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ABSTRACT 

 

Studies have shown that Co and Cr particles and ions can enter the 

bloodstream and accumulate in tissues and organs of patients after metal-on-metal 

(MM) total hip arthroplasty (THA). These ions can generate reactive oxygen 

species (ROS) that can be deleterious for cells. We first assessed the biological 

effects of Cr(VI), Co(II), and Cr(III) by testing their effect on antioxidant 

enzymes (SODs, CAT, GPx, HO-1) that represent a primary defense system 

against ROS. We demonstrated that Cr(VI) induced the protein expression 

(translation) of antioxidant enzymes, whereas it had no effect on the mRNA 

expression (transcription). Co(II) induced the expression of both protein and 

mRNA of HO-1 only. Cr(III) had no effect on the activity of these enzymes. We 

then suggested that a difference in molecular structure may be at the origin of 

their differential effects and showed that Cr(III) can form precipitable complexes, 

whereas Co(II) and Cr(VI) cannot form complexes in the same experimental 

conditions. These Cr(III) complexes, formed in simulated-physiological fluids, 

were constituted by an organic phase (amino acids, phosphate) tangled with an 

inorganic phase (Cr, Ca, Na). Interestingly, these Cr(III) complexes interacted 

only with albumin in presence of fetal bovine serum, whereas they interacted with 

8 different human serum proteins in presence of human serum. The interaction of 

Cr(III) complexes with serum proteins affect their internalization by 

macrophages, complexes formed with human serum being more easily 

internalized than those bound to bovine proteins. Lastly, results suggested that the 
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levels of Co and Cr ions in patients with MM THA are not sufficient to induce 

significant oxidative stress in the blood of these patients, bringing optimism over 

concern for the long term biological effects of Co and Cr ions released from 

metal-metal bearings. In conclusion, this thesis gives very valuable information 

on the biological effects of Cr and Co ions and gives insight into Cr metabolism.  
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RESUME 

 

De nombreuses études ont montré que les particules et ions métalliques 

(Cr(III), Co(II) et Cr(VI)) générés par l’usure de prothèses de hanche métalliques 

(PHM) se retrouvent dans le flux sanguin des patients et s’accumulent également 

dans leurs tissus et leurs organes. Ces ions peuvent génèrer des radicaux libres qui 

peuvent à leur tour être nocifs pour la cellule. Nous avons déterminé les effets de 

ces ions sur les enzymes antioxidantes (SODs, CAT, GPx, HO-1) qui représentent 

la première ligne de défense cellulaire contre les radicaux libres. Nos travaux ont 

révélé que le Cr(VI) induit l’expression de ces protéines (traduction) mais non 

l’expression de leur ARNm (transcription). Le Co(II) induit l’expression de la 

proteine et de l’ARNm de HO-1 seulement alors que le Cr(III) n’a aucun effet sur 

l’expression de ces enzymes. Nous avons par la suite suggéré, que la structure 

moléculaire de ces ions pouvait avoir une influence sur leurs différents effets. Les 

résultats ont montré que le Cr(III) formait des complexes constitués d’une partie 

organique (acides aminés et phosphates) et d’une partie inorganique (Cr, calcium 

et sodium), alors que ni le Co(II), ni le Cr(VI) ne formaient de complexes dans les 

mêmes conditions expérimentales. En présence de sérum bovin fétal, les 

complexes de Cr(III) pouvent se lier seulement à l’albumine, alors qu’en présence 

de sérum humain, ces mêmes complexes intéragissent avec 8 protéines de nature 

differente. Cette intéraction avec les protéines humaines semble augmenter 

l’internalisation des complexes par les macrophages. Finalement, les résultats 

démontrent que la concentration d’ions Co et Cr présents dans le sang de patients 
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portant une PHM est insuffisante pour induire un stress oxydant et apportent un 

souffle optimiste sur les effets à long terme des ions métalliques chez les patients. 

Dans son ensemble ce projet apporte de nouveaux éléments de connaissances sur 

les effets biologiques des ions Co et Cr et sur le métabolisme du Cr. 
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NaOH:    Sodium hydroxide     

Ni:     Nickel     
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O2
-:     Superoxide anion     

OH-:     Hydroxyl anion      

ONOO-:    Peroxinitrite     

P:    Phosphorus     

PCR:     Polymerase chain reaction     

PHM:     Prothèses de hanche métalliques   

  

PO4:     Phosphate     

Ppb:     Parts per billion      

Ppm:     Parts per million      

Pre-OP:    Preoperative     

Pro:     Proline     

R:    Gas constant (8.314)    

ROS:     Reactive oxygen species     

RPMI:    Roswell Park Memorial Institute medium  

  

RSH:    Structure of thiol functional group  

RT reaction:    Reverse transcriptase reaction     

S:     Sulfur     

SH:     Sulfudryl group     

SO2:    Sulfur dioxide  

SOD:     Superoxide dismutase     

T:     Temperature     
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TAS:     Total antioxidant status     

TEM:     Transmission electron microscopy   

  

THA:     Total hip arthroplasty     

Thr:     Threonine     

Ti:     Titanium     

Tryp:     Tryptophan     

Tyr:     Tyrosine     

UHMWPE:    Ultra High molecular weight polyethylene  

  

XPS:     X-ray photoelectron spectroscopy   

  

ΔGo:     Free energy of reaction in a define standard state 

  

ΔGred:   Free energy for reduction reaction   
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CHAPTER 1 

The Philosophy of Orthopedic Research 

 

The fastest growing segment of the population is constituted by people 

over the age of 65 in Canada. Pain in older adults is often wrongly assumed to be 

a direct consequence of aging but in fact, it often results from specific injuries or 

diseases. Although the prevalence of some causes of pain, such as osteoarthritis 

and hip fractures increase with age, there is no reason to expect or accept pain as  

a consequence of aging. There is no reason as well, to accept pain in young 

persons who suffer from hip disorders. However, the psychological consequences 

of pain associated with hip troubles have not been well established but subjects 

with hip fracture experience confirm a significant deterioration in general health, 

psychological wellbeing and body image, in addition to impaired physical and 

social functioning. These troubles can also result in serious repercussions on their 

family circle.   

Hip prostheses have revolutionized the treatment of osteoarthritis and are 

still the most effective therapy to treat the pain and disability of these patients and 

improve their quality-of-life. Indeed, hip implants have emerged as one of the 

success stories of modern orthopaedic surgery. 
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CHAPTER 2 

Introduction 

 

2.1. Rationale  

Due to the increase of life expectancy and aging population, changes have 

been brought in managing degenerative conditions of the musculosketal system. 

Durable treatments strategies, that safety and effectively restore joint function, 

have thus emerged over the last 30 years. One of these treatments is the 

replacement of the hip joint by a biocompatible prosthesis.  

In the 1960s, the concept of low-friction arthroplasty with a uniquely small ball in 

a cemented ultra-high molecular weight polyethylene cup appeared. Nevertheless, 

a high rate of osteolysis and implant loosening was observed with this metal-on-

polyethylene prosthesis. Aseptic loosening was the major complication and 

caused a very high rate of revisions hip surgery in North America. Important 

efforts were made to reduce the revision rates and alternative bearings such as 

cobalt-chromium alloys are usually used in Total Hip Arthroplasty (THA). 

Metal-on-metal (MM) prostheses, made of cobalt-chromium (Co-Cr) 

alloys, were first introduced in the 1960s’ but have been progressively abandoned 

because of the high failure rate resulting from unacceptably high loosening rates. 

After investigations, it was determined that poor manufacturing and finishing 

techniques were the cause of the observed complications. Therefore, the second 

generation of MM bearings emerged with an improved design that gave excellent 
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outcome results. The implantation of MM prostheses rose an estimated of 70% 

from 2000 to 2002. Co-Cr-Mo alloys have the hardest, strongest and most fatigue 

resistant of all materials used for hip implants. 

 

2.2. Motivation Behind the Study of Chromium and Cobalt Ions in Vitro 

Even though Co-Cr alloys are resistant, they are subject, like all metals, to 

wear, corrosion, and both phenomena lead to ion release. Co and Cr ions can be 

generated from Co-Cr alloys by different ways; They can come directly from the 

corrosion of the passive layer or from the corrosion of wear particles released 

from the implant. Ions generated during these processes are Co2+ or Co(II) and 

hexavalent Cr6+or Cr(VI), being rapidly reduced in a physiological environment 

to trivalent Cr3+ or Cr(III).  

These ions are potentially toxic, since the reduction of Cr6+ to Cr3+ is 

accompanied by the generation of unstable and toxic intermediates such as Cr4+, 

Cr5+, and reactive oxygen species (ROS). These radicals are extremely unstable 

and react with molecules or other radicals to reach a stable structure. In a 

balanced cell state, ROS are generated as products of metabolism and are 

annihilated by antioxidants and the potential damages are repaired. When the 

level of ROS overwhelms the antioxidant level, an oxidative stress occurs, 

inducing deleterious effects on cells, such as lipid peroxidation, nitration and 

oxidation of proteins, and DNA damage. 

Once Cr is ingested or released from an implant, its excretion is not fully 

effective and Cr ions accumulate in cells and tissues. Furthermore, Co and Cr 
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particles and ions released from MM hip implant can enter the bloodstream and 

accumulate both in surrounding tissues and organs of patients after MM total hip 

arthroplasty. Indeed, the main concern associated with such bearings is the 

presence of circulating and accumulating ions in the organism.  

 

2.3. Hypotheses of the Thesis 

This thesis was articulated in 4 parts dealing with in vitro and in vivo 

investigations of Co and Cr ions released from metallic hip implants.   

 

1- Co and Cr ions are known to induce protein damage in human 

macrophages. Our first hypothesis was that these ions could modify the 

expression of antioxidant enzymes in human macrophages, which 

represent the first defense system against oxidative stress. 

 

2- The second hypothesis was that a difference in molecular structure of 

these ions in simulated physiological fluids is the origin of their difference 

in toxicity. 

 

3- Since Co and Cr are released in blood which contains numerous proteins, 

we hypothesized that proteins could have a predominant role in the 

behavior and properties in vitro of Cr and Co ions. 
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4- Lastly, we hypothesized that Co and Cr ions released from MM bearings 

could generate oxidative stress in patients with MM THA 

 

2.4. Objectives of the Thesis 

The overall objective of this thesis is to study the fate of Cr and Co ions released 

from metallic hip implants and to assess and explain their toxicity.  

 

The detailed objectives are: 

 

1- Compare the toxicity of Cr(VI), Cr(III), and Co(II) in human U937 cell-

like macrophages 

 

2- Determine the molecular structures of Cr(VI), Cr(III), and Co(II), that are 

believed to be the origin of their toxicities. 

 

3- Attempt to understand why Cr excretion is not fully effective by 

determining the binding of Cr(III) complexes with serum proteins. 

 

4- Assess the clinical relevance of increased levels of Cr and Co ions in 

patients with metal-on-metal implants. 
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CHAPTER 3 

Review of Literature 

 

3.1. Metal-on-Metal Hip Prostheses  

3.1.1. Total hip arthroplasty 

Millions of people in the world are affected by joint diseases, especially 

those of the hip articulation. One of the most predominant hip pathologies is 

fracture due to osteoporosis, which affects primarily elderly people. In fact, the 

fastest growing segment of the population is constituted by the people over age of 

65 in Canada (1). Durable treatment strategies that safely and effectively restore 

joint function have emerged over the past 30 years. One of those is the 

replacement of the hip joint by a biocompatible prosthesis (2-4). Several 

properties are required to obtain an optimal hip implant. The material needs to be 

biocompatible, it must have good fatigue resistance, and its elastic modulus 

should be ideally the same of the bone’s modulus. Total hip arthroplasty (THA) is 

an orthopedic procedure that involves the insertion of a prosthesis, composed of a 

femoral component (stem) and an acetabular component (cup), in a hip in which 

the head and the proximal neck of the femur have been surgically excised and the 

cartilage and the subchondral bone of the acetabulum removed (5). (Fig 3.1). 
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Figure 3.1. Insertion of hip prosthesis in the acetabulum (cup) and the femur 

(stem). 

 

3.1.2. Metal-on-polyethylene prostheses 

In the 1960s, Sir John Charnley introduced the concept of low-friction 

arthroplasty with a uniquely small ball (22.25 mm) in a (UHMWPE) cup (6,7). 

The design and bearings of this metal-on-polyethylene prosthesis led for the first 

time to good performance of hip arthroplasty. Nevertheless, a high rate of wear-

mediated osteolysis and implant loosening was observed close to both the femoral 

stem and the acetabular component (8,9). Aseptic loosening, which is bone 

resorption around the prosthesis, was the major complication and caused a very 

high rate of revision hip surgery in North America. Furthermore, revision surgery 

is dangerous for the patient and not as effective as the primary arthroplasty (10). 

These problems were first thought to be generated by the use of acrylic cement in 

the fixation, but the most common explanation accepted was that these 

phenomena were generated by the presence of wear debris released from 

→
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polyethylene bearings. In fact, presence of polyethylene wear particles activate 

macrophages, which activate osteoclasts or become osteoclasts themselves and 

initiate bone resorption (11). Actually, this is the major factor limiting longevity 

of modern hip replacement, leading to revision surgery associated with high 

morbidity. Consequently, important efforts were made to reduce the revision rates 

and alternative bearings such as cobalt-chromium alloys are now used in THA. 

 

3.1.3. Metal-on-metal prostheses 

Metal-on-metal (MM) prostheses, made of cobalt-chromium (Co-Cr) 

alloys, have been first introduced in the 1960s’ but have been progressively 

abandoned because of the high failure rate resulting from the premature design 

and unacceptably high loosening rates. Time has showed that despite the early 

failures, some excellent long-term survival could be achieved with these MM 

bearings. After investigation, it was demonstrated that manufacturing design 

limitations, were the cause of observed complications (12). Therefore, the second 

generation of MM bearings emerged after significant improvements in design, 

finishing techniques and manufacturing that gave excellent outcome results. In 

addition, they have shown to have less volumetric wear rate than the first 

generation. As a result, they were launched in the market in the late 1980’s. 

Indeed, American Association of Orthopaedic Surgeons reported that MM hip 

prostheses were implanted in more than 750,000 patients in United States between 

1998 and 2000 (13).  
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Among the available Co-Cr alloy bearings, only two of them are used as 

joint implants: cobalt-chromium-molybdenum (Co-Cr-Mo) and cobalt-chromium-

nickel (Co-Cr-Ni). Co-Cr alloys consist of a primary Co alloy matrix phase and a 

secondary metal carbide phase. The metal elements are represented as followed: 

62-67% Co, 27-30% Cr, 5-7% Mo, but less than 1% of nickel and manganese 

(14,15). In the Co phase, the presence of Cr enhances the mechanical properties of 

the alloy and promotes the formation of a passive oxide layer, while Mo is 

included to enhance corrosion resistance. Moreover, the size and distribution of 

the carbide phase contribute to the hardness and mechanical behavior of the alloy. 

Co-Cr-Mo alloys have the hardest, strongest and most fatigue resistant of all 

materials used for hip implants (16). 

The first generation of MM prostheses was made of cast Co-Cr alloys, 

also designed as ASTM-F75. They were subsequently modified to make them 

forgeable, leading to new specifications for surgical implants: ASTM-799 for 

forging Co-Cr alloy and ASTM-F1537 for bar-stock (17,18). Different 

combinations of Co-Cr-Mo exist: cast alloys with high carbon content or those 

with low carbon, for instance.  

 

3.2. Ion Properties, Characterization and Metabolism  

3.2.1. Physicochemical properties  

3.2.1.1. Chromium element 

Chromium is the element with atomic number 24 and an atomic mass of 

51.996 g/mol. Its density is 7.19 g/cm3 at 20°C. It is unstable in oxygen and 
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immediately produces a thin oxide layer that is impermeable to oxygen and 

protects the underlying metal layers. Cr can exist under different valence states 

(Fig 3.2), the most common are trivalent Cr(III) (or Cr3+, green in solution) and 

hexavalent Cr(VI) (or Cr6+, orange in solution), but the most thermodynamically 

stable specie is Cr(III), explaining the rapid reduction of Cr(VI) to Cr(III) in 

solution. Cr can form different compounds such as chromium fluoride (CrF2), Cr 

chloride (CrCl3), Cr bromide (CrBr2), Cr iodides (CrI2), Cr oxides (CrO2), Cr 

sulfides (CrS), Cr selenides (CrSe), and Cr tellurides (Cr2Te3). Cr is also known 

to form complexes such as hexaaquachromium nitrate (Cr(NO3)3* 9H2O), for 

instance (19,20). 

 

 

 

Figure 3.2: Standard reduction for chromium. 
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Chelation of chromium 

Due to its different valences, Cr is able to bind many molecules (20). The 

affinity of a chelating agent for a given metal is a function of its ionic charge, 

hydrated ionic radius, and ligand bonding with exposed electron pairs on nitrogen 

and oxygen. The chelation process is also dependent on the entropy, meaning that 

the change of Gibbs free energy is negative. It has been demonstrated that Cr can 

bind to other metals, such as vanadium, iron or zinc: this binding can modify its 

absorption. Chelating substances such as EDTA and phytates (phytic acid or 

inositol hexaphosphates which are present in legumes) are known to interact with 

Cr (21,22). Binding to EDTA has no effect on its absorption but the interaction 

with phytates decreases it in the intestine of rats. Oxalates such as ethanedioate 

(present in spinach and rhubarb) generate an increase of the absorption (23).  

Cr can also bind to some amino acids such as histidine, which chelates Cr 

in the small intestine (24). These amino acids prevent the precipitation of Cr at the 

basic pH of the intestine and thereby increase its absorption. Furthermore, Cr has 

been demonstrated to bind phosphate (PO4) groups, generating CrPO4 (chromium 

phosphate) in phosphate buffers (25). The chelating capacity of Cr(III) is higher 

than that of Cr(VI). 

 

3.2.1.2. Cobalt element 

Cobalt is the element with atomic number 27 and an atomic mass of 

58.933 g/mol. Its density is 8.86 g/cm3 at 20°C. Cobalt is a silver-white, hard, 

lustrous, brittle element. It is a member of group VIII of the periodic table. Like 
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iron, it can be magnetized; it is similar to iron and nickel in its physical properties. 

Co is active chemically, forming many compounds. Contrary to Cr, Co is stable in 

air and unaffected by water, but is slowly attacked by dilute acids. Cobalt exists 

under 2 different valence states (Fig 3.3): Co(II) (or Co2+) and Co(III) or Co3+ the 

most stable of these being Co(II). Its ionic radius is 0.078 nm for Co(II) and 0.063 

nm for Co(III). Co can form different compounds such as cobalt fluoride (CoF2), 

Cr chloride (CoCl2), Co bromide (CoBr2), Cr iodides (CoI2), Co oxides (CoO), Co 

sulfides (CoS), Co selenides (CoSe), and Co tellurides (CoTe). It can also form 

complexes such as hexaaquocobalt dichloride (CoCl2.6H2O) (26). 

 

 

Figure 3.3. Standard reduction potentials for cobalt. 

 

Chelation of cobalt 

Co is known to have strong affinity for sulfudryl (SH) groups. It also binds 

EDTA, deferoxamine, a chelating agent uses to remove excess iron from the 

organism, and (27,28), a compound used as a precursor of pharmaceuticals or a 

precursor of chelating agents. However, the chelating capacity of Co is less 

important than that of Cr. 

 



 39

3.2.2. Characterization techniques for ions and ion complexes 

Various techniques can be used for the characterization of ions and ions 

compounds. The following sections briefly describe the main techniques used in 

the present thesis for the characterization of Cr and Co complexes 

 

3.2.2.1. Fourier-Transform Infra-Red Focal Plan Array (FT-IR FPA) 

FT-IR is a non-destructive technique used for the characterization of 

chemical structures of various compounds in powder or in solution (28,29). The 

principal of this technique is based on the Infra-red radiation passing through a 

sample; some of the infra-red radiation is absorbed by the sample and some of it 

is transmitted. The resulting spectrum represents the molecular absorption and 

transmission, creating a unique molecular fingerprint of the sample. This makes 

infra-red spectroscopy useful for several types of analysis. For instance, it can 

identify unknown materials; it can determine the quality or consistency of a 

sample, or the amount of components in a mixture. FT-IR provides a precise 

measurement method which requires no external calibration. 

While the two-dimensional format of an FPA provides the ability to 

spatially analyze a sample, a spectroscopic imaging instrument must still 

incorporate a method of wavelengths discrimination. FT-IR FPA functions in a 

similar fashion as a traditional mapping FT-IR, but in addition, it is possible to 

visualize the sample with a camera and to register the spectra at different 

specified points of the sample (29). 
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In the in chapter 5, FT-IR was useful to characterize complexes formed by 

Cr(III) ions in simulated-physiological fluids. This technique allowed us to reveal 

the presence of amino acids by the presence of specific bounds (such as N-H and 

C=O), and allowed us to determine as well the presence of phosphate groups 

(P=O bounds). Additionally, FT-IR FPA was useful to conclude that the chemical 

composition is representative of the overall Cr(III) complexes. 

 

3.2.2.2. Carbon/ Hydrogen/Nitrogen (C/H/N) Elemental Analysis 

The sample under test is weighed in using a tin capsule. The tin capsule 

enclosing the sample falls into the reactor chamber where excess oxygen is 

introduced before. At about 990°C the material is "mineralized". Formation of 

carbon monoxide is probable at this temperature even under these conditions of 

excess oxygen. The complete oxidation is reached and the resulting mixture thus 

consists of CO2, H2O und NOx. The product gas mixture flows through a silica 

tube packed with copper granules. In this zone – held at about 500°C – the 

remaining oxygen is bound and nitric/nitrous oxides are reduced. The exiting gas 

stream includes the analytically important species CO2, H2O und N2. Eventually, 

included SO2 or hydrohalogenides are absorbed at the appropriate traps. High 

purity helium is used as a carrier gas. Finally the gas mixture is brought to a 

defined pressure/volume state and is passed to a gas chromatographic system. 

Separation of the species is done by so called zone chromatography. In this 

technique a staircase type signal is registered (30).  
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Complementary to FT-IR, elemental analysis confirmed the implication of 

amino acids in the formation of the Cr(III) complexes but allowed as well to 

determine the percentage of nitrogen (N), carbon (C), hydrogen (H), and sulphur 

(S) in this nanoscale structure. Importantly, C/N ratio made thus possible to 

determine only three combinations of amino acids present in Cr(III) complexes 

(Chapter 5). 

 

3.2.2.3. X-ray Photoelectron Spectroscopy (XPS) 

Like FT-IR, XPS provides information about the chemical binding of the 

chemical but only at a few nanometers of the surface. The principle of XPS is 

based on the photoelectric effect: photons of an adequate energy from an X-ray 

beam ionize atoms in a sample, resulting in the emission of core-level electrons. 

Photo-ionization comprises: photo absorption, photo emission, displacement of 

the electron within the solid and the escape of the electron from the solid into the 

vacuum of the spectrophotometer. According to the principle of conservation of 

energy, the sum of the energy of the initial state, plus the proton energy is equal to 

the sum of the final state plus the kinetic energy of the emitted photoelectron. As 

each element has characteristic core-electron binding energies, it therefore emits 

photoelectrons with a characteristic kinetic energy for a given photon energy. 

Element identification can thus be accomplished by recording the photoelectron 

energy distribution (spectrum), which shows intensity peaks corresponding to 

different element (31).  
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In our project, XPS analysis confirmed the presence of Cr, Ca, N, and 

phosphorus (P) in the Cr(III) complexes, as well as the presence of sodium (Na) 

and chlorine (Cl). XPS reported the presence of C-N, N-H, C-C, and P-O bond 

displacements, confirming once more, the presence of amino acids and phosphate 

groups in Cr(III) complexes (Chapter 5). 

 

3.2.2.4. Liquid Chromatography- Quadrupole–Time of Flight Spectrometry 

(LC-Q-Tof) 

With LC-Q-Tof, the peptides are first separated chromatographically, 

often by ion exchange prior to nanoscale reversed-phase HPLC. Eluting peptides 

are fed to a nanoflow electrospray source for ionization. During electrospray 

ionization the sample is dissolved in a volatile polar solvent by applying a high 

voltage, this creates a strong electric field that causes the solvent and sample to 

elute from the tip of the capillary as an aerosol of highly charged droplets. The 

charged droplets decrease in size as the solvent is evaporated by the flow of 

heated nitrogen gas that blows across the front of the ionization source. The 

charged ions eventually become freed from the solvent and it is then directed 

through a small aperture into the analyzer section where molecules are separated 

according to molecular mass. The basis principle of LC-Q-Tof is to generate ions 

from either inorganic or organic compounds to separate these ions by their mass-

to-charge ratio (m/z) and to detect them qualitatively and quantitatively by their 

respective m/z and abundance. The Tof analyzer uses an electric field to 

accelerate the ions through the same potential, and then measures the time they 
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take to reach the detector. If the particles all have the same charge, the kinetic 

energies will be identical, and their velocities will depend only on their masses. 

Lighter ions will reach the detector first (31-33). 

In chapter 6, LC-Q-Tof allowed us to confirm the presence of proteins that 

could bind to Cr(III) complexes and revealed their exact nature.  

 

3.2.2.5. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

The plasma is formed in a stream of argon gas flowing through an 

assembly of three concentric quartz tubes known as the plasma torch. The torch is 

encircled at the top by an induction coil, connected to a free-running 

radiofrequency generator. The induction coil is cooled by the argon gas. The 

magnetic field generated by the generator current through the load coil induces a 

current in the argon gas stream. A plasma is formed almost instantaneously when 

the argon gas is seeded with energetic electrons. The ICP is capable of 

exciting/ionizing a wide range of elements, particularly metals, and it therefore 

allows simultaneous multi-element determination. This technique is very sensitive 

and allows determining ions concentration in a ppb range (31,34,35).  

ICP-MS was used in chapter 7 to determine the concentration of trace 

metals, namely Cr and Co, in whole blood of patients wearing a metallic hip 

implant.  
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3.2.3. Metabolism of ions  

3.2.3.1. Chromium metabolism 

Cr is an essential nutrient for glucose metabolism and Cr is suspected to 

play a role in type II diabetes (36). This retention is a function of the chemical 

form, the age of the individual, and the presence of diabetes (37). The metabolism 

of Cr is dependant on its valence, its ligands, and the way in which it enters the 

organism. Cr is present in human diets as organic and inorganic forms (38). The 

hexavalent form (Cr(VI)) is present in organism diets and can also be inhaled 

from industrial contamination . However, Cr(VI) is unstable and is rapidly 

reduced via Cr(V) to Cr(III) by ascorbic acid and thiols, including reduced 

glutathione and cysteine (39). Not all forms of Cr(III) are biologically active. The 

biological active form of Cr(III) is present in the diet; it is combined to nicotinic 

acid or glutathione. It can also be synthesized directly by the organism (40).  

Even though Cr metabolism is not fully elucidated, it is known that it is 

absorbed in the intestinal mucosa. In humans, the sites of absorption include the 

small intestine, the ileum, the duodenum, and the jejunum (41). The absorption of 

organic Cr salts is variable: about 0.5% for CrCl3 and Cr-acetate 

[(CH3CO2)2Cr·H2O]2 and approximately 40% for 51Cr3+ (42). The absorption of 

inorganic Cr (Chromium chloride (ClCH3) is low, from 0.4 to 3%. but fast, (less 

than 15 min) and dose-dependent. Cr is preferentially excreted in the urine, hair, 

sweat, and bile (43). Its urinary excretion is high during the first 2 hours post-

absorption. However, studies dealing with the intestinal absorption of Cr are not 

in total agreement.  
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Cr accumulates in cells and tissues but its excretion is not fully effective. 

Due to this partial excretion, it is believed that Cr can bind plasma proteins. Few 

studies have elucidated that Cr ions can bind proteins, such as transferrin or 

ferritin (44). Cr can be released from their carriers in the endosome or in the 

cytosol after binding to the DMT1 protein transporter. They can then be oxidized 

and generate the formation of ROS.  

Some studies have shown that Cr(VI) can cross the cell membrane using 

anion channels while other studies suggested the use of carriers (transport 

proteins) (Fig 11). What is known is that Cr(VI) easily enters into the cells (45). 

Cr can also cross the nuclear membrane and cause damages to DNA (46). 

However, little is known about the internalization of Cr(III), some studies 

suggesting that Cr(III) could be phagocytosed, but nothing has been demonstrated 

yet.  
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Figure 3.4: Hypothetic scheme used to illustrate the Cr ions internalization 

pathways.  

 

3.2.3.2. Cobalt metabolism 

Co is an essential element for the formation of vitamin B12 

(hydroxocobalamin) in humans, and the main source of Co is from the diet (47). 

Its concentration in drinking water is about 5 mg/L, while it is present in the air at 

small concentrations (1–2 ng/m3) in urban areas and somewhat less in remote 

areas. Once ingested, the availability of Co via the gastrointestinal tract depends 

on the solubility of the compound and the amount of ingested material (48). Inter-

individual variations in availability also exist. Substantial uptake of Co can also 

occur through the lungs, while its highest concentrations are in the liver and 
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kidneys. The elimination of Co occurs rapidly and most of it (60-80% of the 

absorbed dose) appears in urine. Co usually has a biological half-life of several 

days, but a small amount has a half-life of several years (48). 

 

3.3. Wear, Corrosion and Ion Release 

Even though Co-Cr alloys are resistant, they are subject, like all metals, to 

wear and corrosion, both phenomena leading to ion release.  

 

3.3.1. Tribocorrosion  

The simultaneous mechanical (wear) and degradation (corrosion) 

processes is named tribocorrosion (49). Tribological design is then critical for the 

long term clinical performance of prostheses. When a MM hip prosthesis is 

implanted, its wear rate is highly dependent on the lubrication regime which is 

governed by tribological properties of the starting composition (low or high 

carbon content), the manufacturing conditions (casting, forging or powder 

metallurgy), and thermal treatments. More importantly, a correlation exists 

between the wear rate and the carbide volume fraction: the lowest wear will occur 

where the carbide volume fraction is largest (50).  

 

3.3.2. Corrosion 

In regard to the phenomenon of corrosion, the advantage of Co-Cr alloys 

resides in the fact that they form a passive oxide layer (chromium oxide), making 

them much more resistant to corrosion than the other metals (except titanium). 
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Two essential parameters determine how and why a metal corrodes. The first one 

concerns thermodynamic forces, which cause oxidation and reduction. During 

corrosion, the valence state of metal atoms increases to form ions. The 

thermodynamic force can be calculated using the following equation:  

 

ΔGred = ΔGo + RT ln [M]/ [Mn+] [e-]n 

where ΔGred is the free energy for the reduction reaction, ΔGo is the free energy of 

the reaction in a define standard state, R is the gas constant, T is the temperature, 

and the bracketed values are the species (M = metallic atom, Mn+ = ion, e- = 

electron). If ΔG is greater than zero, oxidation processes will occur 

spontaneously. 

The second parameter is determined by kinetic barriers, such as an 

oxidative passive layer, that limit these reactions. This is not an energetic process 

but a mechanical one that protects metals against oxidation and reduction 

processes. Passive oxide films are the best example of kinetic barriers. The 

passive layers of Co-Cr-Mo alloys have specific characteristics that make them 

really efficient. For instance, these passive layers are formed spontaneously and 

cover the entire surface of the material. Moreover, they are porous, allowing for 

better cell adhesion. Finally, they are able to remain on the surface despite stress 

and mechanical abrasion. However, corrosion in hip implants can occur when the 

passive layer is disrupted because of fretting, stress, or fatigue corrosion (51,52). 
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3.3.3. Generation of ions 

Co and Cr ions can be generated from Co-Cr alloys in different ways. As 

mentioned above, they can be produced as a result of the corrosion of the passive 

layer or from the corrosion of wear particles. Ions generated during these 

processes are Co2+ and hexavalent Cr6+, the latter being rapidly reduced in 

physiological environments to trivalent Cr3+. This reduction is accompanied by 

the generation of unstable and toxic intermediates such as Cr4+, Cr5+, and oxygen 

radicals (ROS) (53,54).  

 

3.4. Biological effects 

Chromium is an element with two faces, as far as health effects are 

concerned. Small amounts of chromium are essential for the health of plants and 

animals. In humans, a chromium deficiency leads to diabetes-like symptoms, for 

instance. In larger amounts, chromium is harmful, particularly Cr(VI). Cr(VI) are 

dangerous, causing a rash or sores if spilled on the skin. They can also cause sores 

in the mouth and throat if inhaled. If swallowed, some chromium compounds can 

seriously damage the throat, stomach, intestines, kidneys, and circulatory (blood) 

system. Finally, they are believed to cause cancer. As a result, the U.S. 

Environmental Protection Agency (EPA) has established rules about the amount 

of chromium to which workers can be exposed (54,55).  

Cobalt is widely dispersed in the environment (56). Humans may be 

exposed to it by breathing air, drinking water and eating food that contains cobalt. 

Skin contact with soil or water that contains cobalt may also enhance exposure. 
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Cobalt is not often freely available in the environment, but when cobalt particles 

are not bound to soil or sediment particles the uptake by plants and animals is 

higher and accumulation in plants and animals may occur.  

  However, high concentrations of cobalt may damage human health (55). 

When we breathe in very high concentrations of cobalt through air we may 

experience lung effects, such as asthma and pneumonia. Health effects that are a 

result of the uptake of high concentrations of cobalt may include: vomiting and 

nausea, vision problems, heart problems and thyroid damage. Cobalt dust may 

cause an asthma-like disease with symptoms ranging from cough, shortness of 

breath and dyspnea to decreased pulmonary function, nodular fibrosis, permanent 

disability, and death. Exposure to cobalt may also cause weight loss, dermatitis, 

and respiratory hypersensitivity (57). Finally, cobalt is believed to be 

carcinogenic. As a result, the International Agency for Research on Cancer 

(IARC) has listed cobalt compounds within group 2B (agents which are possibly 

carcinogenic to humans) (58).  

 

3.5. Ion Toxicity  

The mechanism of toxicity of these chromium and cobalt ions is not fully 

elucidated but there is good evidence that their cytotoxicity is a consequence of 

the reactive oxygen species (ROS) and/or an oxidative stress they generate 

(59,60). These notions are explained in the following points.  
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3.5.1. Oxidative stress 

In a balanced cell state, ROS are generated as products of metabolism and 

are annihilated by antioxidants and the potential damages are then repaired. When 

the level of ROS overwhelms the antioxidant level, an oxidative stress occurs 

(61). 

 

3.5.1.1. Reactive oxygen species 

Oxygen radicals, also known as ROS, are formed by a cluster of atoms 

containing unpaired electron. These radicals are extremely unstable and react with 

molecules or other radicals to reach a stable structure. The family of ROS is 

composed of superoxide anion (O2
-), superoxide radical (•O2

-), nitric oxide (•NO), 

hydroxyl radical (•OH), hydroxyl anion (OH-), and hydrogen peroxide (H2O2). 

The most reactive is •OH whereas H2O2 is not a radical but is a very powerful 

oxidizer and can be converted to •OH. H2O2 is stable in absence of transitional 

metal ions. It readily diffuses across biological membranes and forms •OH in 

presence of transitional metal ions, especially iron and copper by the reaction of 

Fenton (62):   

    Fe(III) + H2O2  → Fe(II) + OH- + •OH 

 

H2O2 is also involved in the Haber-Weiss reaction, leading to the formation of 

•OH as well (63): 

•O2
- + H2O2 → •OH + OH- + O2 
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ROS can be produced from both exogenous and endogenous substances. Potential 

endogenous sources include mitochondria, inflammatory cell activation, and 

peroxisomes. Under physiological conditions, mitochondria produce a 

considerable quantity of H2O2 estimated to account for about 2% of the total 

oxygen uptake by an organism. Furthermore, mitochondria generate 2-3 nmol of 

O2
-/min/mg of protein. In mitochondria producing a high amount of ROS, 

antioxidant molecules and antioxidant proteins are present in the organelle to 

avoid oxidative stress. O2
- is formed on both sides of mitochondria inner and is 

detoxified initially to H2O2 and then to water by antioxidant enzymes. 

Macrophages and neutrophiles are additional endogenous sources of ROS. They 

are also present in other cells involved in cholesterol metabolism and synthesis of 

steroids (ovary, interstitium of the testis). As a matter of fact, activated 

macrophages lead to an increase in consummation of oxygen, generating a variety 

of ROS, including O2
-, H2O2, and •NO. Additionally, peroxisomes can produce 

H2O2 under physiological conditions. Although livers are the organs where the 

peroxisomal contribution for H2O2 is the most important, other organs containing 

peroxisomes, are also exposed to the production of H2O2. ROS can also be 

generated by exogenous sources, such as radiations, barbiturates, and metal ions. 

 

3.5.1.2. Reactive oxygen species generated by metal ions 

In vivo, Cr6+ can interact with glutathione (GSH) to generate the radical 

GS• and Cr5+ (Fig 3.5, reactions 1 and 2). Once formed, Cr5+ can react with 
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hydrogen peroxide (H2O2) via Fenton reactions to generate Cr6+ and hydroxyl 

radical (•OH) (Fig 3.5, reaction 3) as described in the following formula:  

Mn+  + H2O2 = M(n+1)+ + •OH + OH- 

 

where Mn+ is a transition metal such as Co or Cr (64). This hydroxyl radical is 

highly reactive with a half-life in aqueous solution of less than 1 nanosecond. On 

the other hand, GS• radical is able to induce cellular damages and can further 

react with other thiol molecules (-SH) in oxygenated tissues to generate 

superoxide radical (•O2
-) (Fig 3.5, reactions 4 and 5). Superoxide radicals can also 

reduce Cr6+ in Cr5+ (Fig 3.5, reaction 6) that in turn can produce hydroxyl radical 

through a Fenton-like reaction (Fig 3.5, reaction 7) (65). Finally, cellular 

reductants, such as ascorbate and glutathione can also reduce Cr5+ to Cr4+ (Fig 

3.5, reaction 8), which can in turn generate hydroxyl radical and Cr6+ through 

another Fenton-like reaction (Fig 3.5, reaction 9) (53).  
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Figure 3.5: Biological reduction of Cr6+ and the different associated reactions 

producing ROS. 

 

Co is also involved in many biological reactions and is able to generate 

hydroxyl radicals from hydrogen peroxide under physiological conditions. 

However, not all Co ions reacting with hydrogen peroxide can generate ROS. 

Studies have demonstrated that superoxide anions can be produced from the 

interaction of Co2+ and hydrogen peroxide. In addition, Co can be involved in a 

Fenton-like reaction as follows (66): 

Co+ + H2O2 = Co2+ + •OH + OH- 

2Co+ + H2O2 = Co3+ + •OH + OH- 

 

3.5.2. Effect of reactive oxygen species on macromolecules 

Metal ions – in this case, Co and Cr – can induce deleterious effects on 

cells through the formation of ROS. The effects of these ROS on macromolecules 

are summarized in following sections. 
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3.5.2.1. Lipid peroxidation 

Lipids can interact with hydroxyl radical in a lipid-peroxidation process. 

This process occurs in three phases, the initiation, the propagation, and the 

termination, that can be schematized as presented in figure 3.6 (Fig3.6). 

 

 

 

Figure 3.6: Peroxidation of lipids by ROS. 

 

The main concern associated with the lipid oxidation is the fact they are 

the major constituents of cell membranes. In fact, phospholipids represent about 

50% of the macromolecules of the cellular membrane (67). Because of their 

highly unsaturated level, they are very susceptible to oxidization. In a pure 

system, it has been demonstrated that 60 molecules of linoleic acids and 200 of 

arachidonic acids are consumed per initiation event. However, the length of lipid 

radicals depends on many factors in cells. Peroxidation of lipids can disturb the 

assembly of the membrane, causing changes in fluidity and permeability, 

alterations of ion transport, and inhibition of metabolic processes (68). In 

addition, damage generated in mitochondrial membranes can lead to additional 

ROS formation.  
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A variety of lipid byproducts can be produced as a consequence of lipid 

peroxidation. Malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) are two 

of the basic byproducts of lipid oxidation which have been shown to be mutagenic 

in bacteria and mammalian cells and frequently used as oxidative stress markers 

(69,70). MDA can react with DNA to form adducts to deoxyguanosine and 

deoxyadenosine. HNE, which can electrophilically attack many molecules such as 

proteins and nucleotides, causes dysfunction of these target molecules. HNE can 

also affect transduction signals in vivo, namely the extracellular signal-regulated 

kinase phosphorylation that is a signaling pathway associated with cellular 

proliferation, survival, and homeostasis.  

 

3.5.2.2. Oxidation and nitration of proteins 

Protein oxidation is defined as the covalent modification of a protein 

induced either directly by ROS or indirectly by reaction with secondary 

byproducts of oxidative stress. Depending on the ROS present, the resulting 

damage to the protein may take the form of oxidation or nitration of various 

amino acid residues. Consequently, there are numerous types of protein 

modifications through oxidative process.  

Damages to proteins by •OH can be generated at two different sites in the 

polypeptide backbone: the α-carbon of amino acids and the aliphatic side chains 

of hydrophobic amino acids residues. These reactions lead to the formation of an 

alkylperoxyl radical, which generates alkylperoxide. In the presence of dioxygen 

radical (•OH2), this alkylperoxide is converted to a radical intermediate and finally 
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to a hydroxyl protein derivative (Fig 3.7). It is notable that during the oxidation of 

proteins, the generated amino acid radicals can be propagated to secondary sites, 

potentially causing disproportionately modified amino acids (71). Tyr and Tryp 

residues are electron-rich sinks ideal for such free-radical chains. Indeed, if these 

residues are functionally critical, their oxidation reactions at the protein surface 

might disrupt or even occlude some active-site residues. 

 

 

Figure 3.7: Oxidation of proteins by ROS. 

 

The most common products of protein oxidation are the carbonyl 

derivatives of proline (Pro), arginine (Arg), lysine (Lys), and threonine (Thr). 

These protein derivatives or peptide fragments possess highly reactive carbonyl 

groups such as aldehydes and ketones. These derivatives may serve as markers of 

oxidative stress for most types of ROS.  

Another byproduct of protein oxidation by ROS is nitrotyrosine (72). 

Nitric oxide (•NO) can rapidly react with superoxide ion (•O2
-) to form 
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peroxinitrite (ONOO-). Some amino acids such as cysteine (Cys), methionine 

(Met), and tyrosine (Tyr) are particularly susceptible to oxidization by ONOO-. 

When Tyr is attacked by ONOO-, it is converted to a 3-nitrotyrosine (Fig 3.8). 

While all Tyr residues in proteins may theoretically be targets for nitration, 

presumably the efficiency of Tyr nitration is dependent on various biological 

conditions such as the local production and concentration of the reactive species, 

the existence and availability of antioxidants and scavengers, the accumulation of 

inflammatory cells and the presence of proinflammatory cytokines, as well as the 

proximity and compartmentation of these components (72,73). 

 

 

Figure 3.8: Formation of nitrotyrosine by ROS. 

 

An accumulation of proteins damaged by oxidative modifications is 

associated with aging. The accumulation of oxidized proteins has also been shown 

in diseases such as Alzheimer’s, Parkinson’s, atherosclerosis, rheumatoid arthritis, 

respiratory distress syndrome, progeria, and muscular dystrophy (74). 
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3.5.2.3. DNA damage 

Hydroxyl radicals can interact with DNA bases leading to a variety of 

oxidative products. In fact, the interaction of hydroxyl radical (•OH) with 

Guanine (G) generates the formation of 8-oxo-7,8-dihydro-20-deoxyguanosine (8-

oxo-dG) and of 2,6-diamino-5-formamido-4-hydroxypyrimidine (FAPy-G) (Fig 

3.9). 8-oxoG is a highly mutagenic miscoding lesion that can lead to G:C to T:A 

transversion mutations. Hydroxyl radical can also interact with Adenine (A) but 

these lesions are less frequent than those associated with G (75).  

 

Figure 3.9: Modification of Guanine by ROS. 

 

Oxidative lesions to DNA can lead to single-strand breaks. These lesions 

present mutagenic and/or cytotoxic (blocking) challenges to the cell when 

encountered during chromosome replication or gene transcription. Indeed, the 

most significant consequences in DNA lesions result in genomic instability and 
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various pathologies such as cancer. Oxidation of DNA is also implicated in 

normal aging. Due to their major physiological effects in several aspects of 

intracellular signaling, ROS can also indirectly interfere with the expression of 

several genes and signal transduction pathways (76).  

 

3.5.3. Antioxidant systems 

Biological antioxidants are natural molecules that can prevent the 

uncontrolled formation of free radicals and ROS or inhibit their relation with 

biological structures. Antioxidants can be divided in three general families. The 

first group is composed of small molecules such as vitamin E and C, traps radicals 

and prevents chain reactions. The second one made of antioxidant enzymes and 

metal-binding proteins, prevents the formation of new ROS. Lastly, those 

composed of DNA repair enzymes, repair biomolecules damaged by ROS. The 

focus of our research was mostly on the two first families of molecules which are 

further described below. 

 

3.5.3.1. Non-enzymatic antioxidant molecules 

Non-enzymatic antioxidants are scavengers that either physically 

quenches excited species, such as singlet oxygen, or chemically traps oxidizing 

free radicals and ROS. The kinetics of their scavenging reactions is very fast, 

making them very efficient. Importantly, free radicals reacting with scavengers 

decay through dismutation, recombination, or reduction by secondary scavengers. 

Therefore, these free radicals do not serve to initiate uncontrolled chain reactions. 
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Non-enzymatic antioxidant molecules exist as water soluble (free glutathione 

(GSH) and vitamin C (ascorbic acid), and lipid soluble (vitamins A and E) 

antioxidant. Bilirubin and ubiquinol, the latter being the two-electron product of 

ubiquinone, have the power to inhibit lipid peroxidation. Uric acid and flavonoids, 

which are ubiquitous in plants and contain phenolic hydroxyl groups, also have 

antioxidant effects (77,78).  

 

3.5.3.2. Antioxidant enzymes 

Even though non-enzymatic scavengers are essential to avoid damages 

induced by most ROS, their protection is not sufficient against radicals such as 

peroxides and hydroperoxides that are continuously produced by aerobic cells. 

Specific antioxidant enzymes play this essential role. The advantages of such 

antioxidant enzymes reside in the fact that the steady-state concentration of 

peroxides can be adapted to the cell requirements. Indeed, these enzymes can be 

induced, inhibited, or even inactivated. They also play an important role in the 

regulation of metabolic pathways and specific functions of aerobic cells. For this 

reason, their expression is modified in several diseases (Table 1) (79). The 

activities of the enzymes analyzed in the present research project are described 

below. 
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DISEASE CELL TISSUS ANTIOXIDANT 

Female infertility Luteinizing hormone 

(brain) 

Cu/Zn-SOD 

Diabetes Beta cells (mice) Ec-SOD 

HIV Plasma SOD 

Parkinson Neurons CAT, GPx, SOS 

Heart diseases Arteries GPx, SOD 

Crohn’s disease Gastro-intestinal tract CAT, GPx, SOD 

Allergy to pollen cochlea Cu/Zn-SOD 

 

Table 1: Relationship between antioxidant enzymes and diseases in human. 

Superoxide dismutase. 

 

Superoxide dismutase (SOD) converts superoxide radical (•O2
-) into 

hydrogen peroxide (Fig 3.10). There are three forms of human SOD: cytosolic 

copper/zinc-SOD (Cu/Zn-SOD), mitochondrial manganese-SOD (Mn-SOD), and 

extracellular-SOD (EC-SOD). Cu/Zn-SOD contains 2 subunits of 32 kDa and 

constitutes the first line of antioxidant defense. The Mn-SOD is a tetramer of 96 

kDa that is depressed or induced by different factors such as cytokines. EC-SOD 

is a tetrameric enzyme of 135 kDa containing copper and zinc and is found in 

interstitial spaces of tissues and in extracellular fluids (synovial fluid, plasma, and 
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lymph). A low level of SODs is constantly generated by the cells in reaction to the 

formation of ROS by the respiratory chain. Interestingly, since they are induced 

by oxidants, they can be used as markers of oxidative stress (80).  

 

 

Figure 3.10: Effect of SOD on ROS.  

 

Catalase 

Catalase (CAT) is a tetramer of 240 kDa containing one ferriprotorphyrin 

group per subunit. It plays a key role in the acquisition of tolerance to oxidative 

stress in adaptative response of cells. CAT converts hydrogen peroxide to water 

and oxygen (Fig 3.11) (81).  

 

 

Figure 3.11: Effect of catalase on ROS. 

 

Glutathione peroxidase 

Glutathione peroxidase (GPx) is a tetramer of 80 kDa that converts 

hydroperoxides to water and oxygen (Fig 3.12). It is also able to catalyze the 

reduction of hydroperoxides into water and oxygen. Although it acts similarly as 
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CAT, GPx is the only enzyme that can react efficiently with other organic 

hydroperoxides and is crucial for cell homeostasis (82). 

 

 

Figure 3.12: Effect of GPx on ROS. 

 

Heme Oxygenase  

Heme oxygenase (HO) is a nontraditional antioxidant enzyme exhibiting 

antioxidant capacities. Three isoforms (HO-1, HO-2, and HO-3) of this enzyme 

exist. All these isoforms are located in the membrane of the endoplasmatic 

reticulum and catalyze the degradation of heme into carbon monoxide, iron, and 

biliverdin, which is subsequently reduced to bilirubin, a potent antioxidant (Fig 

3.13) (83). HO-1 is inducible by ROS and is found throughout the organs, but 

especially in tissues rich in reticuloendothelial cells, such as the spleen and the 

bone marrow. HO-1 is involved in human diseases such as Alzheimer and 

inflammatory diseases and its expression is down-regulated in hepatitis C. 

HO-2 and HO-3 are constitutively expressed and are not inducible. HO-2 and 

HO-3 are widely distributed throughout the body but are especially localized in 

endothelial cell, adventitial nerves of blood vessels, and in neurons in autonomic 

ganglia (83,84).  
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Figure 3.13: Degradation of heme by HO-1. 
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CHAPTER 4 

Effects of Chromium and Cobalt Ions on the Expression 

of Antioxidant Enzymes in Human U937 Macrophage-

like Cells 

 

The first article presented in this chapter and accepted for publication in 

Journal of Biomedical Materials Research Part A, fulfills the first objective of 

this thesis which was to compare the toxicity of Cr(VI), Cr(III), and Co(II) in 

human U937 macrophages-like cells. 

Previous studies performed in our laboratory showed that Cr(III) and 

Co(II) ions could induce damage to lipids and proteins in human macrophages in 

vitro. Moreover, this damage was suggested to be the result of reactive oxygen 

species (ROS) generated by Cr and Co ions. Consequently, one of the aims of this 

thesis was to understand the fate of Cr(III) and Co(II) ions in generating oxidative 

damage by studying in vitro a defense system against oxidative stress. It is known 

that Cr(VI) ions are the first ions generated from metallic implants and that they 

are rapidly reduced to Cr(III) in the body. As a result, we further investigated the 

effects of Cr(III), Cr(VI) and Co(II) on macrophages. Our findings showed that 

Cr(III) has no effect on the expression of Mn-SOD, Cu/Zn-SOD, CAT, GPx, and 

HO-1. Cr(VI) induced the protein expression of all the antioxidant enzymes 

studied but had no effect on the expression of their mRNA. Co(II) induced the 

expression of both proteins and mRNA of HO-1 only.  
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4.1. Abstract  

The main concern associated with metal-on-metal (MM) hip prosthesis is 

the presence of metal ions, mainly chromium (Cr) and cobalt (Co), which are 

found both systemically and locally in the organism of patients. Previous studies 

revealed that Cr(III) and Co(II) ions could induce damages to proteins in  

macrophage-like cells in vitro, probably through the formation of  reactive oxygen 

species (ROS). We then hypothesized that these ions can modify the expression of 

antioxidant enzymes in these cells. Results showed that Cr(VI) induced the 

protein expression of Mn-superoxide dismutase, Cu/Zn-superoxide dismutase, 

catalase, glutathione peroxidase, and heme oxygenase-1 (HO-1) but had no effect 

of the expression of their mRNA. Cr(III) have no effect on the expression of all 

these antioxidant enzymes. Co(II) induced the expression of both protein and 

mRNA of HO-1 only. In conclusion, results showed that Cr(VI), Cr(III), and 

Co(II) had differential effects on the expression of antioxidant enzymes in 

macrophage-like cells in vitro. 

 

4.2. Introduction 

Metal-on-metal (MM) hip prostheses, made of cobalt-chromium (Co-Cr) 

alloys, represent an excellent alternative to metal-polyethylene bearings in the 

treatment of osteoarthritis of the hip because of their substantially lower wear 

rates (1). However, the main concern associated with such bearings is the 

presence of circulating metal ions in the organism (2). These ions are potentially 

toxic (3,4), may cause metal hypersensitivity (5,6), chromosomal aberrations (7), 
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and may induce changes in the proportions of peripheral blood lymphocytes (8-

10). On the other hand, epidemiological studies performed in patients with MM 

hip implants were unable to demonstrate any causal effect of the presence of 

metallic ions on the risk of cancer (11). Moreover, the mechanism of metal ion 

toxicity is not completely understood: it is however known that they can generate 

reactive oxygen species (ROS), such as superoxide ions (O2
-), hydrogen peroxide 

(H2O2), hydroxyl radical (OH ), and nitrogen oxide (NO ) through Fenton/ Haber-

Weiss chemistry (12). These ROS are involved in numerous human diseases, 

including degenerative lung and heart conditions, Alzheimer, rheumatoid arthritis, 

and aging (13). ROS are implicated in the induction of oxidative stress generating 

cell and tissue damage. In previous studies, we have shown that Co(II) and Cr(III) 

ions can induce the formation of protein carbonyls (14) and nitrotyrosines (15), 

two markers of ROS-induced protein damage linked to oxidative stress in human 

U937 macrophage-like cells and in human MG-63 osteoblast-like cells (16). 

However, oxidative stress may result from an increased production of oxidants 

(ROS) and/or a decrease in antioxidant defense. In fact, the organisms possess an 

efficient enzymatic defense system against these ROS, avoiding the oxidative 

stress status which occurs when the level of ROS overwhelms the antioxidant 

level.  

Superoxide dismutases (SODs) are antioxidant enzymes found in three 

isoforms, manganese-SOD (Mn-SOD), copper/zinc-SOD (Cu/Zn-SOD), and 

extracellular-SOD. They catalyze the conversion of superoxide radical (•O2
-) into 

hydrogen peroxide (H2O2). Catalase (CAT) is another antioxidant enzyme that 
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assumes the next step by converting 2 molecules of hydrogen peroxide in water 

and oxygen. Glutathione peroxidase (GPx) supports CAT by converting one 

molecule of hydrogen peroxide in water and oxygen. Heme-oxygenase-1 (HO-1) 

is not considered as a conventional antioxidant enzyme, but it catalyses the 

degradation of heme in biliverdin and CO2: these by-products have high 

antioxidant properties. In addition, this enzyme can be induced in an oxidative 

stress environment. In the present study, we aim to further understand the toxicity 

of Cr and Co at the cellular level by studying the effect of these ions on the 

expression of antioxidant enzymes in human U937 macrophage-like cells in vitro. 

 

4.3. Material and Methods 

 

4.3.1. Cell culture 

Human U937 macrophage-like cells have been chosen as the cell culture 

model because macrophages are the main cells present in periprosthetic tissues. 

Moreover, macrophages are the cells that engulf foreign bodies by phagocytosis. 

U937 cells were cultured in RPMI 1640 medium supplemented with 5% fetal 

bovine serum (HyClone, Logan, UT), 100 U/mL penicillin, and 100 µg/mL 

streptomycin in a humidified 5% CO2 atmosphere at 37ºC. Cells were incubated 

for up to 72h in the absence (control) or the presence of 0-50 ppm Cr(VI) 

(Na2CrO4, Sigma-Aldrich, Oakville, ON), 0-250 ppm Cr(III) (CrCl3, Sigma-

Aldrich),  and 0-10 ppm Co(II) (CoCl2, Fisher Scientific, Montreal, QC). The 

choice of the ions is due to the fact that Co and Cr are the main corrosion products 
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of MM hip implants.  Moreover, Cr(VI) are the first Cr ions released from 

metallic implants and are rapidly reduced to a more thermodynamically stable 

specie Cr(III) (17). Concentrations were chosen in function of the non-

prestimulated nature of U937 cells in which higher levels of ions are necessary for 

stimulation. They are also based on our previous studies on the effect of Cr and 

Co ions on the stimulation of the oxidation of proteins in macrophages (14,15) 

and osteoblasts (16).  

 

4.3.2. Protein expression 

After incubation, cells were lyzed in a caspase assay lysis buffer 

(BioSource, Nivelles, Belgium) as previously described. Proteins were then 

separated on 4–20% acrylamide gels (SDS-PAGE) and transferred to 

nitrocellulose membranes. Anti-oxidant enzymes were detected by Western blot 

using anti-Mn-SOD (1:500 - Upstate, Billerica, MA),  anti-Cu/Zn-SOD (1:1000 - 

Upstate, Billerica, MA), anti-CAT (1:1000- Abcam, Cambridge, MA), anti-GPx 

(1:1500 - Abcam), and anti-HO-1 (1:1000 - Abcam) antibodies. All antibodies 

were diluted in ChemiBlocker™:PBS-tween (0.05%) (1:1) (Chemicon 

International Norcross, GA). Actin (NeoMarkers, Fremont, CA) expression 

served as a house keeping gene for gel loading and served to normalize the 

results. Proteins were detected using NEN Renaissance chemiluminescence 

reagents (Perkin-Elmer, Woodbridge, ON) and analyzed using a VersaDoc image 

analysis system equipped with a cooled charge coupled device (CCD) 12-bit 

camera (Bio-Rad Laboratories, Mississauga, ON). 
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4.3.3. RNA Extraction 

Total RNA was extracted from U937 cells by a modified method of 

Chomcynski and Sacchi (18) using TRIzol® reagent (Invitrogen, Burlington, 

ON).  Purity of the RNA was measured through the A260/A280 ratio. 

 

4.3.4. Reverse Transcriptase (RT) Reaction 

The RT reaction was performed for 50 min at 42ºC using 1.0 µg total 

RNA. 20 μL of reaction volume contained 50 mM Tris-HCl (pH 8.3), 75 mM 

KCL, 3 mM MgCl2, 10 mM DTT, 50 μM dNTP mixture, and 200 units of 

Superscript II RNAse H reverse transcriptase (Invitrogen). The inactivation 

reaction was achieved at 70ºC for 15 min. 

 

4.3.5. Polymerase Chain Reaction (PCR) 

PCR was performed in a total volume of 25 μL containing 10 mM Tris-

HCl (pH 8.3), 1.5 mM MgCl2, 0.2 mM dNTP mixture, 0.8 μM of forward and 

reverse primers, 1μl of RT mixture, and 1.25 units of Taq DNA polymerase 

(Invitrogen). The PCR procedure was done in accordance with the standard 

method (19). Thirty five cycles were used for all genes. Every cycle consists of 1 

min denaturation at 95°C, 1 min annealing at 51°C (GPx, HO-1) or 56°C (CAT, 

SODs), 1 min polymerization at 72°C, followed by a final 10 min extension at 

72°C. PCR products were separated on 2% agarose gel, visualized by ethidium 

bromide staining, and analyzed using a Bio-Rad VersaDoc image analysis system. 

GAPDH was used as a house keeping gene for gel loading and served to 
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normalize the results. To avoid contamination with genomic DNA, DNase I 

treatment was performed using 1 unit of deoxyribonuclease I, (Invitrogen) at 25ºC 

for 1 h. DNase I was inactivated by adding 1 μL of 25 mM EDTA to the reaction 

mixture and by heating for 10 min at 65ºC. To confirm the lack of genomic DNA 

contamination of RNA samples, PCR was also performed with RNA aliquots. The 

primers, specific for human genes, were obtained from Invitrogen. The sequences 

of the primers used for PCR are described in Table 2.  

 

Gene  Primers Product size 

Forward 5’- ACATCTATGTGGCCCTGGAG 
HO-1  Reverse 5’- TGTTGGGGAAGGTGAAGAAG 348 

Forward 5’- CTGCAGCTCCGCAATCCTAC -
CAT  Reverse 5’- TCCTTCCACTGCTTCATCTGG 229 

Forward 5’- CCTCAAGTACGTCCGACCTG -
GPX  Reverse 5’- CAATGTCGTTGCGGCACACC 197 

Forward 5’- AAGGCCGTGTGCGTGCTGAA- Cu-Zn-

SOD  Reverse 5’- CAGGTCTCCAACATGCCTCT- 246 

Forward 5’- GCACATTAACGCGCAGATCA 
Mn-SOD Reverse 5’- AGCCTCCAGCAACTCTCCTT - 241 

Forward 5’- CCATCACCATCTTCCAGGAG -
GAPDH   Reverse 5’- CCTGCTTCACCACCTTCTTG - 576 

 

Table 2: Sequences of primers used for PCR. 
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4.4. Results 

 

4.4.1. Effect of Cr(VI) 

Figures 1 and 2 show the effect of Cr(VI) on the expression of antioxidant 

enzymes. Indeed, Cr(VI) induced a sustained dose-dependent expression of all 

studied antioxidant enzyme proteins at 24h, 48h and 72h (Fig. 4.1A and Fig. 4.2). 

The induction reached 2.5, 2.8, 2.9, 2.8, and 4.5 times the control with 50 ppm 

Cr(VI) after 72h for Mn-SOD, Cu/Zn-SOD, CAT, GPx, and HO-1 respectively.  

Cr(VI) had no effect on their mRNA expression in the same experimental 

conditions (Fig. 4.1B).  

 

 

 

Figure 4.1: Effect of Cr(VI) on antioxidant enzyme expression. Human U937 

cells were incubated for 48 h in the absence (Control) or the presence of 

increasing concentrations of Cr(VI). Protein expression (A) was measured by 
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Western blot while mRNA expression (B) was measured by PCR. Results are 

representative of 3-6 experiments. 

 

 

Figure 4.2: Effect of Cr(VI) on the expression of antioxidant enzyme 

proteins. U937 cells were incubated for up to 72h in the presence of 0-50 ppm 

Cr(VI). Protein expression was measured by Western blot. Results are the mean ± 

standard deviation of 3-4 experiments. 
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4.4.2. Effect of Cr(III) 

Figures 4.3 and 4.4 show the effect of Cr(III) on the expression of 

antioxidant enzymes. After 48h, Cr(III) had no effect on the expression of 

antioxidant enzyme proteins (Fig. 4.3A and 4.4) and mRNA (Fig. 4.3B and 4.5) in 

the cell culture conditions and time of incubations used in this study. Results were 

similar at 24h and 72h. 

 

        

 

Figure 4.3: Effect of Cr(III) on the expression of antioxidant enzymes. Human 

U937 cells were incubated for 48 h in the absence (Control) or the presence of 

increasing concentrations of Cr(III). Protein expression (A) was measured by 

Western blot while mRNA expression (B) was measured by PCR. Results are 

representative of 3-6 experiments. 
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Figure 4.4: Effect of Cr(III) on the expression of antioxidant enzyme 

proteins. U937 cells were incubated up to 72h in the presence of 0-250 ppm 

Cr(III). Protein expression was measured by Western blot. Results are the mean ± 

standard deviation of 4-6 experiments. 
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Figure 4.5: Effect of Cr(III) on the gene expression of antioxidant enzyme. 

U937 cells were incubated up to 72h in the presence of 0-250 ppm Cr(III). Gene 

expressions were measured by RT-PCR. Results are the mean ± standard 

deviation of 3-4 experiments. 

 

4.4.3. Effect of Co(II) 

Figures 4.6 and 4.7 show the effect of Co(II) on the expression of 

antioxidant enzymes. Figure 4.6A shows a representative example of the 

expression of proteins, while Figure 4.6B is a representative example of mRNA 

expression as illustrated by ethidium bromide staining of amplified sequences. 
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Figure 4.7 shows the semi-quantitative results of the effect of Co(II) on HO-1 

expression. Results show that Co(II) had no effect on the expression of SODs, 

CAT, and GPx proteins (Fig. 4.6A) and mRNA (Fig. 4.6B). However, Co(II) 

induced a time- and dose-dependent expression of both protein and mRNA. The 

protein expression of HO-1 reached 0.65, 11.86, and 13.4 times the control with 

10 ppm Co(II) after 24h, 48h, and 72h, respectively (Fig. 4.7A).  The expression 

of HO-1 mRNA paralleled the protein expression with stimulation reaching 3.3, 

5.9, 7.5 times the control with 10 ppm Co(II) after 72h.  

 

 

 

Figure 4.6: Effect of Co(II) on the expression of antioxidant enzymes. Human 

U937 cells were incubated for 48 h in the absence (Control) or the presence of 

increasing concentrations of Co(II). Protein expression (A) was measured by 

Western blot while mRNA expression (B) was measured by PCR. Results are 

representative of 3-6 experiments. 
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Figure 4.7: Effect of Co(II) on the expression of HO-1. U937 cells were 

incubated for up to 72h in the presence of 0-10 ppm Co(II). Protein expression 

(A) was measured by Western blot while mRNA expression (B) was measured by 

PCR. Results are the mean ± standard deviation of 4-6 experiments. 

 

4.5. Discussion 

Many stresses, including exposure to heavy metals, can induce damage to 

cells either directly or indirectly through a burst of reactive oxygen species (ROS) 

(20). However, mammalian cells are able to respond to elevated levels of ROS by 

activating their antioxidant defense systems. Results of the present study showed 

that Cr(VI), Cr(III), and Co(II) had differential effects on the expression of 

antioxidant enzymes in human U937 macrophage-like cells. More specifically, 

Cr(VI) induced the protein expression, but not the mRNA expression, of all the 

antioxidant enzymes, suggesting that several defense mechanisms are necessary to 

protect the U937 cells against this ion. In fact, three antioxidant groups of 
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molecules constitute the antioxidant defense system of the organism: the primary 

system prevents the formation of ROS, the secondary system eliminates radicals 

to prevent chain reactions, and the tertiary system works to repair damaged 

molecules (21). The secondary system, analyzed in the present study, is composed 

by Mn-SOD, Cu/Zn-SOD, and extracellular-SOD that converts superoxide radical 

(•O2
-) into hydrogen peroxide, CAT, that converts hydrogen peroxide to water and 

oxygen, and GPx, that converts hydroperoxide to water and oxygen (22). All 

these enzymes were induced by Cr(VI). Our results are in agreement with a 

previous study showing that long-term exposition (up to 4 weeks) to low doses of 

Cr(VI) induced the protein expression of SOD, CAT, and GPx in U937 cells (23). 

It was demonstrated that pre-stimulated macrophages, as in this study, respond to 

a larger extent than non-pre-stimulated cells, as in the present study (24). This 

implies that the concentrations necessary to induce cell response in vitro are more 

important than in vivo and justifies the concentrations of ions used in our study. 

Nevertheless, both the use of higher dose in non pre-stimulated cells or the use of 

repeated low doses of ions mimicking pre-stimulated cells suggests that Cr(VI) 

can induce the expression of antioxidant enzymes in vitro. Results also showed 

that Cr(VI) had no effect on HO-1 mRNA expression, in agreement with the lack 

of effect of Cr(VI) on the HO-1 mRNA expression in human airway epithelial 

cells in vitro (25).   

Results also showed that Cr(III) has no effect on the expression of 

antioxidant enzymes (both protein and gene), suggesting that Cr(III) is less toxic 

than Cr(VI). In fact, most studies showed that Cr(VI) is more toxic than Cr(III) 
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(26). The reason for this difference of toxicity is not well known. It was however 

demonstrated that Cr(III) formed precipitable complexes in simulated 

physiological fluids, whereas Cr(VI) did not (27). Contrary to Cr(VI) which is 

known to enter the cells easily through anion channels (28), the Cr(III) complexes 

seemed to be internalized via a phagocytosis-like pathways (29) that may protect 

the cells from damages and may explain the difference in toxicity between the 

two forms of Cr.  

Finally, Co(II) induced the expression of both the protein and the mRNA 

of HO-1, suggesting that the regulation of the expression is at the transcription 

level. Our results are in agreement with another study showing that CoCl2 induced 

the expression of HO-1 mRNA in Chinese hamster ovarian cells (CHO cells) 

(30).  Results are also in agreement with the induction of HO-1 transcription by 

hypochlorous acid, which is known to induce oxidative stress (31). HO-1 is a 

microsomal enzyme that catalyses the rate limiting step in heme degradation into 

carbon monoxide (CO), biliverdin, and iron with effects against apoptosis, 

inflammation, and oxidative stress (32). HO-1 can be induced by a variety of 

oxidative stress-associated agents including inflammatory cytokine, and heavy 

metals (33). Indeed, results suggest that the induction of HO-1 transcription may 

exert a cytoprotective in defense of Co(II) in human U937 macrophage-like cells. 

However, Co(II) had no effect on the expression of Mn-SOD, Cu/Zn-SOD, CAT, 

and GPx suggesting that the effects of Co(II) and Cr(VI) on ROS in vitro are 

different. The generation of these ROS by Co(II) and Cr(VI)  in U937 cells 

remains however to be investigated. Nevertheless, our results are in agreement 
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with study by Kamiya et al, showing that Co(II) had no effect on the expression 

of Cu/Zn-SOD, Mn-SOD, CAT, and GPx in COS7 cells (34). 

 

4.6. Conclusion 

Using the U937 human cell lines, we have demonstrated that Cr(VI), Cr(III), 

and Co(II) might be involved in oxidative stress. However, their mechanism of 

action varies from one ion to another: Cr(VI) induced the translation of all 

antioxidant enzymes studied, but had no effect on their transcription. Cr(III) 

revealed neither effect on the transcription, nor on the translation of the same 

antioxidant enzymes, and finally, Co(II) had a role only on HO-1 by inducing 

both its transcription and translation. This might be related to a different 

mechanism of cellular uptake of each ion. Since Cr(III) form complexes, whereas 

Cr(VI) and Co(II) do not form any structure in the same experimental conditions, 

the mechanism would be mostly endocytosis or phagocytosis for Cr(III), as 

opposed to Cr(VI) and Co(II), which could mostly enter into the cell using an 

anion channel, generating more deleterious consequences at different cellular 

levels. However, because of the in vitro set-up (static medium without any flow) 

and the use of high concentrations in a ppm range, these might limit the 

extrapolation of in vitro results to in vivo. Ongoing research with the blood 

samples of patients bearing MM implants is aiming at determining the relevance 

of our findings in real clinical situations. 
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CHAPTER 5 
The Molecular Structure of Complexes Formed by 

Chromium or Cobalt Ions in Simulated Physiological 

Fluids 

 

The second paper presented in this chapter, and published in Biomaterials, 

fulfills the second objective of this thesis which was to determine the molecular 

structures of Cr(III), Cr(VI), and Co(II) that are believed to be the origin of their 

toxicities. 

In the first chapter, we assessed the effect of Cr(III), Cr(VI), and Co(II) on 

the expression of antioxidant enzymes in human U937 macrophages in vitro. 

Results suggested that Co(II) and Cr(VI) were more toxic than Cr(III). The 

present chapter aims at understanding this difference in toxicity. As mentioned in 

the Introduction (3.2.1. Metabolism of chromium), Co(II) and Cr(VI) seem to 

enter cells more easily than Cr(III).  

We determined the molecular structure of Cr(III) nanoscale complexes. 

The following results present the analysis of the molecular structure of these 

Cr(III) complexes formed in both RPMI 1640 and DMEM high glucose media, 

which are commonly used in cell culture experiments and that Cr(III) can form 

different structures in simulated-physiological fluids. 
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5.1. Abstract  

Cobalt (Co) and chromium (Cr) and their various alloys are widely used as 

implantable devices. Numerous studies point out elevated levels of Co and Cr 

ions in the serum and urine of patients with Co-Cr alloy-based articular prostheses 

and dental implants. It is also well recognized that workers in mines and 

manufacturers of hard-metals have increased risk of cancer. However, very few 

studies have carried out the characterization of the various chemical forms of 

these ions in living organisms and on their interaction with biological 

environments. Here, we sought to elucidate the molecular structures formed by 

Co and Cr ions in simulated biological fluids via transmission electron 

microscopy (TEM), energy dispersive X-ray analysis (EDXA), Fourier transform-

infrared (FT-IR) spectroscopy, and X-ray photoelectron spectroscopy (XPS). 

TEM observation revealed that Cr3+ (or Cr(III)) formed nanoscale complexes 

which precipitate in both RPMI 1640 and DMEM high glucose. However, no 

complexes were observed with Co(II) and Cr(VI). EDXA, elementary analysis 

and FT-IR spectroscopy investigations showed that the Cr(III)-complexes contain 

phosphate ions and amino acids. In addition, FT-IR spectrum indicated that 

Cr(III) ions are not a form of “amino acid trap” but a real chelating entity between 

PO4 groups, amino acids, and Ca. Although the exact nature of the bonds remains 

to be investigated, the presence of PO4 may favour the formation of low energy 

hydrogen bonds. Interestingly, the nature of amino acids varied in Cr(III)-

complexes formed in RPMI 1640 compared to those formed in DMEM high 

glucose. The absence of sulphur in the elemental analysis spectrum suggested that 
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amino acids containing sulphur such as methionine or cystine, are not involved in 

the formation of Cr(III)-complexes. Since it is known that Cr(III) is less toxic than 

Co(II) or Cr(VI), and that only Cr(III) ions can form complexes with media, the 

lower Cr(III) ion toxicity may be related to the formation of chemical complexes. 

These results may bring some insight in understanding the relationship between 

toxicity and the chelating capabilities of various metal ions in vitro and in vivo.  

 

5.2. Introduction 

Chromium and Cr alloys has been in widespread commercial use for over 

100 years and several million workers worldwide are exposed to airborne fumes, 

mists, and dust and other components containing Cr and Co (1). Cobalt is used to 

make corrosion and wear-resistant alloys for aircraft engine, magnets, and in 

high-strength steels (2). Good mechanical and physicochemical properties, and 

particularly the high corrosion resistance of Co-Cr alloys, also make them very 

suitable for surgical devices and implants (3). Among the most popular medical 

applications of Co-Cr alloys is their use in total hip arthroplasty (THA) 

armamentarium.  

Several studies have shown the presence of cobalt and chromium ions in 

blood, urine, and in the organs of patients after THA using Co-Cr alloy-based 

implants (4-8). It is also well recognized that individuals working in hard-metal 

production facilities have increased risk of cancer (9). This is due to the fact that 

ions with variable degrees of oxidation such as Cr can undergo slow oxidation, 

resulting in the release of higher oxidative forms, such as Cr(VI) (10, 11), which 
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is a human carcinogen, primarily affecting the respiratory tract (12). A generally 

accepted mechanism of Cr(VI)-induced genotoxicity includes the active transport 

of Cr(VI) into cells through ion channels for water soluble chromates or by 

phagocytosis of insoluble chromates (13). Inside cells, Cr(VI) undergoes 

reduction via a process associated with the production of unstable Cr(V), 

Cr(IV),Cr (III) ions, and organic radicals (14-16). Cr(V) and Cr(VI) are able to 

link to amino acids during their reduction step by the thiol group of glutathione 

(17). However, phosphate groups are necessary for the interaction of Cr(III) with 

DNA (18). Nevertheless, the biological significance of these complexes is 

difficult to assess because of their unknown composition.  

Literature has also reported on the cytotoxic effects of Co ions on/in 

macrophages (19,20) and osteoblasts (21). In fact, the toxicity of Co(II) is much 

higher than the toxicity of Cr(III), 25 times less Co(II) being necessary to generate 

the same level of toxicity within cells. Moreover, Co(II) induces the oxidation 

(22) and the nitration (23) of proteins, which both contribute to cell damage 

(24,25), with a higher potency than Cr(III). 

 Although many reports are available on the biological and toxic effects of 

Co and Cr in vitro, there has been little or no attempt to determine the chemical 

form of implant-derived metal ions in adjacent tissues or in biofluids. We 

hypothesized that Cr(III) interacts in a different way with cells as a consequence 

of its interaction with cell membranes compared to Co(II) and Cr(VI), and thereby 

affects the cell viability in a different manner. We used two different types of cell 

culture media namely RPMI 1640 and DMEM high glucose media, to determine 
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the nature of the media interaction with Co and Cr ions as a mean to simulate 

biological fluids. Transmission electron microscopy (TEM) was used to visualize 

any Co or Cr complexes formed with the cell culture media Fourier transform-

infrared (FT-IR) spectroscopy and high resolution X-ray photoelectron 

spectroscopy (XPS) were employed to identify the chemical structure of the 

complexes.  

 

5.3. Materials and Methods 

 

5.3.1. Materials. 

Cr (III) and Cr (VI) (CrCl3 and Na2CrO4 respectively) were purchased 

form Sigma-Aldrich (Oakville, ON, Canada) and Co(II) (CoCl2), CrPO4• xH2O 

and amino acids were supplied by Fisher Scientific (Ville St-Laurent, QC, 

Canada). RPMI 1640 and DMEM high glucose media were obtained from 

Hyclone (Logan, UT). The media composition and content are reported in Table 

3. Both media were chosen in function of their composition similarity with 

physiological fluids. They are commonly used to harvest prostheses surrounding 

cells and to assess the different metallic ions toxicity. 
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 DESCRIPTION 
 

 
RPMI (mg/L) 

 
DMEM (mg/L) 

 
 
 
 
 

INORGANIC 
SALTS 

 
Ca(NO3)2·4H2O 
CaCl2 (anhydrous) 
Fe(NO3)·9H2O 
KCl 
MgSO4 
NaCl 
NaH2PO4 (anhydrous) 
NaH2PO4·H2O 
 

 
100.00 
0 
0 
400.00 
48.84 
6000.00 
800.00 
0 

 
0 
200.00 
0.10 
400.00 
97.67 
6400.00 
0 
125.00 
 

 
 
 
 
 
 
 

AMINO ACIDS 

 
L-Arginine  
L-Asparagine 
L-Aspartic Acid 
L-Cystine 2HCl 
L-Glutamic Acid 
L-Glutamine 
Glycine 
L-Histidine FB 
L-Hydroxyproline 
L-Isoleucine 
L-Leucine 
L-Lysine HCl 
L-Methionine 
L-Phenylalanine 
L-Proline 
L-Serine 
L-Threonine 
L-Tryptophan 
L-Tryosine 2Na·2H2O 
L-Valine 
 

 
200.00 
50.00 
20.00 
65.15 
20.00 
300.00 
10.00 
15.00 
20.00 
50.00 
50.00 
40.00 
15.00 
15.00 
20.00 
30.00 
20.00 
5.00 
28.83 
20.00 
 

 
84.00 
0 
0 
62.57 
0 
584.00 
30.00 
42.00 
0 
104.80 
104.80 
146.20 
30.00 
66.00 
0 
42.00 
95.20 
16.00 
103.79 
93.60 
 
 
 

 
 
 
 

VITAMINS 

 
d-Biotin 
D-Ca Pantothenate 
Choline Chloride 
Folic Acid 
Myo-Inositol 
Niacinamide 
Pyridoxine HCl 
Riboflavin 
Thiamine HCl 
Vitamin B-12 
 

 
0.20 
0.25 
3.00 
1.00 
35.00 
1.00 
1.00 
0.20 
1.00 
0.0050 
 

 
0 
4.00 
4.00 
4.00 
7.00 
4.00 
4.00 
0.40 
4.00 
0 

 
 

OTHER 

 
D-Glucose 
Para-Aminobenzoic Acid 
Glutathione(Reduced) 
Phenol Red (Sodium) 
NaHCO3 

 

 
2000.00 
1.00 
1.00 
5.30 
0 

 
4500.00 
0 
0 
15.90 
3700.00 
 

 

Table 3: Formulations of RPMI 1640 and high glucose DMEM media.  
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5.3.2. Isolation of Co(II), Cr(III), and Cr(VI) complexes 

Fifty (50) ppm of Cr (III), Cr (VI) and Co(II) (CoCl2) were incubated 

separately for 1h at 37°C in 1 mL of RPMI 1640 or DMEM high glucose. After 

incubation, structures were isolated by centrifugation at 5000 x g for 20 min, 

washed 3 times with water and once with ethanol (EtOH). Pellets were dried for 

4h at 18°C and resuspended in different volumes of EtOH (10 to 100 μl).  

 

5.3.3. Electron Microscopy Analyses 

One drop of isolated precipitates was deposited on a copper grid, dried, 

and then analyzed by transmission electron microscopy (TEM) using a JEOL 

2000FX TEM (Akishima, Tokyo, Japan) at an accelerating voltage of 80 kV. 

Isolated precipitates were processed for field-emission-gun scanning electron 

microscopy (Feg-SEM, S-3000N Variable Pressure, Hitachi, Japan) at an 

accelerating voltage of 20 kV. Samples were critical-point dried, mounted on 

aluminum pin stubs, and coated with a 5-nm layer of platinum-palladium. 

Platinum-palladium coating was assessed using an Agar Scientific high-resolution 

sputter fitted with an Agar Scientific thickness monitor. 

 

5.3.4. Energy Dispersive X-Ray Analysis (EDXA) 

Qualitative analysis of the elemental composition of isolated precipitates 

was performed using an energy-dispersive spectrometer (Princeton Gamma Tech, 

Princeton, NJ, USA) equipped with an ultrathin window for the detection of low 
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atomic number elements. Data acquisition time was set at 100 sec and 20 spectra 

were collected with a take-off angle of 70°. 

 

5.3.5. Fourier Transform-Infra-red Spectroscopy 

Fourier transform-infrared (FT-IR) spectroscopy, in both transmittance 

and reflectance (ATR) modes, was performed to obtain the IR spectra of isolated 

precipitates along with the spectrum of each amino acid present in the cell culture 

media used as a control (Table 3). One drop of the precipitate in ethanol was 

deposited on a zinc-selenium (ZnSe) slide (75mm×25mm×1mm) and examined 

with a UMA-600 infrared microscope (Digilab, Randolph, MA, USA) coupled to 

a charge-coupled device CDD camera. FT-IR analyses was performed using a 

Digilab Excalibur imaging spectrometer equipped with a Digilab UMA-600 

infrared microscope with a 32×32 mercury-cadmium-telluride (MCT) focal plane 

array detector with a cut-off at 950 cm-1 and operating under Win-IR Pro 3.3 

software. All spectra were collected by co-adding 256 scans at a resolution of 8 

cm-1 from 4000 to 950 cm-1 and were normalized against a background spectrum 

recorded from a bare section of the microscope slide. A constant flow of dry air 

was used to purge the spectrometer and the microscope in order to limit spectral 

contributions from carbon dioxide and atmospheric water vapor. A focal plan area 

(FPA)-FT-IR spectrometer equipped with an n×n array detector (n2 pixels) 

collects data simultaneously from n2 spatially adjacent points within the 

microscope’s field of view. A total of 1024 spectra were recorded simultaneously 
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from an area of 180 µm×180 µm, corresponding to a spatial resolution of about 

5.6 μm, in a total acquisition time of about 2 min. 

 

5.3.6. Elemental Analysis 

Elemental analysis was performed by carbon, hydrogen, nitrogen, sulphur 

(CHNS) dynamic flash combustion on a Fison EA 1108 (Fison Instruments, 

Rodano, Italy).  

 

5.3.7. X-ray Photoelectron Spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) experiments were performed 

using a VG Scientific ESCA LAB MK-II spectrometer equipped with a 

magnesium-aluminium (Mg–Al) X-ray spectroscope (Thermo Electron 

Corporation, Waltham, MA, USA). Only an Al excitation source was used, 

selected for its ultrahigh-energy resolution (300W, 15 kV, 1486,6 eV).  

The basal pressure in the sample chamber was controlled in the range of 

108 to 109 Torr. Emitted photoelectrons were collected from an approximately 3 

mm diameter circle of the sample. High-resolution spectra were recorded at a 

take-off angle of 0° by a concentric hemispherical analyzer operating in the 

constant-pass-energy mode.  

 

5.4. Results  

Figure 5.1 shows TEM micrographs of ion complexes formed in cell 

culture media. The presence of vesicle-like complexes in the nanoscale range 
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were observed with Cr(III) in both RPMI 1640 and DMEM high glucose (Fig. 

5.1A and B, respectively), whereas no such structures were identified with Cr 

(VI) and Co(II).  

 

                   
 

                   
 

Figure 5.1: Formation of ion complexes in cell culture media. Complexes 

obtained with Cr(III) in RPMI 1640 (A) or in DMEM high glucose (B) and with 

Cr(VI) (C) and Co (D) in RPMI 1640 were analyzed by TEM. Magnification: x 

85000. 

 

We cannot however exclude the formation of Co(II) and Cr(VI) 

complexes smaller than 0.4 nm, which is the sensitivity limit of TEM. The Cr (III) 

complexes in RPMI 1640 were smaller (Fig. 1A) than those in DMEM high 

C D 

B A 
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glucose (Fig. 5.1 B) (~60 nm vs. 100 nm). FEG-SEM studies confirmed the 

formation of the Cr(III) complexes in RPMI 1640 (Fig. 5.2A) and in DMEM high 

glucose (Fig. 5.2B) with similar aspects.  

 

 

 

Figure 5.2: FEG-SEM pictures of Cr(III) complexes. Nanoscale complexes 

were formed in both RPMI 1640 (left) and DMEM high glucose (right). Pictures 

show agglomeration of complexes at 10k magnification. Inlet shows a higher 

magnification (200k) of complexes. However, closer examination of complex 

morphology revealed a slight variation between the two types of complex. Cr (III) 

complexes formed in DMEM show increased surface roughness.  

 

 EDXA spectra of Cr(III)-complexes isolated from RPMI 1640 (Fig. 5.3) 

and from DMEM high glucose (Fig. 5.3B) media showed similar structural 

composition. The major peaks in these spectra corresponded to Cr, phosphate 

(PO4), and calcium (Ca), indicating an interaction between Cr(III), Ca, and PO4 

present in the media allowing complex formation. In addition, the EDXA spectra 
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taken from numerous points on the complexes showed identical patterns, 

suggesting that the complex composition is homogenous.  

 

 

 

 

Figure 5.3: Heavy atoms present in Cr(III) complexes. Cr(III) complexes 

prepared in RPMI 1640 (A) and in DMEM high glucose (B) were analyzed by 

EDXA. Copper peaks visible on the right of the spectra (8-9 keV) are generated 

by the grids 
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Transmittance FT-IR spectroscopy was then used to further characterize 

the composition and compare the Cr(III) complexes formed in RPMI 1640 and 

DMEM high glucose (Fig. 5.4).  

 

 

Figure 5.4: Analysis of Cr(III)-complexes by transmittance FT-IR. Spectra 

were obtained for structures prepared in RPMI 1640 (dashed line) and in DMEM 

high glucose (full line).  

 

Spectra showed the presence of P=O groups at 1040 cm-1 and the presence 

of three peaks characteristic of amino acids at 1395 cm-1, 1500 cm-1, and 1602 cm-

1, corresponding respectively to N-H, C=O, and N-H bonds. The presence of the 

O-H stretch (2770 cm-1 to 3650 cm-1) corresponded to moisture from the air. The 

results indicated the presence of both amino acids (organic phase) and PO4 groups 
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(inorganic phase) in the Cr(III)-complexes formed within the two media. The 

spectra also showed that the intensity ratio of P=O/amino acids was different for 

complexes obtained in RPMI 1640 and in DMEM high glucose. This may be 

related to the higher concentration of PO4 found in RMPI 1640 (800 mg/L) 

compared to DMEM high glucose (125 mg/L). Finally, the smoothness of the 

curves suggested that amino acids were chemically bound to Cr(III), but not free 

in the complexes. The polynomial baseline correction of the FT-IR results 

confirmed the presence of amino acids in Cr(III)-complexes with characteristic 

peaks of C-H bonds at 1640 cm-1, 2840 cm-1, 2940 cm-1and 2900 cm-1 in RPMI, 

and at 2935 cm-1, 2920 cm-1 and 2860 cm-1 in DMEM high glucose (results not 

shown). 

In order to further determine the contribution of PO4 in forming Cr(III)-

complexes, FT-IR was used to compare Cr(III)-complexes and commercial 

chromium phosphate. Results showed that the peak corresponding to P=O in 

Cr(III)-complexes (Fig. 5A and 5B) had the same aspect and wavelength than the 

peak of P=O in CrPO4 (Fig. 5C), suggesting that Cr(III) is covalently bound to 

PO4.  

 Complementary to FT-IR, elemental analysis not only confirmed the 

implication of amino acids in the formation of the Cr(III)-complexes but also 

allowed determination of the percentage of nitrogen (N), carbon (C), hydrogen 

(H), and sulphur (S) in this nanoscale structure (Table 4).  
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Table 4: Elemental analysis of nitrogen, carbon, hydrogen, and sulphur in 

Cr(III) complexes. Results are presented as the % of atoms present in the 

structures 

 

Results showed similar chemical compositions, but not identical 

concentrations of N, C, and H in the two media. The C/N ratio was higher in the 

complexes formed in RPMI 1640 (C/N = 5.85) than in that formed in DMEM 

high glucose (C/N = 3.63). Since the percentage of H present is difficult to 

evaluate by this technique due to the presence of moisture, the C/H ratio was not 

taken into account in the calculation. Interestingly, the absence of sulphur 

suggests that amino acids containing sulphur, such as methionine or cystine, are 

not involved in the formation of Cr(III) complexes. 
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Figure 5.5: Analysis of Cr(III)-complexes by ATR FT-IR. Cr(III) complexes 

obtained in RPMI 1640 (A) and  DMEM high glucose (B) were compared to 

CrPO4 (C). AA: amino acid characteristic pics. 

 

 To show the chelating role of Cr(III) governing the formation of 

complexes in cell culture media, nanoscale structures containing various 
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concentrations of Cr(III) have been isolated from media and then weighted. The 

linearity of the results showed that the amino acids and PO4 were in sufficient 

concentrations to interact with Cr(III) up to 500 ppm in both RPMI 1640 and 

DMEM high glucose (Fig. 5.6). This also suggests that the formation of the 

complexes was only limited by the concentration of Cr(III) and not by the 

availability of various components of the media.  

 

  

 

 

 

 

 

 

 

 

Figure 5.6: Effect of the concentration of Cr(III) on the weight of Cr(III) 

complexes. RPMI 1640 (R2=0.989) and DMEM high glucose (R2=0.997) media 

were incubated with Cr(III) from 0 to 500 ppm. Pellets obtained after 

centrifugation were air dried and weighted. 

 

X-ray photoelectron spectroscopy (XPS) analysis confirmed the presence 

of Cr, Ca, N, and phosphorus (P) in the Cr(III)-complexes, as well as the presence 
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of sodium (Na) and chlorine (Cl), but in different ratios (Fig. 5.7, Table 5). The 

presence of oxygen in the survey spectrum was attributed to the presence of 

moisture and therefore has not been taken into account in the calculation. Cr and 

Cl were predominant, followed by N and P. Table IV reports on the presence of 

C-N, N-H, C-C, and P-O bond displacements and their relative ratios as identified 

by high resolution XPS (spectra not shown) confirming once more the role of 

Cr(III) in chelating amino acids and PO4 and to form nanoscale structures.  
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Figure 5.7: X-ray photoelectron spectroscopy analysis of Cr(III) complexes. 

Spectra were obtained from complexes formed in both RPMI 1640 (A) and 

DMEM high glucose (B). Spectra show the presence of Cr, Na, P, C and O.  

 

 

 

Table 5: Atoms present in Cr(III) complexes. Table summarizes the results 

obtained by XPS (Figure 5.7) and shows the different elements present in the 

DMEM and RPMI nanostructures  (noticed DMEM Cr(III) complexes and RPMI-

Cr(III) complexes in the table 5 and their relative amount. Sensitivity factor are 
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dependent various factors, the well-known parameters include the intrinsic 

properties of the elements (cross section of different orbits of different elements), 

illumination condition and analyzer transmission (instrument geometry and 

analyzer setting), and the sample (surface) itself.  Each element has its atomic 

sensitivity factor (indicated in the table).  

 

Name of peak Binding 
Energy 

Identification Relative % atomic 

 (eV)  Cr(III) 
complexes 
formed in 
DMEM 

Cr(III)-
complexes 
formed in 

RPMI 
C1 285.0 C-C 14.2 17.0 
C2 285.9 C-O; C-H ; C-N 17.1 18.0 
C3 287.0 C=O ; C6H5NH 6.0 4.1 
C4 288.8            C=O 2.8 2.8 
O1 531.8 P-Ox ; Cr-O    12.1 17.1 
O2 532.8       PO4 ; C=O 21.4 15.4 
O3 533.9 C-O  4.7 3.3 
Ca 348.5 Ca CO3 2.5 2.3 
N1 399.8 Cr-N ; C-N  0.7 0.3 
N2 400.9 C-NH 1.7 1.4 
N3 401.7 NH4

+ 1.3 - 
N4 402.3 NH4

+ ; N2 - 0.6 
N5 406.4 R-NO3 - 0.2 
Cr 578.4 Cr-Ox 8.1 6.8 
P1 135.9 P-O - 3.9 
P2 137.3 ? - 0.6 

 

Table 6: Nature of the atomic bounds in the Cr(III) complexes. Results were 

obtained by high resolution XPS of Cr(III)-nanostructures formed in both RPMI 

1640 and DMEM high glucose and show the signification of the most important 

peaks (results not shown) and their relative concentration.  
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5.5. Discussion  

Few publications to date have focused on the characterization of the 

chemical nature of implant-derived metal ions in biofluids, relating the chemical 

structure to their relative toxicity. The present work is an attempt to characterize 

the molecular structure of Co(II), Cr(III) and Cr(VI) in simulated biological 

fluids.  

It is known that cobalt-chromium metallic implants release cobalt and 

chromium ions in organism, by the natural corrosion process. However, a 

complexation phenomenon is instantaneous, making impossible to extract 

implant-derived metal ions in vivo, before their involvement in any chemical 

process. Although commercial ions are used in this study, they are similar to 

those generated from metallic surfaces. 

We showed that of the group only Cr(III) could form insoluble nanoscale 

complexes by interacting with the media components after centrifugation (5000 x 

g, 20 min). The absence of precipitate with Co(II) and Cr(VI) was persistent even 

though harsher experimental conditions were used (i.e. 16000 x g for 40 min 

centrifugation). The Cr(III) complexes could not be dissolved in either acidic or 

basic solutions. Solution pH has been modified in order to obtain a large range of 

pH from basic to acidic by adding respectively NaOH or HCl. For further 

investigations, isolated complexes were immerged in pure NaOH or HCl. No 

solubilisation was observed. Polar and non-polar organic solvents also failed to 

dissolve the precipitates. 27 solvents with different polarities have been used from 

0.043 solvent polarity parameter (triethylamine) to 1.00 (water), including 
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common solvents such as toluene (0.099), chloroform (0.259), acetone (0.355), 

methanol (0.762) and more specifically solvents such as dioxane (0.164) 

hexamethylphosphoramide (0.315) or methoxyether (0.667). The low solubility of 

the complexes caused some limitations when using liquid phase analytical 

methods for characterization of the complex (NMR for example). 

Our results, which are mostly based on solid phase characterization of the 

complexes, indicated that Cr(III) binds PO4, Ca, and amino acids in cell culture 

media . Complexes with a size ranging from 70 nm to 100 nm are formed in 

RPMI 1640 and DMEM high glucose, respectively. This finding is in agreement 

with the work of Zhikovitch et al who showed the formation of chemically 

inactive CrPO4 in phosphate buffer containing Cr(III) (26).  

Some studies showed that CrPO4 compounds have been found in tissues 

surrounding orthopaedic implants (27). Other studies have demonstrated that 

Cr(III) interacts with DNA and that the PO4 groups were necessary for that 

interaction (28). Cr-DNA could be formed as a ternary complex involving amino 

acids or glutathione bridges (29). These findings support our hypothesis 

concerning the interaction of Cr, PO4, and amino acids for the formation of 

Cr(III)-complexes in both RPMI 1640 and DMEM high glucose. Since the 

concentration of amino acids was 100 times higher than the concentration of 

vitamins in the media, it is highly unlikely the vitamins are significantly involved 

in the formation of these complexes, if at all. 

In order to define the exact molecular structure of the Cr(III)-complexes, 

crystallization assays with various solvents were performed. X-ray diffraction 
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analysis showed that at the most only 33% crystallization of the complexes can be 

achieved in cell culture media. Our attempt to match the crystal structure with one 

of those available in the latest X-ray database failed. Elemental analysis however 

clearly indicated that the amino acids composition of the Cr(III)-complexes 

formed in RPMI 1640 is significantly different than the one formed in DMEM 

high glucose. Ratio of 5.81 for C/N is obtained in RPMI 1640 media, while a ratio 

of 3.63 was observed in DMEM high glucose (Table 4).  

Considering the types of amino acids and their respective concentrations, 

only three combinations of amino acids could correspond to the C/N ratio in the 

RPMI 1640 Cr(III)-complexes:, 1) phenylalanine, proline, serine, and tryptophane 

for a C/N=5.85; 2) tyrosine, proline, serine, or tryptophane for a C/N=5.85; and 3) 

phenylalanine, tyrosine, serine, and tryptophane for a C/N=5.88. Furthermore, the 

C/N ratio in DMEM high glucose could be represented by the following two 

combinations of amino acids: 1) aspartic acid, threonine, valine, serine, and 

isoleucine/leucine for a C/N=3.75; 2) aspartic acid, threonine, valine, serine, and 

glutamic acid for a C/N=3.60. The presence of C6H5 groups in high resolution 

XPS spectrum (Table 5) suggests that the likely involvement of phenylalanine or 

tyrosine in the formation of complexes.  

Since the 256 scans of FPA-FT-IR at a single point, on 30 different spots 

of the samples having a diameter of 1 cm (vs. ~70 nm for the Cr(III)-complexes) 

had the same profile, we can conclude that the chemical composition as defined 

by the C/N ratios are representative of the overall Cr(III)-structures. In addition, 

the aspect of the FT-IR spectrum indicated that Cr(III) ions are not a type of 
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“amino acids trap” but a chelating entity between PO4 groups, amino acids, and 

Ca. Although the exact nature of the bonds remains to be investigated, the 

presence of PO4 may favour the formation of low energy hydrogen bounds. The 

efficacy of a given metal as a chelating agent in a biological system depends on 

the binding constants of the chelator, the concentration of the metals, and the 

presence and concentrations of other ligands competing for binding with the 

chelating metal. In our case, it seems that Cr(III) ions are better chelating agents 

than Co(II) or Cr(VI) ions in biological media under our experimental conditions. 

Our results are in agreement with some studies reporting on the higher chelating 

ability of Cr(III) compared to that of Co(II) and Cr(VI) (30,31). This is extremely 

interesting because chelation is a very important process in biology. Chelating 

therapy, for example, could be used as a medical treatment of thalassaemia, which 

is a genetic disease that interferes with a person's ability to make hemoglobin 

(32). 

The presence of Ca, coming from inorganic salts available in high 

concentration in RPMI 1640 (100 mg/L of Ca(NO3)2) and in DMEM high glucose 

(200 mg/L of CaCl2), is another interesting finding. Indeed, this is in agreement 

with the study of Harris et al (33) that showed a strong co-localization of Cr with 

Ca in small areas of cytoplasm in A549 human lung adenocarcinoma epithelial 

cells.  

pH also seems to play a role in the formation of Cr-complexes. The pH of 

the two chosen media is slightly basic, which precipitates both Cr(III) complexes 

and commercial CrPO4. In fact, amino acids are zwitterions (PKa of COOH is 
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between 1.8 and 2.2 and PKa of NH2 is between 8.8 and 10.6) resulting in a major 

concentration of COO-. Since Cr(III) has a strong affinity towards O-, it interacts 

either with PO4 groups or with the carboxylic groups of amino acids. Also, both 

glutamic acid and aspartic acid have their side chain negatively charged (PKa of 

COOH side chain = 4.7) at the pH of the media. This would allow a strong 

interaction between the Cr ions and these amino acids via the COO- group in 

DMEM high glucose media. This may also explain the difference in the 

morphology of complexes formed in the two different media, as observed by 

TEM (Fig. 5.1). 

These findings strongly suggest that there is a relationship between the 

formation of Cr(III) nanoscale complexes and the lower toxicity of Cr(III) 

compared to Cr(VI) (34-39). We believe that due to the size and nature of the 

Cr(III) nanoscale-complexes, their cellular internalization follow different 

mechanisms which in turn might lead to their lower toxicity. As demonstrated by 

some in vivo studies, Cr(III) ions are primarily taken up by cells and internalized 

via the cell membrane (40,41) while Cr(VI) ions have the ability to enter cells 

through ion channels and accumulate inside cells at concentrations of up to a 

hundred-fold greater than the extracellular concentration (42,43). Since we found 

that neither Co(II) or Cr(VI) form complexes in the tested media, it should affect 

their overall toxicity.  
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5.6. Conclusion 

Our results show that among three ions, namely Co (II), Cr (III) and Cr 

(VI), only Cr(III) formed nanoscale complexes in simulated physiological fluids, 

namely in RPMI 1640 and DMEM high glucose. Although the use of many 

analytical techniques allowed us to identify the involvement of phosphate, 

calcium and amino acids in the chemical composition of the Cr(III)-complexes 

formed in RPMI 1640 and in DMEM high glucose, they could not be matched to 

any organic or inorganic crystal structure available to date in X-ray diffraction 

databases. Formation of metal ion complexes in biological fluids is of great 

importance for the understanding of ion cytotoxicity in vivo and our findings 

could explain the difference between chromium and cobalt ions toxicity.  
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CHAPTER 6 

Interactions of Cr(III) Complexes with Serum Proteins 

 

The 3rd paper presented here, and accepted for publication in Journal of 

Biomedical Materials Research Part (Ref.: JBMR-A-09-0371.R2), fulfills the 

objective of this thesis which aimed at understanding why Cr excretion is not 

fully effective by determining the binding of Cr(III) complexes with serum 

proteins. 

 Our previous in vitro studies suggested that Cr(III) are less toxic than 

Cr(VI) and Co(II) and that this difference in toxicity may be explained by the 

formation of Cr(III) complexes in physiological fluids. It is known that the 

retention of organic Cr in the organism is much higher than the retention of 

inorganic Cr compounds. This suggests that Cr ions circulating in blood can 

interact with serum proteins, generating complexes with a high organic density.  

In the present chapter, we determined through a proteomic approach the 

nature of proteins bound to Cr(III) complexes in both bovine and human serum 

and investigated their effect on the internalization of these complexes by 

macrophages. Our main finding showed that Cr(III) complexes could bind only to 

bovine albumin in bovine serum but to 8 proteins in human serum. We also 

demonstrated that Cr(III) complexes formed in both RPMI 1640 and DMEM high 

glucose and in the presence of human serum were more easily internalized by 

macrophages than the complexes formed in bovine serum, suggesting that human 

proteins playing a role of opsonins.  
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6.1. Abstract 

One of the main concerns in the use of cobalt-chromium (Co-Cr) alloys-

based implants is the long-term fate of Co and Cr ions present in the blood, 

organs, and urine of patients. Our previous studies have shown that Cr(III) can 

form complexes in different cell culture media alone, whereas Co(II) and Cr(VI) 

do not form any detectable structure under the same conditions. Since Cr(VI) and 

Co(II) are known to be more toxic than Cr(III), we hypothesized that the 

difference in their molecular structure could be the origin of the difference in their 

toxicity. Herein, we investigated the interaction of the Cr(III) complexes formed 

in RPMI 1640 and DMEM high glucose media with serum proteins and their 

internalization by macrophages. Electrophoresis gels stained by Coomassie Blue 

showed the presence of proteins for complexes formed in both media. Using a 

liquid chromatography–quadrupole–time of flight (LC-Q-Tof) mass spectrometer, 

we showed that in the presence of fetal bovine serum, Cr(III) complexes 

interacted only with albumin, while they interact mainly with albumin, transferrin 

and immunoglobulins (Ig) in the presence of human serum. Other proteins, such 

as complement C3, alpha-2-macroglobulin, ceruloplasmin, plasminogen, and 

apolipoprotein B may also interact with Cr(III) complexes but with lower 

probability. The cellular uptake of Cr(III) complexes, visualized by transmission 

electron microscopy, was also higher in RPMI 1640. Furthermore, Cr(III) 

complexes were more easily engulfed by macrophages when they were formed 

with human serum. To the best of our knowledge, this is the first report on Cr ions 
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and their interaction with macrophages in the presence of bovine and human 

serum proteins.  

 

6.2. Introduction 

Numerous studies reported on the chromium (Cr) compounds toxicity to 

organisms (1). Workers exposed to Cr often suffer from allergies, dermatitis, 

asthma, and cancer. While Cr(VI) has been considered the main culprit for 

“heavy” responses, Cr(III) has been shown to react more as an irritant (2). As far 

as the orthopedic community is concerned, several studies have shown the 

presence of Cr ions in the blood, urine, and organs of patients after metal-on-

metal (MM) total hip arthroplasty (THA) (3). The most significant concern on the 

use of these implants, made of cobalt-chromium alloys, is the production of metal 

ions, which could lead to cellular toxicity (4,5), metal hypersensitivity (6,7), and 

chromosomal changes (8,9). In addition, these ions have the potential to generate 

an oxidative stress that can impair cells via DNA damage, lipid peroxidation or 

protein oxidation (10). Some investigations have also shown that Cr ions may be 

responsible for protein nitration in human macrophages (11) and morphological 

changes in human osteoblasts (12). Cr(VI) is known to be more toxic than Cr(III), 

both in vitro and in vivo (13). So far, one study has been directed towards 

understanding the molecular forms of these ions in biological fluids after their 

release from metallic implants. Cr-phosphate corrosion products have been found 

around retrieved hip implants and surrounding tissues (14). However, no further 
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investigation was performed to determine either their composition or to relate this 

chemical composition to their level of toxicity.  

Some studies attempted to elucidate the kinetic and the mechanism of 

urinary exchange of Cr (15), and found that the urinary excretion of Cr is not fully 

effective and Cr ions tend to accumulate in tissues and red blood cells (16,17). As 

an explanation for such behavior, the literature points out possible interactions of 

Cr with proteins (18). Organic Cr complexes have then been described to have a 

higher retention coefficient in organs than inorganic Cr complexes or other forms 

of Cr (19). However, the exact nature and mechanism of Cr interactions with 

proteins and Cr complex retention still need to be understood.  

Conversely, some investigations relate the lower toxicity of Cr (III) in 

comparison to Cr(VI) to its mechanism of uptake through a phagocytosis-like 

process (20). In a previous in vitro study, we have shown that Cr(III) formed 

complexes in RPMI 1640 and DMEM high glucose cell culture media, whereas 

Cr(VI) did not produce any detectable complexes under the same conditions (21). 

Furthermore, the Cr(III) complexes were composed of organic and inorganic 

components, tangled with Cr(III) ions. The organic compounds included amino 

acids and phosphates, while calcium, sodium, and chromium were the main 

compounds present in the inorganic phase. This study enabled us to relate, to 

some extent, the chemical form of Cr to their mechanism of uptake and therefore 

to their potential toxicity.  

In light of these findings, the aim of this work was to provide new insight 

on the predominant role of organic compounds, particularly of proteins, in the 
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formation of Cr(III) complex and their behavior and properties in vitro. To 

elucidate the cellular uptake of Cr(III) ions, CrCl3 salt generating Cr(III) ions was 

used. It was demonstrated that only Cr(III) is present in the crystal salt of CrCl3 

(22) and is first released in the solution. However, Cr(II) and Cr(VI) may 

theoretically also be formed from Cr(III). However, Cr(III) is the most 

thermodynamically stable species and does not tend to reduce to Cr(II) or oxidize 

to Cr(VI) that are more unstable. The valence of the ion is then similar to what is 

observed in metal implants in which Cr(III) is released by the natural corrosion 

process (23). Since the main cells present around orthopedic implants are 

macrophages (24), the U937 cells, a monoblastoid cell line of human histiocytic 

lymphoma (macrophage-like cells) (25) was used as cell culture model. They are 

well known to engulf foreign bodies via different mechanisms. The “standard” 

one is phagocytosis and involves immunoglobulins (Ig) and/or complement C3 

playing the role of opsonins (26). In fact, opsonins are serum components acting 

as attachment sites on the foreign bodies, which aid the internalization process. 

Most of in vitro studies are performed with media supplemented with fetal bovine 

serum (FBS). Therefore, the RPMI 1640 and DMEM high glucose media were 

supplemented with FBS to determine biological differences with human serum 

(HS) and point out the limitation of the use of FBS for in vitro studies.  

This will help to improve our understanding of the fate and transit of metal 

ions as well as the possible biological consequences of their interactions with 

proteins both in vitro and in vivo. More than 600 proteins are present in sera, 

albumin, transferrin, and fibrinogen being amongst the most abundant. There are 
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however, important differences in terms of protein composition and concentration 

between FBS and HS as outlined in Table 7.  

 

HUMAN SERUM (HS) FETAL BOVINE SERUM (FBS) 

Albumin Albumin 

Transferrin Alpha-1-Antiproteinase 

Fibrinogen Plasminogen 

IgA total Lactoperoxidase 

Alpha-2-macroglobulin Kininogen 

IgM total NADH-Ubiquinine-oxidoreductase 

Alpha-1-Antitrypsin IgA total 

C3 complement Alpha-2-Glycoprotein 

Haptoglobin Hemiferrin 

 

Table 7: Comparison of the most abundant proteins present in human and fetal 

bovine serum. 

 

6.3. Materials and Methods 

 

6.3.1. Isolation of Cr(III) Complexes 

The concentration of Cr(III) used in the present study is based on a 

previous in vitro work showing that Cr(III) concentrations in the ppm range are 

necessary to elicit a U937 cell response (11,27,28) and on our previous work on 
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the formation of Cr(III) complexes in cell culture media. (21). Fifty (50) ppm of 

Cr ions (CrCl3, Sigma-Aldrich, Oakville, ON) were added to RPMI 1640 and 

DMEM high glucose (HyClone, Logan, UT) supplemented with 5% FBS 

(Hyclone) and 5% HS Sigma-Aldrich, Oakville, ON) as described below: 

1) 50 ppm Cr(III) + RPMI 1640 + 5% FBS 

2) 50 ppm Cr(III) + RPMI 1640 + 5% HSS 

3) 50 ppm Cr(III) + DMEM high glucose + 5% FBS 

4) 50 ppm Cr(III) + DMEM high glucose + 5% HS 

After incubation for 1 h at 37°C, precipitates were isolated by 

centrifugation at 5000 x g for 20 min, washed 3 times with water as previously 

described (21) and loaded on 4-20% acrylamide gel. Proteins were then separated 

by SDS-PAGE and gels stained with Coomassie Blue. 

 

6.3.2. Detection of Proteins by Mass Spectrometry 

Bands of proteins visible on acrylamide gels stained with Coomassie Blue 

were cut out of the gels and taken for in-gel digestion on a robotic MassPrep 

Workstation (Micromass; Waters Corp., Milford, MA). The gel pieces were 

destained, reduced with 10 mM dithiothreitol, alkylated with 55 mM 

iodoacetamide, and incubated with 6 ng/µl trypsin for 5 h at 37°C. Peptides were 

then extracted with 1% formic acid/2% acetonitrile. Identification of the digested 

proteins was completed using a Liquid Chromatography–Quadrupole–Time of 

Flight (LC-Q-Tof) Mass Spectrometer (Micro Mass, Milford, MA). The digests 

were loaded into a 10 cm capillary PicoFrit column filled with C18 stationary 
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phase and eluted by linear gradient of 5–70% acetonitrile in 0.1% formic acid at 

the flow rate 200 µl/min. The eluted peptides were electrosprayed into Q-Tof and 

the precursor ions were subjected to fragmentation by collision with argon 

(MS/MS). The MS/MS data were submitted to Mascot (Matrix Science, London, 

UK) for a search against the NCBI nonredundant database.  

 

6.3.3. TEM Microscopy 

U937 human macrophages (ATCC, Rockville, MD) were cultured in 

RPMI 1640 and DMEM high glucose (Hyclone, Logan, UT) supplemented with 

5% FBS or 5% HS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C 

under 5% CO2 humidified atmosphere at a density of 5 × 105 cells/ml. Cells were 

incubated with 50 ppm of Cr(III) for 30 min at 37°C. After incubation, cells were 

centrifuged at 500 × g for 6 min, supernatants were removed, and pellets were 

fixed overnight in 0.5 ml of 2.5% glutaraldehyde. After centrifugation at 

16,000 × g for 20 min, supernatants were removed and 0.5 ml of 1% osmium 

tetroxide was added for 2 h. Cells were then dehydrated by increasing 

concentrations of acetone (from 30% to 100%) to wash the pellets. After 

centrifugation at 16,000 × g for 20 min, supernatants were removed and 

epon:acetone with a ratio of 1:1 was added for 1 h, followed by epon:acetone with 

a ratio of 2:1 for 1 h, and epon:acetone with a ratio of 3:1 overnight. At least 

0.3 ml of pure epon resin was added and samples were incubated for 3 h under 

vacuum to avoid any air bubble. After polymerization at 60°C for 48 h, the plastic 

tubes were removed to obtain solid pieces of resin with cells pellets at the bottom. 
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These pellets were then sectioned in thin diamond knife cuts (about 90 nm). Cells 

were observed using a JEOL 2000FX transmission electronic microscope (TEM) 

(Akishima, Tokyo, Japan) at an accelerating voltage of 80 kV. To determine the 

percentage of internalization, 500 cells from randomly selected fields were 

counted and analyzed for the presence of nano-sized complexes (dark spots on the 

TEM microphotographs). Finally, energy dispersive X-ray analysis (EDXA) was 

used to confirm the nature of the internalized structures. 

 

6.4 Results 

Figure 6.1 shows that Cr(III) complexes obtained in different media 

interacted with serum proteins. No proteins were found when Cr(III) was 

incubated with media without serum, which was used as negative control. No 

pelleted proteins could either be obtained after centrifugation of media and serum 

without Cr(III) (results not shown), or after centrifugation of Cr(III) and serum 

without medium dilution (21). The patterns of electrophoresis were similar for 

complexes formed in the presence of FBS in RPMI 1640 (Fig. 6.1a) to those 

formed in DMEM high glucose (Fig. 6.1b) with bands visible at 69 and 200 kDa. 

In HS (Fig. 6.1c), major protein bands were detected at 10, 66, 68, 77, and 90 kDa 

with similar electrophoresis patterns in both media.  
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Figure 6.1: Electrophoresis gels of Cr(III) complexes formed in the presence 

of serum. Fifty (50) ppm of CrCl3 was incubated with the different media as 

indicated in Materials and Methods. Proteins were separated on 4-20% 

acrylamide gels and stained with Coomassie Blue. 

a) Lane 1: molecular weight marker; Lane 2: RPMI + 50 ppm Cr3+; Lane 3: RPMI 

+ 5% FBS + 50 ppm Cr3+. 

b) Lane 1: molecular weight marker; Lane 2: DMEM + 50 ppm Cr3+; Lane 3: 

DMEM + 5% FBS + 50 ppm Cr3+. 

c) Lane 1: molecular weight marker; Lane 2: RPMI + 5% HS + 50 ppm Cr3+; 

Lane 3: DMEM + 5% HS + 50 ppm Cr3+. 

 

Figure 6.2 shows an illustration of MS/MS spectrum corresponding to the 

fragmentation of the peptide CCTESLVNR by the MS. The generated data was 

submitted to Mascot, a mass spectrometry search engine, in order to retrieve 
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proteins from primary sequence databases. The experimental mass value was 

compared with calculated peptide mass or fragment ion mass values, obtained by 

applying cleavage rules to the entries in a comprehensive primary sequence 

database.  

 

 

 

Figure 6.2: MS/MS spectrum of the peptide CCTESLVNR (serum albumin, 

Homo sapiens) showing different ion fragments and their relative mass 

(mass/charge (M/Z)). Electrophoresis gel bands of Cr(III) complexes in the 

presence of FBS or HS were cut and digested with trypsin. The resulting peptide 

mixture was analyzed by mass spectrometry and MS/MS.  

 

By using an appropriate scoring algorithm, the closest match or matches 

were identified. Results for the RNVLSETCC peptide are presented in Table 8. In 

this example, 8 ion fragments on 70 matched with albumin for a peptide score of 

60.1, demonstrating the presence of a human albumin. Ions score is 10*Log (P), 
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where P is the probability that the observed match is a random event. Individual 

ions scores > 45 indicate identity or extensive homology (p<0.05). 

 

# b b++ b* b*++ b0 b0++ Seq. y y++ y* y*++ y0 y0++ #

1 161.04 81.02       C        9

2 321.07 161.04       C 978.47 489.74 961.44 481.22 960.46 480.73 8

3 422.12 211.56     404.11 202.56 T 818.44 409.72 801.41 401.21 800.43 400.72 7

4 551.16 276.08     533.15 267.08 E 717.39 359.20 700.36 350.68 699.38 350.19 6

5 638.19 319.60     620.18 310.59 S 588.35 294.68 571.32 286.16 570.34 285.67 5

6 751.27 376.14     733.26 367.14 L 501.31 251.16 484.29 242.65   4

7 850.34 425.68     832.33 416.67 V 388.23 194.62 371.20 186.11   3

8 964.39 482.70 947.36 474.18 946.38 473.69 N 289.16 145.08 272.14 136.57   2

9           R 175.12 88.06 158.09 79.55   1

 

Table 8: Mascot analysis of the fragmentation of the RNVLSETCC peptide.  

 

Spectrum is shown in Figure 2. The table shows the different peptides (protein 

fragments or ion fragments) possible for the sequence (Seq.), which is read from 

the bottom to the top of the table. The ions “y” (or charged peptides) represent the 

results from the analyzed samples while the other columns represent the Mascot 

database for comparison. For instance, the peptide RNVLSETC generated from 

the fragmented samples has a mass/charge (M/Z) of 978.47. The ions “b” indicate 

a C-  N sequence, while the ions “y” represent an N-  C sequence. The ions 

“y++” with an M/Z of 489.74 is a corresponding peptide in the database with 2 

positive charges with the sequence RNVLSETC. The symbols “*”and “0” mean 

that the peptide lost a NH3+ molecule (978 – 17 = 961) or a H2O molecule (978 – 

18 = 960) respectively. 
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All bands from Figure 6.1 were analyzed in the same way. It is important 

to note that our choice was limited to proteins having at least 8 corresponding 

peptides with ion scores over 45 in order to ascertain their presence in the Cr(III) 

complexes. Results showed that with FBS, only albumin (123 peptides with 

scores from 45 to 90) interacts with the Cr(III) complexes. With HS, albumin 

(132 peptides with scores from 45 to 102), transferrin (98 peptides with scores 

from 45 to 89), immunoglobulins (99 peptides with scores from 45 to 98), 

apolipoprotein B (12 peptides with scores from 45 to 97), complement C3 (11 

peptides with scores from 45 to 87), ceruloplasmin (11 peptides with scores from 

45 to 79), alpha-2-macroglobulin (9 peptides with scores from 45 to 81), and 

plasminogen (8 peptides with scores from 45 to 69) are all possibly interacting 

with the Cr(III) complexes. The results obtained for albumin and transferrin are 

summarized in Table 9.  
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 Protein 

Name 

Gel 

position

Accession no. MW 

BOVINE Albumin 1 & 2 gi| 162648 71244 

 Albumin 1 & 2 gi| 229552 68083 

    

HUMAN Albumin 1, 2, 4, 

5 & 6 

gi| 23307793 71344 

 Albumin 1, 2, 4, 

5 & 6 

gi| 28592 71316 

 Transferrin 3 & 4 gi| 553788 55207 

 Transferrin 3 & 4 gi| 31415705 79280 

 Transferrin 3 & 4 gi| 37747855 79329 

 

Table 9: Most probable protein candidates in bovine and human sera 

interacting with Cr(III) complexes. All bands from electrophoresis gels were 

analyzed by MS/MS. The generated data was submitted to Mascot and the best 

matches were identified as shown in Table 8. 
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Figure 6.3: TEM pictures of Cr(III) complexes with U937 macrophage-like 

cells in serum supplemented media. Black arrows show Cr(III) complexes 

inside the cells while white arrowheads show Cr(III) complexes outside the cells. 

Note the presence of internalized vesicles (black arrow head). The black 

arrowhead in the insert (RPMI with FBS) shows the formation of pseudopodia.  

 

TEM images (Figure 6.3) along with EDXA analysis (Figure 6.4) clearly 

indicated the presence of Cr(III) complexes in U937 macrophage-like cells or 

interacting with them. The size of these complexes varied from 60 nm when 
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formed in RPMI 1640 (in both FBS and HS) to 100 nm when formed in DMEM 

high glucose (in both FBS and HS).  

 

 

Figure 6.4: EDXA spectra of Cr(III) complexes internalized by U937 

macrophage-like cells in RPMI 1640 with FBS (a) and in DMEM high 

glucose supplemented with FBS (b). EDXA spectra obtained in HS are the same 

(data not shown). Copper peaks visible on the right of the spectra (8-9 keV) are 

generated by the grids. Note the presence of chromium (Cr), phosphate (P) and 

calcium (Ca) in both Cr(III) complexes. 

 

Figure 6.5 shows the percentage of U937 cells that internalized Cr(III) 

complexes (integrated into the cytoplasm, black arrow), as obtained by evaluating 

500 cells under TEM for each medium/serum condition. A more important 

cellular uptake of Cr(III) complexes was observed in RPMI 1640 than in DMEM 

high glucose. The internalization of the Cr(III) complexes was also facilitated by 

HS compared to FBS. Notably, 21% and 48% of U937 cells contained Cr(III) 

complexes or interacting with Cr(III) complexes in RPMI 1640 in presence of 
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FBS and HS, respectively. Conversely, only 6% and 21% of U937 cells contained 

Cr(III) complexes in DMEM high glucose in the presence of FBS and HS, 

respectively.  

 

 

Figure 6.5: Internalization of Cr(III) complexes by U937 macrophage-like 

cells. Results are presented as the percentage (± standard deviation) of cells that 

internalized the Cr(III) complexes over the total number of cells.  

 

6.5. Discussion 

Proteomic approach was used to study the interaction of Cr(III) complexes 

formed in cell culture media (21) with serum proteins. Although proteomic is an 

established technology for protein detection and discovery, it is not a widely used 

methodology for determining the interactions between metal and proteins. We 

found that Cr(III) complexes interacted only with albumin in the presence of FBS, 
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while they interacted with albumin, transferrin, and immunoglobulins in the 

presence of HS. Alpha-2-macroglobulin, ceruloplasmin, plasminogen, 

immunoglobulin, complement C3, and apolipoprotein B also seem to interact with 

the Cr(III) complexes in HS. It is also interesting to point out the fact that 

although albumin, transferrin, complement C3, alpha-2-macroglobulin, 

ceruloplasmin, plasminogen, and apolipoprotein B are parts of the “standard 

proteins” of plasma, they are not necessarily the most abundant ones (29), 

suggesting that the concentration of proteins is not the prime factor to promote 

their interaction with Cr(III) complexes and their internalization by U937 

macrophage-like cells.  

Our findings support a previous study demonstrating that 51Cr can bind to 

transferrin and albumin in patients on continuous ambulatory peritoneal dialysis 30 

and also enforce other studies showing the transfer of Cr(III) ions from blood to 

urine in the presence of insulin (31-32). In fact, human albumin is known to bind 

and transport a multitude of ligands such as bilirubin, fatty acids, retinoids, 

steroids, heavy metals, and various drugs (33-35). The primary, secondary, and 

tertiary structure of albumin provides the unique capability to bind, covalently or 

reversibly, a great number of various endogenous and exogenous compounds (36-

39) with hydrophobic properties. However, heavy metals are also known to bind 

to this protein (40-43) as it is the major transport protein in blood for Zn2+, which 

is necessary for various physiological processes such as protein and DNA 

synthesis, cell growth and division (44). It can also interact with Cd2+ and Cl- ions 

(45-49). The presence of Cl- ions in Cr(III) complexes, as shown in our previous 
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study (21), suggests that Cl- might promote the interaction of Cr(III) complexes 

with albumin.  

Bovine and human albumin presents a 76% identical sequence (50). The 

main difference between the two proteins is the presence of two tryptophan 

residues (W131 and W214) in bovine albumin, whereas human albumin has only 

one (W214) (51). This difference can play a role in their interactions with other 

components. For instance, in a study on the interactions of both human and 

bovine albumin with different detergents, spectroscopic results suggested distinct 

interactions of detergent molecules with W131 and W214 (52). Moreover, it seems 

that the binding of surfactants to HS is more complex than for FBS (53). This 

complexity of binding of albumin is in agreement with the fact that more different 

human proteins interact with Cr(III) complexes in human serum than in bovine 

serum. This might also be the reason behind having a greater internalization by 

U937 macrophage-like cells. Since it was demonstrated that cell lines of the 

monocytic lineage had lower uptake of titanium oxide (TiO2) particles than 

macrophages (54), it is possible that our results underestimated the capacity of 

macrophages to internalize Cr(III) particles. 

Like albumin, transferrin is involved in ion transport and is known as an 

iron transporter protein. Ti(IV) can bind to transferrin, be recognized by the 

transferrin receptor, and be up taken by the cells (55). Transferrin belongs to the 

family of monomeric glycoproteins of~80 kDa which comprises two lobes (N and 

C) (56), with each lobe containing a single metal-binding center. However, 

despite substantial structural similarity between the two lobes, the existence of 
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significant differences in the lobes’ metal-binding properties has been 

demonstrated (57). Indeed, TEM study showed that the Cr(III) complexes formed 

with human serum are more easily internalized than those formed with bovine 

serum. This difference can be explained by the absence of transferrin as a 

mediator of cellular uptake of Cr(III) complexes when the medium is 

supplemented with FBS (58).  

Interestingly, no immunoglobin was involved in the formation of Cr(III) 

complexes in the presence of FBS while they were involved in the formation of 

Cr(III) complexes in HS, even though both human and bovine sera are composed 

of 8-26% (5-18 mg/ml) of immunoglobins (59). While the reason for this 

difference still needs to be investigated, we found that Cr(III) complexes formed 

in HS interacted with immunoglobins and complement C3 and that these 

complexes were more easily engulfed by human U937 cells than Cr(III) 

complexes formed in FBS. Macrophages and monocytes can internalize 

molecules and complexes mainly through 3 different pathways. When the 

material is small (i.e. nutriments), it can be internalized by pinocytosis or 

endocytosis. Larger substances are internalized by phagocytosis, in which 

opsonins are involved. Indeed, our results suggest that the internalization of 

Cr(III) complexes formed in HS occurs through the classical phagocytosis 

pathway where immunoglobins and complement C3 are the opsonins that are 

facilitating the recognition of foreign bodies by macrophages (26). However, the 

absence of opsonin in the Cr(III) complexes formed in FBS suggests that 

pinocytosis and/or endocytosis pathways may also be involved. This remains to 
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be investigated. Most importantly, it seems that Cr(III) ions enter cells by 

different way than Cr(VI) that enter via anions channels (20). Those differences 

might explain the difference of toxicity of these ions. Thus, the formation of 

Cr(III) complexes along with the presence of proteins may be the origin in the 

difference of toxicity between Cr(VI) and Cr(III). Moreover, our previous study 

demonstrated that Cr(III) complexes cannot be dissolved at low pH (21), 

suggesting that the Cr(III) complexes are not destroyed in the intracellular 

endosomes following endocytosis/pinocytosis or in the phagosomes following 

phagocytosis. This may also explain the high cellular and tissue retention of Cr 

comparatively to Co that is easily eliminated in urine (16). 

Results also suggest the presence of alpha-2-macroglobulin, known to be 

involved in controlling inflammatory responses to different pathogens, in the 

Cr(III) complexes formed in HS. Some studies have demonstrated that alpha-2-

macroglobulin has a very similar histidine and cysteine-rich region as albumin 

(60). Additionally, alpha-2-macroglobulin is able to bind zinc (Zn2+) and 

manganese (Mn2+) ions (61). Therefore, the ability of alpha-2-macroglobulin and 

its similarity with albumin may explain the capacity of this protein to bind Cr(III) 

complexes. In addition, alpha-2-macroglobulin shares the copper pool of plasma 

with albumin and ceruloplasmin, an α2-glycoprotein that binds 90–95% of blood 

plasma copper (62).  
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6.6. Conclusion 

This work is the very first that uses a proteomic approach to study the 

interaction of Cr(III) ions with bovine and human proteins present in sera. Our 

results showed that Cr(III) complexes were able to bind albumin, transferrin, and 

immunoglobulins in HS but only to albumin in FBS even though the other protein 

were present in FBS. They also suggest a mechanism, the formation of organic Cr 

complexes, for their retention in organ and cells. This study provides valuable 

information on the specificity of interactions between Cr(III) complexes and 

proteins in simulated physiological fluids. 
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CHAPTER 7 

EVALUATION OF OXIDATIVE STRESS IN VIVO 

 

The 4th and last paper presented in this chapter, submitted to Journal of 

Arthroplasty (Ref 09-0432U), fulfills the last objective of the present thesis, 

which was to assess the clinical relevance of increased levels of Co and Cr ions in 

patients with MM implants.  

The previous chapters suggested that the formation of Cr(III) complexes in 

physiological fluids may explain the lowest toxicity of Cr(III) in vitro in 

comparison to Cr(VI) and Co(II). The last aim of the present project was to assess 

the relationship between the in vitro findings and the in vivo clinical situations.  

In this chapter, we determined the concentrations of Cr and Co ions in five 

groups of patients having a 28 mm-head metal-on-metal (MM) primary total hip 

replacement for up to 10 years. We also measured the level of oxidative stress 

markers (total antioxidants, peroxides, and nitrotyrosines) and the expression of 

antioxidant enzymes (SODs, CAT, GPx, and HO-1). Results showed an increase 

of both Cr and Co ion levels in the blood of these patients. However, these 

increases had no effect on oxidative stress markers and very slight effect on the 

expression of SOD and HO-1 expression, suggesting that the increased levels of 

Co and Cr ions are not associated with significant oxidative stress damage in vivo. 
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7.1. Abstract 

The main concern associated with Metal-on-Metal hip prostheses made of 

chromium (Cr)-cobalt (Co) alloys, is the release of chromium and cobalt ions in 

the blood and their accumulation in organs of patients. Moreover, it is widely 

known that Cr and Co ions can enhance the production of reactive oxygen species 

(ROS), known to be damageable for cells. In a matter of fact, these ROS have the 

capacity to disturb the redox status of cells, leading to the oxidative stress which 

generates damage at different levels in cells, from the extracellular environment to 

the nucleus.  

Different antioxidants are present in cells in order to prevent cell damage, 

to stop the chain reactions generated by ROS and finally to repair the damage 

caused by the oxidative stress. Antioxidant enzymes, such as superoxide 

dismutases (SOD), catalase (CAT) and glutathione peroxidase (GPx) and a non-

classical one, heme-oxygenase-1 (HO-1) represent the major antioxidant defense 

system in organism and have been widely studied recently because of their 

involvement in many human diseases.  

The aim of this work was to establish a relation between Cr and Co ions 

released in serum of patients with a metal-metal hip implant and their capacity to 

generate an oxidative stress. To answer this question, we assessed the antioxidant 

enzymes, namely SOD, CAT, GPx and HO-1 at different time points. In addition, 

we studied the presence of lipid and protein oxidation, which is a sign of 

oxidative stress. Our findings suggested that SOD activity is related to ions 

concentrations, suggesting that it could be used as oxidative stress biomarker in 
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vivo. Taken together, results showed that Cr and Co ions did no generate any 

oxidative stress in patients, suggesting the efficacy of the complex antioxidant 

system present in serum. This work is the very first to study the effects of metallic 

ions released from metallic prostheses in the serum of patients, in term of 

oxidative stress and to propose a biomarker to study oxidative stress in vivo. 

  

7.2. Introduction 

Metal-on-metal (MM) hip prostheses, made of cobalt-chromium (Co-Cr) 

alloys, represent an excellent alternative to metal-polyethylene bearings in the 

treatment of osteoarthritis of the hip because of their substantially lower wear 

rates (1). However, the main concern associated with such bearings is the 

presence of circulating ions in the organism (2). These metal alloys undergo 

corrosion, either electrochemically or mechanically, and release metallic particles 

and ions that disperse systemically (3). Indeed, several studies have shown that 

Co and Cr particles and ions can enter the bloodstream and accumulate both in 

surrounding tissues and organs of patients after MM total hip arthroplasty (THA) 

(4-6). These ions are potentially toxic (7,8), may cause metal hypersensitivity 

(9,10), and chromosomal aberrations (11), and may induce changes in the 

proportions of peripheral blood lymphocytes (12-14).  

The mechanism of metal ion toxicity is not completely understood but it is 

known that they can generate reactive oxygen species (ROS), such as superoxide 

ions (O2
-), hydrogen peroxide (H2O2), hydroxyl radical (OH ), and nitrogen oxide 

(NO ) through Fenton/ Haber-Weiss chemistry (15). These ROS are known to be 
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involved in numerous human diseases, including degenerative lung and heart 

conditions, Alzheimer disease, rheumatoid arthritis, and aging (16). ROS are 

implicated in the induction of oxidative stress generating cell and tissue damage. 

Oxidative stress may result from an increased production of oxidants and/or a 

decrease in antioxidant defense. Since the damage that a ROS produces depends 

on its origin and type, the most accurate and clinically relevant measurement of 

oxidative damage is to measure multiple products of this damage (17). 

In the present study, we hypothesized that metal ions released from MM 

bearings, namely Co and Cr, could generate oxidative stress in patients with MM 

THA. We first measured the concentration of both Co and Cr ions in blood of 

patients with MM 28 mm-head prostheses. We then evaluated the concentrations 

of total antioxidants (TAS), peroxides, and nitrated protein as markers of 

oxidative stress in the plasma of these patients. TAS measures the overall 

antioxidant capacity of serum samples while peroxides were used as a marker of 

lipid peroxidation and nitrated proteins (nitrotyrosines) as a marker of damage to 

proteins. Since the induction of oxidative stress is also related to the activity of 

specific antioxidant enzymes, in a second step we measured the activity of some 

of these enzymes in the plasma of these patients. We specifically looked at 

classical antioxidant enzymes (18) such as catalase (CAT), glutathione peroxidase 

(GPx), and superoxide dismutase (SOD), as well as the non-classical antioxidant 

enzyme heme oxygenase-1 (HO-1) (19). These enzymes were chosen because 

their expression (CAT, GPX, and SOD) is modulated by Co and Cr ions in human 

MG-63 pre-osteoblasts in vitro (20), and are implicated in multiple human disease 
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processes (18) and because the induction of HO-1 is a general response to 

oxidative stress in mammalian cells (21).  

In a recent study (22), it has been showed that the levels of oxidative stress 

markers are not elevated in the plasma of patients 1 year after the implantation of 

MM bearings. To the best of our knowledge, this is the very first study of its kind 

attempting to further understand the clinical significance of elevated metal ion 

levels by evaluating their long-term effect at the cellular oxidant/antioxidant level. 

 

7.3. Materials and Methods 

 

7.3.1. Study groups 

 A total of 127 patients having a 28 mm-head MM articulating interface 

(Metasul, Zimmer, Warsaw, IN) and who gave a total of 156 blood samples were 

included in the study. The serum of 46 patients scheduled for THA served as 

control. The patients were separated into 5 groups: 1) the control group includes 

46 patients; 2) 40 patients were included in the “less than 6 months” group; 3) 23 

patients were included in the “1-2 years” group; 4) 28 patients were included in 

the “3-4 years” group; 5) 19 patients were included in the “more than 4 years” 

group. The age of patients at the time of blood sampling was similar for the 5 

groups with a percentage of smokers varying from 14% of the patients (less than 6 

months group) to 7% in the control group (Table 10). The UCLA activity and the 

Harris Hip scores were also similar, except for the control and the less than 6 
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months groups that had lower results.  Prior ethics committee approval and 

informed written consent were obtained.  

 

 

Table 10: Demographic and outcome measures of patients in the different study 

groups. 

 

7.3.2. Blood samples and ion concentrations 

Whole blood samples were collected in Sarstedt Monovette tubes 

equipped with needles for trace metal analysis (Sarstedt, Montreal, QC) and kept 

at -80C until analysis. Co and Cr ions levels were measured as previously 

described by inductively coupled plasma mass spectrometry (ICP-MS, 

PerkinElmer SCIEX Elan 6100 DRC ICP-MS system; PerkinElmer Instruments, 

Norwalk, CT) at the Geochemical Laboratories of McGill University (22). The 

biological reference standard SeroNorm Trace Elements Whole Blood, Level 2 

(Sero AS, Billingstad, Norway) was analyzed as a quality-control sample. 

 

 Age (range) UCLA HHS Smoker 

Pre-OP 55 ± 9 (39-76 y) 4.8 ± 2.3 47 ± 14 7% 

≤ 6 months 60 ± 10 (42-71 y) 4.7 ± 1.9 75 ± 16 14% 

1-2 years 56 ± 11 (31-72 y) 6.0 ± 1.3 85 ± 14 11% 

3-4 years 51 ± 8 (32-64 y) 6.6 ± 1.6 87 ± 13 8% 

>4 years 52 ± 8 (33-65 y) 7.1 ± 1.6 90 ± 11 8% 
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7.3.3. Plasma preparation 

Whole blood of patients (1.5 ml) was also collected into Sarstedt Li-

Heparin tubes and centrifuged at 500 x g for 10 min. Supernatant plasma was 

stored at -80ºC for later analysis. Plasma was chosen for this part of the study 

instead of whole blood because the assays for oxidative stress are not 

recommended for whole blood and can lead to erroneous data.  

 

7.3.4. Oxidative stress markers 

Total antioxidant status (TAS) was measured in plasma using the Oxford 

Biomedical total antioxidant power kit (Oxford, MI). This assay is based on the 

capacity to prevent the ABTS (2-2’-Azino-di-[3-ethylbenzthiazoline sulphonite]) 

oxidation by metmyoglobin and has an inter-assay coefficient of variation (CV) of 

3%. 

Lipid peroxidation was measured as the total peroxide concentration in 

plasma using the Biomedica OxyStat assay (Medicorp, Montreal, QC), which 

assesses the concentration of an orange complex formed by the oxidation of Fe2+ 

by peroxides contained in samples. The assay has a 5.1% CV inter-assay 

precision. 

Plasma nitrotyrosine levels (nitrated proteins) were quantified using the 

BIOXYTECH® Nitrotyrosine-EIA assay (OxisResearch™, Portland, OR) that has 

an 11.2%CV inter-assay precision. 
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7.3.5.Antioxidant enzymes 

The three types of superoxide dismutases (Cu/Zn-, Mn-, and Fe-SOD) 

present in plasma were assessed by a colorimetric assay (Superoxide Dismutase 

Assay kit, Cayman, Ann Arbor, MI). Cayman’s superoxide dismutase assay kit 

utilizes a tetrazolium salt for detection of superoxide radicals generated by 

xanthine oxidase and hypoxanthine. One unit of SOD is defined as the amount of 

enzyme needed to exhibit 50% dismutation of the superoxide. It has a 3.2%CV 

inter-assay precision.  

Catalase (CAT) activity was measured in plasma of patients using the 

Catalase Assay kit of Cayman, a colorimetric test based on the capacity of CAT to 

produce formaldehydes after hydrolysing H2O2. The inter-assay CV is 3.8%. 

The Glutathione Peroxidase Assay kit of Cayman was used to determine 

the activity of all the glutathione peroxidases (GPX) present in patient plasma. 

This assay measures GPX activity indirectly by a coupled reaction with 

glutathione reductase and has a 5.7%CV inter-assay precision. 

The presence of heme oxygenase-1 (HO-1) was assessed using the Human 

HO-1 ELISA kit from Assay Designs (Ann Arbor, MI) in which a mouse 

monoclonal antibody specific to human HO-1 is immobilized on wells and 

captured HO-1 present in samples. The sensitivity of the assay is 0.78 ng/mL. 
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7.3.6. Statistical analysis 

TAS, peroxides, CAT, and GPX data were symmetrically distributed. 

Therefore, ANOVA followed by Scheffe’s test was used to compare the different 

study groups. Metal ion, nitrotyrosine, SOD, and HO-1 data distributions were 

asymmetric and variability between groups was significant. The Kruskall-Wallis 

test that is a nonparametric equivalent of a one-way analysis of variance was used. 

It is calculated as a regular ANOVA, but uses the ranks of the data and is 

therefore resistant to outliers represented by the dots (•) in the box-plot 

visualization of results, in which the box by itself represent the middle 50% (25% 

to 75% percentiles) of the data. To facilitate calculations, all null values were 

defined as the half of lowest sensitivity range of the assay. A p value < 0.05 was 

considered as significant.  

 

7.4. Results 

Figure 7.1 shows the levels of Co and Cr ions in blood of patients with 28 

mm-head MM prostheses. Results showed a significant increase of both Co (Fig. 

7.1A) and Cr (Fig. 7.1B) in the blood of these patients within 6 month after their 

hip replacement surgery. There was no difference in the levels of both Co and Cr 

ions after the 1st year.  

Figures 7.2 to 7.4 show the concentration of oxidative stress markers in 

plasma of patients with 28 mm-head MM prostheses. Results showed no 

differences between the various time groups for TAS (Fig. 7.2), peroxides (Fig. 

7.3), and nitrotyrosines (Fig. 7.4), suggesting that the increased levels of Co and 
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Cr ions did not induce oxidative stress damage in plasma of these patients. 

Figures 7.5 to 7.8 shows the activity of antioxidant enzymes in patient plasma. 

Results showed that SOD significantly decreased by 65.8% in the plasma of 

patients up to 2 years after surgery (p=0.005) (Fig. 7.5).  

 

 

Figure 7.1: Co and Cr ion concentrations in the blood of patients with MM 

THAs. Co and Cr were measured in the blood of patients with 28 mm-head MM 

prosthesis up to 10 years post-operatively. Due to non-parametric distribution, 

results are presented as box plot in which outliers are represented by the dots (•) 
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and the box by itself represents the middle 50% (25% to 75% percentiles) of the 

data.  Δ p< 0.05 versus control 

 

 

Figure 7.2: Total antioxidant status (TAS) in the plasma of patients with MM 

THAs. Total antioxidants were measured in the plasma of patients with 28 mm-

head MM prosthesis up to 10 years post-operatively. Results are expressed as the 

mean ± standard deviation.  
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Figure 7.3: Peroxide concentrations in the plasma of patients with MM 

THAs. Lipid peroxides were measured in plasma of patients with 28 mm-head 

MM prosthesis up to 10 years post-operatively. Results are expressed as the mean 

± standard deviation. 

 

Figure 7.4: Nitrotyrosine concentrations in the plasma of patients with MM 

THAs. Nitrotyrosines were measured in plasma of patients with 28 mm-head MM 
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prosthesis up to 10 years post-operatively. Due to non-parametric distribution, 

results are presented as box plot in which outliers are represented by the dots (•) 

and the box by itself represents the middle 50% (25% to 75% percentiles) of the 

data. 

This decrease was transient with a progressive return to control value after 

3 years. The activity of SOD in the more than 4 year group was even higher than 

in the less than 6 month group (2.4 times; p= 0.04), the 1-2 year (7.8 times; p= 

0.006), and the 3-4 year (1.3 times; p=0.02) groups (Fig. 7.5). These results 

suggest that Co and Cr ions may modify SOD activity in plasma of patients with 

28 mm-head MM prostheses. Results also showed slow, not significant changes in 

CAT activity for all time intervals (Fig. 7.6). There were no statistical differences 

in the activity of GPX (Fig. 7.7) between the five groups.  

Finally, the level of HO-1 decreased after implantation of the prostheses 

with statistical difference observed after 1 year (p= 0.03), at 3-4 years (p= 0.005), 

and after 4 years (p= 0.009) comparatively to the control group (Fig 7.8). In the 

more than 4 year group, the decrease reached 29.8% of the control group. The 

HO-1 level was also lower in the 1-2 year (p= 0.01) and the 3-4 year (p=0.006) 

groups compared to the less than 6 month group. These decreases in HO-1 levels 

suggest a role for Co and Cr ions in the modulation of circulating HO-1 in 

patients with 28 mm-head MM prostheses. 
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Figure 7.5: Superoxide dismutases (SODs) activity in the plasma of patients 

with MM THAs. SOD activity was measured in the plasma of patients with 28 

mm-head MM prosthesis up to 10 years post-operatively. Due to non-parametric 

distribution, results are presented as box plot in which outliers are represented by 

the dots (•) and the box by itself represents the middle 50% (25% to 75% 

percentiles) of the data.  Δ p<0.05 versus control; * p< 0.05 versus ≤ 6 

months.  

NB: The p value for the > 4 year group compared to ≤ 6 month group is 0.0486, 

which is at the limit of significance. The p value for the > 4 year group compared 

to control group is 0.038. 
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Figure 7.6: Catalase (CAT) activity in the plasma of patients with MM 

THAs. CAT activity was measured in the plasma of patients with 28 mm-head 

MM prosthesis up to 10 years post-operatively. Results are expressed as the mean 

± standard deviation. 

 

Figure 7.7: Glutathione peroxidase (GPX) activity in the plasma of patients with 

MM THAs. GPX activity was measured in the plasma of patients with 28 mm-
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head MM prosthesis up to 10 years post-operatively. Results are expressed as the 

mean ± standard deviation. 

 

 

Figure 7.8: Heme oxygenase-1 (HO-1) concentrations in the plasma of 

patients with MM THAs. HO-1 was measured in the plasma of patients with 28 

mm-head MM prosthesis up to 10 years post-operatively. Due to non-parametric 

distribution, results are presented as box plot in which outliers are represented by 

the dots (•) and the box by itself represents the middle 50% (25% to 75% 

percentiles) of the data. Δ p< 0.05 versus control; * p< 0.05 versus ≤ 6 

months. 

 

7.5. Discussion 

The present study showed that levels of Co and Cr ions increased rapidly 

after surgery in blood of patients with 28 mm-head MM THA. The levels of both 

Co and Cr ions in our study were in the same range as those reported in previous 
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studies (23-30) using different prostheses, with mean (or median) Co ion levels 

varying from 0.7 to 2.2 ppb (12 to 38 nmol/L) and mean (or median) Cr ion levels 

varying from 1.3 to 2.8 ppb (24 to 53 nmol/L). However, due to differences in the 

choice of samples (erythrocyte vs. serum vs. whole blood) and in the 

methodology (digested samples vs. diluted samples; ICP-MS vs. graphite 

furnace), it is impossible to identify a prosthesis that releases the least amount of 

ions into patient circulation. Interestingly, the concentration of Cr and Co ions 

was much lower than those observed in periprosthetic fibrous tissue adjacent to 

the implants (31) but are comparable to those found in synovial fluid (32). 

The rapid increase in blood ions found in the first year is also comparable 

to what was observed by other groups (28-30). This increase was followed by a 

plateau by 4 years. This suggests that, in vivo, the run-in phase of accelerated 

wear is indeed limited to the first 2 years postoperatively. A steady-state phase is 

reached from 6 months after surgery. In the present study, the number of patients 

per group and the fact that the study is not longitudinal (as the groups are formed 

of different patients) did not allow confirmation of this plateau. This suggests that 

after initial run-in-phase production, excretion of ions remains relatively constant 

to maintain constant level in patients. The similarity between previous 

longitudinal studies (28-30), and the present study supports the validity of our 

results even if their non-longitudinal aspect may represent a bias in the analysis of 

metal ions. Results from the present study have in counterpart the advantage of 

having been obtained with the same method of measurement (needles, tubes, 

solutions, standard, and technology (ICP-MS)) up to 10 years post-operatively. 
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Indeed, when we subdivided the more than 4 years group, there was no statistical 

differences in the levels of Co and Cr ions between the 5-6 years group (12 

patients) and the ≥ 7 years group (7 patients) (p > 0.8) (results not shown). This 

remains to be confirmed with larger groups of patients. However, the role of renal 

excretion in the maintenance of metal ion levels has been shown by the dramatic 

increases in serum Co and Cr in patients with renal failure (29). Indeed, the 

observed constant levels of Co and Cr ions may also represent a change in the 

excretion of ions via the kidney that balances the generation of ions in patients 

with MM implants (3).   

The single most significant obstacle preventing a broader application of 

MM hip arthroplasties and resurfacings continues to be the concerns regarding 

elevated metal ion levels in the blood, urine, and tissues of patients with these 

bearing surfaces, especially in young patients (2). An elevation of chromosomal 

aberrations was described in peripheral blood lymphocytes within 2 years 

postoperatively in patients with MM implants. However, as mentioned by the 

authors themselves, chromosomal aberrations are not necessarily associated with 

increased cancer incidence (33). Moreover, the same group also showed 

chromosome aberrations in patients with metal-polyethylene implants requiring 

revision (34). Visuri et al. initially reported a relative higher incidence of 

hematopoietic cancers in patients with MM prostheses (35). In the later study, 

however, the patient population was relatively small and no adjustments were 

made for co-morbidities that increase the patient risk of developing neoplasm 

(such as rheumatoid arthritis, Paget’s disease, or bone infarcts) (35). More 
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recently, in a thorough evaluation of a larger cohort of patients, Visuri et al. were 

unable to demonstrate a relative increased risk of cancer in patients with MM 

prostheses (36). Finally, in a meta-analysis of 8 epidemiologic studies including 

over 130,000 patients with total hip and knee arthroplasties, no causal link could 

be established between MM hip bearings and cancer (37). Nevertheless, continued 

surveillance of patients with MM bearings is warranted to understand the clinical 

relevance of raised metal ions in these patients. 

In an ongoing need to assess the potential consequences of elevated ion 

levels, we chose to evaluate oxidative stress markers in our patient population 

with MM THAs. Metal ions have the potential to induce the production of 

reactive oxygen species (ROS), making them prime suspects for disturbing the 

balance of oxidants/antioxidants in circulating cells (15,38,39). This 

oxidant/antioxidant unbalance has been identified in numerous degenerative 

processes including Alzheimer’s disease, macular degeneration, rheumatoid 

arthritis, neoplasm, and aging (16). Three antioxidant groups of molecules 

constitute the antioxidant defense system of the organism: the primary system 

prevents the formation of ROS, the secondary system eliminates radicals to 

prevent chain reactions, and the tertiary system works to repair damaged 

molecules (39). TAS assesses these three antioxidant groups. In the present study, 

we showed that there were no changes in the levels of three oxidative stress 

markers (TAS, nitrotyrosine, and peroxides) and few changes in the activity of 

four antioxidant enzymes in patients with 28 mm-head MM prostheses compared 

to the control group, suggesting that the increased levels of metal ions in patients 
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with MM THA had no or little effect on oxidative stress in the blood of these 

patients. The results also stayed the same if we subdivided the more than 4 years 

group into a 5-6 years group and a more than 7 years group as observed for metal 

ions. Our results suggest that the increased levels of metal ions were not sufficient 

to disturb the overall defense antioxidant system (as measured by TAS) of 

patients with 28 mm-head MM prostheses. Furthermore, when looking at more 

specific markers of oxidative stress, namely lipid damage and nitrotyrosines, we 

were unable to show any macromolecule damage in our patient population.  

Further studies, with patients having prostheses with different designs, bigger 

head-size, as well as with hip resurfacing, are however necessary to conclusively 

determine the effects of elevated circulating ions on oxidative stress in the blood 

of patients with MM bearings. 

Oxidative stress occurs when the balance of formation of oxidants exceeds 

the ability of antioxidant systems to remove ROS. In this regards, it was shown 

that Co and Cr could modify the expression of CAT and GPX in human MG-63 

pre-osteoblasts (20) and that the lack of SOD in knockout mice have dramatic 

repercussions on phenotypes with perinatal or early postnatal mortality (40). 

Moreover, these enzymes are involved in many pathophysiological processes 

including neurodegeneration, cancer, and aging (18,41). Results of the present 

study show that the overall capacity of the antioxidant enzymes to remove ROS 

was not affected by metal ions in patients with 28 mm-head MM prostheses. We 

observed a transient decrease of SOD up to 2 years postoperatively group with a 

return to control values thereafter. The SOD activity we measured in the plasma 
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corresponded to SOD3 (extracellular SOD) that is present in low concentration 

compared to cellular SODs. Furthermore, SOD3 present in extracellular spaces of 

tissues accounts for 90-99% of the SOD3 present in the body. This low 

concentration of SOD3 circulating in plasma may make it more sensitive to minor 

changes of oxidative status (42). This may explain the variation of SOD activity 

observed in plasma of patients with 28 mm-head MM prostheses whereas the 

other antioxidant enzymes were not affected in the same conditions. Our results 

are in agreement with a previous study in COS7 cells where cobalt chloride led to 

a decrease in the resistance to oxidative damage by down-regulating the 

expression of SOD3 (43). 

HO-1 is also known to be implicated in many human diseases such as 

Alzheimer and inflammatory diseases (21). Previous findings showed that Cr(VI) 

induced the expression of HO-1 in human dermal fibroblasts (44). This suggests 

that Cr ions were not implicated in the progressive decrease of HO-1 we observed 

in patients with MM THA up to 4 years post-operatively. However, HO-1 

increased at longer term (> 4 years), suggesting that the effect might be reversible. 

A down-regulation of HO-1 was shown in vivo in patients with hepatitis C, while 

other antioxidant enzymes, such as CAT and SOD, were not affected (45). This 

suggests that parameters other than the presence of metal ions might be 

responsible for the decreased levels we observed in patients with MM prostheses.  
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7.6. Conclusion 

 This work is the first to determine the biological effects of metal ions 

released from MM hip implants with regards to mid-term systemic oxidative 

stress and showed that the increased levels of Co and Cr ions are not associated 

with significant oxidative stress damage. 
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CHAPTER 8 

GENERAL DISCUSSION 

 

Even though no epidemiologic studies could relate the presence of Co and 

Cr ions to an increased risk of cancer, the presence of these ions in the blood of 

patients with metal-on-metal prosthesis remains the main concern associated with 

CoCrMo bearing. The objectives of this thesis have been established to bring 

some insights into the fate of metal ions and the role they play in affecting the 

general health of patients with metal-metal hip prostheses. To fulfill the objectives 

of this thesis, the experimental approach was designed around two main pillars:  

1) the biological aspects of the thesis aimed at establishing the effects of 

Cr(III), Co(II) and Cr(VI) ions in vitro on human macrophages-like cells and in 

vivo in blood of patients with MM hip prosthesis, and  

2) the chemical aspects aimed at explaining the difference in toxicities of 

these ions by analyzing their fate in simulated-physiological fluids.  

 

8.1. Achievements of the Thesis Objectives 

In the following sections, the different segments of our work will be 

outlined in demonstrating the fulfillment of the objectives of this thesis. 
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8.1.1 Effect of Cr and Co ions on the expression of antioxidant enzymes in 

human macrophages in vitro 

We demonstrated the toxicity of Cr and Co ions in vitro in both 

macrophages (1) and osteoblasts (2). The effect of four different concentrations of 

Cr(VI), Cr(III), and Co(II) on the expression (protein and mRNA) of Mn-SOD, 

Cu/Zn-SOD, CAT, GPx, and HO-1 was investigated after 24h, 48h and 72h of 

incubation. We demonstrated that Cr(VI) induced protein and gene expression of 

all studied antioxidant enzymes. Co(II) induced the expression of both protein 

(translation) and mRNA (transcription) of HO-1 only, whereas Cr(III) had no 

effect on these enzymes. Our results confirmed the higher toxicity of Co(II) and 

Cr(VI) compared to Cr(III) and suggest that ions released from MM prostheses 

may affect the antioxidant potential of patients with these hip implants.  

 

8.1.2. Formation of Cr(III) complexes in simulated biological fluids 

Our electron microscopy results showed that Cr(III) can form precipitable 

complexes of about 60-100 nm in RPMI 1640 and DMEM high glucose. While 

Co(II) and Cr(VI) did not form noticeable complexes, the presence of inorganic 

and organic compounds in the complexes of Cr(III) complexes formed in both 

media was confirmed by TEM and EDXA. XPS analyses, FT-IR investigations 

along with elemental analysis revealed a difference in the nature of compelled 

amino acids between two media. All analyses together indicated that Cr(III) 

complexes are composed of an organic phase (amino acids) tangled with an 

inorganic phase made of Cr(III), Ca(II) and Na(I). This work provided us with 
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important information on the fate of Cr in a simulated biological environment and 

the difference in toxicity of various metal ions.  

 

8.1.3. Interaction of bovine and human serum proteins with Cr(III) 

complexes 

We showed the predominant role of organic compounds, particularly 

proteins, in the formation of Cr(III) complexes by comparing the interaction of 

Cr(III) complexes with both bovine and human serum proteins. We demonstrated 

that Cr(III) could interact only with albumin in the presence of FBS in both RPMI 

1640 and DMEM high glucose media. Seven other human proteins, namely 

transferrin, immunoglobulins, apolipoprotein B, complement C3, ceruloplasmin, 

alpha-2-macroglobulin, and plasminogen were also involved in the complex 

formation in both media when they are supplemented with HS. As a result of 

these interactions, the internalization of Cr(III) complexes were increased by 

macrophages. This result highlighted the role of human proteins as opsonins to 

make Cr(III) complexes easily recognizable by macrophages.  

  

8.1.4. Clinical relevance of increased levels of Co and Cr ions in patients with 

MM hip implants 

We first showed a rapid increase of Co and Cr ions in the blood of 4 

groups of patients bearing a primary MM hip over 1 to 4 years. However, the 

presence of Co and Cr ions did not induce significant modifications in the levels 

of oxidative stress markers, namely peroxides and nitrotyrosines. We also 
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revealed no modification in the activity of the antioxidant enzymes CAT and 

GPx, but a slight decrease of SOD activity and HO-1 after 1-2 years post-

operatively was observed. Although the long term biological effects of Co and Cr 

ions released from MM hip implants remain unanswered, we concluded that the 

levels of Co and Cr in our groups of patients were not sufficient to induce 

significant oxidative stress. 

 

8.2. A Model Integrating the Different Results 

Results of this global approach suggest that Cr(III) ions are less toxic than 

Co(II) and Cr(VI) in terms of oxidative stress, probably due to the formation of 

Cr(III) complexes constituted by an organic phase (amino acids, phosphates) 

tangled with an inorganic phase (chromium, calcium, chloride, and sodium) (Fig. 

8.1), whereas neither Co(II) nor Cr(VI) could form any complexes in the same 

experimental conditions.  
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Figure 8.1: A proposed model for the nanoscale Cr(III) complexes formed in 

RPMI 1640 (A) and DMEM high glucose (B) media. The main difference 

between the complex A and the complex B is the ratio between amino acids and 

phosphates. Complexes A contain more P=O and less amino acids than 

complexes B.  

 

These Cr(III) complexes have the capacity to bind to proteins, especially 

opsonins (immunoglobulins and complement C3), making them easily identifiable 

by macrophages, which most likely internalize them in a phagocytosis-like 

pathway (Fig 8.2). Cr(VI) and Co(II) are believed to enter into the cells via 

anionic channels. 
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Figure 8.2: Internalization of Cr(III), Co(II), and Cr(VI) by cell.  

 

We can suggest that once Cr(III) complexes are internalized, the 

endocytotic vesicles become endosomes or fuse with a pre-existing endosomes 

(pre-endosomes), a digestive vesicle with a very low pH. However, our data 

presented in Chapter 5 demonstrated that this acidic condition was not sufficient 

to alter Cr(III) complexes. It is likely that they are then held in the macrophage or 

finally released by an exocytosis process (Fig. 8.3). In vivo, it is also probable that 

macrophages die after internalization of the Cr(III) complexes and release them. 

The complexes may then be internalized for a second time by other cells within 

the tissues and this may explain, to some extend, the low clearance of Cr ions 

compared to those of Co.  
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Figure 8.3: Fusion of pre-endosome and phagocytosis vesicle to form an 

endosome containing Cr(III) complexes.  

 

As previously mentioned, Co(II) can penetrate into cells via ion channels. 

In U937 macrophages-like cells, this led to the induction of both protein and 

mRNA expression of HO-1, indicating that this enzyme constitute the primary 

defense against this ion. The activation of HO-1 by Co(II) is possibly mediated by 

the metal-responsive metal transcription factor-1 already described in BHK cells 

(3) (Fig. 8.4). In contrast, Cr(VI) induced the protein expression of all studied 

antioxidant enzymes, suggesting that ROS induction is more important in the 

presence of Cr(VI) than in the presence of Co(II) (Fig. 8.4). However, Cr(VI) did 

not induce the expression of their mRNA. This means that the response to Cr(VI) 

is at the level of translation of the protein but not at the transcription of the gene. 
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The absence of Cr(III) effect may be explained by the protective role of the 

phagocytosis phenomenon, which embeds the ions in endosome-like structures. 

Although our results indicated the deleterious effects of Co(II) and Cr(VI) ions on 

lipids or proteins, the fact that oxidative stress could not be detected in patients 

with MM hip prostheses may be due to insufficient levels of ions in the 

circulation. However, the combination of both in vitro and in vivo results suggests 

that at low ion concentrations, the antioxidant systems are efficient enough to 

prevent the oxidative stress. We cannot, however extrapolate with regards to the 

effects of long term exposure at the latencies involved. 

 

Figure 8.4: Effects of Cr(III), Co(II), and Cr(VI) in cells: A model. 
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8.3. Future Work 

 

8.3.1. In vitro 

 

8.3.1.1. Determination of tridimensional structure of Cr(III) complexes 

 One of the challenges of the future study would be to determine the 

tridimensional structure of the complexes and validate the proposed model. 

Despite the use of advanced analytical techniques and efforts, we could not 

solubilise and crystallize the Cr(III) complexes. The complexes were analyzed by 

solid-phase Nuclear Magnetic Resonance (NMR) and by X-ray. Inorganic and 

organic database of NMR and X-Ray indicated that no such material had been 

studied before, and as far, it is still classified as “unknown”. 

 

8.3.1.2. Cytotoxicity of Cr(III) complexes 

The work of the present thesis combined with previous studies on the 

toxicity of Cr and Co in macrophages (1) and osteoblasts (2) strongly suggest that 

the lower toxicity of Cr(III), compared to Cr(VI) and Co(II) may be due to the 

formation of organic-inorganic complexes in cell culture media and in body fluid. 

Since Cr(III) complexes formed in RPMI 1640 and DMEM high glucose are 

visually and chemically different, the potential difference of toxicity of these 

complexes should be meticulously investigated in different cell types (i.e. 

macrophages, monocytes, osteoblasts) to better understand the implication of their 

formation in toxicity and clearance. Preliminary results in U937 macrophage-like 
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cells showed that Cr(III) complexes formed in DMEM seem to be more toxic 

(induction of cell death) than Cr (III) complexes formed in RPMI. Moreover, the 

disparity in their interactions with human and bovine serum proteins is another 

avenue of investigation full of promising results. 

 

8.3.1.3. Long term fate of Cr(III) complexes 

The present thesis described the internalization of Cr(III) complexes after 

a short incubation period with U937 cells and showed that the composition of the 

complexes may affect this internalization. However, the long term fate of these 

complexes in macrophages is still unknown. Can prolonged presence in 

endosomes, in an acidic environment coupled with strong enzymatic conditions, 

disrupt the complexes? Can the structure be reformed thereafter? To answer these 

questions, we used immunogold labeling of albumin to visualize the complexes 

containing albumin. However, the Cr(III) complexes appeared too dark and it was 

impossible to visualize the gold particles by TEM (results not shown). The 

alternative is the use of radio-labeled Cr(III) (51CrCl3) and follow the structures 

inside the cells by electron microscopy autoradiography. 

 

8.3.1.4. Fate of Co(II) and Cr(VI) ions in cells 

Since no complex could be visualized by TEM, the question remains 

unanswered on the fate of Co(II) and Cr(VI). We do not know if these ions are 

distributed in the cytoplasm or if they have tendency to accumulate into specific 

organelles. In a future study, a Luminol probe could be used to visualize Co ions 
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by fluorescence microscopy while Nano-Secondary Ion Mass Spectroscopy 

(NanoSIMS) could be used to visualize both Co(II) and Cr(VI) ions. 

 

8.3.1.5. Internalization of the Cr(III) complexes 

Phagocytosis is a very complex process which requires extensive studies 

to better understand it in various contexts. In this thesis, we narrowly covered the 

internalization of the Cr(III) complexes. The use of a clathrin-dependant 

endocytosis inhibitor such as chlorpromazine, the use of a caveolin-dependent 

endocytosis inhibitor such as genistein, and the use of a stimulator of pinocytosis 

such as phorbol myristate can be considered as a follow-up of our investigation on 

the internalization process of Cr (III) complexes (4). It is also possible to use 

radio-labeled Cr (51Cr) and isolate organelles by ultracentrifugation. Early 

endosomes can then be detected by Western blot using anti-rab5-GDP and the late 

endosomes using anti-lamp1. Radioactivity can then be counted in the different 

maturation steps of endosomes. 

 

8.3.2. In vivo 

 

8.3.2.1. Effect of ions on blood cells 

One of the concerns about MM prosthesis is the potential carcinogenic 

effect of Co and Cr ions. In this regard, an increase in chromosomal aberrations 

was observed in the bone marrow adjacent to metal-on-polyethylene THA, in the 

blood of patients undergoing revision arthroplasty of metal-on-polyethylene THA, 
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and in the blood of patients with MM THA (5). However, the relationship 

between these aberrations and the levels of ions is not known. This relationship 

could be analyzed by relating the Co and Cr ion levels in patients with metal-on 

polyethylene and MM THA to the levels of chromosomal aberrations (genomic 

instability, asymmetrical chromosomes, chromosome translocation, and 

aneuploidy) in circulating lymphocytes and monocytes. This study should be 

longitudinal and a long follow-up of the patients would be necessary. 

 

8.3.2.2. Effects of ions on young patients 

There is an urgent need to better understand the clinical relevance of raised serum 

Co and Cr levels in young patients with MM total hip replacements due to 

prolonged period of metal ion circulation. Several of these patients are still at the 

age of mothering or fathering a child. Certain metals (e.g., cadmium and lead) are 

toxic to embryonic and fetal tissues and can induce teratogenicity (6). However, 

the passage of metals through the placenta varies significantly (7) and the passage 

of Co and Cr is not well understood (8,9). The comparison of the concentrations 

of Co and Cr ions in the umbilical cord and in the blood of patients with MM 

THA and without THA could be realized to better understand the potential effect 

of these ions on the newborn. To date, two studies with a limited number of 

patients showed that Co and Cr seems to cross the placenta but the placenta exerts 

a modulatory effect on the rate of transfer (8,9). 

In young men, it is well known that exposure to heavy metals (lead, copper, 

mercury, nickel, cadmium) may lead to significant alterations in human sperm 
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morphology and motility (11). Lastly, to better understand the implication, if any, 

of elevated ion levels on men with a MM THR and of the age of fathering a child, 

a prospective study should be designed to correlate the levels of Co and Cr ions in 

blood and seminal plasma of these patients to their semen parameters.  
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CHAPTER 9 

General Conclusion 

 

Biological studies established the effects of Cr(III), Co(II) and Cr(VI) ions 

in vitro on human macrophages-like cells and in vivo in blood of patients with 

MM hip prosthesis. The physicochemical characterization demonstrated that the 

difference of toxicities and clearance mechanism of Cr (III) and other studied ions 

could originate from the formation of nanoscale complexes composed of organic 

and inorganic phases in the case of Cr (III). Despite higher level of metal ions in 

the blood of patients bearing MM implants comparing to control, the clinical 

studies indicated their insufficient levels to induce significant oxidative stress. 

Further clinical assessments are required to establish the relevance of our finding 

in a clinical set-up. 




