under the International Commission on 

Occupational Health established some key concepts. One of them is the term, “critical 

organ” which is considered as “that particular organ which first attains the critical 

concentration of a metal under specified circumstances of exposure and for a given 

population”. The “critical organ” is related to the term “critical effect”. The “critical 

effect” is the earliest adverse effect occurring at relatively low exposures when the 

threshold concentration (critical concentration) is reached in the critical organ. The critical 

concentration in the critical organ is the concentration in the organ when adverse 

functional changes, reversible or irreversible, occur in the most sensitive cells of the organ 

(as described by Nordberg (7)). The knowledge of the critical effect is crucial for 

preventive action, because it is the earliest effect occurring at the lowest exposure levels 

(7). 

 During the first half of the last century, damages of lung and kidney were reported 

as the critical effects in occupational exposure to Cd. Researchers initially considered bone 

effects as secondary ones (mediated by kidney effects). The Cd effects on bone thus were 

not considered to be critical effects. At present, it seems more difficult to determine 

whether bone effects may be critical effects or not, because there are indications from 

animal experiments of a direct effect of Cd on bone remodeling, and increased bone loss 

has been demonstrated in Cd exposed animals even before renal dysfunction is developed. 

These data support therefore that Cd has a direct effect on bone mineralization 

(Bhattacharyya vide Gunnar (19)). 

 In the last decade emerging new data arose on Cd toxicity on several tissues/organs 

such as leading to impairment of reproductive system (20) and promoting carcinogenesis 

(see 1.2), among others. Similarly, direct effects of Cd on bone have increasingly come 

into focus supporting them as critical effects. It is, so, imperative to identify Cd model(s) 

of action, which will provide new insight in both: a) Cd and/or Cd-based nanoparticles 

toxicity and b) develop new forms of treatment in case of Cd intoxication. 
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1.2. Cadmium and Cell Biology 

1.2.1. Cadmium as a carcinogen 

 Cd has been classified as a human carcinogen of category #1 by the International 

Agency for Research on Cancer and the National Toxicology Program of the USA (21). It 

has also been suggested that Cd might also be implicated in the pathogenesis of human 

pancreatic cancer and renal carcinoma (22, 23). Occupational exposure to Cd has been 

associated with prostate, lung and gastro-intestinal (kidney and pancreas) cancers. 

Smoking can synergistically increase the carcinogenic effect of Cd (24). The effect of 

environmental exposure to Cd on cancer incidence had shown an association between risk 

of cancer and Cd exposure. A possible cause of Cd induced carcinogenicity may rely on its 

interactions with E-cadherin (a transmembrane Ca(II)-binding glycoprotein playing an 

important role in cell–cell adhesion). This glycoprotein can also bind Cd to Ca(II)-binding 

regions, changing the glycoprotein conformation, and so disrupting cell-cell adhesion and 

eventually becoming a promoter of tumor induction . Cd can also activate cellular protein 

kinases (protein kinase C), which result in enhanced phosphorylation of various 

transcription factors which in turn lead to activation of target gene expression (25). 

 It is well known that Cd also interferes with the biokinetics and biological roles of 

many essential metals and metalloids such calcium (Ca), magnesium (Mg), sodium (Na), 

potassium (K), zinc (Zn), copper (Cu), iron (Fe), manganese (Mn), selenium (Se), 

molybdenum (Mo), trivalent chromium [Cr(III)], cobalt (Co), boron (B), among others 

(26). However, the exact mechanisms involved in these interactions have not been entirely 

identified. Cd and Zn interactions are probably among the most recognized metal-metal 

interactions. This interaction was strongly supported by data that correlated the increasing 

exposure of the population to environmental Cd and an increase of Zn deficiency (15). Zn 

is a co-factor in innumerous enzymes and regulatory proteins, including enzymes for 

synthesis and repair of DNA and RNA. Moreover, because Cd and Zn have similar 

characteristics - both belong to the group 12 of the periodic table and form tetrahedral 

complexes, they compete for the same binding sites and/or ligands in biological systems. 

This interaction causes impairment in Zn homeostasis and may have serious consequences 

on cell growth, development, and their functions. 
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1.2.2. Cadmium and oxidative stress  

 Although the toxic mechanisms of Cd are not fully understood, it’s known that Cd 

acts intracellulary mainly by free radical-induced damage, particularly to the lungs, 

kidneys, bone, central nervous system, reproductive organs and heart (27). Moreover, Cd 

by itself, is unable to generate free radicals directly, indirect formation of reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) involving the superoxide radical, 

hydroxyl radical and nitric oxide has been reported (22). Other authors also described the 

generation of H2O2, induced by Cd which can be a major source of radicals via Fenton 

chemistry. Indeed, Prince proposed in 1983 (28) a mechanisms in which Cd can replace Fe 

and Cu in several cytoplasmic or membrane proteins (e.g., ferritin, apoferritin) thus 

increasing the pool of unbound Fe and Cu ions, which are capable of creating oxidative 

stress via Fenton reactions. These results are also supported by more recent findings on 

Cd-induced displacements of other cations (29) 

 Once inside the cell, Cd may also target mitochondria, mostly by binding to protein 

thiols in mitochondrial membranes. This interaction may influence mitochondrial 

permeability transition, inhibit electron transport chain, and may lead to ROS generation. 

Moreover, Cd inhibits mitochondrial complex III, which lead to semiubiquinone 

accumulation, promoting the transference of electrons to molecular oxygen forming 

superoxide anions. These Cd-mitochondria interactions are in general present in both plant 

and animal cells, and it is evident that this is an important source for Cd generated ROS in 

the cell (30). 
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2. OXIDATIVE STRESS 

 Oxidative stress has been defined as a disturbance in the balance between the 

production of oxidant species (free radicals) and antioxidant defenses, which may lead to 

tissue injury (31). Free radicals are formed in large amounts as an unavoidable by-product 

of many biochemical processes and in some instances, deliberately (e.g. as it happens in 

activated neutrophils). In addition, free radicals may be generated in the body in response 

to electromagnetic and ionizing radiation like X-rays and by gamma rays from the 

environment or acquired directly as oxidizing pollutants such as ozone and nitrogen 

dioxide. At the physiological level they can be produced by metal-catalyzed reactions, by 

neutrophils and macrophages activation during inflammation and by mitochondria (32).  

 As result of free radical generalized attack of cell components, complex antioxidant 

defense mechanisms have evolved to protect body tissues. Despite the presence of this 

antioxidant system, oxidative damage accumulates during the life cycle. Its accumulation 

in DNA, proteins and lipids play a key role in the development of age-dependent diseases 

such as cancer, arteriosclerosis, arthritis, neurodegenerative disorders, among other 

conditions. ROS are also implicated in several signaling pathways, which are well 

harmonized with cell antioxidant network (33) 

2.1. Free Radicals 

 Free radicals are any chemical species with independent existence that contains 

unpaired electrons (32). These electrons increase the chemical reactivity of an atom or 

molecule. The most common examples of free radicals are the hydroxyl radical (
•
OH), 

superoxide anion (
•
O2

-
), transition metals such as iron and copper, nitric oxide (

•
NO) (32). 

 Free radicals can be produced by different biochemical processes within the body 

including: reduction of molecular oxygen during aerobic respiration yielding superoxide 

and hydroxyl radicals in mitochondrial electron transport chain; as a by-products of 

chemistry such as oxidation of catecholamines and activation of the arachidonic acid 

cascade product electrons, which can reduce molecular oxygen to superoxide; in 

cytochrome P450 enzymes metabolism; in, e.g., vascular endothelium that produce nitric 

oxide; or in inflammatory cell activation. In addition, free radicals can be produced 



8 

 

physiologically in response to environmental stress agents, e.g. metal ions, electromagnetic 

radiation (13, 23). 

 The presence of unpaired electrons in free radicals confers them highly reactivity, 

although this varies from radical to radical. Free radicals need to achieve a more stable 

state by acceptance or donation of electrons to other molecules. As most molecules are not 

free radicals, the majority of reactions will involve non-radical species. Reactions of a 

radical with a non-radical (all biological macromolecules are possible targets) produce free 

radical chain reactions with the formation of new radicals, which in turn can react with 

further macromolecules. Important examples are lipid peroxidation and protein damage, 

e.g, addition of carbonyl groups. Carbonyl derivatives of amino acid residues render the 

protein susceptible to proteolysis. From interaction with free radicals, DNA may also 

suffer changes, namely damage (see 2.3). These can be all symptomatic effects for 

numerous diseases such as: cancer, cardiovascular, diabetes, atherosclerosis, neurological 

disorders (Alzheimer's disease and Parkinson's disease) and chronic inflammation, among 

others. Oxidative species can also lead to apoptosis by the activations of the intrinsic 

pathway (34). Lipid peroxidation products [e.g., malondialdehyde (MDA), 4-

hydroxynonenal (HNE)] are potent mutagens and have been reported as modulators of 

signal pathways related to proliferation and apoptosis, processes implicated in 

carcinogenesis (35) 

 The hydroxyl radical, the most potent oxidant known, has an extremely short half-

life, and the capability to attack most biological molecules resulting in the propagation of 

free radical chain reactions. It can be generated through a variety of mechanisms. Ionising 

radiation, which causes decomposition of H2O, resulting in the formation of 
•
OH and 

hydrogen atoms, is also generated by photolytic decomposition of alkylhydroperoxides, or 

by Fenton chemistry using metal as reducing agents. The metal-catalyzed breakdown of 

hydrogen peroxide, according to the general Fenton reaction (see equation 1, where M
n+

 is 

a metal) occurs when M
n+

 is Fe, Cu or Cr. Although other metal can catalyze this reaction, 

these are the most prevalent catalyzers 

                             
. 

  Superoxide anion is formed when oxygen accepts an electron. Superoxide anion 

can act as a reducing agent of iron complexes (e.g., cytochrome c) by the Waber-Weiss 
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reaction and it is likely to be an important source of hydroxyl radicals and hydrogen 

peroxide (23,36). On the other hand, the redox inactive metals, such as Cd, arsenic (As) 

and lead (Pb) can promote oxidative stress indirectly, either by alteration of signaling 

pathways or disrupting anti-oxidant homeostasis. Indeed recent notes describe the direct 

formation of H2O2
 
by arsenic under physiological condition and depletion of glutathione 

reduced by Cd (for review see Jomova 2011 (13)). 

2.2. Anti-Oxidant Defenses 

Antioxidant is any substance that when present at low concentrations (compared with those 

of the oxidizable substrate) considerably delays or inhibits its oxidation (33). Cell 

antioxidative defense can be categorized as enzymatic, non-enzymatic and extracellular 

mechanisms. The enzymatic defense is mediated by a group of enzymes which are capable 

of metabolize ROS and ROS precursors (e.g. H2O2). In the same way, non-enzymatic 

defenses are responsible for an identical process, but without the aid of enzymes, instead, 

are used several molecules that can donate electrons to radical species or by processes who 

diminish ROS production (33, 37, 38).  

2.2.1. Enzymatic defenses 

Cellular antioxidant defenses include the superoxide dismutase (SOD), glutathione 

peroxidase (GPx), and catalase (CAT) enzymes (33). These enzymes act in chain to 

achieve the scavenger of free radicals. SOD isoforms are differently distributed among 

intra and extra cellular spaces. These isoenzymes are capable of catalyzing the dismutation 

of superoxide anion to hydrogen peroxide and molecular oxygen (equation 9)(39). 

         
      

   
             

 

 

Although, H2O2 is a weaker oxidant than superoxide anion it is relatively stable and can 

easily diffuse across biological membranes entering in cellular compartments. Two 

enzymes can breakdown H2O2, GPx and CAT. The first is present in cytosol and 

mitochondria, and has a major role in the breakdown of most H2O2 generated by SOD. In 
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the reduction of H2O2, as illustrated by equation 3, GPx uses as antioxidant the reduced 

glutathione (GSH) generating H2O and oxidized glutathione (GSSG)(40). 

               
   
                

 

CAT can also breakdown H2O2 to molecular oxygen. It is localized in the peroxisomes, 

and is mostly responsible for the removal of H2O2 when it is present in higher 

concentration in tissue (equation 4) (41). 

          

   
            

 

When these enzymatic systems work together, they efficiently maintain the counterbalance 

oxidant species in cells and tissues.  

2.2.2. Non-enzymatic defenses 

 Cells contain non-enzymatic systems capable of contain free radicals insults. 

Molecules such as vitamin E, coenzyme Q, β-carotene and other carotenes are present 

within cell membranes. Also vitamin C (L-ascorbic acid) and GSH are molecules present 

in cytosol (38). These non-enzymatic molecules act as antioxidants and can sustain 

oxidative stress. Furthermore, tissues are also protected against free radicals by several 

binding proteins (transferrin, lactoferrin, ceruloplasmin, haptoglobins, hemopexin and 

albumin) which can sequester metals and keep it in a nonreactive state (23). Indeed the 

mechanism of metal-induced free radicals formation is tightly influenced by the action of 

cellular antioxidants. These proteins are highly inducible by metals and oxidants and thus, 

are critical in protection against exogenous oxidants, as is the case of Cd (42). Moreover, 

many low-molecular weight antioxidants such as ascorbic acid, alpha-tocopherol, 

glutathione (GSH), carotenoids, flavonoids, and other antioxidants, are capable of 

chelating metal ions reducing thus their catalytic activity to form ROS (13). 

2.2.3. Others defenses 

 Besides the above reported antioxidative systems, cells evolved complementary 

mechanisms to regulate ROS production, namely the metabolic uncoupling of 

mitochondria. The short-cut of the mitochondrial electron chain by uncoupling proteins 
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(UCP) decrease the ROS formation where the reduction power of oxidative metabolism is 

transferred to heath production and ROS-formation control (42).  

2.3. Oxidative Damage to Biomolecules 

2.3.1. DNA damage 

 Reactive oxygen species are formed through a variety of events and pathways and 

can react with almost every molecule in cell. The hydroxyl radical is known to directly 

react with all components of the DNA molecule. It can damage purine and pyrimidine 

bases and also the deoxyribose backbone (43). Permanent modification of genetic material 

represents the first step involved in mutagenesis, carcinogenesis and ageing. In fact, is well 

established, in various cancer tissues that free radical-mediated DNA damage had 

occurred. ROS-induced DNA damage can involve single- or double stranded DNA breaks, 

purine, pyrimidine, or deoxyribose modifications, and DNA cross-links. DNA damage can 

result either in arrest or induction of transcription, induction of signal transduction 

pathways, replication errors and genomic instability, all associated to carcinogenesis (44). 

A good biomarker for DNA oxidative stress and a potential biomarker of carcinogenesis is 

8-hydroxyguanine (8-OH-G or 8-oxo-G). This oxidized DNA product is important because 

it is easily produced and also is mutagenic and carcinogenic. Several studies have reported 

8-OH-G link with oxidative damage (45). Other methods for measuring oxidative DNA 

damage may involve for example, enzymatic digestion of DNA; the acidic hydrolysis of 

DNA (46). 

Mutations and altered expression in mitochondrial genes encoding for respiratory 

complexes, and in the hypervariable regions of mtDNA were also identified in several 

cancers (47). mtDNA is close ROS formation, is not protect by histones and has limited 

repairing capability, for all of that it is an easy target to ROS (48). 

2.3.2. Lipid peroxidation 

 All cellular membranes are sensitive to oxidative attack namely those membranes 

with polyunsaturated fatty acids (PUFA) in its composition. The process of lipid 

peroxidation consists of three stages: initiation, propagation and termination. The peroxyl 

radicals (ROO•) after formation can be arranged via a cyclization reaction to 
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endoperoxides with the final product of the peroxidation process being malondialdehyde 

(MDA) (49). The major aldehyde product of lipid peroxidation other than malondialdehyde 

is 4-hydroxy-2-nonenal (HNE). MDA is mutagenic in bacterial and mammalian cells and 

carcinogenic in rats (50). HNE is weakly mutagenic but is the major toxic product of lipid 

peroxidation. It also has a powerful effect on signal transduction pathways. Moreover, lipid 

peroxidation products can interact with DNA, creating adducts that can lead to DNA–DNA 

interstrand crosslinks or DNA–protein crosslinks (50). MDA also exerts direct 

modifications on DNA strands. All of these modifications can be deleterious to cells either 

being genotoxic or carcinogenic. (23). 

2.3.3. Protein oxidation 

 Proteins can also be a target for ROS oxidation. In vivo this is achieved in the 

presence of transition metals capable of entering in Fenton reactions (equation 1). Metal-

catalyzed damages of proteins involve oxidative scission, loss of histidine residues, 

bityrosine crosslinks and introduction of carbonyl groups (51). 

 The hydroxyl radical has the ability to remove hydrogen atom from the protein 

polypeptide backbone forming a carbon centered radical, which can readily react with 

molecular oxygen to form peroxyl radicals (52). Protein damage is likely to be repairable 

and is a known non-lethal event for a cell. The side chains of all amino acid residues of 

proteins are susceptible to oxidation by ionising radiation and by the action of ROS/RNS. 

However, proline, histidine, arginine, lysine and cysteine residues are sensitive to 

oxidation by redox metals and may be preferable protein sites of metal binding. This 

protein-iron complex can react with H2O2, forming hydroxyl radical on site which can 

rapidly promote oxidation process (53) 

 Nitrosylation reactions can also attack proteins. The reaction of nitric oxide with 

superoxide radical results in the formation of the highly toxic peroxinitrite anion which can 

nitrosate cystein, nitrate tyrosine and tryptophan and oxidize methionine to methionine 

sulphoxide. However, the process of modification of proteins by peroxynitrite is strongly 

inhibited by physiological concentration of carbon dioxide (23). Even though the nitration 

of tyrosine is a irreversible process, and can interact in phosphorylation and adenylylation 

process which are important in regulatory pathways (23).  
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 The accumulation of oxidized proteins in living systems can be induced by several 

factors acting isolately or in combination. As consequence of these protein- ROS 

interactions, inter- and intra-protein cross-linkages occur. Moreover, protein carbonyl 

groups are generated. The concentration of protein carbonyl groups is considered a good 

biomarker of ROS mediated protein oxidation. 

2.4. ROS and Cancer 

 Carcinogenesis is a complex multi-sequence process of cell conversion from a 

healthy stage to pre-cancerous and, later, cancer stages. Moreover, the process of 

carcinogenesis consists of multiple distinctive stages, each one characterized by different 

underlying mechanisms. The “initiation–promotion–progression” model of carcinogenesis 

mechanism is based on the equilibrium between cell proliferation and cell death (22). Cell 

proliferation is upregulated by protein p53 which plays a primordial role in it, its checks 

the DNA integrity during cell cycle (54), and triggers mechanisms of DNA repair, for 

instance to eliminate the oxidized DNA bases that cause mutations. Moreover, at the same 

time if the cell damage is too great, it can also trigger cell death by apoptosis. So, there is a 

subtle regulatory system consisting of pro-apoptotic and anti-apoptotic factors controlling 

cell fate. Cancer development is characterized by cumulative action of multiple events 

occurring in a single cell and can be described by the three stages: initiation, promotion 

and progression. ROS can act in all these stages of carcinogenesis through modifications 

on transductions or signaling pathways and also on cellular events. Similarly, several 

chemicals may act as carcinogens by having genotoxic effects or by non-DNA or indirect-

DNA mechanisms.  

 ROS can interact with DNA in the initiation process, causing non-lethal mutation 

that can pass cell cycle checkpoints. The dual role of oxidative stress is expressive in both 

pathways involving cell-cycle and apoptosis deregulation. Although excess of oxidative 

stress can be cytotoxic and halt cell proliferation and induce apoptosis or necrosis, small 

increments can promote cell proliferation inducing tumor growth. Many tumor promoters 

have an inhibiting effect on cellular antioxidant defenses (55). Furthermore, ROS and 

several metal can promote abnormalities in growth factor receptors, and by is one or acting 

through other systems alter Ca
2+

 homeostasis, leading to deregulation of many signaling 

pathways that controls cell proliferation or apoptosis (55).  
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 The stage of tumor progression involves cellular and molecular changes and is 

characterized by accumulation of additional genetic damage, leading to the transition of the 

cell from benign to malignant. One characteristic of this stage is the angiogenesis, which 

promotes the blood supply to tumor cells. Moreover, ROS implicated in tumor 

angiogenesis and may regulate tumor invasiveness by modulating the expression (42, 56, 

57). 

2.4.1. Cadmium, ROS and apoptosis  

 By the above exposed it is highly probable that ROS-inducing chemicals may also 

modulate cell events, in particular cell cycle and apoptosis, traditionally dysfunctional in 

tumor cells (58). Cd does not per se form free radicals directly, but cells exposed to Cd
2+

 

clearly show elevated levels of ROS (59). Some explanations may relay on the fact that Cd 

is highly reactive to protein thiols, depleting the antioxidant cell battery. So, Cd can induce 

responses leading to oxidative stress, but it is still unknown how Cd affects the apoptosis 

pathways. Apoptosis is currently evaluated by the Annexin V. This method is based on a 

property of protein localized predominantly in the inner side of the membrane, the 

phosphatidylserine, which during the first stages of apoptosis is exposed to the outer side. 

Other methods such as TUNEL, caspases expression may also be used (60-62), but this 

will not be subject of this dissertation. 

3. CADMIUM AND OSTEOBLAST METABOLISM 

 Bone tissue, is the major structural and supportive connective tissue of the body 

forming the body skeleton. Furthermore, the bone matrix is formed by the mineralization 

of several elements, namely calcium, magnesium and phosphate in a matrix of type-I 

collagen, which form hydroxyhapatite. This forms a rigid but flexible tissue capable of 

support mechanical charges and by that support the entire body. In addition, it can protect 

vital organs (e.g., brain, heart and lungs) and it is also important in the body movement and 

locomotion.  

 Although is rigid and mineral composition, bone is a dynamic tissue capable of 

remodeling. Osteoblasts are the cells responsible for the formation of bone; they synthesize 

all the constituents of the bone matrix and direct its subsequent mineralization. Once a 

phase of active bone formation is completed the osteoblasts do not become senescent, but 
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instead re-differentiate into one of two major cell types: osteocytes and osteoclasts. Both 

play a major role in the regulation of calcium homeostasis and bone remodeling. 

Moreover, because bone mass is maintained constant by the balance between osteoclastic 

bone resorption and osteoblastic bone formation, alterations in osteoblast proliferation and 

differentiation may disturb the equilibrium of bone remodeling and calcium homeostasis 

(63,64). 

 Furthermore, exposure to Cd has been associated with the alteration of bone 

metabolism and the development of osteoporosis among other alterations. Little 

information is available reporting the Cd accumulation and direct/indirect effects on 

osteoblast cells. Clarification of Cd induced cytotoxicity in osteoblasts will therefore 

contribute to better understand diseases promoted by Cd intoxication like osteoporosis (65) 

or, in particular, tumor (58, 66).  

3.1. Osteoblast in vitro Culture 

 Osteoblasts are central to the process of bone remodeling and are involved in many 

bone diseases. Primary osteoblasts obtained directly from patients are the idyllic cells to in 

vitro studies. However, the use of primary osteoblasts in vitro is limited because of 

difficulty in obtaining sufficient bone fragments for harvesting cells. Furthermore, primary 

osteoblasts are difficult to culture in vitro, have a finite life-span and also can lose their 

phenotype as the number of passages increases (67).  

 One way to bypass that problem is to study osteosarcoma-derived cell lines which 

are highly proliferative. Moreover, cell lines derived from human cancers have been 

crucial to building our understanding of the molecular pathophysiology of cancer and its 

treatment, and have been routinely used as a model for osteoblasts to characterize their 

interaction with various biomaterials and are widely used in cytotoxic studies. Equally, 

they form an in vitro model system for rational drug discovery and development because 

they are easy to maintain and manipulate in vitro and in animal models (68). 

 Many osteoblast-like cell lines have been developed. Osteosarcoma derived cell 

lines are relatively easy to culture and have a high rate of proliferation and long life-span. 

The MG-63 osteoblast-like cells line used in this study was originally isolated from a 

human osteosarcoma. MG-63 cell line is relatively immature osteoblasts that have been 
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well characterized, it presents an anomalous karyotype, with multiple triploidy, however 

they show several similarities with isolated human bone-derived cells (69, 72). Indeed, 

they are widely used for testing biomaterials and in toxicological screening (70, 71). 

Moreover, MG-63 cells present biomarkers exclusive of human osteoblasts, including 

alkaline phosphatase, bone sialoprotein, osteonectin, osteopontin, and growth factors (e.g., 

bone morphogenetic protein). Altogether, MG-63 cells are suitable to serve as a model of 

human osteoblast cells (69,73). 
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Objectives 

 The main aim of the present dissertation was to evaluate putative cytotoxic effects 

of Cd in bone cells. As described in the introduction, a particularly sensitive cascade in the 

cell is the one involving oxidative stress unbalances. This issue still remains fuzzy in what 

concerns Cd-cell interactions. A complete elucidation of oxidative stress deregulation by 

Cd will help in deciphering later and depended mechanisms such as apoptosis and cell 

cycle, and ultimately aspects related with carcinogenesis. 

 To achieve this, it was used the cell line MG-63, a line with rapid growth and 

retaining osteoblast like characteristics, and one of the most widely used cell lines in these 

kind of assays in bone studies in vitro.  

 These cells were exposed to increasing concentrations of Cd, and some of the most 

important enzymes of oxidative stress were measured. Also Cd-induced apoptosis was 

evaluated by annexinV. An integrated analyse of these responses will provide a more 

complete insight of the effects of Cd in osteoblasts. 
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Material and Methods 

4. MATERIAL 

 The cell line MG-63 was courtesy of INEB (Instituto de Engenharia Biomédica-

Porto, Portugal). GIBCO
® 

Culture medium α-MEM GlutaMAX™, Trypsin-EDTA 0.25%, 

Fungizone and Peniciline/Streptomicine were purchased from Life Technologies 

(Carlsbad, US-CA). SOD Assay Kit and Total Glutathione Assay Kit were obtained from 

Sigma-Aldrich (St. Louis, US-MO). BD Pharmingen™ Annexin V: FITC Apoptosis 

Detection Kit was bought to Bencton Dickinson and Company (Franklin Lakes, US-NJ).  

 All other reagents were purchased from Sigma-Aldrich (St. Louis, US-MO) at 

highest grade available. All solutions were prepared using ultrapure water obtained in a 

MILI-Q System from Millipore (Billerica, US-MA). 
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5. METHODS 

5.1. Cell Culture 

 The MG-63 cell line was cultured in α-MEM GlutaMAX™ medium and incubated 

with controlled atmosphere at 37 °C and 5% CO2. Cells were subcultured once a week. 

The cell culture was maintained in 75 cm
2
 standard culture flasks and the medium 

consisted of 10 ml of  α-Minimal Essential Medium with GlutaMAX™ (α-MEM) 

supplemented with 10% (v/v) of Fetal Bovine Serum (FBS), 100 U/mL of 

Peniciline/Streptomicine and 2.50 µg/mL of Fungizone (final concentrations). The 

passages were done before the cells reach full confluence. 

5.1.1. Harvesting cells 

 The standard process for cell harvesting was performed by addition of trypsine, a 

proteolitic enzyme. Cells were first washed twice with Phosphate Buffer Saline without 

Ca
2+

/Mg
2+ 

(PBS), and then incubated with trypsine (1 mL/25 cm
2
) for 5-10 min at 37 °C. 

When cells were detached, the trypsine was deactivated with growth medium with FBS 

and the cells were resuspended to be counted by using a hemocytometer. For subculture 

procedure, cells were seeded at 10
5
 cell/mL in 10 mL of supplemented medium.    

5.1.2. Cell exposure 

 All assays were performed within twenty passages from defrosting. For all the 

assays the procedure to exposure remains mostly the same. Mainly, cells were plated and 

left 24 hours to adhere and when the cells reached 50-60% of confluence, the seeding 

medium was then removed and substituted by cadmium chloride dissolved in 

supplemented medium at final concentrations of 20 and 50 μM. Cells were left to growth 

for 24 and 48 hours and then harvested. Depending of the particular assay cells undergone 

slightly different seeding and harvesting methods. 

5.2. Protein Quantification 

 The Bradford assay, is a colorimetric method to quantify the protein content of 

samples. This method is based in the binding of the dye Coomassie Brilliant Blue G-250 
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(Bradford Reagent) to protein which causes a shift in it absorption from 465 nm to 595 nm, 

the amount of absorption is proportional to the quantity of protein (74). 

 In brief, 5 μL of each cell extract was incubated in 250 μL of Bradford Reagent left 

to incubate in dark for 10 min and then the absorbance read at 595 nm in a microplate 

reader (Synergy HT from BioTek
®

). Concentrations of unknown samples were 

extrapolated from a standard curve performed with known concentration of bovine serum 

albumin (BSA). 

5.3. Cell Viability  

 Cell viability was measured by the MTT assay as described by Twentyman (75) 

with some modifications. MTT assay relies on the capability of viable cells to reduce a 

tetrazolium salt (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide-MTT) to an 

intercellular purple formazan which can be solubilized and quantified 

spectrophotometrically. The signal produced is linear to the quantity of viable cells. 

 To verify the interaction of Cd on cell viability, cells were seeded in a 96 well plate 

at the concentration of 10
5
 cells/mL. Cells were left 24 hours to adhere and then were 

exposed to 20 and 50 µM of Cd in growth medium. After time exposure (24/48 hours), 

cells were incubated with 50 µL of MTT (1 mg/mL in sterile PBS) for 4 hours at 37 °C. 

The medium was removed and 150 μL of DMSO (Dimethyl sulfoxide) were added, then 

cells were stirred in dark for two hours in order to dissolve all formazan crystals. After this 

time, at the absorbance for each well was measured at 570 nm with a microplate reader 

(Synergy™ HT Multi-Mode from BioTeK®). The data was expressed by the ratio of 

absorbance between exposed and non-exposed cells in percentage. 

5.4. Enzymatic Parameters 

 To assay all enzymes, cells were seeded in 100 mm Corning
®
 culture dishes and 

exposed to Cd as described above in 5.1.2. To prepare homogenates the method described 

by Quick (76) was followed with some modification. Briefly, the culture medium was 

removed and 2 mL of cold phosphate buffer (5 mM, pH 7.4) with 0.5 mM of EDTA was 

added and cells were frozen to disrupt membranes. After thawing, the cultures were 

scraped and sonicated 3 times for 30s over ice. Finally, to clear cellular debris the 
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homogenates were centrifuged at 12,000 xg for 15 min at 4 °C. The pellet was discarded 

and the supernatants were aliquoted to separated vials, one for each enzyme and other for 

protein quantification. All samples were stored at -80 °C until assayed.       

5.4.1. Superoxide Dismutase 

 Superoxide Dismutase (SOD) catalyzes the dismutation of superoxide anion O2
•- 

to 

molecular
 
oxygen and oxygen peroxide (H2O2). At present, three distinct isoforms of SOD 

have been identified in mammals, CuZn-SOD, Mn-SOD and EC-SOD which differ in their 

structure and location. They are the first line of defense against oxidative stress namely by 

acting as a superoxide anion radical scavenger (39). 

 Total SOD activity was measured by using Sigma-Aldrich
®
 SOD-assay kit. This kit 

uses a coupled reaction in which SOD competes with xantine oxidase (XO) by the 

superoxide anion in the reduction of a water soluble tetrazolium salt, WST-1 (2-(4-

Iodophenyl)- 3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- 2H-tetrazolium,monosodium salt). 

The reaction was performed in accordance to kit instructions. It consisted of the addition of 

20 μL of sample to 200 μL of a buffer with WST-1. The reaction started with the addition 

of 20 μL of xantine-oxidase (XO) solution. The reaction was carried out in a 96 well plate, 

and the absorbance variation was read in a microplate reader (Synergy™ HT Multi-Mode 

from BioTeK®) in kinetic mode at 440 nm for 5 min. The percentage of inhibition was 

calculated by the following equation: 

                         
               

       
     

 

 The reaction was always performed with a “blank well” to calculate xantine-

oxidase maximum rate (S1). Several other “blank wells” were attributed to account with 

non specific reduction of WST-1 and other sources of superoxide anion, namely a well 

without XO and sample (S3), and other only without XO (S2). All results were normalized 

by samples protein concentration and one unit of SOD activity was considered as the 

quantity of enzyme which gives a 50% inhibition of the reduction of WST-1.  
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5.4.2. Catalase 

 Catalase exerts a dual function on cell physiology, a catalytic function with the 

decomposition of hydrogen peroxide (H2O2) to water and molecular oxygen and a 

peroxidic activity, oxidation of hydrogen donors like methanol and ethanol (41, 47) 

 Catalase activity was directly measured by the decay in absorbance of H2O2 at 240 

nm. The difference in absorbance at 240 nm per unit of time is the measure of its activity. 

This assay was performed accordingly to Aebi (41) with few modifications. The reaction 

was carried out in a 1.5 mL quartz cuvette at 25 °C. The reaction started with the addition 

of H2O2 (12,5 mM final concentration) to 50 μL of sample in 50 mM phosphate buffer pH 

7.0 all mixed by inversion. The absorbance reading was taken against a “Blank” composed 

of only buffer with sample. The absorbance decay was followed and one unit of catalase 

activity was expressed by the number of nmoles of H2O2 consumed per minute (41). 

5.4.3. Glutathione Reductase 

 GR plays an important role in cell antioxidant state by producing antioxidant 

species. GR catalyzes the reduction of glutathione disulfide (GSSG) produced by GPx 

activity, to the glutathione reduced form (GSH) using NAPDH as its source of reducing 

equivalents. GSH reduced power can again be used by glutathione peroxidase (GPx) in 

reduction of peroxides. These reaction produce GSSG which is then recycled to GSH by 

GR (Equation 6). 

                   
             
                 

 

 GR activity was measured directly by the decay in absorbance of NADPH at 340 

nm in a microplate reader accordingly to Dringen (77) with slightly modifications. The 

reaction was carried in a phosphate buffer 100 mM with EDTA 1 mM at 7.0 pH and 25 °C. 

The reaction was started by the addition of GSSG solution in 1:1 to the mixture of NADPH 

and sample in a 96 wells microplate plate. The final concentrations were GSSG 1 mM and 

0.2 mM of NADPH in a final volume of 320 μL. In parallel with samples measurements, it 

was performed a calibration curve with standard GR to extrapolate the sample activity. 
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Finally, the GR’s specific activity was expressed as a ratio of its activity and the protein 

content of the samples. 

5.4.4. Total Glutathione quantification 

 Glutathione as been described earlier have an important role in antioxidant status. 

Briefly GSH serves as a co-substrate to glutathione transferase in xenobiotics 

detoxification and as an electron donor to GPx having an antioxidant role (78). 

 The quantification of total glutathione was done with The Glutathione Assay Kit 

from Sigma-Aldrich
®
. This utilizes an enzymatic recycling method, which uses glutathione 

reductase to quantify GSH/GSSG content of the sample. This method relies on the 

capability of DTNB (5.5'-dithio-bis-2-nitrobenzoic acid or Ellman’s reagent) to react with 

GSH producing a yellow compound, 5-thio-2-nitrobenzoic acid (TNB). GR recycles the 

glutathione which is then reused in the reaction. The rate of TNB production is directly 

proportional to this recycling reaction which in turn is directly proportional to the 

concentration of GSH in the sample. The TNB formation is followed at 412 nm, and the 

total glutathione content is extrapolated with the aid of a calibration curve with known 

GSH concentrations. 

 For this assay, kit instructions were followed. Briefly cells were seeded in 150 mm 

Corning
®

 culture dishes in order to achieve the harvest of at least 10
6
 cells. Cd exposure 

was performed was described in 5.1.2. Cells were harvested by scrapping from plates in 

PBS buffer and concentrated by centrifugation at 600 xg. The supernatant was discarded 

and added 3 volumes of 5% SSA (5-Sulfosalicylic Acid) after homogenization two freeze 

and thaw cycles were performed. Finally the homogenates centrifuged at 10000 x g for 10 

min at 4 °C, to clear cellular debris, pellets were discarded and total glutathione content 

were measured in supernatant. To quantify glutathione content, 10 μL of each sample were 

added to one well of a 96 well plate in triplicate, followed by the addition of a buffer 

containing DTNB, GR and finally to start the reaction a NADPH solution (all supplied by 

the Kit). The reactions were measured in kinetic mode at 412 nm in a multiplate reader 

(Synergy™ HT Multi-Mode from BioTeK
®
). Glutathione concentrations of all samples 

were extrapolated from a standard curve with known concentrations of reduced glutathione 

diluted in 5% SSA performed at same time of the assay. 
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5.5. Apoptose 

5.5.1. Annexin V assay 

 Apoptosis or programmed cell death is a normal physiologic process. The apoptotic 

program is characterized by morphologic features, including loss of plasma membrane 

asymmetry and attachment, nucleus condensation, and cleavage of DNA. Loss of plasma 

membrane is one of the earliest features. In apoptotic cells, the membrane phospholipid 

phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the plasma 

membrane, exposing PS externally. 

 Annexin V is a phospholipid-binding protein that has a high affinity for PS. In this 

assay Annexin V is used conjugated with fluorescein isothiocyanate (FITC) as a sensitive 

probe to PS. The cells which are undergoing apoptosis can then be access by flow 

cytometry. Since externalization of PS occurs in the earlier stages of apoptosis, FITC 

Annexin V staining can identify apoptosis at an earlier stage than other assays, namely, 

those based on nuclear changes. 

 Apoptosis was measured by flow cytometry using FITC Annexin V Apoptosis 

Detection Kit from BD Pharmingem™. Briefly this kit uses a double staining with 

Annexin V-FITC and propidium iodide (PI). The double staining with PI, which is 

excluded by intact plasma membranes, allows the differentiation of early apoptotic 

(Annexin V-FITC positive/PI negative cells) from late apoptotic (Annexin V-FITC 

positive/PI positive). 

 For this assay cells were harvested with trypsine and centrifuged at 300x g twice in 

cold PBS. Finally cells were resuspended in “1x binding buffer” at 10
5
 cells/mL, 100 μL of 

sample was used and added 5 μL of FITC-Annexin V and PI to each sample. Samples were 

then left in dark for 15 min, and after this time 400 μL of “1x Binding Buffer” was added 

and samples analyzed by flow cytometry. 
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5.6. Data and Statistical Analysis  

 For all assays were performed at least three independent experiments. The 

statistical analysis was performed in the software SigmaPlot version 11. All analysis of 

variance were performed with one-way ANOVA, followed by Holm-Sidak to test 

differences between groups and the control exposure. It was considered that results are 

statistically significant when p<0.05. All data is expressed as mean ± standard deviation 

(SD) from mean. 
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Results  

6. GLOBAL SCREENING OF CELL CULTURES EXPOSED TO CADMIUM 

 Control MG-63 cells presented a good proliferation, with total confluence being 

achieved after 4 days. At the inverted microscope (Nikon
®
 Eclipse TS100), cells had 

typical fibroblastic aspect. Cultures treated with Cd showed some morphological changes 

such as cell enlargement, and loss of adherence. The cell confluence for all Cd exposures 

was less than the observed in control. In the highest concentration it could also be seen 

frequently floating cells (see Figure 1)  



 

 

 

Figure 1-General appearance of MG-63 cell line after Cd exposure. a-b-c- 24 hours exposures, control, 20 and 50 µM respectively; d-e-f- 48 hours exposures, control, 

20 and 50 µM respectively 
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7. VIABILITY ASSAY 

 The MTT assay was used to asses if Cd could modify cell viability of MG-63 cell 

line. Data show that Cd induced a dose-response inhibition of cell viability of MG-63 cell 

line at both times (Figure 2 and Figure 3). At low Cd concentrations of Cd, it was observed 

a small trend to stimulate cell viability (hormesis effect) despite not significant (Figure 2 

and Figure 3). Inhibition  

 

 

Figure 3-MTT assay for 48 hours. Data expressed as a percentage of control. Values from 5 

independent experiments ± SD 
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Figure 2- MTT assay for 24 hours. Data expressed as a percentage of control. Values from 5 

independent experiments ± SD 
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 A Pearson correlation demonstrates that the relation between Cd concentration and 

inhibition of cell viability is strong and positive for both periods of the experiment. 

Namely, the coefficient of correlation for 24 hours is 0.919 (p<0.0001), and for 48 hours is 

0.891 (p<0.0001). With this strong correlation, the concentration of Cd that reduces in half 

the viability of MG-63, the lethal dose (LD50), could be calculated for both times. Thus, the 

LD50 for Cd exposure in MG-63 cell line is 91 µM, for 24 hours and 64 μM for 48 hours. 

Based on these results, we chose the sublethal doses of Cd, 20 and 50 μM, for further 

studies. 

8. ENZYMATIC ASSAYS 

8.1. Superoxide dismutase activity 

 The SOD activity shows an increasing trend, with Cd concentration, after 24 and 48 

hours (Figure 4). For the 24 hours exposure those differences are not significantly different 

but have a slight increase. SOD activity at 48 hours shown the same trend with a 

significant increase for the 50 μM concentration (Figure 4). 

  

 

Figure 4-SOD activity for both times expressed as a percentage of control. Values from 4 independent 

experiments ± SD. * p<0.05 
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8.2. Catalase activity 

 CAT activity shows an increasing trend with Cd concentration. Moreover, CAT 

activity at 24 hours for 50 µM Cd concentration had a significant increase of almost 8 fold. 

To the 20 μM CAT activity also in 2 fold from control but without statistical significance 

(Figure 5 – 24 hours). The 48 hours exposure showed the same trend of 24 hours with a 

continuous and significant increase of near 2 folds of CAT activity for all Cd doses (Figure 

5- 48 hours).  

8.3. Glutathione Reductase 

 Cd exposure to MG-63 cell line has a global interaction with GR. The decrease in 

GR activity is evident in both times. Indeed, both doses led to results significantly different 

from those of the control. However, only at 24 hours, there was a significant difference 

(p<0.05) among the exposed groups. The observed decrease of GR activity after 48h was 

not statistically significant (Figure 6). 

 

Figure 5 CAT activity for 24 and 48 hours expressed as a percentage of control. Values from 4 

independent experiments ± SD (* p<0.05 and ** p<0.001) 
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8.4. Total glutathione content 

 Cd alters significantly total glutathione content in 24 hours exposure. At this time, 

both concentrations decrease almost in half its glutathione content (Figure 7-24 hours). 

However, for the 48 hours exposure there are no differences between control and Cd 

exposures respecting the glutathione concentration. At this time point, a significant 

decrease in glutathione concentration was detected in controls between both times (t-test; 

p<0.001- Figure 7). 

 

Figure 6-GR activity expressed as percentage of control. Values from 3 independent experiments 

and expressed in percentage from controls ± SD (* p<0.05) 
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Figure 7-Concentration of glutathione for 24 and 48 hours expressed as a percentage of control. Values from 

4 independent experiments ± SD (** p<0.001) 
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8.5. Apoptosis assay 

 The results show a significant increase in the early apoptotic event for the 20 µM 

exposure in 24 hours. Moreover, the late apoptosis and live cell count, although not 

significant, show differences for the 50 µM exposure, comparatively to the control (Figure 

8-24 hours). The 48 hours assay shows us also a difference in apoptosis between 

conditions. Cd at the highest concentration (50 µM) was significant different from control. 

Indeed, this Cd concentration increased the number of cells in early and late apoptosis and 

a decrease in live cell number. For the 20 µM exposure, Cd also increased the number of 

cells undergoing early apoptosis (Figure 8-48 hours).  

 

Figure 8-Annexin V-FITC assay for apoptosis assessment. Results for  24 and 48 hours exposures. 

Values from 4 independent experiments ± SD (* p<0.05 and ** p<0.001) 
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Discussion 

 Cd exposure is known to cause disturbances on cell free radicals homeostasis. This 

is mainly accomplished by disruption of oxidative defenses (13, 22, 30). In MG-63 cell 

line data of cell viability shows that Cd can induce cell death in a dose-dependent manner 

and, as expected, this response increases with time exposure. These gradual and time 

dependent effects quantitatively supported the visual analyses (qualitative) in which 

cultures with Cd shown a decrease in confluence and a general augmentation in cells 

detached from the plate (figure 1). In general the data obtained in this dissertation for Cd-

induced cell viability is supported by other authors, but a survey of literature shows a 

strong dependence of genotype/linage in Cd-induced death (79). Indeed, recent studies 

shown that rat C6 glial cells showed high sensitivity to Cd (20 μM) while the human 

keratinocytes HaCaT demonstrated high tolerance both reviewed by Nzengue (62).  

 The small increment in cell viability at very small Cd concentrations supports a 

putative hormesis effect of Cd. This effect may be justified by a small increment in, ROS 

levels, which are known to induce cell proliferation (26, 58). Another possible explanation 

may relay on the possible inhibition of apoptosis regulating proteins (54, 80).  
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 From these results a Cd sublethal dose was chosen to better assess the small 

changes in cell oxidant defenses. Those doses were chosen to assess small Cd induced 

alteration before antioxidant defenses are completely overwhelmed, thus allowing us a 

small scope in Cd-induced alterations. Therefore, Cd concentrations chosen were 20 and 

50 μM, both sublethal (< 61 μM at 48 hours). 

 One of the first lines of antioxidant defenses are the enzymatic antioxidant 

defenses. Moreover, small disturbances in this system can immediately lead to oxidative 

stress resulting in several damages to cells (38, 81). The mechanisms by which Cd disrupts 

oxidative defenses are not fully understood yet, and can vary from tissue to tissue or 

among lineages (29, 79). Bone tissue relays on redox signaling to its own metabolism, so it 

is particularly sensitive to alterations on oxidative state (82-84). Indeed the CAT activity 

was highly increased with both doses and at both times of exposure. This suggests that the 

cells exposed are subjected to an increase of oxidative stress, namely a surge of H2O2. 

Although, other studies have concluded that Cd decreases CAT activity (85, 86), this is 

probably due to a different sensitivities in the study model and the Cd concentration used.  

 With CAT augmentation was also expected a parallel increase of SOD activity. 

Despite that, SOD activity only shows a slight increasing trend without statistical 

significance, with the exception for 48 hours and for the highest Cd concentration. 

Although this data seems contradictory, it is supported by other studies which also refer 

this fact (87, 88). That is probably due to Cd displacement of Zn ion in cell and in SOD 

active center, promoting a decrease in its activity (89). Moreover, the data suggests that Cd 

is inducing H2O2 by other sources than SOD. At the same moment Cd also induces 

oxidative stress by the displacement of Fe, which can produce hydroxyl anion by fenton 

chemistry (90-92). Moreover, CAT activity increase can also increment the presence of 

molecular oxygen which in their turn can be another source of free radical (eg. interactions 

with mitochondria)(13). 

 Another enzyme that can degrade H2O2 is glutathione peroxidase, leading to water 

as final product. This enzyme uses the reductive power of reduced glutathione (GSH), so is 

intimately linked to the GSH/GSSG cellular content. GSH is a low molecular thiol that 

besides being a GPx substract, also may act, alone, as an antioxidant agent, its reported that 

GSH its responsible by almost 80% of total radical scavenging in cell (93). GSH can be 



 

35 

 

produced in the cell by de novo synthesis, but its majority is recycled by GR from its 

dimerized form, GSSG. It has been described that Cd has high affinity to GSH and can 

impair GR activity (11, 30, 93) these results are fully corroborated for the GR activity on 

MG-63 cell line. GR activity significantly decreased in about 38 and 36% in 50 μM and 20 

μM for 24 hours exposure. This significant decrease in GR could result in a significant 

lowering of total antioxidant capability and in an immediate H2O2 increase. In line with 

GR activity, is total glutathione content the small protein thiol which is the substrate of 

glutathione peroxidase, it is significantly depleted mainly at 24 hours. This results was 

been described by other authors in other models (5, 79). This data signifies that Cd is 

acting in at least 2 fronts, it is boosting ROS production and depleting oxidative defenses, 

namely, SOD, glutathione cycle, and GSH content. 

 Our data indicates that Cd also increases cell death by apoptosis. The data from 

Annexin V assay shown that already at 24 hours Cd induces apoptosis. Cd promoted the 

decrease in the number of live cells when compared to control, and a significant increase in 

the cells in early apoptosis (20 μM Cd). Furthermore, data for 48 hours show the same 

trend. In fact, for this time Cd exposed cells shown an apoptosis profile with both 

concentration undergoing early apoptotic events and in the case of 50 μM a significant 

number of cells are in late apoptosis or dead. This may be probably linked to Cd-induced 

ROS, because it is well known that ROS generation is intimately associated with apoptosis 

(94, 95) 

 Altogether, Cd in MG-63 cell line induces apoptosis, which is probably promoted 

by the oxidative stress imbalance. Because Cd does not produce directly free radicals it 

must promote oxidative imbalance in an indirect way, increasing redox metal in cytoplasm 

or disrupting oxidative defenses all of this promote Cd-induced damage.  

 Moreover, our data show that Cd, even at sub-lethal doses, promotes oxidative 

stress. This conjugated with the Cd capability to interact with genomic machinery can in 

long-term result in Cd carcinogenicity as has been reviewed by Valko (23). In fact, the 

hormesis effect, evidenced at very low concentrations (less than 20 μM), is probably the 

key to Cd carcinogenicity. In particular, Cd seems to increase ROS which by its turn can 

promote cellular viability. This increase linked to Cd interaction with genome can in long-

term expositions lead to genotoxicity and eventually to cancer. 
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Conclusions and Future 

Perspectives 

 In conclusion, these results suggest that Cd can induce physiological alteration on 

MG-63 cell line by the disruption of cellular redox state. In particular Cd enhances CAT 

activity, impairs SOD activity, significantly inhibits GR and lowers the glutathione 

content. These alterations finally results in cell death. 

 Based on the results obtained we propose a model for Cd-induced oxidative stress 

on MG-63 cell line. Cd induces an increase on oxidant species and at the same time 

inhibits glutathione cycle. Moreover the CAT increase promotes the molecular oxygen 

increase inside cell. The molecular oxygen can then interact with several molecules or 

organelles (e.g. mitochondria) creating a loop in which the antioxidant enzyme can 

promote superoxide formation. The two factors acting synergically, enhances ROS 

production and lower antioxidant defenses leading to oxidative stress imbalance, and 

finally to cell death via apoptosis (Figure 9). 
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 To fully understand Cd-induced toxicity and complete the proposed model, future 

work should be done. Namely, the GPx specific activity is important to corroborate the Cd 

impairment of the glutathione cycle. Assessment of calcium and iron homeostasis it is 

important to elucidate primary ROS production, as well as other possible Cd targets. 

Moreover, quantification of ROS, either H2O2, superoxide anion or hydroxyl ion. It is also 

important damage assessment, like lipid peroxidation and/or protein carbonyl content. 

Finally, other parameters such as mitochondrial integrity, mitochondrial membrane 

potential, caspases activation, cytocrome c release, among others, could also clarify the 

Cd-induced apoptotic pathway. 

 

 

Figure 9 –Proposed model for Cd-induced oxidative stress on MG-63 cell line 

 



 

39 

 

References 

 

1. Bae D-S, Gennings C, Carter WH, Yang RSH, Campain JA. Toxicological 

Interactions among Arsenic, Cadmium, Chromium, and Lead in Human Keratinocytes. 

Toxicological Sciences. 2001;63(1):132-42. 

2. Derfus AM, Chan WCW, Bhatia SN. Probing the Cytotoxicity of Semiconductor 

Quantum Dots. Nano Letters. 2003;4(1):11-8. 

3. Green M, Howman E. Semiconductor quantum dots and free radical induced DNA 

nicking. Chem Commun. 2005(1):121-3. 

4. Liu W, Zhang S, Wang L, Qu C, Zhang C, Hong L, et al. CdSe quantum dot (QD)-

induced morphological and functional impairments to liver in mice. PLoS One. 

2011;6(9):e24406. 

5. Matovic V, Buha A, Bulat Z, Dukic-Cosic D. Cadmium toxicity revisited: focus on 

oxidative stress induction and interactions with zinc and magnesium. Arh Hig Rada 

Toksikol. 2011;62(1):65-76. 

6. Lane TW, Saito MA, George GN, Pickering IJ, Prince RC, Morel FMM. A 

cadmium enzyme from a marine diatom. Nature. 2005;435(7038):42-. 

7. Nordberg GF. Historical perspectives on cadmium toxicology. Toxicology and 

Applied Pharmacology. 2009;238(3):192-200. 



 

40 

 

8. WHO. Cadmium, World Health Organization. 1992. 

9. Gutierrez JC, Amaro F, Diaz S, de Francisco P, Cubas LL, Martin-Gonzalez A. 

Ciliate metallothioneins: unique microbial eukaryotic heavy-metal-binder molecules. 

Journal of Biological Inorganic Chemistry. 2011;16(7):1025-34. 

10. Kayaalti Z, Aliyev V, Soylemezogiu T. The potential effect of metallothionein 2A-

5 A/G single nucleotide polymorphism on blood cadmium, lead, zinc and copper levels. 

Toxicology and Applied Pharmacology. 2011;256(1):1-7. 

11. Tang T, Huang D-w, Zhang D, Wu Y-j, Murphy RW, Liu F-s. Identification of two 

metallothionein genes and their roles in stress responses of Musca domestica toward 

hyperthermy and cadmium tolerance. Comparative Biochemistry and Physiology B-

Biochemistry & Molecular Biology. 2011;160(2-3):81-8. 

12. Ohta H, Cherian MG. Gastrointestinal absorption of cadmium and metallothionein. 

Toxicology and Applied Pharmacology. 1991;107(1):63-72. 

13. Jomova K, Valko M. Advances in metal-induced oxidative stress and human 

disease. Toxicology. 2011;283(2-3):65-87. 

14. ATSDR. Toxicological profile for cadmium. . In: Registry AfTSaD, editor. Atlanta 

(USA)2008. 

15. Nawrot TS, Staessen JA, Roels HA, Munters E, Cuypers A, Richart T, et al. 

Cadmium exposure in the population: from health risks to strategies of prevention. 

Biometals. 2010;23(5):769-82. 

16. Cuypers A, Plusquin M, Remans T, Jozefczak M, Keunen E, Gielen H, et al. 

Cadmium stress: An oxidative challenge. Biometals. 2010;23(5):927-40. 

17. Gherbal R, Foth H, Hamed H, Ahmad M, Torky A. Effect of Cadmium and 

cigarette smoke condensate on PARP-1 mRNA expression in cultivated normal human 

Lung cellsRF. Naunyn-Schmiedebergs Archives of Pharmacology. 2011;383:95-. 

18. Mortensen ME, Wong L-Y, Osterloh JD. Smoking status and urine cadmium above 

levels associated with subclinical renal effects in US adults without chronic kidney disease. 

International Journal of Hygiene and Environmental Health. 2011;214(4):305-10. 

19. Gunnar F N. Historical perspectives on cadmium toxicology. Toxicology and 

Applied Pharmacology. 2009;238(3):192-200. 

20. Oliveira H, Spano M, Santos C, Pereira MdL. Adverse effects of cadmium 

exposure on mouse sperm. Reproductive Toxicology. 2009;28(4):550-5. 



 

41 

 

21. IARC(1997).Cadmium and cadmium compounds 

22. Waisberg M, Joseph P, Hale B, Beyersmann D. Molecular and cellular mechanisms 

of cadmium carcinogenesis. Toxicology. 2003;192(2-3):95-117. 

23. Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals and 

antioxidants in oxidative stress-induced cancer. Chemico-Biological Interactions. 

2006;160(1):1-40. 

24. Flora SJS, Mittal M, Mehta A. Heavy metal induced oxidative stress & its possible 

reversal by chelation therapy. Indian Journal of Medical Research. 2008;128(4):501-23. 

25. Pearson CA, Prozialeck WC. E-cadherin, β-catenin and cadmium carcinogenesis. 

Medical Hypotheses. 2001;56(5):573-81. 

26. Moulis J-M. Cellular mechanisms of cadmium toxicity related to the homeostasis 

of essential metals. Biometals. 2010;23(5):877-96. 

27. Waalkes MP. Cadmium carcinogenesis in review. Journal of Inorganic 

Biochemistry. 2000;79(1-4):241-4. 

28. Price DJ, Joshi JG. Ferritin. Binding of beryllium and other divalent metal ions. J 

Biol Chem. 1983;258(18):10873-80. 

29. Wätjen W, Beyersmann D. Cadmium-induced apoptosis in C6 glioma cells: 

Influence of oxidative stress. Biometals. 2004;17(1):65-78. 

30. Liu J, Qu W, Kadiiska MB. Role of oxidative stress in cadmium toxicity and 

carcinogenesis. Toxicology and Applied Pharmacology. 2009;238(3):209-14. 

31. Halliwell B. Free radicals, antioxidants, and human disease: curiosity, cause, or 

consequence? The Lancet. 1994;344(8924):721-4. 

32. Halliwell B, Gutterige JMC. Free Radicals in Biology and Medicine. 1999. 

33. Betteridge DJ. What is oxidative stress? Metabolism. 2000;49(2, Supplement 1):3-

8. 

34. Reinehr R, Sommerfeld A, Keitel V, Grether-Beck S, Häussinger D. Amplification 

of CD95 Activation by Caspase 8-induced Endosomal Acidification in Rat Hepatocytes. J 

Biol Chem. 2008;283(4):2211-22. 

35. Matés J, Segura J, Alonso F, Márquez J. Intracellular redox status and oxidative 

stress: implications for cell proliferation, apoptosis, and carcinogenesis. Arch Toxicol. 

2008;82(5):273-99. 



 

42 

 

36. Liochev SI, Fridovich I. The Haber-Weiss cycle - 70 years later: an alternative 

view. Redox Report. 2002;7(1):55-7. 

37. Kim S-J, Jung H-J, Hyun D-H, Park E-H, Kim Y-M, Lim C-J. Glutathione 

reductase plays an anti-apoptotic role against oxidative stress in human hepatoma cells. 

Biochimie. 2010;92(8):927-32. 

38. Ascenso A, Margarida Ribeiro H, Cabral Marques H, Simoes S. Topical Delivery 

of Antioxidants. Current Drug Delivery. 2011;8(6):640-60. 

39. Zelko IN, Mariani TJ, Folz RJ. Superoxide dismutase multigene family: a 

comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) gene 

structures, evolution, and expression. Free Radical Biology and Medicine. 2002;33(3):337-

49. 

40. Peskin AV, Winterbourn CC. A microtiter plate assay for superoxide dismutase 

using a water-soluble tetrazolium salt (WST-1). Clin Chim Acta. 2000;293(1-2):157-66. 

41. Aebi H. Catalase in vitro. Methods in Enzymology. 1984;105:121-6. 

42. Qiang M. Transcriptional responses to oxidative stress: Pathological and 

toxicological implications. Pharmacology &amp; Therapeutics. 2010;125(3):376-93. 

43. Dizdaroglu M, Jaruga P, Birincioglu M, Rodriguez H. Free radical-induced damage 

to DNA: Mechanisms and measurement. Free Radical Biology and Medicine. 

2002;32(11):1102-15. 

44. Cooke MS, Evans MD, Dizdaroglu M, Lunec J. Oxidative DNA damage: 

Mechanisms, mutation, and disease. FASEB Journal. 2003;17(10):1195-214. 

45. Kasai H, Iwamoto-Tanaka N, Miyamoto T, Kawanami K, Kawanami S, Kido R, et 

al. Life style and urinary 8-hydroxydeoxyguanosine, a marker of oxidative DNA damage: 

Effects of exercise, working conditions, meat intake, body mass index, and smoking. 

Japanese Journal of Cancer Research. 2001;92(1):9-15. 

46. Collins A. Comparison of different methods of measuring 8-oxoguanine as a 

marker of oxidative DNA damage. Free Radic Res. 2000;32(4):333-41. 

47. Vives-Bauza C, Gonzalo R, Manfredi G, Garcia-Arumi E, Andreu AL. Enhanced 

ROS production and antioxidant defenses in cybrids harbouring mutations in mtDNA. 

Neurosci Lett. 2006;391(3):136-41. 

48. Penta JS, Johnson FM, Wachsman JT, Copeland WC. Mitochondrial DNA in 

human malignancy. Mutation Research - Reviews in Mutation Research. 2001;488(2):119-

33. 



 

43 

 

49. Marnett LJ. Lipid peroxidation - DNA damage by malondialdehyde. Mutation 

Research - Fundamental and Molecular Mechanisms of Mutagenesis. 1999;424(1-2):83-95. 

50. Mao H, Schnetz-Boutaud NC, Weisenseel JP, Marnett LJ, Stone MP. Duplex DNA 

catalyzes the chemical rearrangement of a malondialdehyde deoxyguanosine adduct. 

Proceedings of the National Academy of Sciences of the United States of America. 

1999;96(12):6615-20. 

51. Valko M, Leibfritz D, Moncol J, Cronin MTD, Mazur M, Telser J. Free radicals 

and antioxidants in normal physiological functions and human disease. The International 

Journal of Biochemistry & Cell Biology. 2007;39(1):44-84. 

52. Stadtman ER. Metal ion-catalyzed oxidation of proteins: Biochemical mechanism 

and biological consequences. Free Radical Biology and Medicine. 1990;9(4):315-25. 

53. Stadtman ER. Role of oxidant species in aging. Curr Med Chem. 2004;11(9):1105-

12. 

54. Oren M. Decision making by p53: Life, death and cancer. Cell Death and 

Differentiation. 2003;10(4):431-42. 

55. Dreher D, Junod AF. Role of Oxygen Free Radicals in Cancer Development. 

European Journal of Cancer. 1996;32(1):30-8. 

56. Arbiser JL, Petros J, Klafter R, Govindajaran B, McLaughlin ER, Brown LF, et al. 

Reactive oxygen generated by Nox1 triggers the angiogenic switch. Proceedings of the 

National Academy of Sciences of the United States of America. 2002;99(2):715-20. 

57. Nelson KK, Melendez JA. Mitochondrial redox control of matrix 

metalloproteinases. Free Radical Biology and Medicine. 2004;37(6):768-84. 

58. Mates JM, Segura JA, Alonso FJ, Marquez J. Intracellular redox status and 

oxidative stress: implications for cell proliferation, apoptosis, and carcinogenesis. Arch 

Toxicol. 2008;82(5):273-99. 

59. He X, Chen MG, Ma Q. Activation of Nrf2 in defense against cadmium-induced 

oxidative stress. Chemical Research in Toxicology. 2008;21(7):1375-83. 

60. Wu C-S, Chen Y-J, Chen JJW, Shieh J-J, Huang C-H, Lin P-S, et al. Terpinen-4-ol 

Induces Apoptosis in Human Nonsmall Cell Lung Cancer In Vitro and In Vivo. Evidence-

Based Complementary and Alternative Medicine. 2012:1-13. 

61. Morimoto R, Obinata A. Overexpression of Hematopoietically Expressed 

Homeoprotein Induces Nonapoptotic Cell Death in Mouse Prechondrogenic ATDC5 Cells. 

Biological & Pharmaceutical Bulletin. 2011;34(10):1589-95. 



 

44 

 

62. Nzengue Y, Steiman R, Guiraud P. Characterization of the cell death induced by 

cadmium in HaCaT and C6 cell lines. Free Radic Res. 2008;42(2):142-53. 

63. Van Kerkhove E, Pennemans V, Swennen Q. Cadmium and transport of ions and 

substances across cell membranes and epithelia. Biometals. 2010;23(5):823-55. 

64. Billiau A, Cassiman JJ, Willems D. In vitro cultivation of human tumor tissues. 

Oncology. 1975;31(5-6):257-72. 

65. Chen X, Zhu G, Jin T, Lei L, Liang Y. Bone mineral density is related with 

previous renal dysfunction caused by cadmium exposure. Environmental Toxicology and 

Pharmacology. 2011;32(1):46-53. 

66. Klaunig JE, Wang Z, Pu X, Zhou S. Oxidative stress and oxidative damage in 

chemical carcinogenesis. Toxicology and Applied Pharmacology. 2011;254(2):86-99. 

67. Notingher I, Jell G, Lohbauer U, Salih V, Hench LL. In situ non-invasive spectral 

discrimination between bone cell phenotypes used in tissue engineering. Journal of 

Cellular Biochemistry. 2004;92(6):1180-92. 

68. Greshock J, Nathanson K, Martin A-M, Zhang L, Coukos G, Weber BL, et al. 

Cancer Cell Lines as Genetic Models of Their Parent Histology: Analyses Based on Array 

Comparative Genomic Hybridization. Cancer Research. 2007;67(8):3594-600. 

69. Clover J, Gowen M. Are MG-63 and HOS TE85 human osteosarcoma cell-lines 

representative models of the osteoblastic phenotype. Bone. 1994;15(6):585-91. 

70. Di Palma F, Douet M, Boachon C, Guignandon A, Peyroche S, Forest B, et al. 

Physiological strains induce differentiation in human osteoblasts cultured on orthopaedic 

biomaterial. Biomaterials. 2003;24(18):3139-51. 

71. Carinci F, Pezzetti F, Volinia S, Francioso F, Arcelli D, Marchesini J, et al. 

Analysis of MG63 osteoblastic-cell response to a new nanoporous implant surface by 

means of a microarray technology. Clinical Oral Implants Research. 2004;15(2):180-6. 

72. Fleury C, Petit A, Mwale F, Antoniou J, Zukor DJ, Tabrizian M, et al. Effect of 

cobalt and chromium ions on human MG-63 osteoblasts in vitro: Morphology, 

cytotoxicity, and oxidative stress. Biomaterials. 2006;27(18):3351-60. 

73. Franceschi RT, Young J. Regulation of alkaline phosphatase by 1,25-

dihydroxyvitamin D3 and ascorbic acid in bone-derived cells. Journal of Bone and Mineral 

Research. 1990;5(11):1157-67. 



 

45 

 

74. Bradford MM. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analytical 

Biochemistry. 1976;72(1-2):248-54. 

75. Twentyman PR, Luscombe M. A study of some variables in a tetrazolium dye 

(MTT) based assay for cell-growth and chemosensitivity. Br J Cancer. 1987;56(3):279-85. 

76. Quick KL, Hardt JI, Dugan LL. Rapid microplate assay for superoxide scavenging 

efficiency. J Neurosci Methods. 2000;97(2):139-44. 

77. Dringen R, Gutterer JM. [27] Glutathione reductase from bovine brain. In: Helmut 

S, Lester P, editors. Methods in Enzymology: Academic Press; 2002. p. 281-8. 

78. Baker MA, Cerniglia GJ, Zaman A. Microtiter plate assay for the measurement of 

glutathione and glutathione disulfide in large numbers of biological samples. Analytical 

Biochemistry. 1990;190(2):360-5. 

79. Nemmiche S, Chabane-Sari D, Kadri M, Guiraud P. Cadmium chloride-induced 

oxidative stress and DNA damage in the human Jurkat T cell line is not linked to 

intracellular trace elements depletion. Toxicology in Vitro. 2011;25(1):191-8. 

80. Valko M, Morris H, Cronin MTD. Metals, toxicity and oxidative stress. Curr Med 

Chem. 2005;12(10):1161-208. 

81. Peixoto F, Vicente J, Madeira VM. A comparative study of plant and animal 

mitochondria exposed to paraquat reveals that hydrogen peroxide is not related to the 

observed toxicity. Toxicol In Vitro. 2004;18(6):733-9. 

82. Almeida M. Unraveling the role of FoxOs in bone-Insights from mouse models. 

Bone. 2011;49(3):319-27. 

83. Chiu Y-J, Hour M-J, Lu C-C, Chung J-G, Kuo S-C, Huang W-W, et al. Novel 

Quinazoline HMJ-30 Induces U-2 OS Human Osteogenic Sarcoma Cell Apoptosis through 

Induction of Oxidative Stress and Up-Regulation of ATM/p53 Signaling Pathway. Journal 

of Orthopaedic Research. 2011;29(9):1448-56. 

84. Zhou H, Newnum AB, Martin JR, Li P, Nelson MT, Moh A, et al. 

Osteoblast/osteocyte-specific inactivation of Stat3 decreases load-driven bone formation 

and accumulates reactive oxygen species. Bone. 2011;49(3):404-11. 

85. Viswanadh EK, Rao BN, Rao BSS. Antigenotoxic effect of mangiferin and changes 

in antioxidant enzyme levels of Swiss albino mice treated with cadmium chloride. Hum 

Exp Toxicol. 2010;29(5):409-18. 



 

46 

 

86. Messaoudi I, Banni M, Said L, Said K, Kerkeni A. Involvement of selenoprotein P 

and GPx4 gene expression in cadmium-induced testicular pathophysiology in rat. 

Chemico-Biological Interactions. 2010;188(1):94-101. 

87. Banni M, Chouchene L, Said K, Kerkeni A, Messaoudi I. Mechanisms underlying 

the protective effect of zinc and selenium against cadmium-induced oxidative stress in 

zebrafish Danio rerio. Biometals. 2011;24(6):981-92. 

88. Bekheet SHM, Awadalla EA, Salman MM, Hassan MK. Bradykinin potentiating 

factor isolated from Buthus occitanus venom has a protective effect against cadmium-

induced rat liver and kidney damage. Tissue & cell. 2011;43(6):337-43. 

89. Moulis JM. Cellular mechanisms of cadmium toxicity related to the homeostasis of 

essential metals. Biometals. 2010;23(5):877-96. 

90. Adam-Vizi V. Production of reactive oxygen species in brain mitochondria: 

Contribution by electron transport chain and non-electron transport chain sources. Antioxid 

Redox Signal. 2005;7(9-10):1140-9. 

91. Dickinson BC, Chang CJ. Chemistry and biology of reactive oxygen species in 

signaling or stress responses. Nat Chem Biol. 2011;7(8):504-11. 

92. Zorzano A, Liesa M, Sebastian D, Segales J, Palacin M. Mitochondrial fusion 

proteins: Dual regulators of morphology and metabolism. Seminars in Cell & 

Developmental Biology. 2010;21(6):566-74. 

93. Singhal R, Anderson M, Meister A. Glutathione, a first line of defense against 

cadmium toxicity. FASEB Journal. 1987;1(3):220-3. 

94. Lee SR, Kwak JH, Park DS, Pyo S. Protective effect of kobophenol A on nitric 

oxide-induced cell apoptosis in human osteoblast-like MG-63 cells: Involvement of JNK, 

NF-kappa B and AP-1 pathways. Int Immunopharmacol. 2011;11(9):1251-9. 

95. Herrera B, Alvarez AM, Sanchez A, Fernandez M, Roncero C, Benito M, et al. 

Reactive oxygen species (ROS) mediates the mitochondrial-dependent apoptosis induced 

by transforming growth factor beta in fetal hepatocytes. FASEB Journal. 2001;15(3):741-

51. 

 


