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Abstract 

Recent reports have increased awareness of metal ions and particulate wear debris 

released from metal-on-metal (MoM) hip implants.   These ions and wear debris 

disseminate into distant organs via the circulation and can induce adverse 

immunological effects. 

 

In order to assess the toxicity of metal ions (Cr6+ and Co2+) released from MoM 

implants, U937 cells and primary human lymphocytes were exposed to these ions at 

clinically relevant concentrations in vitro.   In addition, artificially produced CoCr 

wear debris was implanted into mice to assess the dissemination of metal into the 

circulation and organs as well as to examine local and systemic immunological 

effects.  Finally, two clinical trials were undertaken to determine whether MoM hip 

arthroplasty led to a reduction in the number of circulating white blood cells (WBCs) 

in patients, and whether this was due to an increase in the levels of blood metal ions. 

 

The in vitro data demonstrated that exposure to ≥0.1 µM Cr6+ and ≥1 µM Co2+ led to 

decreased U937 cell viability after 24 hr.  Flow cytometric analysis showed that 

reduced viability was due to metal ions inducing apoptosis.   

 

In addition, resting and anti-CD3 activated primary human lymphocytes exposed to 

10 and 100 µM Cr6+ showed significantly decreased cell viability and increased 

apoptosis, in vitro.  The exposure of resting lymphocytes to 100 µM Co2+ resulted in 

significant decreases in cell viability accompanied by a significant increase in 

apoptosis. Activated lymphocytes also showed this response after exposure to 100 

µM Co2+; in fact, activated cells were significantly more sensitive to Co2+ toxicity.  

Exposure to 10 µM Co2+ led to significant decreases in cell proliferation and 

cytokine release, but no significant increase in apoptosis, in activated cells.  It was 

observed that apoptosis induced in lymphocytes by metal ion exposure was primarily 

a result of mitochondrial damage. 
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The in vivo study used a rodent air-pouch model to demonstrate that CoCr debris 

induced a specific inflammatory process mediated via monocytes/macrophages that 

was different to the inflammation following LPS treatment (positive control).  

Histological analysis also showed that CoCr debris accumulated in the pouch wall 

and this was accompanied by a vast cellular infiltration and fibrosis around the 

debris.  Inflammatory gene transcripts from air-pouch tissue showed that CoCr wear 

debris increased expression of cytokines involved in promoting inflammation and 

fibrosis (IL-1β, TGF-β), and chemokines which promote recruitment of neutrophils 

and monocytes/macrophages (CXCL2, CCL2).  By excision of the draining lymph 

nodes, it was demonstrated that a single dose of CoCr wear debris had little systemic 

immune effects.  However, metal ion analysis did show that Cr and, to a greater 

extent Co, accumulated within whole blood and organs such as the kidney and 

spleen. 

 

The clinical data demonstrated that MoM hip resurfacing led to a significant increase 

in levels of Cr and Co ions and significant decrease in the number of circulating total 

WBC and B-lymphocyte number within whole blood of patients 2 years post surgery.  

However, no correlation between the two parameters was found.  No significant 

alterations in whole blood metal ion levels or WBC numbers was measured 

following ceramic-on-metal or MoM total hip replacement. 

 

The findings from this thesis suggest that metal ions and wear debris released from 

CoCr hip implants can induce inflammatory and toxic effects.  The clinical data 

indicate that correctly implanted hip articulations may not produce the high levels of 

metal ions or debris that can lead to adverse effects.  However, continuous 

monitoring of patients following hip arthroplasty is recommended. 
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1. Introduction 

1.1 The hip joint 

The hip joint is a strong synovial ball-and-socket joint which allows flexion and 

extension, adduction and abduction, circumduction, and rotation.  The joint is formed 

by the head of the femur inserting into a deep fossa within the pelvis, the acetabulum 

(Figure 1.1).  The head of the femur fits into the acetabulum, where it is held firmly 

by a thick capsule, which is formed by the iliofemoral, pubofemoral, and 

ischiofemoral ligaments.  The femoral head articulates within the acetabulum and 

both surfaces have a smooth durable lining of articular cartilage enabling them to 

articulate freely (Tortora and Grabowski, 2010). 

 

One of the most common reasons for hip pain and disability is arthritis (Sanders et 

al., 2004).  Although there are different types of arthritis, all lead to damage and/or 

erosion of the articulating cartilage (Figure 1.1).  Within the hip, this causes contact 

between the bone surfaces of the femoral head and acetabulum resulting in pain and 

stiffness.  During the early stages of arthritis, pharmaceutical interventions may 

alleviate pain, however, in many cases this is not sufficient and hip replacement 

surgery is the only effective form of treatment for patients (Groeneveld et al., 2008). 
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Figure 1.1 Illustration of a normal and arthritic hip joint. (adapted from 

http://www.hipresurfacing.info/4.html) 

 

 

1.2 Hip replacement 

One of the earliest hip replacement joints to be described was in 1891 when 

Professor Themistocles Glück, from Berlin, produced a ball and socket joint made 

from ivory that was fixed to the bone with nickel-plated screws (Gomez and 

Morcuende, 2005).  Since this, hip replacement prostheses have evolved extensively 

and as a result hip replacement surgery, or arthroplasty, has become an increasingly 

common and efficacious orthopaedic reconstructive procedure.  This surgical 

technique has relieved the pain and increased the mobility of millions of arthritis 

sufferers worldwide.  According to statistics from the annual reports produced by the 

national joint registry for England and Wales and the Scottish arthroplasty project 

(2010), there were over 80,000 hip replacement surgeries in the UK alone in 2009.  

There is also an ever increasing number of hip replacement surgeries carried out 

within the United States and it was estimated that 300,000 would be completed in 

2010 (Kurtz et al., 2009).  
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Hip arthroplasty is a surgical procedure in which a dysfunctional and painful joint is 

replaced with a prosthetic joint.  Hip arthroplasty involves replacing the articulating 

surfaces of both the ‘ball’ and ‘socket’ of the hip joint.  Generally, there are two 

types of hip replacement; total hip replacement (THR) and hip resurfacing (Figure 

1.2).    THR involves removing some bone from the femur and inserting the 

replacement stem into the femur.  This femoral component has a ball attached at the 

top.  The design of this component can vary, it may be a singular body or the ball and 

stem may be separate parts.  The artificial socket component, or acetabular cup, 

replaces the natural acetabulum.  Bone and cartilage may be removed from the 

acetabulum to place the acetabular cup.  Additionally, a liner may be placed into the 

replacement acetabular cup to act as the bearing surface with the femoral head.  Both 

the acetabular cup and femoral head may be fixed into place using bone cement such 

as polymethyl methacrylate (PMMA).  Alternatively, the acetabular cup may be 

screwed into place.  An alternative to THR is metal-on-metal (MoM) hip resurfacing.  

This procedure involves removing less bone as shown in Figure 1.2 and is generally 

described as re-lining the joint.  A metal femoral component is placed over the 

femoral head and a cup, as in THR, is placed in the acetabulum (Learmonth et al., 

2007). 
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Figure 1.2 Hip resurfacing and total hip replacement arthroplasty.  Images on 

the left demonstrate the removal of bone required for each type of hip arthroplasty, 

images on right illustrate the hip joint following arthroplasty.  (adapted from 

http://activejointsortho.com/procedure.htm) 

 

 

Some component designs which do not use cement are coated with hydroxyapatite or 

have another porous surface material coating to encourage bone growth into the 

artificial joint and aid fixation.  Whether the components are cemented, screwed or 

have a coating depends on the type of material used.  Irrespective of the type of hip 
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arthroplasty, the materials used in the prosthesis must have mechanical properties 

similar to the natural joint and should not be bio-active (Baratz et al., 1999). 

 

 

1.3 Materials used for hip replacement implants 

There are a number of different materials used in the bearing surface of modern hip 

implants, these include ceramics, metals and, plastic.  Alumina and Zirconia are 

commonly used ceramics in bearing surfaces of hip prostheses and the plastic used is 

ultra-high-molecular-weight-polyethylene (UHMWPE).  A number of different types 

of metals are used as bearing surfaces in hip implants including; cobalt-chromium 

(CoCr) alloys, stainless steel and titanium alloy.  The bearing surfaces used in hip 

joint replacement may both be composed of the same material as in metal-on-metal 

(MoM) and ceramic-on-ceramic (CoC) implants or may be a combination of 

different materials such ceramic-on-metal (CoM), metal-on-polyethylene (MoP) and 

ceramic-on-polyethylene (CoP).   Although a variety of materials are used as bearing 

components in hip replacement implants, metal is the most abundantly used as this is 

not only used as a bearing component but also used as the femoral stem and 

acetabular cup.  The compositions of metal alloys used in hip replacement implants 

are shown in Tables 1.1 and 1.2. 
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Alloy Co Cr Mo Ni Fe Si W Ti Al Mn Cu C V N 

Co-Cr-Mo 

F75  

61.0- 

66.0 

27.0- 

30 

4.5- 

7.0 

< 2.0 <0.75 <1.0 <0.05 <0.05 <0.05 <1.5 <0.05 <0.35 <0.05 <0.05 

Co-Cr-Mo 

F90  

46.0- 

51.0 

19.0- 

20.0 

<0.05 9.0- 

11.0 

3.0 <1.0 14.0- 

16.0 

<0.05 <0.05 <2.5 <0.05 <0.15 <0.05 <0.05 

Co-Cr-Mo 

F799  

58.0- 

59.0 

26.0- 

30.0 

5.0- 

7.0 

<1.0 <0.75 <1.0 <0.05 <0.05 <0.05 <1.0 <1.0 <0.35 <0.05 <0.25 

Co-Ni-Mo 

F1537  

58.0- 

59.0 

26.0- 

30.0 

5.0- 

7.0 

<1.0 <0.75 <1.0 <0.05 <0.05 <0.05 <1.0 <1.0 <0.35 <0.05 <0.25 

Co-Ni-Cr 

F562  

29.0- 

38.8 

19.0- 

21.0 

9.0- 

10.5 

33.0- 

37.0 

<1.0 <0.15 <0.05 <1.0 <0.05 <0.15 <0.05 0.025 <0.05 <0.05 

 

Table 1.1 Elemental composition (% weight) of cobalt-chromium based metal alloys used in orthopaedic implants.  Alloy 

compositions are standardised by the American Society for Testing and Materials (ASTM).  (Co: cobalt, Cr: chromium, Mo: molybdenum, 

Ni: nickel, Fe: iron, Si: silicon, W: tungsten, Ti: titanium, Al: aluminium, Cu: copper, C: carbon, V: vanadium, N: nitrogen) (Dearnley, 

1999, Keegan et al., 2007).  
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Alloy  Co Cr Mo Ni Fe Si W Ti Al Mn Cu C V N 

Stainless 

Steel F138 

 <0.05 17.0- 

19.0 

2.0- 

4.0 

10.0- 

15.5 

61.0- 

68.0 

<1.0 <2.0 <0.05 <0.05 <0.05 <0.5 <0.06 <0.05 <0.5 

CPTi 

F67  

 <0.05 <0.05 <0.05 <0.05 0.2- 

0.5 

<0.05 <0.05 99.0 <0.05 <0.05 <0.05 <0.1 <0.05 <0.05 

Ti-6Al-4V 

F136  

 <0.05 <0.05 <0.05 <0.05 <0.25 <0.05 <0.05 89.0- 

91.0 

5.5- 

6.5 

<0.05 <0.05 <0.08 3.5-4.5 <0.05 

Ti-6Al-4V 

F1108  

 <0.05 <0.05 <0.05 <0.05 <0.35 <0.05 <0.05 89.0- 

91.0 

5.5- 

6.5 

<0.05 <0.05 <0.08 3.5-4.5 <0.05 

 

Table 1.2 Elemental compositions (% weight) of metal alloys used in orthopaedic implants.  Alloy compositions are standardised by 

the American Society for Testing and Materials (ASTM).  (CPTi: commercially pure titanium, Ti: titanium, Al: aluminium, V: vanadium, 

Co: cobalt, Cr: chromium, Mo: molybdenum, Ni: nickel, Fe: iron, Si: silicon, W: tungsten, Cu: copper, C: carbon, N: nitrogen) (Dearnley, 

1999, Keegan et al., 2007).  
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Although there are different types of metal alloy used in hip replacement implants, 

the majority of implants have at least one bearing component composed of metal 

alloy.  The majority of these have a CoCr based alloy as modern manufacturing and 

finishing techniques allow CoCr bearings be super-polished in order to achieve very 

low surface roughness values (Tipper et al., 2005), hence making it appropriate for 

articulating surfaces.  In addition, the superior fatigue and ultimate tensile strength of 

CoCr based alloys compared with cortical bone, as shown in Table 1.3, make it 

suitable for applications that require long serving life without fracture or stress 

fatigue  (Poitout and Kotz, 2004).  Although the mechanical properties of CoCr alloy 

can provide benefits in terms of longevity of the prosthesis, it can also lead a 

detrimental phenomenon called stress shielding.  This is a process in which an 

implant prevents the bone from being properly loaded.  The higher modulus of 

elasticity of the implant can result in its carrying the majority of the load.  Stress 

shielding may lead to bone resorption in the region where the applied load is lowest 

(Long, 2008). Therefore, whilst there are mechanical benefits of CoCr alloy there 

could also be disadvantages.   

 

Material 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

strength 

(MPa) 

Fatigue 

Strength 

(MPa) 

Fracture 

Toughness 

(MPa) 

Elastic 

modulus 

(Gpa) 

Stainless 

Steels 
170-790 480-1000 180-550 75-85 190-200 

CoCr 

alloys 
250-1500 650-1800 300-950 50-60 210-240 

Ti alloys 800-1050 900-1100 45-650 50-55 75-115 

Cortical 

bone 
80-150 30 2-12 14-22 0-2 

  

Table 1.3 Mechanical properties of metal alloys used for orthopaedic prostheses.  

(Poitout and Kotz, 2004) 
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1.4 Metal-on-Metal arthroplasty 

1.4.1 The case for metal-on-metal 

In 1953 George McKee introduced the use of MoM articulation in hip arthroplasty as 

a bearing surface for THR (Macpherson and Breusch, 2010).  However, limited 

understanding of the engineering of these bearings as well as poor performance and 

early failures led to a decline in their use (Clarke et al., 2003).  This coincided with 

the rising popularity of the Charnley cemented MoP THR and by the 1970s the use 

of these first generation MoM prostheses was virtually abandoned (Macpherson and 

Breusch, 2010).  However, over the last two decades MoM has again become the 

popular choice in hip arthroplasty.  This was primarily driven by the failure of MoP 

prostheses due to particulate wear debris formations.  Wear debris from MoP 

implants resulted in an inflammatory process leading to osteolysis and aseptic 

loosening, ultimately resulting in joint failure (Ingham and Fisher, 2000).  Due to the 

actions of the wear debris it became apparent that these types of articulations would 

not survive beyond 25 years and with increasing numbers of prostheses being 

implanted into younger more active patients, this led to the increased use of hard-on-

hard (i.e. CoC and MoM) bearing components (De Smet et al., 2008).  The 

popularity of MoM implants has also been aided by advancements in engineering 

and technology which have increased the understanding of the biomechanical and 

manufacturing requirements for successful MoM bearings (Back et al., 2005).  It is 

estimated that the volumetric wear produced from MoP implants is 40-100 times 

higher than that of MoM articulations (Amstutz and Grigoris, 1996).  Modern MoM 

prostheses have shown extremely low wear rates in in vitro simulation, with values 

as low as 0.1mm3/106 cycles being recorded (Firkins et al., 2001), compared with 

wear of 40.8mm3/106 cycles from MoP implants (Smith et al., 1999).  This has been 

emphasised by a number of studies which have consistently shown that bearing 

surfaces of MoP prostheses produce more wear compared with hard-on-hard bearing 

surfaces such as CoC or MoM  (Boehler et al., 1994, Semlitsch and Willert, 1997, 

Goldsmith et al., 2000). 
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Further to the above, it has also been reported that the long-term survival of the early 

McKee-Farrar MoM prostheses was actually quite high.  It has been reported that 

survivorship of McKee-Farrar MoM THR was 84% and 74% at 20 and 28 years 

respectively, post arthroplasty  (Brown et al., 2002).  In addition, the survivorship of 

McKee-Farrar MOM THR (77%) was higher than the Charnley MoP (73%) after 20 

years (Jacobsson et al., 1996).  This gave weight to the idea that hard-on-hard 

bearings, i.e CoC or MoM, are required for long-term survival of prostheses.  

Although ceramic is a hard and durable material it is also brittle.  Implants, where at 

least one component is composed of ceramic have led to catastrophic failures of the 

joint despite the assumed toughness of this material (Hummer et al., 1995, Park et al., 

2006).  In addition, it has been reported that an audible squeaking noise can be heard 

from CoC implants whilst moving  (Keurentjes et al., 2008, Jarrett et al., 2009).  For 

these reasons the case for MoM bearing surfaces in hip arthroplasty was further 

strengthened.    

 

In addition to the superior wear characteristics relative to MoP, the use of MoM has 

further been increased by the hip resurfacing arthroplasty (Macpherson and Breusch, 

2010).  As mentioned previously, this method of hip joint replacement essentially re-

lines the articulating surfaces.  This type of arthroplasty has primarily been designed 

for younger more active patients.  It was reported that 46% of all primary hip 

replacement procedures performed in England and Wales during 2007 were MoM 

hip resurfacing arthroplasty according to data from the National Joint Registry of 

England and Wales  (2008).  MoM hip resurfacing arthroplasty is an attractive 

alternative to THR as it preserves the femoral head and neck and provides a more 

accurate biomechanical restoration.  Further benefits include; lower rates of 

dislocation, normal femoral loading and reduced stress shielding, as well as an 

improved range of movement (Shimmin et al., 2008).  In addition, this procedure is 

believed to increase the ease of revision to THR (Sieber et al., 1999, Macpherson and 

Breusch, 2010).  Therefore, this procedure appears ideal for younger patients where a 

prosthesis is required for a long duration. 
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Despite the benefits of MoM coupling in hip arthroplasty, there is concern regarding 

the release of metal, either as wear debris or soluble ions, from these types of 

implants (Savarino et al., 1999).  Although the wear rate of articular surfaces with 

MoM prostheses is lower than MoP, MoM implants tend to produce a larger number 

of smaller wear particles. These range from the nanometer scale, with the majority of 

particles between 15-25 nm, to aggregates of particles with diameters as large as 400 

µm.  It is estimated that up to 2.4 x 1014 metal particles are produced per year from a 

single MoM hip implant compared with 5 x1011 particles from a MoP implant 

(Ingham and Fisher, 2000).  Metal ions may be released from MoM implants via 

wear debris or as a result of direct corrosion of the implants in situ (Keegan et al., 

2008).  The release of metal ions in conjunction with wear debris production from 

MoM implants is an area of great concern as these metals can cause a number of 

adverse effects. 

 

1.4.2 Metal ion levels following hip arthroplasty 

Although orthopaedic implants are composed of various metals, as shown in Tables 

1.1 and 1.2, chromium (Cr) and cobalt (Co) are the most abundantly used metals 

within the alloys used for bearing components of hip implants.  Cr and Co are 

essential trace elements for human health and are absorbed from the diet.  Cr is 

important in the metabolism of carbohydrates and fats (Anderson, 1997), whereas Co 

is a constituent of vitamin B12 which is involved in the production of red blood cells 

(RBCs) (Brink et al., 1950).  However, excess levels of the ions within the body are 

toxic and have many adverse effects (Anderson, 1989, Keegan et al., 2008).  The 

release of these ions from orthopaedic implants has been of great interest for some 

time.  These ions have been measured within the circulation following hip 

arthroplasty and have been proposed as an indicator for the performance of metal 

bearings in situ (MacDonald et al., 2004, De Smet et al., 2008). 

 

Numerous studies have shown that patients who receive a MoM hip prosthesis have 

higher levels of Cr and Co within blood, serum or urine compared with MoP patients 

(Savarino et al., 2002, MacDonald et al., 2003, Rasquinha et al., 2006, Maezawa et 
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al., 2009).   The current author estimates that there are over 50 publications in the last 

25 years which have measured metal ion levels in blood following hip arthroplasty 

surgery.  The metal ion levels as measured from a small number of recent studies 

which show the wide range of metal ions measured within blood are summarised in 

Table 1.4.  Although many studies have shown that Cr and Co levels within the 

circulation following MoM hip replacement are generally below 1µM (Table 1.4), 

there are some reports of blood metal ion levels above this value (De Haan et al., 

2008, De Smet et al., 2008, Langton et al., 2009).  As observed from the peak ion 

values in Table 1.4, there are also individual subjects within each study who have 

exceptionally high ion levels compared with the population mean/median.  In 

addition to this, extremely high levels of metal ions (>100 µM) have also been 

measured in joint fluid around the prostheses of patients with a failed MoM hip 

resurfacing implant (De Smet et al., 2008, Langton et al., 2010).  Furthermore, post-

mortem studies have also measured high levels of metals in the liver, lymph nodes, 

and spleen following traditional hip arthroplasty where at least one bearing 

component was composed of metal alloy (Langkamer et al., 1992, Case et al., 1994).  

The high levels of metal ions measured in blood and tissues following MoM hip 

arthroplasty has been attributed to the wear of these implants due to design, 

positioning or size of prosthesis (Clarke et al., 2003, Back et al., 2005, Daniel et al., 

2006, De Haan et al., 2008, Langton et al., 2010).    

 

To the current author’s knowledge, other than the above mentioned post-mortem 

studies, there are limited data on the disposition of Cr and Co ions following their 

release from metal implants.  However, there have been a number of animal studies 

which demonstrate that chromium and cobalt may accumulate in certain organs 

following exposure.  Jakobsen and colleagues (2007) demonstrated that chromium, 

but not cobalt, accumulates within the liver following intramuscular implantation of  

CoCr alloy wire.  In addition, studies which have injected soluble chromium 

(Tsapakos et al., 1983, Sipowicz et al., 1997) or  cobalt (Gregus and Klaassen, 1986, 

Jansen et al., 1996) into rats have shown significantly higher levels within the 

kidneys and liver compared with untreated controls.  Whilst there are also reports of 

appreciable levels of Cr and Co in the heart, lungs and spleen of rodents following 
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acute inhalation or oral exposure to these metals (Wehner and Craig, 1972, Brune et 

al., 1980, Glaser et al., 1986, Ayala-Fierro et al., 1999). 
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Author Type Follow Up Cr (µM) Co (µM) Peak  Cr (µM) Peak Co (µM) 

Savarino et al., 2002 THR 26 months 0.03* 0.02* 0.12 0.09 

Clarke et al., 2003 THR 20 months 0.19* 0.22* 0.58 0.87 

Resurfacing 16 months 0.53* 0.38* 1.65 1.44 

Hart et al., 2006 Resurfacing 21 months 0.03 0.07 - - 

Iavicoli et al., 2006  Resurfacing 15.3 months 0.06 0.23 0.09 0.73 

Witzleb et al., 2006 Resurfacing 24 months 0.10* 0.07* - - 

THR 24 months 0.02* 0.03* - - 

Daniel et al., 2007 Resurfacing 1 year 0.05 0.02 0.07 0.06 

Resurfacing 4 years 0.02 0.02 0.05 0.04 

De Smet et al., 2008 Resurfacing 2.9 years 0.25* 0.10* 1.79 1.60 

Moroni et al., 2008 Resurfacing 24 months 0.04 0.02 0.14 0.15 

THR 26.3 months 0.03 0.02 0.13 0.09 

Langton et al., 2009 Resurfacing 26 months 0.07* 0.04 1.34 4.60 

 

Hailer et al., 2011 

Resurfacing 47 months 0.08 0.02 0.77 2.49 

THR 6 years 0.02 0.01 - - 

 

Table 1.4 Metal ion levels measured in blood of patients following MoM hip arthroplasty.  Ion concentrations are means except those 

denoted by * which are median values.  Peak values indicate highest individual levels recorded in study, if available. 
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Metal ion exposure is not limited to arthroplasty patients alone; there are a number of 

occupational exposure hazards also.  Metals such as Cr and Co are used in a wide 

range of industries, from metal refineries and metal finishing (i.e. chrome plating) to 

leather tanning (Cr).  These metals are also used as pigments for industrial painting 

processes as well as in glass and porcelain manufacture.  Occupational biomonitoring 

of physiological solutions such as blood has been used as a biomarker to evaluate 

exposure.  There have been numerous studies (as summarised in Table 1.5) which 

have shown higher levels of blood Cr or Co following occupational exposure 

(Ichikawa et al., 1985, Raffn et al., 1988, Katiyar et al., 2008, Zhang et al., 2011).  

Workplace exposure limits in the United Kingdom for Cr are 17 µg/l (0.33 µM) and 

5 µg/l (0.08 µM) for Co, in blood (2005).  However, up until April 2010 there were 

no safety limits set for hip arthroplasty.  Following concerns regarding the toxicity of 

metal ions from orthopaedic implants, the Medicines and Healthcare products 

Regulatory Agency (MHRA) stated that blood metal ion levels should be observed in 

patients following MoM arthroplasty and set a safety level of 7 µg/l for Cr and Co 

(Cr: 0.13 µM, Co: 0.12 µM) (MDA/2010/033, 2010).  However, as mentioned above 

many patients have blood levels higher than these values and the effects of this 

exposure are yet to be determined. 

 

Occupation Author Cr (µM) Co (µM) 

Chromeplaters Zhang et al., 2011 0.15 - 

Industrial Paint 

Processing 
Katiyar et al., 2008 1.30 - 

Leather Tanning Katiyar et al., 2008 18.58 - 

Hard Metal 

Workers 
Raffn et al., 1988 - 0.13 

Porcelain Paint 

Workers 

Ichikawa et al., 

1985 
- 0.04 

 

Table 1.5 Metal ion levels measured in blood of workers following occupational 

exposure.  Ion concentrations are means except those denoted by * which are 

median values 
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Although excess environmental and occupational exposure to Cr and Co has been 

shown to have toxic effects such as; cardiomyopathy, gastrointestinal bleeding, 

kidney tubular dysfunction and allergic contact dermatitis (Lauwerys and Lison, 

1994, Miksche and Lewalter, 1997), the potential chronic effects of elevated levels of 

metal debris and ion levels following hip arthroplasty remain poorly defined.  At 

present, with the increasing popularity of MoM hip replacement implants there is 

growing concern that elevated levels of metal debris and ions may lead to a number 

of adverse immunological and cellular responses. 

 

 

1.4.3 Adverse effects of metal wear debris and ions 

1.4.3.1 The immune system and biomaterials 

In order to appreciate the biomaterial-tissue reactions following metal debris and ion 

release post hip arthroplasty, it is essential to introduce the concepts and organisation 

of the immune system.  The immune system is an extensive topic, encompassing the 

complexities of innate and adaptive immunity, and therefore this section will only 

provide a broad overview of the immune system and the responses to biomaterials.  

However, particular details will be given on processes which may be involved in hip 

prosthesis failure. 

 

In general, the immune system is a network of cells, tissues, and proteins and organs 

that work together to defend the host against attacks and injury by ‘foreign’ invaders 

such as bacteria and viruses (Ratner et al., 2004 ).   Some of the constituents of the 

innate and adaptive immune systems are shown in Table 1.6.  The immune system 

primarily accomplishes its protective role by distinguishing ‘self’ and ‘non-self’ 

molecules and initiating a response to remove or isolate the invading body.  In most 

cases, the immune response is so specific and well-regulated that host tissues are not 

significantly affected.  However, severe infections, persistent injury, or 

autoimmunity (inappropriate immune response to self molecules) may lead to tissue 

injury caused by the host immune system.  Once the immune system identifies an 

incursion of foreign bodies an immune response is triggered (Todd and Spikett, 
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2010).  The innate immune system provides early rapid response and is composed of 

cells and proteins which defend the host in a non-specific manner (Murphy et al., 

2007).  The components of the innate immune system distinguish non-self structures 

and sites of injury resulting in the activation and recruitment of white blood cells 

(WBCs) as well as other elements of the immune system (Todd and Spikett, 2010).  

The primary responding cell types in the early stages are phagocytes such as 

neutrophils and macrophages.  Phagocytes are capable of ingesting and destroying 

foreign bodies.  The primary responding phagocytes are neutrophils which are short-

lived cells that, along with phagocytosis, are capable of releasing proteins that aid in 

the defence of the host.   Macrophages, which are mature monocytes, are long-lived 

phagocytes that are recruited secondary to neutrophils (Murphy et al., 2007).  WBCs 

are activated and recruited to infected and injured sites through a number of 

chemotactic signals such as increased release of proteins (e.g chemokines and 

cytokines) or increased expression of adhesion molecules on damaged tissue. 

 

 Innate Adaptive 

Physical/chemical 

barriers 

Skin, mucosal epithelium, 

antimicrobial proteins 

Lymphocytes in epithelia, 

antibodies 

Blood proteins Complement Antibodies 

Cells Phagocytes (dendritic 

cells, macrophages, 

neutrophils) natural killer 

cells 

Lymphocytes 

 

Table 1.6 Selected constituents of innate and adaptive immunity. 

 

Unlike innate immunity which responds in a stereotypical manner to foreign bodies, 

the adaptive response is highly specific.  Cells of the adaptive immune system can 

only recognise and respond to a specific antigenic determinant.  The large number of 

cells enables the immune system to respond to a wide diversity of foreign bodies.  

The adaptive component of the immune system is primarily composed of a set of 



19 
 

specialised WBCs called lymphocytes.  These cells are mainly divided into two 

types; B-lymphocytes and T-lymphocytes and additionally, there are also subsets of 

T-lymphocytes (Todd and Spikett, 2010).  Lymphocytes can be distinguished by 

expression of proteins on the surface of these cells and the most common of these are 

shown below (Table 1.7). 

 

Lymphocyte Surface Proteins 
B-lymphocyte CD19, CD20, CD21 

Helper T-lymphocyte CD3, CD4 

Cytotoxic T-Lymphocyte CD3, CD8 

 

Table 1.7 Selected recognition markers for lymphocytes. 

 

Adaptive immunity is commonly split into humoral and cell-mediated responses 

(Murphy et al., 2007).  The humoral response is mediated by B-lymphocytes, which 

bind to a cognate antigen and become activated leading to cell division.  Once these 

cells differentiate into activated plasma cells they produce antibodies that can bind to 

the foreign matter and aid in its destruction, targeting it for phagocytosis by other 

WBCs (Ratner et al., 2004 ). 

 

Whilst B-cells are able to recognise antigens T-lymphocytes are not.  In order for T-

lymphocytes to respond they must be presented with the ‘processed’ cognate antigen 

by antigen presenting cells (APCs).  APCs can be B-lymphocytes, or phagocytic 

cells such as macrophages and dendritic cells (DCs).    Once an APC processes the 

cognate antigen it expresses specific peptides which interact with T-cell receptors 

(TCR) on the surface of T-lymphocytes (the TCR is a group of molecules called the 

CD3 complex and this is known as Signal 1) (Murphy et al., 2007).  A second signal 

(Signal 2) is also required to fully activate T-lymphocytes.  Signal 2 is the result of 

proteins expressed by APCs that interact with co-stimulatory receptors such as CD28 

(Jenkins, 1994).  Although Signal 1 stimulation alone can lead to T-lymphocyte 

activation (Andris et al., 2004), in many cases the lack of co-stimulation results in 

anergy (non-responsive T-lymphocytes) (Murphy et al., 2007). Activation of T-
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lymphocytes results in release of cytokines such as interleukin-2 (IL-2) which 

positively aids T-lymphocyte activation.  Activated T-lymphocytes are then able to 

proliferate and respond (Malek, 2008).  

 

Helper (Th) and cytotoxic T-lymphocytes respond in different ways.  CD4+ helper T-

lymphocytes regulate and assist in active immune responses (by assisting B-

lymphocyte activation as well as recruitment and activation of cells of the innate 

system) via direct cell-cell interactions or secretion of cytokines such IL-2, 

interferon-γ (IFNγ) and tumour necrosis factor-α (TNFα).  CD8+ cytotoxic T-

lymphocytes release cytotoxins such as perforin, granzymes and granulysin that enter 

infected or damaged cells by creating pores on the surface membrane of these cells.  

This leads to apoptosis of the damaged or infected cell.  In addition, once T-

lymphocytes are activated, they also differentiate into memory cells so that future 

exposure to their cognate antigen leads to a more rapid expansion.  This is also the 

case in B-lymphocyte responses and this is a key characteristic of the adaptive 

immune system.  In addition, there is also a further subset of T-lymphocytes called 

regulatory T-cells which are able to suppress the immune system such that it does not 

react to self molecules (Zheng and Rudensky, 2007).    

 

Although different in their recognition and effector processes, the innate and 

adaptive responses are not exclusive but are integrated components of the overall 

host defence system in which all cells and proteins function cooperatively.  As 

described above, the innate system can stimulate the adaptive component and 

influence the adaptive response.  In addition, adaptive immunity can direct and 

utilise the effector mechanisms of innate immunity to clear foreign agents.    

 

The placement of a biomaterial in vivo initiates a response by the host defence 

system (Figure 1.3).  The initial response, lasting hours or days, is an inflammatory 

process characterised by exudation of fluid and plasma proteins and the migration of 

WBCs.  WBC (mainly neutrophil) recruitment to the implant site is, in part, 

regulated by chemotactic agents and molecules on cell surfaces.  The main purpose 

of this cell migration is phagocytosis, however, this is not always possible due to the 
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size and properties of the biomaterial.  The early stages of inflammation are 

dominated by neutrophils, however, longer durations (days) lead to the presence of 

mononuclear cells such as macrophages, lymphocytes and plasma cells.  These cells 

are able to mediate the healing process of granulation tissue formation as well as 

fibrosis and/or tissue regeneration (Ratner et al., 2004 ).  

 

 

 

Figure 1.3 Sequence of events involved in the inflammatory and wound-healing 

response following biomaterial implantation. 

 

1.4.3.2 Soft tissue masses developing following arthroplasty 

There are a number of reports of peri-prosthetic soft-tissue masses in patients with 

MoM hip resurfacing or THR arthroplasty.  Madan and colleagues (2000), describe 

an intra-pelvic cyst, filled with cement and metallic debris, in a female patient 14 

years post implantation of a MoM THR.  These authors report that the cause was 

most likely due to the debris.  There have also been isolated case reports of peri-

prosthetic soft tissue masses, or pseudotumours,  in female patients following MoM 

hip resurfacing arthroplasty (Boardman et al., 2006, Counsell et al., 2008).  In both 

of these cases there was evidence of necrotic tissue within the synovium as well as 

lymphocyte infiltration.  Boardman et al. (2006) also described infiltrations of 

foreign-body giant cells (fusion of giant macrophages in an attempt to phagocytose 

large material) and histiocytes, areas of fibrous tissue and the presence of metal 
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debris.  Additionally, these authors recorded high concentrations of Cr (122 µg/g; 

2.35 µM/g) and Co (277 µg/g; 4.70 µM/g) in the excised mass. 

 

Initially it was thought that these pseudotumours were confined to female patients, 

however, recently there have been reports of the presence of symptomatic soft-tissue 

masses in male patients, following MoM hip resurfacing or THR arthroplasty (Pandit 

et al., 2008, Toms et al., 2008).  In a series of 20 MoM resurfaced joints (3 male), 

patients presented symptoms varying from dislocation, pain, the presence of a lump 

and rash (Pandit et al., 2008).  The pseudotumours, which were predominantly 

composed of necrotic connective tissue accompanied by granulomatosis, were 

locally very destructive and 13 of the patients required revision surgery.  In several 

cases, the authors also noted the presence of lymphocyte and macrophage 

infiltrations as well as metal particles.     

 

A similar soft-tissue response was described in a review of 19 patients (8 male) 

reporting early post-operative pain following MoM THR (Toms et al., 2008).  At the 

time of revision, a soft tissue thickening and/or fluid filled cavity were observed.  In 

addition, tissue necrosis and lymphocytic infiltration were described.  In this study 

and those described above, microbiological data did not reveal any evidence of 

infection.  These data show that this inflammatory process is not mediated by a 

microorganism rather it is sterile inflammation.  It has also been suggested that these 

masses may be part of an allergic response to a moderate release of metal wear 

particles or the result of toxicity from a large concentration of metal wear debris or 

ions (Pandit et al., 2008). 

 

1.4.3.3 Aseptic lymphocytic vasculitis-associated lesions following arthroplasty 

Prior to the discovery of pseudotumours there had been reports of a T-lymphocyte 

associated immune response following MoM hip arthrosplasty.  Dense lymphocyte 

infiltrations, described as aseptic lymphocytic vasculitis-associated lesions 

(ALVAL), were observed following MoM THR (Davies et al., 2005, Willert et al., 

2005, Witzleb et al., 2006).  In a series of 19 MoM implants, which were revised due 



23 
 

to pain and swelling, histological examination of the periprosthetic tissue 

demonstrated intense perivascular lymphocytic cuffing (Davies et al., 2005).  These 

authors suggested that a delayed T-lymphocyte mediated hypersensitivity reaction 

had occurred as a result of particulate metal wear debris.  Similar lymphocyte 

infiltrations, which may be accompanied by pseudotumours as described above, have 

been also observed in periprosthetic tissues following MoM hip resurfacing 

arthroplasty (Counsell et al., 2008, Pandit et al., 2008, Toms et al., 2008). In 

comparison with periprosthetic tissues from MoP patients, periprosthetic tissues from 

MoM implants contain more lymphocytes and plasma cells and less macrophages.  

The dense lymphocytic infiltration is thought to be a distinct histological 

characteristic  of tissue reactions to MoM bearing surfaces  and, is said to be part of 

an inflammatory process which leads to periprosthetic osteolysis and ultimately joint 

failure (Davies et al., 2005, Willert et al., 2005, Witzleb et al., 2006). 

 

1.4.3.4 Hypersensitivity following arthroplasty 

It has been documented that polyethylene particles from MoP hip implants elicit a 

non-specific foreign body immune response consisting mainly of macrophages and 

fibroblasts (Al-Saffar et al., 1994, Campbell et al., 1996).  This involves foreign-

body giant cells and fibrosis surrounding the biomaterial and isolating it, and a 

foreign-body reaction from the local tissue environment.  In contrast, it has been 

suggested that metal released from MoM implants may lead to an adaptive or 

antigen-specific immune response.  This cell-mediated hypersensitivity is the 

response to a previously encountered antigen that results in helper T-lymphocyte 

activation and in some cases granuloma formations.  It is reported that metal ions 

bind to serum proteins to form metal-protein complexes (Yang and Black, 1994, 

Merritt and Rodrigo, 1996) and these complexes may be antigens that induce 

hypersensitivity responses (Hallab et al., 2008).   Whilst these metal-protein 

complexes are immunologically active and can induce activation and proliferation of  

lymphocytes in vitro (Hallab et al., 2001), the mechanism by which these complexes 

elicit lymphocyte activation is currently unclear. It has been suggested that metal-

protein complexes lead to non-specific activation of T-lymphocytes by cross-linking 
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receptors similar to superantigens.  Alternatively, antigen-independent pathways 

which could cause cross-linking of the thiols of cell-surface proteins activating a 

tyrosine kinase that is involved in the activation of T-lymphocytes.  Despite these 

reports, the limited evidence below indicates that antigen-dependent stimulation via a 

delayed-type IV cell mediated hypersensitivity is the dominant mechanism 

associated with implant-related hypersensitivity responses. 

 

Immunohistochemical analysis of periprosthetic tissues from failed metal implants 

showed the presence of metal wear debris and of extensive numbers of T-

lymphocytes which expressed CD25 (the IL-2 receptor which is a marker of T-

lymphocyte activation)  (Lalor and Revell, 1993).  Further studies showed that 

macrophages within periprosthetic tissue expressed co-stimulatory molecules which 

would enhance T-lymphocyte activation (Doorn et al., 1996, Davies et al., 2005, 

Witzleb et al., 2006).  Recent in vitro studies have also shown that CoCr alloy 

particles and individual metal ions can lead to monocyte upregulation of T-

lymphocyte co-stimulatory molecules (Caicedo et al., 2010).  In particular this study 

showed that metal ions induce a stronger response than metal particles.  This could 

indicate that metal-protein complexes have antigenic properties which may lead to T-

lymphocyte activation following antigen presentation by monocytes. 

 

Metal allergy or dermal hypersensitivity following implantation of a metal 

orthopaedic prosthesis has only rarely been reported (Goodman, 2007).  However, 

this may be because no reliable standard tests for metal allergy or hypersensitivity 

exist at present (Shimmin et al., 2008).  None-the-less there are a number of reports 

which show that lymphocytes from MoM arthroplasty patients may be activated in 

the presence of metal ions in vitro.  It has been shown that T-lymphocytes from 

patients with a loose metal prosthesis are more activated following in vitro exposure 

to Cr or Co extract than lymphocytes from control subjects with no metal prosthesis 

(Granchi et al., 2000).  Additionally, primary lymphocytes from patients with well-

functioning MoM total hip implants showed a stronger proliferative response to Cr 

and Co when cultured in vitro compared with lymphocytes of healthy control 

subjects (Hallab et al., 2008).  Further to this, this study also demonstrated a 
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differential secretion of T-lymphocyte associated cytokines following THR, 

indicating a Th1 cell type response following MoM THR.  These authors went on to 

propose a mechanism by which T-lymphocyte mediated metal reactivity, involving 

cytokine and prostaglandin E2 (PGE2) release, may contribute to osteolysis 

following metal debris or ion production (Figure 1.4).  However, a recent study 

which also used this in vitro culture method was unable to distinguish alterations in 

lymphocyte response between patients with a pseudotumour and those currently 

unaffected (Kwon et al., 2009a).    

 

 

Figure 1.4 Schematic diagram of metal exposure induced cytokine release 

associated with activation of Th1 lymphocytes resulting in inhibitory effects on 

bone function. (adapted from Hallab et al., 2008). 

 

1.4.3.5 Toxicity of metal ions 

Although metal particles and ions may induce stimulatory effects on cells of the 

immune system, the majority of in vitro data suggest that metal, particles or 

individual ions, will also have toxic effects.  Chromium ions, particularly in the form 

of Cr6+, are cytotoxic.  It is currently unclear whether the hexavalent form (Cr6+) or 
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the trivalent form (Cr3+) of chromium is released from MoM implants.  However, 

Cr3+ is unable to cross the cell membrane whereas Cr6+ can readily enter the cell 

through non-specific anionic channels (Carter, 1995).  Merrit and Brown (1995) 

demonstrated that only Cr6+ entered red blood cells (RBCs), in addition they also 

demonstrated that the intracellular Cr6+ collected in RBCs was rapidly reduced to 

Cr3+ following corrosion of stainless steel and CoCr implants in vivo.  Therefore, it is 

believed that Cr6+ is released from CoCr implants before it enters cells (Merritt and 

Brown, 1995, Shettlemore and Bundy, 1999).  Cr6+ exposure has been demonstrated 

to cause cytotoxicity, genotoxicity, and carcinogenicity (Sargeant and Goswami, 

2007).  Once Cr6+ enters the cell it is reduced to Cr3+ (Figure 1.5).  The intermediate 

species formed are highly reactive and lead to the generation of reactive oxygen 

species (ROS).  This can result in activation of caspases, promotion of death signals, 

inhibition of survival factors as well as intracellular damage as shown in Figure 1.6 

(Pulido and Parrish, 2003).  Co2+ can also enter cells, possibly through transporters 

involved in the uptake of divalent cations (Mabilleau et al., 2008).  In addition, Co2+ 

ions are capable of forming free radicals via a Fenton-like reaction [Co2+ + H2O2--> 

Co3+ + .OH + OH-] (Leonard et al., 1998) resulting in cellular apoptosis, as displayed 

in Figure 1.6.  
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Figure 1.5 Production of reactive intermediates produced by Cr6+ after entering 

the cell. 
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Figure 1.6 Pathways by which Cr6+ and Co2+

 

 induce cell death.  Metal ion 

exposure can result in caspase activation as well as ROS formation leading to 

mitochondrial and DNA damage causing cell death. (adapted from Pulido and 

Parrish, 2003).   

Both Cr and Co ions as well as CoCr alloy particles have been shown to induce death 

of lymphocytes, macrophages and monocytes following in vitro exposure (Granchi et 

al., 1998a, Vasant et al., 2003, Huk et al., 2004, Hallab et al., 2008, Kwon et al., 

2009b, Caicedo et al., 2010), however, the concentrations at which cell death occurs 

is debatable.  Several authors have shown cytotoxicity at  concentrations below 50 

µM (Bagchi et al., 2000, Vasant et al., 2003, Lalaouni et al., 2007, Raghunathan et 

al., 2009), whereas others have reported cytotoxicity to occur only at 100 µM and 

above (Hallab et al., 2008, Kwon et al., 2010).  Additionally, metal  ions have been 

shown to modulate release of cytokines involved in activation and proliferation of 

these cells following exposure to micromolar concentrations of metal ions  (Wang et 

al., 1996a, Wang et al., 1996b, Granchi et al., 1998b, Gavin et al., 2007). 
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Further to the above cytotoxic effects, Cr ions can also lead to DNA damage within 

the cell.  This can occur due to oxidative damage resulting from the intracellular 

reduction of Cr6+ or by the binding of Cr3+ to DNA (Sargeant and Goswami, 2007).  

In addition to this, both Cr6+ and Co2+ can also inhibit DNA repair mechanisms 

(Witkiewicz-Kucharczyk and Bal, 2006).  Worryingly, clinical data also show 

increased levels of chromosomal translocations and aneuploidy in peripheral 

lymphocytes from patients following MoM hip arthroplasty (Ladon et al., 2004, 

Dunstan et al., 2008). 

 

 

1.4.3.6 Alterations in circulating lymphocyte numbers in patients following 

arthroplasty 

It has been reported that the cytotoxicity of metal ions may lead to decreased 

numbers of circulating lymphocytes in vivo in patients following MoM hip 

replacement.  An association between metal ion levels and the number of circulating 

lymphocytes has been reported (Hart et al., 2006, Hart et al., 2009).  It was shown 

that lymphocyte counts were reduced, particularly CD8+ cytotoxic T-lymphocytes, 

following MoM hip replacement.  These authors also put forward a threshold value 

of combined levels of blood Cr and Co in excess of 5 µg/l (~0.09 µM) which would 

result in decreased numbers of lymphocytes.  It is also proposed that metal ions could 

reduce circulating lymphocyte numbers by diverting them from the circulation to the 

hip joint or by modulating the process of antigen presentation to and expansion of 

lymphocytes.  Savarino and colleagues (1999) also observed significant reductions in 

the number of helper T-lymphocytes, B-lymphocytes and natural killer cells in 

patients with failed hip implants.  It was suggested that metal ions released from 

these implants may have mediated their toxic effects on lymph nodes resulting in the 

decreased numbers of circulating cells. 

 

With the increasing numbers of hip prostheses being implanted, particularly in 

younger more active patients, there is growing concern about the long-term exposure 

to metal debris and ions.  Although a number of first generation MoM THR 
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prostheses remain in situ (≥ 30 years) with limited reports of any fatal responses 

(Sauve et al., 2007), considering the adverse effects following short-term 

implantation described above (and summarised in Figure 1.7) there is a clear 

requirement to investigate the potential toxic effects of metal debris and ion release.   

 

 

 
 

Figure 1.7 Summary of effects of metal wear debris and ion release from MoM 

hip implants that may lead to prosthesis failure. 
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1.5 Aims of present study 

This discussion has illustrated that the release of metal wear debris or ions from 

MoM hip implants is a cause for concern for both clinicians and patients.  As 

described, metal release from these implants can lead to detrimental effects on the 

immune system as well as on other body systems.   It is essential to determine the 

potential effects of long-term exposure to metal ions or debris, as well as identifying 

the mechanism(s) involved in any adverse effects.  To this end this thesis has been 

focussed on an investigation into the interactions of Cr and Co ions, and particulate 

debris, with the immune system.  The aims of the studies described in the thesis are: 

  

1. To determine the toxicity of Cr6+ and Co2+ to U937 monocytes at clinically 

relevant concentrations, in vitro.  Also, to identify whether there is any 

synergy in the toxic effects of these two ions when used in combination. 

2. To assess the toxicity of Cr6+ and Co2+ to primary human lymphocytes at 

clinically relevant concentrations, in vitro.   

3. To investigate possible mechanisms for toxicity or effects that may modulate 

the function of primary human lymphocytes.  Also, to identify whether there 

is any synergy in the effects of these two ions when used in combination. 

4. To develop and implement an in vivo model which can be used to assess the 

inflammatory processes involved following metal debris release.  Also, to 

determine the distribution of metal ions released from hip implants wear 

debris in vivo into distant organs. 

5. To identify alterations in circulating WBC numbers in patients following 

MoM hip arthroplasty, and to determine whether any changes observed in 

WBC numbers is related to whole blood metal ion levels. 
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2. MATERIALS AND METHODS: GENERAL 

 

This chapter outlines the general materials, methods and equipment used for the 

duration of the current research.  Methods which were adapted at specific stages of 

the research are described in the appropriate later chapters. 

 

 

2.1 Cells 

This section details the cells used in this research, how they were prepared, 

maintained and treated and the analysis methods employed.  

 

2.1.1 Cells used  

The following cell types were used throughout the research; 

- U937 cells, a human leukemic pre-monocyte lymphoma cell line (European 

Collection of  Cell Cultures; Wiltshire, UK) 

- Primary human lymphocytes, isolated from Buffy Coat (Scottish Blood 

Transfusion Service; Glasgow, UK) 

- Dendritic cells (DCs), derived from mouse bone marrow (Lutz et al., 1999) 

- 2.4G2 Hybridoma cells were used to produce 2.4G2 antibody which binds to 

Fcγ II/III receptors 

 

2.1.1.1 Culturing of U937 cells 

U937 cells were cultured in 10ml complete RPMI-1640 in 25cm2 culture flasks 

(Iwaki; Iwaki City, Japan) at 37oC, 5% CO2.  Complete RPMI-1640 consisted of  

RPMI-1640 (Lonza, Slough, UK) medium supplemented with 10% (v/v) foetal calf 

serum (FCS), L-glutamine (2 mM), penicillin (100 μg/ml), streptomycin (100 μg/ml) 

(all from Invitrogen; Paisley, UK).  These cells were routinely split every three days 
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at a ratio of 1:10.  This was achieved by centrifuging 10ml of cell suspension at 50xg 

for 5 minutes.  The supernatant was aspirated and the cells resuspended in 2ml of 

fresh complete RPMI-1640.  200µl of this cell suspension was then added to a fresh 

25cm2 culture flask containing 9.8ml of fresh complete RPMI-1640. 

 

2.1.1.2 Isolation of primary human lymphocytes 

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation using Histopaque-1077 (Sigma-Aldrich; Dorset, UK) from 

approximately 60ml of Buffy Coat under sterile conditions.  In order to achieve this, 

60ml of buffy coat was added to 60ml of RPMI-1640.  30ml of diluted buffy coat 

was then gently layered onto 15ml of Histopaque-1077in a 50ml centrifuge tube.  

This was then centrifuged at 600xg for 25 minutes, with the brake set to ‘off’.  This 

allowed four distinct layers to be formed in the tube (Figure 2.1).  Once the top layer 

was aspirated off, the cellular layer was removed and resuspended in 45ml of RPMI-

1640.  This was then centrifuged at 250xg for 10minutes and the supernatant 

aspirated.  This step was repeated twice more.  Following this, lymphocytes 

enrichment was achieved as previously described (Martín-Romero et al., 2000).  

Briefly, PBMCs (2.5x106 cells/ml) were incubated in a 75cm2 culture flask (Iwaki; 

Iwaki City, Japan) with complete RPMI-1640 for 1hour at 37°C, 5% CO2.  The 

medium with the non-adherent cell suspension was then transferred to another 

culture flask and incubated for a further hour to further deplete the monocyte 

population and yield an enriched lymphocyte population in suspension.   
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Figure 2.1 Isolation of peripheral mononuclear cells from buffy coat. 

 

2.1.1.3 Preparation of dendritic cells 

Bone marrow DCs were prepared from mouse bone marrow obtained from femurs 

and tibias excised from female BALB/c mice.  Under sterile conditions, the 

epiphyses of the bones were cut off, and the bone marrow within the shaft flushed 

through with RPMI-1640 and a 23 gauge needle (BD Bioscience; Oxford, UK).  

Following this, the bone marrow cell concentration was adjusted to 5x105 cells/ml 

and cultured in six-well plates (Nunc A/S; Roskilde, Denmark) in complete RPMI-

1640 containing 10% of culture supernatant from X63 myeloma cells transfected 

with mouse GM-CSF cDNA (kindly supplied by Dr Owain Millington; Centre for 

Biophotonics, University of Strathclyde, Glasgow, UK).  Fresh complete medium 

was added to the cell cultures every 3 days. 

 

 

2.1.1.4 Hybridoma 2.4G2 cells 

Hybridoma 2.4G2 cells (kindly supplied by the Centre for Biophotonics, University 

of Strathclyde; Glasgow, UK) were cultured in complete RPMI-1640 in 25cm2 

culture flasks.  Two days after these cells became confluent, the cells were 

centrifuged and supernatant removed.  The supernatant, which contained the 2.4G2 

 Plasma/Platelets/RPMI-1640 

   Peripheral blood mononuclear cells 

      Histopaque 

 Red blood cells 
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antibody, was stored at 4°C.  This antibody blocks non-antigen-specific binding of 

immunoglobulins to the FcγIII and FcγII, and possibly FcγI, receptors. 

 

 

2.1.2 Preparation of metal ion solutions 

Freshly weighed chromium oxide (Cr2O3) and cobalt chloride (CoCl2) (both from 

Alfa Aesar; Lancashire, UK) were dissolved in sterile distilled water and filter-

sterilized, using a 0.2µm filter, to give 100 mM stock solutions of Cr6+ and Co2+, 

respectively.  These were then used to prepare the required concentrations of Cr6+ 

and Co2+ in complete RPMI-1640.  These solutions were all made freshly on the day 

of the experiment. 

 

 

2.1.3 Cell analysis 

 

2.1.3.1 MTT assay for cell viability 

The MTT assay is a colorimetric assay system which measures the reduction of the 

yellow tetrazolium salt MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide), which is readily taken up by cells, into an intense blue formazan product 

by the reductase enzymes in the cytosol and mitochondria of viable cells.  The water-

insoluble formazan accumulates within viable cells and is measured 

spectophotometrically.  Any increase in formazan production is proportional to the 

number of viable cells that are able to generate it by the dehydrogenases within the 

cells (Mosmann, 1983). 

 

In order to make a 10mM solution of MTT, 414.3mg of MTT (Sigma-Aldrich; 

Dorset, UK) was dissolved in 100ml of Phosphate-Buffered Saline (PBS; Sigma-

Aldrich; Dorset, UK) which had been adjusted to pH 6.75 by the addition of HCl.  

This solution was sterile filtered with a 0.2µm filter and stored at 4oC until required. 
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At each culture end-point cells were collected via centrifugation (350xg for 5 

minutes).  Where cells were cultured in 24 well flat-bottommed plates, cell 

suspensions were transferred into 1.5ml eppendorff tubes before centrifugation, and, 

where 96 well round-bottomed plates were used, cells were centrifuged in these.  

Once collected, the supernatant was removed and cells were resuspended in MTT 

solution (250µl for 24 well cultures and 50µl for 96 well cultures).  Following an 

incubation period of 4 hours at 37°C, the cells were centrifuged (350g for 5 minutes) 

and supernatant removed.  The cells were then suspended in dimethyl sufoxide 

(DMSO; Sigma-Aldrich; Dorset, UK) to dissolve the formazan product (1ml for 24 

well cultures and 200µl for 96 well cultures).  The absorbance of light was measured 

at 540nm immediately using a Bio-Rad Model 450 microplate reader and the data 

were recorded.  For 24 well cultures, the dissolved product was transferred into a 96 

well plate before measuring absorbance. 

 

2.1.3.2 Neutral red assay for cell viability 

The Neutral Red (NR) assay is based on the ability of viable cells to incorporate the 

NR dye.  NR is a weak cationic dye which readily penetrates through membranes of 

cells by non-ionic diffusion and accumulates intracellularly within lysosomes of only 

viable cells.  Damaged or dead cells lose the ability to retain the dye.  This retention 

of NR leads to the lysosomes appearing bright red.  The NR destain solution is used 

to extract the dye from the viable cells and the absorbance of solubilised dye is then 

determined spectrophotometrically.  Quantification of the extracted NR by 

spectrophotometry has been correlated with cell numbers by equating the intensity of 

the red colour with the number of cells (Repetto et al., 2008). 

 

5mg of NR powder (Sigma-Aldrich; Dorset, UK) were dissolved in 100ml of PBS.  

The solution was incubated overnight at 37°C and undissolved crystals were filtered 

out with a 0.2μm filter.  The filtered solution was stored at 4°C.  The NR destain was 

made by mixing together 50ml ethanol, 1ml glacial acetic acid and 49ml distilled 

water and was then stored in a flammable solvent cupboard. 
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At each culture end-point, cells were collected via centrifugation (350xg for 5 

minutes).  The cells cultured in different culture plates were centrifuged in the 

manner described in section 2.1.3.1.  Once centrifuged, the supernatant was removed 

and cells were resuspended in NR solution (500µl for 24 well cultures and 100µl for 

96 well cultures) and incubated for 3 hours at 37°C.  The cells were then centrifuged 

(350g for 5 minutes) and supernatant removed.  At this point the cells were 

resuspended in PBS (1ml for 24 well cultures and 200µl for 96 well cultures).   

Following this the cells were centrifuged and supernatant discarded. NR destain 

solution was then added (500µl for 24 well cultures and 100µl for 96 well cultures).  

A homogeneous colour was obtained by placing the culture plate on an orbital shaker 

for at least 30 minutes or by vortexing the eppendorff tubes for 30 seconds.  The 

absorbance of light was measured at 540nm using a Bio-Rad Model 450 microplate 

reader and the data were recorded. For 24 well cultures, the solubilised product was 

transferred into a 96 well plate before measuring absorbance. 

 

2.1.3.3 Flow cytometry analysis of cell cycle 

Cell suspensions were transferred into 12x75mm BD Falcon FACS tubes (BD 

Biosciences; Oxford, UK).  These were centrifuged (350xg for 5minutes) and 

supernatant aspirated.  The cells were then resuspended in FACS buffer, which 

consisted of 10% (v/v) FCS and 0.02% (w/v) sodium azide (Sigma-Aldrich; Dorset, 

UK) dissolved in PBS, and then centrifuged for 5 minutes (350xg) and the 

supernatant removed.  Following this wash step, the cells were suspended in 1ml of 

70% (v/v) ethanol and placed on ice for 15 minutes.  After this period, the cells were 

washed twice with FACS buffer and resuspended in 100µl  propidium iodide (PI) 

solution comprising of 50µg/ml PI, 50µg/ml RNAse A (both Sigma Aldrich; Dorset, 

UK), and FACS buffer.  The cells were then incubated at 4°C for 30 minutes.  At the 

end of this period, 200µl of FACS buffer were added and the samples were analysed 

using a Becton Dickinson FACS Canto flow cytometer with FACSDiva (BD 

Biosciences; Oxford, UK) software programme.  The percentages of cells within the 

G0/G1, S, and G2/M phases of the cell cycle were determined using FlowJo software 

(Tree Star; Oregon, USA).  This was achieved since PI binds with DNA and as the 
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DNA content of cells duplicates during the S phase of the cell cycle the fluorescence 

of cells in the G2/M phase is twice as high as cells in G0/G1 phase (Krishan, 1975). 

 

2.1.3.4 Flow cytometry analysis of apoptosis 

Cell suspensions were transferred into FACS tubes and were centrifuged for 5 

minutes (350xg).  The supernatant was aspirated and the cells resuspended in FACS 

buffer.  Following this, the cells were centrifuged for 5 minutes (350xg) and 

supernatant discarded.  The cells were then resuspended in 100ul Annexin binding 

buffer, which consists of 0.01M HEPES, 0.14M NaCl and 2.5mM CaCl 2 (all Sigma 

Aldrich; Dorset, UK) in distilled water (pH 7.4).  5μl of Annexin V- 

phycoerythrin (PE) and 7-Aminoactinomycin D (7-AAD) (both BD Bioscience; 

Oxford, UK) were then added to each tube.  The tubes were vortexed and incubated 

at room temperature for 15 minutes in the dark.  Following this incubation period, 

200μl of Annexin binding buffer and FACS Flow (BD Bioscience; Oxford, UK) 

were added to each tube.  The data were recorded using a FACSCanto flow 

cytometer and using FACSDiva software.  It was possible to distinguish cells which 

were viable, in early stages of apoptosis, in late stages of apoptosis and necrotic.  

This was possible as Annexin V binds to the negatively charged phospholipid 

phosphatidylserine (PS) which is redistributed from the inner to outer layer of the 

cell membrane during apoptosis.  This is an early event whilst the cell is still viable 

and therefore not permeable to chemicals such as 7-AAD (which binds to DNA in 

the nuclei) (Vermes et al., 1995).   Cells in early stages of apoptosis are not 

permeable to 7-AAD but bind to Annexin V.  Cells which bind to Annexin V, and 

are permeant to 7-AAD are in the later stage of apoptosis as the cell membrane is 

compromised.  Cells which have 7-AAD bound to DNA, but are not Annexin V 

positive are said to be necrotic, as they are non-viable but not through apoptotic 

mechanisms.  
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2.1.3.5 Analysis of cell morphology and viability via microscopy 

In order to assess the effects on cell morphology and viability, cells were stained 

with Acridine Orange (AO) (Sigma-Aldrich; Dorset, UK) and PI.  PI ingresses into 

cells with damaged cell membranes staining and interacting with DNA to stain red.  

AO is cell permeable and enters intact cell membranes to produce a fluorescent green 

product.  

 

60mm2 Petri dishes (BD Bioscience; Oxford, UK) were coated with 2ml 0.01% (v/v) 

poly-L-lysine (Sigma-Aldrich; Dorset, UK).  After 10 minutes the poly-L-lysine was 

aspirated and Petri dishes allowed todry at room temperature overnight.   Cells 

suspended in 4 ml of complete RPMI-1640 were then seeded onto the coated dish 

and 1µmol of PI and AO each was added.  This was then incubated at 37°C for 30 

minutes.  Following this incubation period, the medium was aspirated and cells were 

gently washed twice with PBS.  The cells were then viewed using a Carl Zeiss Axio 

Imager microscope under a 40x water immersion lens (NA 0.80).  Fluorescence was 

excited using a mercury lamp and emission was recorded using a fluorescein 

isothiocyanate (FITC)/Rhodamine filter block (485/515-530nm; 546/580-563nm) for 

AO and PI.  Digital images were captured and analysed using AxioVision 4.6.  The 

number and percentage of cells displaying characteristics of apoptosis and necrosis 

was determined from 5 independent images from random areas on the petri dish.  

Typically, an area of 0.2 mm2 was examined. 

 

2.1.3.6 Surface antigen staining of cells for flow cytometry 

Cells in suspension were added to FACS tubes, centrifuged for 5 minutes (350xg) 

and the supernatant aspirated.  The cells were then washed twice with FACS Buffer.  

Once washed the cells were resuspended in FACS buffer containing Fc block (2.4G2 

hybridoma supernatant) together with the appropriate combinations of fluorochrome-

conjugated monoclonal antibody.  Sample cells were also added to a separate tube 

containing Fc block and the relevant isotype control(s) to identify any non-specific 

binding.  The tubes were then vortexed gently and incubated for 15 minutes in the 

dark at room temperature.   After this incubation period the tubes were centrifuged at 
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350x g for 5 minutes and the supernatant removed.  2 ml of FACS buffer were added 

to each tube and they were then centrifuged at 350x g for 5 minutes. The supernatant 

was aspirated and this step was repeated.  Following this, the cells were suspended in 

400μL FACS flow and mixed thoroughly. The samples were analyzed on a FACS 

Canto flow cytometer using FACSDiva software. 

 

2.1.3.7 Cell proliferation assay 

Cell proliferation was determined by a non-isotopic BrdU Cell Proliferation 

Immunoassay kit (Merck Chemicals; Nottingham, UK). This immunoassay 

quantifies cell proliferation by incorporating BrdU into the newly synthesized DNA 

strands of actively proliferating cells. The kit provided all the agents and solutions 

required. 

 

Briefly, 10µl of BrdU label was added to each well of a 96 well culture plate during 

the final 4 hours of culture.  The plate was then centrifuged (300x g for 10 minutes) 

and the supernatant aspirated.  The cells were then fixed, permeabilized and DNA 

denatured by adding 200µl of the supplied fixative/denaturing solution to each well. 

The plate was then covered and incubated at room temperature for 30 minutes.  

Following this period, the fixative/denaturing solution was aspirated from each well.  

100µl/well of detector anti-BrdU monoclonal antibody was then added and allowed 

to incubate for 1 hour.  The wells were then washed with wash buffer and 100µl/well 

horseradish peroxidase (HRP) conjugated goat anti-mouse antibody added.  

Following 30 minutes incubation the wells were washed with wash buffer and 100µl 

tetra-methylbenzidine (TMB) added and incubated for 15 minutes in the dark at 

room temperature.  Following this, 100µl stop solution (2.5N sulfuric acid) was 

added and absorbance measured in each well using a Thermo Scientific Multiskan 

Ascent spectrophotometer plate reader at dual wavelengths of 450-590 nm. 
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2.1.3.8 ELISA 

Cytokine levels were determined by collecting supernatants from appropriate cell 

cultures.  These were then assayed using Ready-SET-Go! enzyme-linked 

immunosorbent assay (ELISA) kits (eBioscience; Hatfield, UK).  The kit provided 

all components required except wash buffer, which consisted of 0.05% Tween-20 

(Sigma-Aldrich; Dorset, UK) dissolved in PBS, and 2M H2SO4 (Fisher Scientific; 

UK). 

 

Prior to collecting supernatant, each well of the ELISA plate was coated with 100 µl 

capture antibody dissolved in coating buffer, which was PBS, pH 7.4.  The plate was 

sealed and incubated overnight at 4°C.  Following this incubation the samples were 

aspirated and washed 5 times with 250 µl/well of wash buffer.  The samples were 

then blocked with 200 µl/well of assay diluent and incubated at room temperature for 

1 hour.  Once this period had elapsed, the liquid was aspirated and samples washed 

as above.  The standards were prepared in assay diluent, as noted on the Certificate 

of Analysis and 2-fold serial dilutions of the top standards were performed to make 

the standard curve (range of standards; 500, 250, 125, 62.5, 31.25, 0 pg/ml) .  100 

µl/well of each standard or collected supernatant was added to the appropriate wells 

(where required the collected supernatant was diluted in complete RPMI-1640 before 

addition to the well).  The plate was sealed and incubated at room temperature for 2 

hours.  Following this incubation period, the wells were washed as above.  100 µl of 

detection antibody diluted in assay diluent was added to each well and the plate 

sealed and incubated at room temperature for 1 hour.  This was followed by a wash 

step as described above and then 100 µl/well of Avidin-HRP diluted in assay diluent 

was added.  The plate was sealed and incubated at room temperature for 30 minutes.  

The samples were then aspirated, and washed as above.  100 µl of substrate (TMB) 

solution was added to each well and then the plate was incubated at room 

temperature for 15 minutes.  Following this period 50 µl of 2M H2SO4 was added to 

each well.  At this point the absorbance was measured in each well using a Thermo 

Scientific Multiskan Ascent spectrophotometer plate reader at dual wavelengths of 

450-570 nm. 
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2.1.3.9 Assessment of mitochondrial damage 

The DePsipher kit (R & D Systems; Abindon, UK) is an assay which analyses the 

extent of mitochondrial membrane potential disruption.  This disruption leads to 

mitochondrial outer membrane permeabilisation (MOMP) which results in apoptosis.  

The DePsipher kit contains a cationic dye (5,5’6,6’-tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolylcarbocyanine iodide) that readily enters cells and fluoresces 

brightly red in its multimeric form within healthy mitochondria. In apoptotic cells, 

the mitochondrial membrane potential collapses, and the reagent cannot accumulate 

within the mitochondria, therefore remaining in the cytoplasm in its green 

fluorescent monomeric form.  All buffers and solutions were provide in the kit.   

 

At the appropriate culture end-point, cells (~1x106) were transferred into 1.5ml 

eppendorff tubes.  These were then centrifuged at 500x g for 5 minutes and the 

medium aspirated off.  The cells were then resuspended in 1 ml of reaction buffer 

plus 1 µl of DePsipher solution.  The reaction buffer was diluted with distilled water 

from 10x concentrate plus 20 µl of stabiliser solution; both these reagents were 

supplied in the kit.  The resuspended cells were then incubated at 37 °C in a 5% CO2 

for 15-20 minutes.  Following this, the cells were centrifuged and aspirated as above.  

The cells were resuspended in 100 µl of reaction buffer.  50 µl of cell suspension was 

immediately poured onto a glass slide and a coverslip placed over the cells.  The 

cells were then imaged using a Carl Zeiss Axio Imager microscope with dry lens 20 

x and 40x.  Fluorescence was excited using a mercury lamp and emission was 

recorded using a FITC/Rhodamine filter block (485/515-530nm; 546/580-590nm).  

The number of cells displaying damaged mitochondria was determined from 5 

independent digital images.  Typically an area of 0.73 mm2 was examined. 

 

 

2.2 In vivo response to metal wear debris 

This section details the methods employed in creating an in vivo model to assess the 

response to metal wear debris from a MoM hip implant.  It also describes the 

techniques used to determine the effects of the wear debris.  
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2.2.1 Preparation of metal wear debris 

CoCr wear debris was kindly donated by DePuy International (Leeds, UK).  The 

wear debris was produced over 250,000 cycles from a size 39mm DePuy Articular 

Surface Replacement (ASR) joint on a multistation hip joint simulator.   

 

Once produced the wear debris, which was suspended in distilled water, was 

centrifuged at 3500xg for 10 minutes.  The majority of the water was aspirated.  The 

remaining suspension was heat treated (180°C for 5 hr, 60kPa) in a vacuum oven to 

eliminate the remaining water and destroy any endotoxin.  The dry debris was then 

suspended in sterile PBS (Invitrogen; Paisley, UK). 

 

2.2.2 Assessing sterility of treated wear debris 

In order to assess the presence of microbial contamination of the treated wear debris, 

DCs were exposed to it for 24 hours and their activation status assessed.  In order to 

achieve this, DCs which had been cultured for 6 days were washed with 2ml of 

RPMI-1640 and then harvested.  DCs were then seeded 1x106/well in a 6-well 

culture plate with complete RPMI-1640 and incubated overnight at 37°C, 5%CO2.  

Following this, the medium in each well was aspirated and DCs washed with 2ml of 

RPMI-1640.  The DCs were then either incubated with 2.5mg wear debris 

suspension or 1µg/ml lipopolysaccharide (LPS; Sigma-Aldrich; Dorset, UK) in 

complete RPMI-1640.  Negative controls of complete RPMI-1640 and the carrier, 

sterile PBS, were also were set up. After incubation, activation status of CD11c+ DCs 

was characterized on a FACS Canto using monoclonal antibodies and relevant 

isotype controls (eBioscience; Hatfield, UK) listed in Table 2.1, and following the 

protocol described in section 2.1.3.6. 
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Antibody (clone) Isotype control Purpose 

CD11c-PE (N418) Armenian Hamster IgG-

PE 

Expressed on DCs 

CD86-FITC (GL-1) Rat IgG2a-FITC Expressed on activated 

cells 

CD40-APC (1C10) Rat IgG2a-APC Expressed on activated 

cells 

MHC Class II-FITC 

(NIMR-4) 

Rat IgG2b-FITC Expressed on activated 

cells 

 

Table 2.1 Monoclonal antibodies and isotype controls used to assess dendritic 

cell activation. 

 

2.2.3 Characterisation of wear particles 

A sample of wear debris suspended in distilled water was dispersed onto double 

sided carbon tape.  This was left for 2 days to allow the water to evaporate.  

Following this period the debris was transferred to a Hitachi TM-1000 scanning 

electron microscope.  Images were taken at magnifications of 100-1000x and digital 

images obtained.  Energy Dispersive X-ray Spectroscopy (EDS) was used for 

quantitative analysis of elemental composition.  Hitachi TM-1000 and EDSwift-TM 

software was used to obtain the images and chemical spectra of the wear debris. 

 

2.2.4 Establishing the air-pouch 

Air-pouches were generated according to a modified method of that described by 

(Sedgwick et al., 1983).  In order to form the air pouch, the lower dorsal skin of an 8-

10 week old male BALB/c mouse was cleaned with alcohol and shaved.  A 

subcutaneous injection of 1ml of sterile air was injected at a single site in this area 

with a 25-gauge needle and 1ml syringe (both BD Bioscience; Oxford, UK).  Three 

days later air pouches were injected with 0.5ml of sterile air to maintain the pouch.  
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Three days following the second injection, the pouches were injected with either 

2.5mg of sterile wear debris or 1µg LPS each of which was dissolved in 500µl of 

sterile PBS.  Negative control animals were injected with 500µl of sterile PBS alone.  

A 23.5 gauge needle (BD Bioscience; Oxford, UK) was used to carry out these 

injections.  In order to avoid pain the mice were briefly anesthetized with isoflurane 

for the above procedures. 

 

2.2.5 Analysis of metal ions in peripheral blood 

At the end of each time point, mice were anaesthetised by receiving a single 

intraperitoneal injection of Hypnovel (0.25 mg midazolam; Roche; West Sussex, 

UK) + Hypnorm (0.5 mg fluanisone, 0.016 mg fentanyl citrate; VetaPharma; Leeds, 

UK).  Once anaesthetised, a small incision was made in the skin around the carotid 

artery and a small cavity created with the skin.  The carotid artery was then cut and 

peripheral blood collected into a Vacuette tube (Greiner; Stonehouse, UK) using a 

plastic pasteur pipette.   

 

The metal ion concentration within peripheral blood was kindly measured by the 

author’s colleague, Dr Grace Afolaranmi.  All samples, standards and quality 

controls were diluted 10-fold using the solubilisation matrix solution (Table 2.2).  

The standards were prepared at a concentration of 10x higher than the final 

concentration required.  40µg/l of rhodamine internal standard (I.S) was prepared in 

the solubilisation matrix solution. 500µl of the blood sample or standard was added 

to 2.5ml of the I.S dilution matrix in a plastic vial.  2ml of deionized water was then 

added into each vial.  A final solution of 5ml was attained giving a 10X dilution of 

the samples and standards and each sample was then sonicated.  The samples were 

then analysed using an Agilent 7500ce octopole reaction system ICP-MS (Agilent 

Technologies; Wokingham, UK) in helium gas mode. 
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Reagent % in solution (w/v) Quantity for 1 l solution 

1-Butanol 1.5% 15 ml 

EDTA 0.01mM 2.9224mg 

Triton X-100 0.07% 0.7ml 

Ammonium hydroxide 0.7mM 26.92ml 

Water Make up to vol. Make up to 1l 

 

Table 2.2 Preparation of solubilisation matrix solution. 

 

2.2.6 Analysis of metal ions in organs 

At the end of each time point, the following organs were excised for metal ion 

concentration analysis; brain, heart, kidney, liver, spleen and testes.  The metal ion 

concentration within these organs was measured by the author’s colleague, Dr Grace 

Afolaranmi.  In order to do this each organ was weighed and then suspended in 0.25 

ml nitric acid (65% v/v) in a 15ml polypropylene tube. The tubes were heated using a 

hot block (Techne driblock DB-2D; Techne Incorporated, USA) at 1030C for 20 

minutes. Then 0.5ml of 30% hydrogen peroxide (Sigma-Aldrich; Dorset, UK) was 

added and the digestion continued for 20 minutes.  After cooling, 1.25 ml of 40 µg/l 

of rhodamine standard (internal standard) in water was added and the volume made 

up to 2.5ml with deionised water to yield a final sample dilution of 1 in 5. The 

solution was then centrifuged at 2000 rpm for 5 min and filtered using a using a 

0.2µm filter before metal ion analysis using the ICPMS system mentioned in section 

2.2.5. 

 

2.2.7 Pouch exudate 

At the end of each time point, the pouches were lavaged with 500µl of sterile PBS 

using a 21 gauge needle (BD Bioscience; Oxford, UK).  The cells were then counted 

using Trypan Blue (Sigma-Aldrich; Dorset, UK) and a haemocytometer.  Once 

counted, the cells were transferred into FACS tubes and were stained for surface 
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antigens as described in section 2.1.3.6.  The monoclonal antibodies and relevant 

isotype controls (eBioscience, Hatfield, UK) listed in Table 2.3 were used to identify 

the phenotype of the cells within the pouch exudate.  The method to do this is as 

described in section 2.1.3.6. 

 

Antibody (clone) Isotype control Identifies 

CD3e-PerCP (500A2) Hamster IgG (PerCP) T-lymphocytes 

B220-APC (RA3-6B2) Rat IgG2a-APC B-lymphocytes 

Ly6G-FITC (RB6-8C5) Rat IgG2b-FITC Granulocytes 

CD11b-PE (M1/70) Rat IgG2b-PE Monocytes/Macrophages 

 

Table 2.3 Monoclonal antibodies and isotype controls used to identify cells in 

pouch exudate. 

 

2.2.8 Histological evaluation of air-pouch 

At the end of each time point, the pouch was dissected and one-half fixed in 4% 

formalin (Sigma-Aldrich; Dorset, UK) for histological evaluation.  Once tissue 

samples were fixed they were processed and stained with haematoxylin and eosin 

(H&E) by Veterinary Diagnostic Services, University of Glasgow (Glasgow, UK).  

This was carried out by dehydrating and embedding the tissue in paraffin blocks.  

Sections were then cut and samples mounted onto glass microscope slides.  These 

were then stained and slides permanently bonded with coverslips. 

 

In order to analyse the tissue samples, the slides were viewed under a Carl Zeiss 

Axio Imager microscope using 10-100x dry lens.  Digital images were taken and 

analysed using AxioVision 4.6.  Pouch membrane thickness was determined at six 

points on each section, with an even distribution of measurements. Total number of 

cells (based upon nucleus count) was determined as cells per mm2, and cells 

identified based upon nuclear morphology. 
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2.2.9 Inflammatory gene activation in air-pouch tissue 

At the end of each time point, the pouch was dissected free from surrounding tissue 

and one-half immersed in ice-cold RNAlater (Qiagen; Crawley, UK).   

 

2.2.9.1 RNA Extraction 

RNA was isolated using an RNeasy Mini Kit (Qiagen; Crawley, UK) and following 

the manufacturer’s instructions. This kit provided all the required agents and tubes 

for the process.  Briefly, the tissue was then disrupted and homogenised by initially 

snipping it using scissors, followed by sonication in 300 µl of RLT buffer.  This was 

then centrifuged at 15000x g for 3 minutes in a microcentrifuge.  The supernatant 

was then transferred to a new microcentrifuge tube which contained an equal volume 

of 70% (v/v) ethanol.  This was mixed by pipetting and then 700 µl of this mixture 

was transferred into an RNeasy spin column placed in a 2 ml collection tube.  This 

was then centrifuged for 15 s at 8000x g.  The flow-through in the collection tube 

was discarded and 350 μl Buffer RW1 added to the RNeasy spin column.  This was 

then centrifuged for 15 s at 8000 x g and flow-through in the collection tube 

discarded.  80 μl of DNase I incubation mix was then directly added to the RNeasy 

spin column membrane, and place on the benchtop  for 15 minutes.  Following this 

period 350 μl Buffer RW1 was added to the RNeasy spin column and then 

centrifuged for 15 s at 8000x g. The follow-through was discarded and 700 μl of 

Buffer RW1 was added to the RNeasy spin column.  This was then centrifuged at 

8000xg for 15s and the flow-through discarded.  Following this, 500 μl of Buffer 

RPE was added to the RNeasy spin column. This was then centrifuged for 15 s at 

8000 x g and the flow-through discarded.  500 μl of Buffer RPE was again added to 

the RNeasy spin column and the tube centrifuged for 2 minutes at 8000x g.  The 

RNeasy Spin column was then placed in a new collection tube and 50 μl of RPE 

buffer was added directly to the spin column membrane.  This was then centrifuged 

at 8000x g for 1 minute to elute the mRNA into the collection tube.  The mRNA was 

then quantified using a Nanodrop™ 1000 Spectrophotometer and Nanodrop 1000 

V3.7 software (Thermo Scientific; Wilmington, USA).  This measured absorbance at 

wavelengths of 260 and 280 nm from a 1 µl sample of RNA.   
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2.2.9.2 Agarose gel electrophoresis of RNA 

The overall quality of isolated the RNA preparation was assessed by electrophoresis 

on an agarose gel.  A 1% (w/v) agarose gel was cast by adding 2.5g of agarose 

(Sigma-Aldrich; Dorset, UK) to 250ml of Tris-acetate-EDTA (TAE) buffer.  TAE 

buffer consisted of 4.84 g Tris base, 1.14 ml glacial acetic acid and 2 ml of 0.5M 

Ethylenediamine tetraacetic acid (EDTA) solution (all Sigma-Aldrich; Dorset, UK) 

dissolved in deionized water to make up a total volume of 1l.   Once the agarose was 

added to TAE buffer, the solution was heated in a microwave for 1 minute in order 

for the agarose to dissolve.  Once heated the solution was swirled and left to cool 

slightly.  Following this, 1 µl of Ethidium Bromide was added to the gel solution and 

then it was poured into the gel tank.  The gel solution was left at room temperature 

until it set. 

 

Whilst the gel set, the samples were prepared for loading.  2 µg of RNA from each 

sample were mixed Blue/Orange loading dye (Promega; Southampton, UK) to make 

a total volume of 10 µl for each sample.  Once the gel had set, TAE buffer was 

poured into the tank to submerge the cast gel.  Then 10 µl of sample solution was 

loaded into each well of the gel.  The last well was loaded with 5 µl of 1kb DNA 

Ladder (Promega; Southampton, UK) as a size marker.  Electrodes were attached to 

the tank and the gel run at 5V/cm until the marker had migrated as far as ¾ length of 

the gel.  The gel was removed carefully from the tank and visualised under a UV 

transilluminator.   Intact RNA will have sharp bands at 1.9kb and 4.7kb whereas 

degraded RNA will have a smeared appearance lacking these sharp bands. 

 

2.2.9.3 cDNA synthesis 

Following its extraction, cDNA was synthesized from RNA.  This was achieved 

using an AffinityScript™ Multiple Temperature cDNA synthesis kit (Agilent 

Technologies; Stockport, UK). The kit provided all reagents required for cDNA 

synthesis and the process was completed by following the manufacturer’s 

instructions.   Briefly, 2 ng of mRNA were combined with 2 µl of random primers in 

a microcentrifuge tube.  This was made up to a volume of 15.7 µl with RNase-free 
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water and incubated at 65°C for 5 minutes.  The reaction was then allowed to cool 

for 10 minutes before adding 2.0 μl of 10 x AffinityScript RT Buffer, 0.8 μl of dNTP 

mix, 0.5 μl of RNase Block Ribonuclease Inhibitor (40 U/μl), and 1 μl of 

AffinityScript Multiple Temperature RT in that order.  This was then incubated 

initially at 25°C for 10 minutes before incubating for 60 minutes in a temperature-

controlled thermal block at 42–55°C.  The reaction was then terminated by 

incubating at 70ºC for 15 minutes.  The cDNA was then stored at -20ºC until 

required. 

 

2.2.9.4 Control RT-PCR 

In order to assess whether the transcripts were detectable, a typical reverse 

transcription polymerase chain reaction (RT-PCR) using primers specific for 

β2 microglobulin was undertaken.  PCR amplification of β2 microglobulin was 

achieved by adding 0.4 μl of β2 microglobulin primer mixture (Applied Biosystems; 

Warrington, UK) to 19.6 μl of transcribed cDNA.  This reaction was completed by 

incubating at 94°C for 10 seconds, then at 60°C for 20 seconds and then at 72°C for 

45 seconds for 40 cycles in a temperature-controlled thermal block.  The amplified 

samples were then loaded onto a 1% agarose gel and visualised as in section 2.2.9.3.  

 

2.2.9.5 Inflammatory gene expression assay  

TaqMan Low Density Arrays (TLDA) are 384-well microfluidic cards that can 

perform 384 RT-PCR  reactions simultaneously.  The card allows several samples to 

be run in parallel against a range of gene targets that are pre-loaded into each of the 

wells on the card.  A custom plate was designed with a 32-gene format (appendix 1), 

allowing analysis of four different isolates per plate, each tested for 32 different 

target genes in triplicate. 

 

The plates contained primer pairs for a broad range of chemokines and cytokines that 

could be involved in WBC recruitment and inflammatory processes following 

implantation of CoCr wear debris.  In addition the plates contained a mandatory 
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internal control against 18S ribosomal gene and a second TATA-binding protein 

control.  The complete list of gene targets and primer sequences is included in 

Appendix 1.  All products and reagents in this section were from Applied Biosystems 

(Warrington, UK). 

  

In order to assess the expression of the gene targets, stored cDNA was thawed and 

then gently vortexed.  Following this, 1 μg of cDNA was placed in a 1.5 ml 

eppendorff tube and  RNase-free water was then added to make the volume up to 50 

μl.  50 μl of TaqMan PCR Mastermix (no AMPErase) was then added, and the 

solution was thoroughly mixed the solution by vortexing.  100 µl of the PCR mix 

was then loaded into a reservoir of the TLDA plate.  This was done for each 

individual sample.  The array plates were then twice centrifuged at 330 x g for 1 

minute to distribute the cDNA samples in the reaction wells.  The array plate was 

then sealed using the TaqMan sealer in order to isolate the wells of the array.  Once 

sealed the reservoirs of the array were cut away using scissors and the array was run 

on a 7900HT TaqMan reader using a standard sequence detection software (SDS) 

programme.  The data was quantified using the comparative method from the cycle 

threshold (Ct) values obtained.  ΔCt values were generated by normalizing to 18S for 

each treatment and ΔΔCt values by normalizing to the mean ΔCt from the PBS 

treated air-pouch control.  The Relative Quantitation value (RQ) was then calculated 

as 2-ΔΔCt. 

 

Results were expressed as fold change over the untreated control.  Data are shown in 

the appropriate results section are means plus standard error of the mean (S.E.M) 

from three independent samples. 

 

2.2.10 Evaluation of the effects on draining lymph nodes 

At the required time points; the auxiliary, brachial, and inguinal lymph nodes were 

excised and suspended in 2ml of complete RPMI-1640.  The lymph nodes were 

mechanically disrupted using a sterile 40µm nylon mesh cell strainer (BD 
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Biosciences; Oxford, UK) under sterile conditions.  The cells from the lymph nodes 

were counted using Trypan Blue and a haemocytometer. 

 

An aliquot of 1x106 cells were removed from each sample and placed in the FACS 

tubes for surface antigen staining and apoptosis analysis.  These cells were stained 

with the monoclonal antibodies or isotype controls (eBioscience; Hatfield, UK) listed 

below.  These were also stained with Annexin V-PE and 7-AAD. 

 

 

Antibody(clone) Isotype control Identifies 

CD4-FITC (RM-45) Rat IgG2a-FITC T-Helper cells 

CD8-APC CY7.7 (53-6.7) Rat IgG2a-Apc CY7.7 Cytotoxic-T Cells 

B220-APC (RA3-6B2) Rat IgG2a-APC B-Lymphocytes 

 

Table 2.4 Monoclonal antibodies and isotype controls used to identify cells from 

mouse lymph nodes. 

 

Following collection into FACS tubes, the cells were stained with the above 

antibodies or isotype controls as per section 2.1.3.6.  However, following the final 

wash step the cells were resuspended in 100 µl Annexin binding buffer, and 5μl of 

PE Annexin V and 7-AAD were added to each tube.  The tubes were then incubated 

in the dark at room temperature for 15 minutes and the remainder of the method 

described in section 2.1.3.4 was completed. 

  

100µl from the remaining cells from the mouse lymph nodes were seeded (1x106 

cells/ml) in round bottom 96-well plates precoated with anti-CD3 (clone 145-2C11; 1 

µg/ml) ± soluble anti-CD28 (clone 37.51; 0.1 µg/ml) (both eBioscience; Hatfield, 

UK) in complete RPMI-1640.  The cells were then incubated for 24 hours at 37°C, 

5%CO2.  Following this period the cells were transferred into FACS tubes and 

stained with Annexin V-PE, 7-AAD, the above monoclonal antibodies or isotype 

controls (Table 2.4) as described. 
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2.3 Determining metal ion concentrations and white blood 

cell levels in peripheral blood 

 

This section details the methods utilised in determining the white blood cells level 

and metal ion concentrations in peripheral blood of patients undergoing hip 

resurfacing in the Glasgow Southern General Hospital, UK.   

 

2.3.1 Metal ion analysis in peripheral blood 

Once collected, metal ion concentration within peripheral blood was kindly measured 

by the author’s colleague, Dr Grace Afolaranmi as described in section 2.2.5. 

 

2.3.2 White Blood Cell Count 

White blood cells were counted by adding 100μL of whole blood to 1.9ml of RBC 

Lysing Buffer (BD Bioscience; Oxford, UK) in a bijoux.  This was then mixed 

thoroughly and incubated for 15 minutes at room temp.  The cells were then counted 

on a haemocytometer. 

 

2.3.3 Surface antigen staining to phenotype cells using flow 

cytometry 

100µl of peripheral blood was added to FACS tubes containing Fc block and 

appropriate combinations of fluorochrome-conjugated monoclonal antibody or 

relevant isotype control (eBioscience; Hatfied, UK) listed in Table 2.5.  The tube was 

then vortexed gently and incubated for 15 minutes in the dark at room temperature.   

After this incubation period, 2ml of RBC lysis buffer was added to each tube and 

samples incubated for 15 minutes in the dark at room temperature.  Following this, 

the tubes were centrifuged at 350 x g for 5 minutes, the supernatant discarded and 2 

ml of FACS buffer were added to each tube.  These were then centrifuged at 350 g 

for 5 minutes and the supernatant aspirated.  Once this step was repeated, the cells 
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were suspended in 400μL FACs flow and mixed thoroughly, using a vortex. The 

samples were analyzed on a FACS Canto flow cytometer. 

 

Antibody(clone) Isotype control Identifies 

CD3-FITC (OKT3) Mouse IgG2a-FITC T-Lymphocytes 

CD4-PE (OKT4) Mouse IgG2b-PE T-Helper Cells 

CD8-APC (OKT8) Mouse IgG2a-APC Cytotoxic-T Cells 

CD20-FITC (2H7) Mouse IgG2b-FITC B-Lymphocytes 

CD56-PE (MEM-188) Mouse IgG2a-PE Natural Killer Cells 

 

Table 2.5 Monoclonal antibodies and isotype controls used to identify cells in 

peripheral human blood. 
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3. Effects of chromium and cobalt on U937 cells in 

vitro 

3.1 Introduction 

Over the past decade more than 300,000 CoCr alloy based MoM articulations have 

been implanted in patients with end-stage arthritis of the hip (Learmonth and Case, 

2007).  Despite increasing the mobility and quality of life of these patients, there are 

increasing concerns that MoM hip implants release high levels of metal ions and 

wear debris.  As described in section 1.4.2, elevated levels of metal (Cr and Co) ions 

have been measured in blood and organs of patients following MoM hip arthroplasty.  

In addition, extremely high levels of metal ions have also been measured around the 

implant.  This has caused increasing alarm that metal ions released from CoCr alloy 

hip implants lead to toxic effects which may contribute to the adverse effects 

described in section 1.4.3. 

 

It has previously been demonstrated that in vitro exposure Cr or Co ions can result in 

toxic effects (section 1.4.3.5).  Studies have shown that these ions lead to a decrease 

in of viability lymphocytes, macrophages and monocytes (Granchi et al., 1998a, 

Hallab et al., 2008, Kwon et al., 2009b).  In addition, in vitro exposure can also result 

in the cells becoming apoptotic or necrotic following metal ion exposure (Granchi et 

al., 1998a, Huk et al., 2004).  Further to this, there are reports of DNA damage in 

WBCs isolated from MoM hip arthroplasty patients (Ladon et al., 2004, Dunstan et 

al., 2008).  It has also been shown that metal ions, particularly Cr ions, can induce 

DNA damage within cells following in vitro exposure resulting in cell cycle arrest 

and apoptosis (Ye and Shi, 2001, O'Brien et al., 2002b).  The above mentioned data 

signify the importance of assessing the toxic nature of metal ions that are released 

from MoM hip implants. 
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3.2 Aims 

The aim of this chapter is to assess the toxicity of clinically recorded concentrations 

of chromium and cobalt ions on an immortalised human cell line, in vitro.  Further to 

this, the presence of any synergistic toxic effects when the ions were combined was 

also investigated. 

 

 

3.3 Methods 

3.3.1 Exposure of U937 cells to metal ions 

Cultured U937 cells (as described in section 2.1.1) were seeded at 0.5x106 cells per 

ml in 24-well culture plates (1ml per well) and incubated in the absence or presence 

of Cr6+ and Co2+ in complete RPMI-1640 at 37oC, 5% CO2 for 24 and 48 hours.  

U937 cells were exposed to 0.1, 1 and 10µM Cr6+ or Co2+ individually.  Cells were 

also exposed to the following combined concentrations of metal ions; 0.1µM Cr6+  + 

1µM Co2+, 0.1µM Cr6+ + 10µM Co2+, 1µM Cr6+ + 1µM Co2+ and, 1µM Cr6+ + 10µM 

Co2+. 

 

3.3.2 Analysis of metal ion exposure on U937 Cells  

In order to assess the effects of metal ion exposure on U937 cells, the following 

methods were implemented at each end-point; 

• MTT and Neutral Red Assays were used to measure cell viability (method 

described in sections 2.1.3.1 and 2.1.3.2),  

• Cellular morphology and viability were visualised using CLSM, following 

staining with AO and PI which would allow the discrimination of live and 

dead cells (section 2.1.3.5) 

• Alterations in cell cycle were determined by flow cytometry analysis of DNA 

content (section 2.1.3.3),  
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• Level of cellular apoptosis and necrosis were investigated by flow 

cytometry following cellular staining with Annexin V and 7-AAD which 

would distinguish cells in various stages of apoptosis and necrotic cells 

(section 2.1.3.4) 

 

3.4 Results 

3.4.1 Effects of metal ions on cell viability 

The viability of U937 cells following exposure to Cr6+ or Co2+ for 24 and 48 hr is 

displayed in Figures 3.1 and 3.2. The results demonstrated that all of the 

concentrations of Cr6+ employed caused a significant (p < 0.05) decrease in the 

viability of U937 cells at 24 and 48 hours. As seen in Figures 3.1 and 3.2, Cr6+ 

appeared to decrease cell viability in a dose-dependent manner.  The maximum 

decrease in cell viability was measured by the MTT assay following 48 hr exposure 

of 10 µM Cr6+, viability was reduced to 10.38 (± 1.57) % (mean ± SEM, n = 12).  

Exposure of U937 cells to Co2+ for 24 hours induced a significant decrease in cell 

viability at concentrations of 1 and 10 µM; this effect was recorded by both MTT 

and NR assays (Figures 3.1 and 3.2).  The NR assay showed that viability was 

reduced to 81.82 (± 4.20) % and 70.40 (± 4.30) % (mean ± SEM, n = 12), 

respectively at these concentrations.  Figures 3.1 and 3.2 also indicate that at 1 and 

10 µM Cr6+ caused a significantly greater decrease in cell viability than the 

equivalent concentrations of Co2+. 

 

Tables 3.1 and 3.2 show the effect of exposing U937 cells to Cr6+ and Co2+ in 

combination on cell viability.  Exposing cells to 1 µM Cr6+ + 10 µM Co2+ for 24 

hours led to a significant decrease in cell viability when compared with the 

respective effects of both individual ions.  No other combined exposure conditions 

showed any significant difference in cell viability when compared with the respective 

individual effects. 
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Figure 3.1 Cell viability of U937 cells following 24 hours exposure to varying 

concentrations of Cr6+ and Co2+ ions, as measured by MTT (A) and NR (B) 

assays.  100% indicates unexposed control cells; results are means ± SEM, n=12; * 

indicates significant difference from control values, P<0.05, by one-way ANOVA 

followed by Dunnett’s multiple comparison test, † indicates significant difference 

from Co2+

  

 values, P<0.05, by 2-sample t-test.   

 

Figure 3.2 Cell viability of U937 cells following 48 hours exposure to varying 

concentrations of Cr6+ and Co2+ ions, as measured by MTT (A) and NR (B) 

assays.  100% indicates unexposed control cells; results are means ± SEM, n=12; * 

indicates significant difference from control values, P<0.05, by one-way ANOVA 

followed by Dunnett’s multiple comparison test, † indicates significant difference 

from Co2+ values, P<0.05, by 2-sample t-test.  
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Exposure 24h 48h 

0.1µM Cr6+ 87.06±2.87 91.01±1.76 

1µM Cr6+ 64.86±2.71 53.11±1.91 

1µM Co2+ 78.26±4.46 76.12±3.22 

10µM Co2+ 74.64±3.74 69.90±4.05 

0.1µM Cr6+ + 1µM Co2+ 88.91±1.69 100.45±1.93 

0.1µM Cr6+ + 10µM Co2+ 91.00±2.59 86.38±1.79 

1µM Cr6+ + 1µM Co2+ 83.26±1.76 77.76±1.65 

1µM Cr6+ + 10µM Co2+ 51.88±3.24* 65.20±1.27 

 

Table 3.1 Cell viability of U937 cells following 24 and 48 hours exposure to 

varying concentrations of Cr6+ and Co2+

Exposure 

 ions, as measured by MTT assay.  

Results are expressed as % Control (± SEM, n≥6) where 100% indic ates unexposed 

control values; * indicates significant difference from both individual concentrations, 

P<0.05, by 2-sample t-test.   

24h 48h 

0.1µM Cr6+ 91.96±2.29 88.18±1.65 

1µM Cr6+ 74.16±2.75 69.45±5.21 

1µM Co2+ 82.70±3.89 81.82±4.20 

10µM Co2+ 75.29±5.93 70.40±4.30 

0.1µM Cr6+ + 1µM Co2+ 85.19±0.71 97.08±1.86 

0.1µM Cr6+ + 10µM Co2+ 90.74±1.08 83.48±1.73 

1µM Cr6+ + 1µM Co2+ 82.30±2.49 75.15±1.59 

1µM Cr6+ + 10µM Co2+ 46.91±1.46* 63.01±1.23 

 

Table 3.2 Cell viability of U937 cells following 24 and 48 hours exposure to 

varying concentrations of Cr6+ and Co2+ ions, as measured by NR assay.  Results 

are expressed as % Control (± SEM, n≥6) where 100% indicates unexposed control 

values; * indicates significant difference from both individual concentrations, 

P<0.05, by 2-sample t-test.   
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3.4.2 Effects of metal ions on cellular morphology 

Figure 3.3 and Table 3.3 show the effects of metal ion exposure on cellular 

morphology following staining with AO and PI.  As can been seen from Figure 3.3A 

control cells were mainly circular and fluoresced green indicating that they were  

generally healthy following 48 hours culture.  There was a scattering of apoptotic 

cells which had a damaged membrane (indicated by the red colour) and a shrunken 

morphology.  In contrast, exposure to 1 µM Cr6+ led to fewer cells, also there was 

only a limited number of cells that displayed healthy characteristics (Figure 3.3B).  

The majority of cells appeared apoptotic; there was clear cell blebbing, shrinkage and 

loss of membrane integrity.  As displayed in Figure 3.3C there was still a large 

number of healthy cells following exposure to 10 µM Co2+ for 48 hours, this is also 

reflected in Table 3.3.  There were a number of cells which displayed apoptotic 

characteristics.  However, there were also a number of cells which appeared to be 

necrotic; these cells were larger (likely to be due to cell swelling) and seemed to be 

leaking cytoplasmic detail.  These cell also displayed red fluorescence within the 

nuclei, which showed that PI had entered the nucleus as the cell membrane had been 

compromised.  The effects of exposing U937 cells to both ions simultaneously are 

displayed in Figures 3.3(D,E,F) and Table. 3.3.   The addition of 1 µM Co2+ to 1 µM 

Cr6+ did not appear to provide any additive effects.  Figure 3.3D shows a number of 

shrunken cells displaying apoptotic characteristics, similar to figure 3.3B.  Although 

there appeared to be fewer cells in culture following exposure to 0.1 µM Cr6+ + 10 

µM Co2+,  the cells are generally healthy with a similar percentage displaying 

apoptotic and necrotic characteristic as seen following 10 µM Co2+  exposure alone 

(Figures 3.3C and 3.3E, Table 3.3).  Exposing U937 cells to 1 µM Cr6+ and 10 µM 

Co2+ simultaneously, led to cells presenting primarily as apoptotic (Figures 3.3F).  

The morphology of most of the cells was very similar to cells which had been 

exposed to 1 µM Cr6+ only, although there were even fewer viable cells. 

 

 



63 
 

A B 

C  D 

E  F 

Figure 3.3 Confocal Laser Scanning Microscope Images of U937 cells stained 

with Acridine Orange and Propidium Iodide following 48 hours exposure to 

Cr6+ or Co2+ ions.  (A) Control, (B) 1 µM Cr6+, (C) 10µM Co2+,  (D) 1 µM Cr6+ + 1 

µM Co2+,  (E) 0.1 µM Cr6+ + 10 µM Co2+, (F) 1 µM Cr6+ + 10 µM Co2+

 

.       Acridine 

orange stained green and indicates live cells, propidium iodide stained nuclei red, 

indicating damaged cells. ‘CB’ indicates cell blebbing, ‘L’ indicates leaking 

cytoplasmic detail, ‘S’ indicates shrunken morphology, ‘UV’ indicates unviable cell.  
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Total 

Cells 

No. of 

Apoptotic 

% 

Apoptotic 

No. of 

Necrotic 

% 

Necrotic 

Control  227 7 3.08 3 1.32 

1µM Cr6+  87 50 57.47 5 5.75 

10µM Co2+  180 25 13.89 12 6.67 

1µM Cr6+ + 1µM Co2+  76 14 18.42 5 6.58 

0.1µM Cr6+ + 10µM Co2+  146 30 20.54 19 13.01 

1µM Cr6+ + 10µM Co2+  39 24 61.54 5 12.82 

 

Table 3.3 Number of U937 cells displaying apoptotic and necrotic morphology 

following 48 hours exposure to varying concentrations of Cr6+ and Co2+

 

 ions, as 

recorded by Confocal Laser Scanning Microscopy following staining with 

Acridine Orange and Propidium Iodide.  Results are data recorded from 5 

independent images from each sample. 

 

3.4.3 Effect of metal ions on the cell cycle 

Exposure to 1μM Cr6+ for 24 hours resulted in a significant increase in the 

percentage of U937 cells at S phase of the cell cycle (Figure 3.4 and Table 3.4).  

There was also a significant decrease in the percentage of cells at G0/G1 phase of the 

cell cycle.  However, following 48 hours exposure at this concentration there was a 

significant increase in the percentage of apoptotic cells and those in G2/M phase, this 

coincided with a decrease in the percentage of cells at the other phases of the cell 

cycle.  Table 3.4 also indicates that exposure to 10 μM Cr6+ led to an increased 

percentage of cells becoming apoptotic.  
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Exposure to 0.1 or 1 μM Co2+ led to no significant changes in the percentage of cells 

at various phases of the cell cycle.  However, exposure to 10μM Co2+ led to a small 

but significant increase in the percentage of cells at S phase of cell cycle, this 

corresponded with a decrease at G0/G1 at 24 hours (Figure 3.5 and Table 3.4). 

 

 

Figure 3.4 Percentage of U937 cells at various stages of the cell cycle 24 and 48 

hour of exposure to Cr6+

 

. 
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Figure 3.5 Percentage of U937 cells at various stages of the cell cycle 24 and 48 

hour of exposure to Co2+

 

. 
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 24h  48h 

 G0/G1 S G2/M Apop  G0/G1 S G2/M Apop 

Control 
51.07 

±0.07 

21.80 

±0.61 

22.97 

±0.09 

2.44 

±0.01 
 

52.87 

±0.57 

28.93 

±0.47 

16.23 

±0.67 

1.83 

±0.03 

0.1µM Cr6+ 
50.13 

±0.09 

22.03 

±0.03 

24.40 

±0.21 

2.44 

±0.03 
 

53.97 

±0.43 

25.73 

±0.37 

16.40 

±0.80 

3.33 

±0.31 

1µM Cr6+ 
38.80 

±0.40* 

30.80 

±3.43* 

22.97 

±0.58 

2.82 

±0.04 
 

44.47 

±0.37* 

22.83 

±1.07* 

21.07 

±1.53* 

11.87 

±2.02* 

10µM Cr6+ 
48.37 

±0.58* 

13.83 

±1.36* 

17.67 

±0.82* 

18.60 

±0.32* 
 

46.37 

±1.33* 

18.13 

±0.33 

10.23 

±0.07* 

18.13 

±0.33* 

0.1µM Co2+ 
50.70 

±0.10 

25.50 

±0.20 

21.40 

±0.30 

2.35 

±0.18 
 

52.63 

±0.08 

29.23 

±0.04 

15.90 

±0.61 

1.72 

±0.07 

1µM Co2+ 
50.87 

±0.27 

22.87 

±0.32 

23.67 

±0.33 

2.41 

±0.03 
 

54.27 

±0.57 

28.07 

±0.65 

15.43 

±0.29 

1.80 

±0.08 

10µM Co2+ 
48.47 

±0.23* 

25.93 

±0.03* 

22.13 

±0.33 

2.73 

±0.12 
 

54.30 

±0.30 

28.15 

±0.75 

15.45 

±0.65 

2.08 

±0.09 

 

Table 3.4 Percentage (±S.E.M) of U937 cells  in various stages of cell cycle 

following exposure to various concentrations of Cr6+ and Co2+

 

 ions for 24 and 48 

hours.  n=3; * indicates significant difference from control values, P<0.05, by one-

way ANOVA followed by Dunnett’s multiple comparison test.   

 

3.4.4 Effect of metal ion exposure on cellular apoptosis/necrosis 

Figures 3.6, 3.7A and 3.7B show that exposure of U937 cells to 1 and 10 μM Cr6+ 

led to significant apoptosis.  10μM Co2+ also appeared to induce cellular apoptosis, 

however, the extent of this was less than that with chromium exposure.  1μM Co2+ 

also increased the level of apoptosis but this increase was not significant.  Further to 

this, the data presented in Figure 3.7B also indicates that 1 and 10 μM Cr6+ led to a 

greater level of apoptosis than the equivalent Co2+ concentrations. 
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It can be seen from Figure 3.6 and 3.8A that metal ion exposure led to an increase of 

necrotic cells at 24 hours, however, at this time point the increase was small.  At 48 

hours both Cr6+ and Co2+ exposure led to significant increases in the percentage of 

necrotic cells at concentrations of 1 and 10 μM (Figures 3.6 and 3.8B).  Comparing 

Figures 3.7B and 3.8B, it is apparent that Cr6+ exposure caused cells to become 

predominantly apoptotic whereas Co2+ exposure induced similar levels of apoptosis 

and necrosis following 48 hours of exposure. 

 

 

Figure 3.6 U937 cells stained with Annexin V and 7-AAD following exposure to 

10 µM Cr6+ and 10 µM Co2+ for 24 and 48 hours.  Viable cells were Annexin V- 

and 7-AAD-. Cells in early stages of apoptosis were Annexin V+ but 7-AAD-, 

whereas cells in late stages of apoptosis were both Annexin V+ and 7-AAD+.  Cells 

that were only 7-AAD+

 

 were necrotic. 
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Figure 3.7 Total apoptosis in U937 cells following (A) 24 hour or (B) 48 hours of 

exposure to Cr6+ and Co2+. Results are mean (± SEM, n=3) percentage of cells 

expressing Annexin V; * indicates significant difference from control values, P<0.05, 

by one-way ANOVA followed by Dunnett’s multiple comparison test, † indicates 

significant difference from Co2+

 

 values, P<0.05, by 2-sample t-test.   

   

 

 

Figure 3.8 Necrosis in U937 cells following (A) 24 or (B) 48 hours exposure to 

Cr6+ or Co2+. Results are mean (± SEM, n=3) percentage of cells permeable to 7-

AAD and not expressing Annexin V; * indicates significant difference from control 

values, P<0.05, by one-way ANOVA followed by Dunnett’s multiple comparison 

test, † indicates significant difference from Co2+ values, P<0.05, by 2-sample t-test.   
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3.5 Discussion 

There are numerous reports which have recorded excess levels of metal ions, in 

particular Cr and Co, in peripheral blood of MoM resurfacing patients.  A number of 

studies have shown that high levels of these metal ions have a cytotoxic effect of on 

a variety of cells, in vitro (Allen et al., 1997, Fleury et al., 2006, Petit et al., 2006).  

However, where previous studies have implemented higher concentrations of metal 

ions, the current study has only used exposure concentrations which have been 

recorded in peripheral blood of MoM resurfacing patients (De Smet et al., 2008).  

This chapter has demonstrated that exposing human U937 cells to Cr6+ and Co2+, at 

clinically recorded concentrations, resulted in a significant decrease in cell viability.  

These findings showed Cr6+ exposure, at a concentration of 0.1 µM and above, led to 

a significant reduction in cell viability.  Concentrations of 0.1 µM Cr6+ and above 

have been measured in MoM resurfacing patients (summarised in section 1.4.2).  

Although small, the decrease in viability of cells exposed to this concentration of 

chromium was significant.  It is clear that highers concentration of Cr6+ decreased 

cell viability even further.  In addition, the data indicated that this decrease was due 

to Cr6+ initiating apoptosis.  These results are consistent with past publications which 

have shown in vitro exposure to Cr6+ causes apoptosis in cells via numerous 

mechanisms (Granchi et al., 1998a, Blasiak and Kowalik, 2000, Huk et al., 2004).  

Cr6+ is a ROS promoting agent and within the cell is reduced to Cr3+.  During this 

process reactive intermediates are formed which also initiate apoptotic events 

(Vasant et al., 2001, Vasant et al., 2003).  Cr6+ exposure to fibroblasts, human 

PBMCs, lung epithelial cells and U937 cells has also been shown to result in caspase 

activation, mitochondrial instability and formation of DNA-Cr adducts (Ye et al., 

1999, Pritchard et al., 2000, Quievryn et al., 2003, Vasant et al., 2003, Hayashi et al., 

2004).   O’Brien and co-workers (2002b) reported that Cr6+ induced DNA damage in 

Saccharomyces cerevisiae can result in G2/M phase cell cycle arrest.  Additionally, it 

has also been shown that U937 cells exposed to 20 µM Cr6+ for 24 hr undergo G2/M 

phase cell cycle arrest (Hayashi et al., 2004).  It was reported that this arrest was due 

to ROS formation and mitochondrial damage and that the end result was apoptosis.  

Similarly, in the current study exposure to 1 µM Cr6+ produced an apparent S-phase 
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delay at 24 hr and G2/M phase delay at 48 hr.  At 24 hr it is possible that cells that 

contain damaged DNA are attempting DNA repair, however, prolonged exposure 

leads to excessive damage and cell cycle arrest at 48 hr leading to apoptosis 

(Pritchard et al., 2001, O'Brien et al., 2002a).  At the higher concentration of Cr6+, 

only a small effect on cell cycle was observed.  This indicates that at this 

concentration apoptosis may occur via the other mechanisms described above, e.g. 

ROS formation or mitochondrial damage, as well as DNA damage.    

 

Although data from the flow cytometric analysis of cell cycle also identified 

apoptotic cells, these values are lower than those measured following Annexin V 

staining.  As described in section 2.1.3.4, Annexin V binds to the membrane PS, 

which is translocated to the outer leaflet of the plasma membrane during the early 

stages of apoptosis.  On the other hand PI staining of fixed cells only identifies 

apoptotic cells through their lower DNA content.  Therefore, it is likely that the cells 

identified as apoptotic within the cell cycle analysis are in the latter stages of 

apoptosis, whereas Annexin V staining can identify apoptotic cells from an early 

stage through to cell death.  Hence, the author has primarily referenced results 

following Annexin V staining when describing the apoptotic effects of metal ions. 

 

Although Cr6+ mainly induces apoptosis there is also an increase in necrosis.  This 

increase is observed at 48 hours post exposure.  This is due to prolonged exposure to 

toxic concentrations and is secondary to apoptosis (Granchi et al., 1998a, Huk et al., 

2004). 

 

Cobalt is also toxic to U937 cells, however, cytotoxic effects were only observed 

flowing exposure to 1 and 10 μM Co2+.  Whilst there is some evidence of cell cycle 

delay at S-phase, the present data primarily indicated that the loss of cell viability 

following exposure Co2+ is due to small increases in apoptosis at 24 hours followed 

by necrotic cell death following prolonged exposure.  These results are in 

concordance with previous studies indicating that the mode of cytotoxicity is time 

dependent as well as concentration dependent (Granchi et al., 1998a, Huk et al., 

2004, Catelas et al., 2005).  As with Cr6+, the exact mechanism of Co2+ toxicity has 
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not been elucidated.  Existing data have demonstrated that Co2+ exposure in vitro can 

lead to excessive ROS formation as well as an inhibition of intracellular anti-

oxidation enzymes.  At present it is unknown whether Co2+ exposure can lead to 

DNA damage, however, several studies have shown that it can lead to inhibition of 

DNA repair (Kawanishi et al., 2002).  This may be the cause for the small increase in 

the proportion of cells at S-phase of the cell cycle following 24 hour exposure to 10 

μM Co2+. 

 

Interestingly, the current study demonstrated that Co2+ is less potent than Cr6+.  

However, many previous publications have stated that cobalt ions are more toxic 

than chromium ions, in vitro (Catelas et al., 2005, Fleury et al., 2006, Kwon et al., 

2009a).  However, these researchers have primarily used the trivalent form of 

chromium rather than the hexavalent form, as it is more stable but less toxic 

(Schaffer et al., 1999, Blasiak and Kowalik, 2000).  As described in Chapter 1, only 

the hexavalent form can enter a cell, once inside it is reduced to the trivalent form 

(Schaffer et al., 1999).  At the present time it is unclear what valency of chromium 

ion is released from implants.  However, following measurements of chromium 

within erythrocytes of MoM arthroplasty patients it is believed that chromium ions 

are released as the hexavelent form before entering cells and being reduced to the 

trivalent form (Merritt and Brown, 1995).  Co2+ is not reduced within the cell unlike 

the Cr6+ ions which produce reactive intermediates.  Therefore, the current author 

postulates that Cr6+ ions may be more potent than Co2+ because they are reduced 

within the cell and each of the ion intermediates formed exert further intracellular 

damage (see Figure 1.5). 

 

In addition, the present study also investigated the possible synergistic effects of Co 

and Cr in inducing cytotoxicity.  While it has been suggested that there may be 

synergistic toxicity between cobalt and chromium ions (Hart et al., 2006), to the 

current author’s knowledge there have been no previous data describing this.  There 

are, however, reports of synergistic toxic effects of other transition metal ions to 

other cell systems (Roesems et al., 2000, Merolla and Richards, 2005, Poyner et al., 

1993).  The data presented here suggests there may be a little synergy between cobalt 
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and chromium.  Exposure to 1 μM Cr6+ and 10 μM Co2+ together for 24 hours 

showed a greater effect on cell viability than both of the individual exposures.  This 

would appear to be more of an additive effect rather than any synergy. No other 

exposure conditions led to any synergistic effects.  It is possible that these two ions 

can have synergistic effect since Cr6+ can cause DNA damage and Co2+ inhibits 

DNA repair.  Due to the extreme cytotoxic nature of these ions, especially Cr6+, it 

may be difficult to identify any synergy at high concentrations or at the longer 

durations of exposure. 

 

In summary, the author has found that Cr6+ and Co2+ are toxic to a human leukemic 

monocytic cell line, U937, in vitro.  It appears that Cr6+ is more toxic than Co2+.  

These ions show a cytotoxic effect at concentrations measured in the peripheral 

blood of patients who have undergone MoM hip resurfacing.  At these 

concentrations, metal ions can induce cellular apoptosis as well as necrosis following 

longer exposure periods.  It is important to mention that these concentrations are ten 

fold lower than those recorded around the hip following MoM hip resurfacing (De 

Smet et al., 2008).  Further to this, these ions may exhibit synergetic toxic effects 

when released in combination.  Therefore, adverse effects following MoM hip 

resurfacing may be partly due to the cytotoxic effects of metal ions released.     
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4. Effects of chromium and cobalt on human 

lymphocytes in vitro 

4.1 Introduction 

As mentioned in chapter 1, high levels of metal ions measured in MOM resurfacing 

patients has led to concerns about the long term effects of metal ion exposure, 

particularly the immunological effects specific to MoM arthroplasty (Macpherson 

and Breusch, 2010).  It is postulated that this immunologically mediated reaction is a 

result of high levels of metal ions and/or metallic wear debris which leads to local 

toxicity or delayed type IV hypersensitivity (Willert et al., 2005, Counsell et al., 

2008, Pandit et al., 2008, Kwon et al., 2009a).  The current evidence suggests that the 

adverse effects are an adaptive immune response to metal debris and/or ions in which 

T-lymphocytes are a central component.   

 

 As mentioned in section 1.4.3.1, T-lymphocytes are normally in a resting state and 

require activation in order to proliferate and initiate a response.  It has been 

suggested that metal ions released following MoM hip arthroplasty may be toxic to 

T-lymphocytes thus altering their functionality (Hart et al., 2006).  Previous in vitro 

studies have shown that metal ion exposure can lead to toxic and immunomodulatory 

effects, as described in section 1.4.3.5.   It was shown by Vasant et al. (2003) that 

exposure of T-lymphocytes to Cr6+ in vitro can lead to apoptosis.  It was further 

shown that inhibition of the end effector caspase, caspase-3, could reverse the Cr6+ 

induced apoptosis.  In vitro data has also demonstrated that Cr or Co ion exposure 

can lead to an inhibition of T-lymphocyte activation (Bravo et al., 1990) and 

proliferation  (Wang et al., 1996a).  Wang et al. (1996a) also reported that the lower 

proliferative response following metal ion exposure was reversible following IL-2 

supplementation in the culture medium.  In addition, there are numerous reports that 

show that the production of cytokines, that are essential in T-lymphocytes responses 

(i.e. IL-2, IFN-γ and TNFα), are modulated following metal ion exposure (Wang et 

al., 1996b, Granchi et al., 1998b, Gavin et al., 2007).  Further to this, it has also been 

suggested these cytokines may have a key role in the osteolytic processes following 
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metal ion exposure (Hallab et al., 2008).  Although many studies have focussed on 

the role of T-lymphocyte stimulatory signals following metal ion exposure, there has 

been a recent advance in the understanding of the role that inhibitory signal from 

proteins such as CTLA-4 and PD-1 in the regulation of T-lymphocyte responses.   

These two proteins, which are expressed on the surface of T-lymphocytes, negatively 

regulate the T-lymphocyte responses (Blank and Mackensen, 2007).  These proteins 

lead to a reduction in IL-2 and IFN-γ production, reduce T-lymphocyte proliferation 

and initiate apoptosis all which are key phases in termination of normal T-

lymphocyte responses (McCoy and Le Gros, 1999, Freeman et al., 2000).  It is 

possible that metal ion exposure may lead to the increased expression of these 

proteins, thus inhibiting T-lymphocyte responses.  The above data suggests that 

metal ions that are released from hip implants could lead to toxicity before T-

lymphocytes are activated or inhibit the activation and proliferation processes as well 

as affecting the functionality of these cells following activation.  Therefore, it is 

important to identify the processes which may be affected following metal ion 

exposure.   

 

 

4.2 Aims 

The presence of lymphocytes in the various clinical and histological manifestations 

of the adverse effects following MoM hip arthroplasty suggests that the 

immunotoxicity of Cr6+ and Co2+ released from MoM implants may be mediated via 

or involve lymphocytes, especially T-lymphocytes.  Therefore, the aim of this study 

was to investigate the effects of clinically recorded concentrations of Cr and Co ions 

on human peripheral blood lymphocytes.  In addition, some preliminary 

investigations were undertaken to identify the presence of any synergistic toxic 

effects when the ions are combined.  This chapter aims to identify the effects of Cr 

and Co ions on key T-lymphocyte parameters such as; viability, activation, 

proliferation and cytokine release. 
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4.3 Methods 

4.3.1 Lymphocyte activation protocol 

In order to fully assess the effect of metal ion exposure on primary human 

lymphocytes it was necessary to expose them in a resting and activated state.  A 

protocol was therefore devised to initiate T-lymphocyte activation.  Lymphocytes 

(isolated as described in section 2.1.1.2) were cultured (0.1 x 106 cells/well) in 96-

well round-bottom plates (100 µl/well) in complete RPMI-1640 that was 

supplemented with varying concentrations of soluble anti-CD3 (clone HIT3a; 

eBioscience; Hatfield, UK) for 24 and 48 hour at 37°C under 5% CO2/air.  Soluble 

anti-CD3 was used to crosslink with the TCR complex to initiate an intracellular 

biochemical pathway resulting in cellular activation   The following concentrations 

of soluble anti-CD3 were used to produce a dose-response curve; 1, 10 and, 100 

ng/ml.  At each-point MTT and NR assays were carried out as described in sections 

2.1.3.1 and 2.1.3.2, respectively. 

 

As indicated by Figure 4.1, both 10 and 100 ng/ml anti-CD3 induce positive effects 

on lymphocytes following 24 and 48 hours exposure.  Although neither of these 

assays directly measures cell activation or proliferation, they do indicate an increase 

in the number of viable cells (NR) as well as greater cell respiration (MTT).  It was 

decided that 100 ng/ml anti-CD3 would be sufficient to activate T-lymphocytes, in 

vitro.  In the current study soluble anti-CD3 was primarily used to activate T-

lymphocytes, however, in some investigations soluble anti-CD28 (clone CD28.2; 0.1 

µg/ml; eBioscience; Hatfield, UK) was introduced in addition with soluble anti-CD3 

to provide co-stimulatory signals to the lymphocytes in vitro.  The primary aim of 

this was to identify whether co-stimulation would enable recovery of any inhibitory 

effects of metal ion exposure on T-lymphocyte activation or proliferation.  
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Figure 4.1 Cell viability of primary human lymphocytes following 24 or 48 

hours exposure to varying concentrations of soluble anti-CD3, as measured by 

MTT (A) and NR (B) assays.  100% indicates unexposed control cells; results are 

means ± SEM, n=8; * indicates significant difference from control values, P<0.05, 

by one-way ANOVA followed by Dunnett’s multiple comparison test.   

 

 

4.3.2 Exposure of lymphocytes to metal ions 

Isolated peripheral human lymphocytes (prepared as described in section 2.1.1.2) 

were exposed to Cr6+ and Co2+ in resting and activated states. For the analyses using 

resting lymphocytes, the lymphocytes were cultured (0.1 x 106 cells/well) in 96-well 

round-bottom plates (100 µl/well) with 0.1, 1, 10 and 100 µM of Cr6+ or Co2+ in 

complete RPMI-1640 for 24 and 48 hr at 37°C under 5% CO2/air.  For analyses 

using anti-CD3-activated cells, lymphocytes were cultured (0.1 x 106 cells/well) in 

96-well round-bottom plates (100 µl/well), and incubated with 0.1, 1, 10, or 100 µM 

of Cr6+ or Co2+ for 24 and 48 hr in complete RPMI-1640 that was supplemented with 

soluble anti-CD3 (± soluble anti-CD28) at 37oC under 5% CO2/air.  

 

In addition, both resting and anti-CD3 activated lymphocytes were treated in the 

same manner with the following combinations of Cr6+ or Co2+ ions; 1µM Cr6+  + 

1µM Co2+, 1µM Cr6+ + 10µM Co2+, 10µM Cr6+ + 1µM Co2+ and, 10µM Cr6+ + 

10µM Co2+. 
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4.3.3 Caspase inhibition 

To evaluate any potential role that caspase(s) might have in any observed effects of 

Cr6+ or Co2+ on the lymphocytes, both resting and anti-CD3 activated lymphocytes 

were pre-treated with 50 µM of the global caspase inhibitor Z-Asp (OCH3)-Glu 

(OCH3)-Val-Asp (OCH3)-FMK (Z-DEVD-FMK) (R&D Systems, Abingdon, UK) 

for 24 hr (Vasant et al., 2003) prior to their exposure to Cr6+ or Co2+ as described 

above. 

 

4.3.4 Recombinant IL-2 supplementation 

To evaluate the potential role of IL-2 treatment in recovering from any adverse 

effects of Cr6+ or Co2+ on cell proliferation, lymphocytes were cultured in complete 

media supplemented with soluble anti-CD3 ± 50U/ml recombinant human IL-2 

during their exposure to Cr6+ or Co2+ as described above. 

 

4.3.5 Analysis of the effects of metal ion exposure to primary human 

lymphocytes  

In order to assess the effects of metal ion exposure on lymphocytes the following 

methods were implemented at each end-point; 

• MTT and NR Assays were used to measure cell viability (sections 2.1.3.1 

and 2.1.3.2) of both resting and anti-CD3 activated lymphocytes following 24 

and 48 hour exposure  

• T-Lymphocyte activation was assessed following 24 hour exposure to metal 

ions.  This parameter was measured via flow cytometry following surface 

staining (section 2.1.3.6) with anti-human CD3-FITC (clone: OKT-3) which 

would phenotype T-lymphocytes, anti-human CD69-APC (clone FN50) a 

protein that is expressed on activated T-lymphocytes, Mouse IgG1ĸ Isotype-

APC and, Mouse IgG2aĸ  Isotype-FITC (all eBioscience; Hatfield UK) which 

both distinguish non-specific binding. 
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• Measurement of anti-CD3 (± anti-CD28) activated lymphocyte proliferation 

was determined following 48 hours metal ion exposure via BrDU assay 

(section 2.1.3.7)  

• Cytokine (IL-2, IFN-γ, TNF-α) release into culture medium from anti-CD3 

(± anti-CD28) activated lymphocytes, following 48 hour metal ion exposure, 

was measured via ELISA (section 2.1.3.8). 

• Alterations in cell cycle of anti-CD3 activated lymphocytes were determined 

by flow cytometry (section 2.1.3.3) at 24 and 48 hour post exposure  

• Level of cellular apoptosis and necrosis were investigated by flow 

cytometry following Annexin V and 7-AAD staining (section 2.1.3.4) of 

resting and anti-CD3 activated lymphocytes (±caspase inhibitor pre-

treatment) at 24 and 48 hour post exposure 

• Mitochondrial outer membrane permeability (MOMP), which is an 

indicator of the onset of apoptosis, was determined following 24 hour 

exposure of resting and anti-CD3 activated lymphocytes (±caspase inhibitor 

pre-treatment). Cells were stained using a DePsipher kit and imaged under a 

CLSM (section 2.1.3.9).   

• The effects of metal ion exposure on the expression of inhibitory surface 

receptors that negatively regulate T-lymphocte response was assessed via 

flow cytometry.  The expression of inhibitory T-lymphocyte regulators on 

anti-CD3 + anti-CD28 activated lymphocytes was assessed following 48 

hours of metal ions treatment.  Lymphocytes were stained with anti-human 

CD3-FITC (clone OKT3) which would phenotype T-lymphocytes, anti-

human PD-1APC (clone MIH4) and anti-human CTLA-4 PE (clone 14D3) 

which would identify the inhibitory surface proteins PD-1 and CTLA-4.   The 

following isotype controls were also used to distinguish non-specific binding; 

Mouse IgG2aĸ Isotype FITC,  Mouse IgG1ĸ Isotype APC and, Mouse IgG2a 

Isotype-PE, (all eBioscience, Hatfield, UK). 
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4.4 Results 

4.4.1 Effects of metal ions on cell viability 

The viability of resting and anti-CD3-activated lymphocytes following exposure to 

Cr6+ or Co2+ for 24 and 48 hours is shown Figures 4.2 and 4.3.  The results show that 

1, 10, and 100 µM Cr6+ caused a significant (p < 0.05) decrease in the viability of 

resting and anti-CD3-activated lymphocytes at both time points.  No effect on cell 

viability was observed following exposure to 0.1 µM Cr6+. Exposure of resting 

lymphocytes to Co2+ ions induced a significant decrease in cell viability only at a 

concentration of 100 µM; this effect was seen at 24 and 48 hr where cell viability 

was reduced to 85.10 (± 4.26) % and 85.28 (± 4.86) % (mean ± SEM, n = 18), 

respectively, as measured by NR assay (Figure 4.3).  However, viability of activated 

lymphocytes at 24 hr was decreased significantly after exposure to 10 and 100 µM 

Co2+ (Figures 4.2B and 4.3B), whereas at 48 hr it was reduced after exposure to all of 

the concentrations of Co2+, as measured by NR assay (Figure 4.3D).  These results 

also show that Cr6+ caused a greater decrease in cell viability than Co2+. 
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Figure 4.2 Cell viability of lymphocytes following 24 (upper) and 48 (lower) hr 

of exposure to varying concentrations of Cr6+ and Co2+ ions, as measured by 

MTT assay.  (A & C) Resting and (B & D) anti-CD3-activated lymphocytes.  A 

value of 100% indicates unexposed control cells; results are means ± SEM (n = 18). 

*Significantly different from control values (at p < 0.05) by one-way ANOVA 

followed by Dunnett’s multiple comparison test. †Significantly different from Co2+

 

 

values (at p < 0.05) by 2-sample t-test. 
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Figure 4.3 Cell viability of lymphocytes following 24 (upper) and 48 (lower) hr 

of exposure to varying concentrations of Cr6+ and Co2+ ions, as measured by NR 

assay.   (A & C) Resting and (B & D) anti-CD3-activated lymphocytes.  A value 

of 100% indicates unexposed control cells; results are means ± SEM (n = 18).  

*Significantly different from control values (at p < 0.05) by one-way ANOVA 

followed by Dunnett’s multiple comparison test.  †Significantly different from Co2+

 

 

values (at p < 0.05) by 2-sample t-test. 

Tables 4.1, 4.2, 4.3 and 4.4 shows the effect of exposing resting and anti-CD3 

activated lymphocytes to Cr6+ and Co2+ in combination on cell viability.  These data 

demonstrate that no combined exposure conditions show any significant difference in 

cell viability when compared with the respective individual effects.  This is the case 

for resting and anti-CD3 activated lymphocytes. 
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Exposure 24hr 48hr 

1µM Cr6+ 86.50±5.29 84.38±2.85 

10µM Cr6+ 53.60±4.45 37.53±2.91 

1µM Co2+ 105.57±5.09 97.89±5.18 

10µM Co2+ 107.73±5.53 98.93±5.89 

1µM Cr6+ + 1µM Co2+ 95.07±3.26 91.63±4.56 

1µM Cr6+ + 10µM Co2+ 96.03±2.50 89.72±4.19 

10µM Cr6+ + 1µM Co2+ 49.42±1.38 40.50±1.53 

10µM Cr6+ + 10µM Co2+ 45.53±1.90 31.87±2.26 

 

Table 4.1 Cell viability of resting lymphocytes following 24 and 48 hr exposure 

to varying concentrations of Cr6+ and Co2+

 

 ions, as measured by MTT assay.  

Results are expressed as % Control (± SEM, n≥ 18) where 100% indicates unexposed 

control values; no significant difference of combined ion exposure from both 

individual concentrations was found, P<0.05, by 2-sample t-test. 

Exposure 24hr 48hr 

1µM Cr6+ 85.28±4.00 78.08±3.20 

10µM Cr6+ 55.98±5.67 37.14±3.71 

1µM Co2+ 93.84±4.22 98.49±18.15 

10µM Co2+ 89.14±3.94 91.48±4.30 

1µM Cr6+ + 1µM Co2+ 77.86±1.96 77.00±1.91 

1µM Cr6+ + 10µM Co2+ 76.20±1.78 71.00±2.48 

10µM Cr6+ + 1µM Co2+ 53.84±1.40 30.04±2.64 

10µM Cr6+ + 10µM Co2+ 51.16±1.16 34.64±1.13 

 

Table 4.2 Cell viability of resting lymphocytes following 24 and 48 hr exposure 

to varying concentrations of Cr6+ and Co2+ ions, as measured by NR assay.  

Results are expressed as % Control (± SEM, n≥ 18) where 100% indicates unexposed 

control values; no significant difference of combined ion exposure from both 

individual concentrations was found, P<0.05, by 2-sample t-test.   
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Exposure 24hr 48hr 

1µM Cr6+ 90.63±3.54 83.52±10.99 
10µM Cr6+ 49.89±2.68 13.02±6.07 
1µM Co2+ 107.47±2.82 92.11±16.91 
10µM Co2+ 85.40±4.02 60.54±19.34 
1µM Cr6+ + 1µM Co2+ 81.96±1.48 75.05±2.20 
1µM Cr6+ + 10µM Co2+ 84.73±2.05 58.23±1.33 
10µM Cr6+ + 1µM Co2+ 40.06±0.65 9.46±1.66 
10µM Cr6+ + 10µM Co2+ 42.55±1.34 8.10±.099 
 

Table 4.3 Cell viability of anti-CD3 activated lymphocytes following 24 and 48 

hr exposure to varying concentrations of Cr6+ and Co2+

 

 ions, as measured by 

MTT assay.  Results are expressed as % Control (± SEM, n≥ 18) where 100% 

indicates unexposed control values; no significant difference of combined ion 

exposure from both individual concentrations was found, P<0.05, by 2-sample t-test.   

Exposure 24hr 48hr 

1µM Cr6+ 81.07±4.76 86.10±2.63 

10µM Cr6+ 45.09±1.96 21.17±2.74 

1µM Co2+ 90.63±4.01 86.40±2.20 

10µM Co2+ 75.304±4.05 51.47±2.00 

1µM Cr6+ + 1µM Co2+ 83.18±3.32 74.48±1.93 

1µM Cr6+ + 10µM Co2+ 71.73±1.53 52.61±1.64 

10µM Cr6+ + 1µM Co2+ 43.15±1.02 22.45±0.84 

10µM Cr6+ + 10µM Co2+ 43.03±2.99 22.11±1.11 

 

Table 4.4 Cell viability of anti-CD3 activated lymphocytes following 24 and 48 

hr exposure to varying concentrations of Cr6+ and Co2+ ions, as measured by 

NR assay.  (Results are expressed as % Control (± SEM, n≥ 18) where 100% 

indicates unexposed control values; no significant difference of combined ion 

exposure from both individual concentrations was found, P<0.05, by 2-sample t-test)   



86 
 

4.4.2 Effect of metal ions on T-lymphocyte activation 

The presence of 10 and 100 µM Cr6+ significantly inhibited anti-CD3 and anti-CD3 

+ anti-CD28 induced activation (Figure 4.4).  Exposure to these concentrations 

reduced the expression of CD69 on the surface of CD3+ lymphocytes to below 50% 

of control values.  

 

Figure 4.4 also shows that only exposure to 100 µM Co2+ significantly reduced 

Signal 1 and Signals 1 and 2 induced T-Lymphocyte activation. This concentration 

reduced surface expression of CD69 to 84.05 (± 7.19) % and 74.98 (± 11.93) % 

(n=3) of control values.  No other concentration of Co2+ significantly inhibited Signal 

1- or Signals 1 and 2-stimulated cell activation.  The results shown in Figure 4.4 

indicate that metal ion exposure has a similar effect on the early activation of Signal 

1- and Signals 1 and 2-activated lymphocytes.  No significant differences were 

observed between Signal 1- and Signals 1 and 2-activated lymphocytes when 

comparing the effects of metal ions on activation.  

 

  

 

Figure 4.4 T-lymphocyte activation following 24 hr exposure to Cr6+ or Co2+.   

(A) anti-CD3-activated and (B) anti-CD3 + anti-CD28 activated lymphocytes.  

Results are mean (± SEM; n = 3) proportion of CD3+ lymphocytes expressing CD69.  

A value of 100% indicates baseline CD69 expression in unexposed control cells.  

*Significantly different from control values (at p < 0.05) by one-way ANOVA 

followed by Dunnett’s multiple comparison test.  †Significantly different from Co2+ 

values (at p < 0.05) by 2-sample t-test. 
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4.4.3 Effects of metal ions on lymphocyte proliferation 

The presence of Cr6+ ions significantly reduced anti-CD3-induced proliferation at all 

concentrations (Figure 4.5).  This reduction was substantial in lymphocytes exposed 

to 10 and 100 µM Cr6+ where the proliferation was below 20% of control values. In 

the presence of both Signal 1 and 2 (anti-CD3 + anti-CD28) stimuli, a substantial and 

significant decrease in proliferation was observed at concentrations of 10 and 100 

µM Cr6+. 

 

Exposure to 100 µM Co2+ significantly reduced Signal 1- and Signals 1 and 2-

stimulated cell proliferation.  Signals 1 and 2-induced proliferation was also slightly 

but significantly reduced to 88.56 (± 3.87) % (n = 12) following exposure to 10 µM 

Co2+.  No other concentration of Co2+ significantly inhibited Signal 1stimulated cell 

proliferation, but that Signals 1 and 2 stimulated cell proliferation was slightly but 

significantly inhibited by 10 µM Co2+.  The results shown in Figure 4.5 indicate that 

metal ion exposure has a similar effect on proliferation of Signal 1- and Signals 1 and 

2-activated lymphocytes.  No significant differences were measured between Signal 

1- and Signals 1 and 2-activated lymphocytes when comparing the effects of metal 

ions on proliferation. 
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Figure 4.5 Lymphocyte proliferation following 48 hr exposure to varying 

concentrations of Cr6+ and Co2+ ions.  (A) anti-CD3-activated and (B) anti-CD3 + 

anti-CD28 activated lymphocytes.  A value of 100% indicates unexposed control 

cells; results are means ± SEM (n = 12).  *Significantly different from control values 

(at p < 0.05) by one-way ANOVA followed by Dunnett’s multiple comparison test.  
†Significantly different from Co2+

 

 values (at p < 0.05) by 2-sample t-test. 

4.4.4 Effects of metal ions on cytokine release 

As shown in Figure 4.6, metal ions significantly decreased IL-2 release from 

stimulated lymphocytes.  Both Cr6+ and Co2+ion exposure significantly inhibited IL-2 

production, even following exposure to the lowest concentrations of each.  Figure 4.6 

also indicates that in Signal 1 and 2-stimulated lymphocytes, production of IL-2 was 

more susceptible to inhibition by the metal ions than was Signal 1-stimulated 

production, when compared to the respective untreated control values. 

 

IFN-γ production by Signal 1- and Signals 1 and 2-stimulated lymphocytes was 

significantly inhibited following exposure to 10 and 100 µM Cr6+ (Figure 4.7).  

Exposure to 10 and 100 µM Co2+ also inhibited IFN-γ release by Signal 1- and 

Signals 1 and 2-stimulated lymphocytes.   

 

Exposure to 10 and 100 µM Cr6+ resulted in a significant decrease in TNFα 

production by Signal 1- and Signals 1 and 2-stimulated lymphocytes.  There was also 

a significant decrease in TNFα measured from of Signal 1-stimulated lymphocytes 
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exposed to 1 µM Cr6+.  Co2+ ions also inhibited TNFα release by Signal 1- and 

Signals 1 and 2-stimulated lymphocytes.  Significant inhibition was observed 

following exposure to 100 µM.  Co2+ exposure did not significantly inhibit TNFα 

release from Signal 1- or Signals 1 and 2-stimulated lymphocytes at concentrations 

of below 100 µM. 

 

 

 

 

Figure 4.6 IL-2 production from anti-CD3 ± anti-CD28 activated lymphocytes 

exposed to varying concentrations of Cr6+ and Co2+

 

 ions for 48 hr.  Results are 

means ± SEM (n = 3).  *Significantly different from control values (at p < 0.05) by 

one-way ANOVA followed by Dunnett’s multiple comparison test.  
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Figure 4.7 IFN-γ release from anti-CD3 ± anti-CD28 activated lymphocytes 

exposed to varying concentrations of Cr6+ and Co2+

 

 ions for 48 hr.  Results are 

means ± SEM (n = 3).  *Significantly different from control values (at p < 0.05) by 

one-way ANOVA followed by Dunnett’s multiple comparison test. 

 

 

 

Figure 4.8 TNFα release from anti-CD3 ± anti-CD28 activated lymphocytes 

exposed to varying concentrations of Cr6+ and Co2+

 

 ions for 48 hr.  Results are 

means ± SEM (n = 3).  *Significantly different from control values (at p < 0.05) by 

one-way ANOVA followed by Dunnett’s multiple comparison test. 
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4.4.5 Effects of metal ions on the cell cycle 

Exposure to 10 and 100 μM Cr6+ for 24 hours resulted in a significant increase 

(p<0.05) in the proportion of apoptotic anti-CD3 activated lymphocytes compared 

with unexposed control cells (Figure 4.10A).  This is accompanied by a significant 

decrease of cells at G0/G1 and G2/M-phases of the cell cycle.  Following 48 hours 

exposure to 10 and 100 μM Cr6+ there was also a significant increase in cells at S-

phase of the cell cycle (Figures 4.9 and 4.10C). 

 

Exposure to 0.1 or 1 μM Co2+ lead to no significant changes in the proportion of cells 

at various phases of the cell cycle (Figure 4.10B and 4.10D).  However, exposure to 

10μM Co2+ resulted in a significant decrease in G0/G1 phases of the cell cycle at 24 

hours.  There was a significant decrease in the proportion of anti-CD3 activated 

lymphocytes at cells at G0/G1 and G2/M-phases of the cell cycle following exposure 

to 100 μM Co2+ (Figures 4.9, 410B and 4.10D).  This coincided with a significant 

increases in the proportion of cells measured as being apoptotic. 

 

 

 

Figure 4.9 Percentage of anti-CD3 activated lymphocytes at various stages of 

the cell cycle following 48 hour of exposure to 100 µM Cr6+ or Co2+

 

. 
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Figure 4.10 Anti-CD3-activated lymphocytes at different stages of cell cycle 

following 24 (upper) and 48 (lower) hr of exposure to Cr6+ (A&C) and Co2+

 

 

(B&D).  Results are mean (± SEM; n = 3) proportion of lymphocytes at different 

phases of cell cycle. A value of 100% indicates values of unexposed control cells. 

*Significantly different from control values (at p < 0.05) by one-way ANOVA 

followed by Dunnett’s multiple comparison test. 

 

4.4.6 Flow cytometric analysis of apoptosis following metal ion 

exposure 

Since it was demonstrated that Cr6+ and Co2+ exposure leads to a decrease in cell 

viability and proliferation of anti-CD3 activated lymphocytes, the cell cycle of these 

cells was analysed following ion exposure to identify a possible mechanism.  

Exposure of resting lymphocytes to Cr6+ led to a significant increase of total 
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apoptosis (early plus late) at 10 and 100 µM (Figures 4.11 and 4.12).  Resting 

lymphocytes exposed to 100 µM Co2+ show a significant increase in apoptosis at 24 

and 48 hr.  Co2+ concentrations that were < 100 µM did not cause an increase in 

apoptosis compared to control values.  In addition, anti-CD3 activated lymphocytes 

exposed to 10 or 100 µM Cr6+ for 24 and 48 hr underwent significantly more 

apoptosis than respective unexposed control cells (Figure 4.11, 4.12B and 4.12D).  

Treatment of anti-CD3 activated lymphocytes with 100 µM Co2+ led to an increase 

of apoptosis to 145.42 (± 18.45) % at 24 hr and 143.57 (± 7.08) % at 48 hr.  As with 

resting lymphocytes, exposure to lower concentrations of Co2+ ions did not lead to 

any significant increase in the proportion of apoptotic cells. Furthermore, the extent 

of necrotic cell death was small, even at the highest test concentration (as shown in 

top left quadrants of Figure 4.11).  Figure 4.12 also illustrates Cr6+ exposure led to 

increased levels of apoptosis (compared to those due to Co2+) in both resting and 

anti-CD3 activated lymphocytes. 
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Figure 4.11 Resting and anti-CD3 activated lymphocytes stained with Annexin 

V and 7-AAD following exposure to 100 µM Cr6+ and 100 µM Co2+ for 24 hr.  

Viable cells were Annexin V- and 7-AAD-.  Cells in early stages of apoptosis were 

Annexin V+ but 7-AAD-, whereas cells in late stages of apoptosis were both Annexin 

V+ and 7-AAD+

 

. 
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Figure 4.12. Total apoptosis in lymphocytes following 24 (upper) and 48 (lower) 

hr of exposure to Cr6+ and Co2+.  (A & C) Resting and (B & D) anti-CD3-activated 

lymphocytes.  Results are mean (± SEM; n = 6) proportion of lymphocytes 

expressing Annexin V.  A value of 100% indicates baseline apoptosis in unexposed 

control cells. *Significantly different from control values (at p < 0.05) by one-way 

ANOVA followed by Dunnett’s multiple comparison test.  †Significantly different 

from Co2+

 

 values (at p < 0.05) by 2-sample t-test. 

4.4.7 Caspase-3 inhibition of lymphocytes 

4.4.7.1 Effect of caspase inhibition on metal ion induced apoptosis 

Figures 4.13 indicates that caspase inhibition did not reduce the level of apoptosis 

following 24 hour of exposure to 10 and 100 µM of Cr6+ or Co2+. Following 

treatment of resting or anti-CD3 activated lymphocytes with the caspase-3 inhibitor 
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Z.Devd.FMK, there was no significant difference in the level of metal ion-induced 

apoptosis when compared with cells that were not treated. 

 

 

 

 

 

Figure 4.13 Total apoptosis in lymphocytes exposed to Cr6+ or Co2+ treated with 

or without a caspase-3 inhibitor.  Resting (upper) and anti-CD3-activated (lower) 

lymphocytes.  Lymphocytes were pre-treated for 24 hr with/without caspase-3 

inhibitor [50µM Z.Devd.FMK] and then exposed to Cr6+ (A & C) or Co2+ (B&D) in 

the presence or absence of the caspase-3 inhibitor.  Apoptosis was measured via flow 

cytometry following Annexin V and 7-AAD staining.  Total apoptosis was defined as 

the cells which were Annexin V+

 

 irrespective of 7-AAD status.  Results are mean (± 

SEM; n ≥ 3) proportion of lymphocytes expressing Annexin V. A value of 100% 

indicates baseline apoptosis in unexposed control cells not pre-treated with the 

inhibitor. 
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4.4.7.2 Effects of metal ions on mitochondrial outer membrane permeability  

Figure 4.14 and 4.15 show lymphocytes stained with DePsipher reagent.  Cells are 

able to uptake this reagent which aggregates in healthy mitochondria within the cell 

to form a red fluorescent compound.  However, in apoptotic cells, where MOMP is 

disrupted, the DePsipher reagent remains in its monomeric form within the 

cytoplasm and fluoresces green. 

 

Images from Figure 4.14 indicate that exposure of 10 and 100 µM Cr6+ to resting 

lymphocytes caused a disruption of MOMP.  This is indicated by the decrease in the 

number of cells which displayed healthy mitochondria.  These images also show that 

pre-treatment of lymphocytes with caspase-3 inhibitor does not lead to any beneficial 

effect; this is also indicated from the results in Table 4.4.  There appears to be similar 

levels of healthy mitochondria in control lymphocytes and those exposed to 10 µM 

Co2+.  However, exposure of 100 µM Co2+ results in a reduced number of cells with 

healthy mitochondria.  Again, caspase-3 inhibitor treatment does not appear to have 

any effect on mitochondrial health following metal ion exposure. 
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 Fluorescein Rhodamine 

Control 

  

Cr6+ 10 µM 

  

Cr6+ 10 µM 
+ 

Caspase-3 
Inhibitor 

  

Cr6+ 100 µM 

  

Cr6+ 100 µM 
+ 

Caspase-3 
Inhibitor 
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Co2+ 10 µM 

  

Co2+ 10 µM 
+ 

Caspase-3 
Inhibitor 

  

Co2+ 100 µM 

  

Co2+ 100 µM 
+ 

Caspase-3 
Inhibitor 

  
 

Figure 4.14 Confocal laser scanning microscope images of resting human 

lymphocytes (± caspase-3 inhibitor pre-treatment) exposed to Cr6+ and Co2+

 

 for 

24 hours and then incubated with DePsipher reagent.   The fluorescein filter 

imaged cells which uptake the reagent and fluoresce green.  The rhodamine filter 

allowed imaging of the multimeric form of the dye within healthy mitochondria 

(red). 
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 % Healthy Mitochondria 
 - Inhibitor + Inhibitor 

Control 89.7 - 
   

Cr6+ 10 µM 21.4 18.2 
Cr6+ 100 µM 22.9 24.1 

   
Co2+ 100 µM 76.3 81.7 
Co2+ 100 µM 34.7 38.9 

 

Table 4.5 Percentage of resting human lymphocytes (± caspase-3 inhibitor pre-

treatment) with healthy mitochondria following exposure to Cr6+ and Co2+ for 

24 hours, as imaged by Confocal Laser Scanning Microscopy following 

incubation with DePsipher reagent.  Results are data recorded from 5 independent 

images from each exposure concentration.  Typically an area of 0.73 mm2

 

 was 

examined. 

Figure 4.15 and Table 4.6 indicate that exposure of 10 and 100 µM Cr6+ to anti-CD3 

activated lymphocytes led to mitochondrial damage.  In the anti-CD3 activated cells 

exposure of 10 and 100 µM Co2+ also results in a reduced number of cells which 

have healthy mitochondria; a greater effect being observed following 100 µM 

exposure.  It is also evident that pre-treatment of anti-CD3 activated lymphocytes 

with caspase-3 inhibitor does not alter the effect of either metal ion exposure.   
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Cr6+ 10 µM 

  

Cr6+ 10 µM 
 +  

Caspase-3  
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Cr6+ 100 µM 

  

Cr6+ 100 µM 
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 Caspase-3 
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Co2+ 10 µM 

  

Co2+ 10 µM 
 +  

Caspase-3  
Inhibitor 

  

Co2+ 100 µM 

  

Co2+ 100 µM 
+ 

Caspase-3 
Inhibitor 

  
 
 

Figure 4.15 Confocal laser scanning microscope images of anti-CD3 activated 

human lymphocytes (± caspase-3 inhibitor pre-treatment) exposed to Cr6+ and 

Co2+ for 24 hours and then incubated with DePsipher reagent.   The fluorescein 

filter imaged cells which uptake the reagent and fluoresce green.  The rhodamine 

filter allowed imaging of the multimeric form of the dye within healthy mitochondria 

(red). 
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 % Healthy Mitochondria 
 - Inhibitor + Inhibitor 

Control 86.2 - 
   

Cr6+ 10 µM 18.3 15.1 
Cr6+ 100 µM 21.5 26.6 

   
Co2+ 10 µM 52.1 60.4 
Co2+ 100 µM 34.6 41.5 

 

Table 4.6 Percentage of anti-CD3 activated human lymphocytes (± caspase-3 

inhibitor pre-treatment) with healthy mitochondria following exposure to Cr6+ 

and Co2+ for 24 hours, as imaged by Confocal Laser Scanning Microscopy 

following incubation with DePsipher reagent.  Results are data recorded from 5 

independent images from each exposure concentration.  Typically an area of 0.73 

mm2

 

 was examined. 

4.4.7.3 Effects of metal ions on lymphocyte proliferation following caspase-3 

inhibitor pre-treatment 

Caspase-3 inhibitor pre-treatment of anti-CD3 activated lymphocytes had no 

significant effects on the proliferation of metal ion exposed cells (Figure 4.16).  This 

was the case for both Cr6+ and Co2+. 

 

 

 

 

 



104 
 

 
 

 

Figure 4.16 Proliferation of anti-CD3-activated lymphocytes following 48 hr 

exposure to varying concentrations of Cr6+ and Co2+

 

 ions with or without 

caspase-3 inhibitor treatment.  Cells were pre-treated for 24 hr with/without 

caspase-3 inhibitor [50µM Z.Devd.FMK] and then exposed to metal ions in the 

presence or absence of the caspase-2 inhibitor. A value of 100% indicates unexposed 

control cells; results are means ± SEM (n = 3). 

 

4.4.8 IL-2 supplementation of metal ion exposed lymphocytes 

Figure 4.17 indicates that supplementing culture media with IL-2 did not lead to any 

significant alteration in anti-CD3 activated lymphocyte proliferation following metal 

ion exposure at concentrations that had previously inhibited proliferation (10 and 100 

µM). 
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Figure 4.17 Proliferation of anti-CD3-activated lymphocytes (± 50U/ml IL-2) 

following 48 hr exposure to varying concentrations of Cr6+ and Co2+

 

 ions.  A 

value of 100% indicates unexposed anti-CD3 activated cells; results are means ± 

SEM (n = 3). 

 

4.4.9 Effect of metal ion exposure on inhibitory receptors of T- 

lymphocytes 

Following exposure to 10 and 100 µM Cr6+ for 48 hours, there was a significant 

decrease in the proportion of CD3+ cells expressing PD-1.  These concentrations of 

Cr6+ reduced surface expression of PD-1 to 29.25 (±5.68) % and 14.06 (±1.66) % of 

control values, respectively.  Exposure to 100 µM Co2+ for 48 hours also 

significantly reduced the expression of PD-1 to 38.98 (±7.92) % of control values 

(Figure 4.18A).  However, metal ion exposure did not lead to any significant changes 

in the proportion of cells expressing CTLA-4 (Figure 4.18B).   
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Figure 4.18 Expression of T-lymphocyte inhibitory markers following 48 hr 

exposure of anti-CD3 + anti-CD28 activated lymphocytes to Cr6+ and Co2+.   (A) 

PD-1 and (B) CTLA-4 expression on activated lymphocytes.  Results are mean (± 

SEM; n = 3) proportion of CD3+

 

 lymphocytes expressing PD-1 or CTLA-4.  A value 

of 100% indicates baseline expression in unexposed control cells.  *Significantly 

different from control values (at p < 0.05) by one-way ANOVA followed by 

Dunnett’s multiple comparison test. 

 

4.5 Discussion 

This chapter has shown that metal ion exposure decreases the viability of peripheral 

human lymphocytes. Cr6+ significantly decreased cell viability at concentrations of 1 

and 10 µM.  These results also indicate that Cr6+ reduces cell viability in resting and 

CD3-activated lymphocytes to a similar degree, when compared with the respective 

unexposed controls.  The data also showed that Cr6+ exposure inhibited T-

lymphocyte proliferation, especially at higher concentrations. However, the results 

show a significant increase in apoptosis at Cr6+ concentrations that also led to a 

significant decrease in cell proliferation and viability.  There is also evidence that 

Cr6+ can disrupt the cell cycle of activated cells indicated by the increasing 

proportion of cells at S-phase; this may be representative of cells that have DNA 
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damage.  Therefore, it is likely that the cells are becoming apoptotic and unable to 

divide further rather than any direct impedance of cell activation and proliferation.   

Cr6+ ions have been shown to induce apoptosis in lung epithelial cells (Russo et al., 

2005) and fibroblasts (Carlisle et al., 2000) as well as in lymphocytes (Vasant et al., 

2003) and macrophages (Kwon et al., 2009b).  Cr6+ is known to stimulate extrinsic 

and intrinsic apoptotic pathways (Sargeant and Goswami, 2007).  Extrinsic pathways 

usually involve external signals which lead to the activation of caspases that are 

cytoplasmic pro-enzymes that initiate and amplify death signals or degrade cellular 

components (Pulido and Parrish, 2003).  Intrinsic apoptosis can be initiated following 

excess reactive oxygen species (ROS) formation during intracellular reduction of 

Cr6+ (hexavalent chromium) to Cr3+ (trivalent chromium).  The excess ROS disrupts 

the mitochondrial membrane initiating events which induce apoptosis (Ye et al., 

1999, Vasant et al., 2003, Sargeant and Goswami, 2007). The current study has 

shown that the treatment of lymphocytes with a caspase-3 inhibitor does not inhibit 

the apoptosis induced following metal ion exposure. 

 

Although there are previous reports that indicated caspase inhibition could lead to a 

reduction in the level of apoptosis and recovery of cell proliferation following PBMC 

exposure to Cr6+ ions (Vasant et al., 2003), data from the current study indicate that 

metal ion exposure led to MOMP irrespective of caspase inhibition.  Since effects on 

MOMP occur upstream of caspase activation, and attempts to reverse the observed 

apoptosis by inhibiting caspase activity are therefore unlikely to work (Figure 4.19).  

These inhibitors are incapable of preventing MOMP, a process that leads to release 

of mitochondrial proteins culminating in cell death (Kroemer and Martin, 2005).  

Therefore, metal ion exposure can lead to cellular apoptosis irrespective of caspase 

inhibition (Pritchard et al., 2000). 
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Figure 4.19 Pathways by which Cr6+

 

 induced mitochondrial damage can lead to 

apoptosis, with or without the involvement of caspase activation. 

The data from the present study also indicate that Co2+ exposure may be more toxic 

to activated T-lymphocytes than to resting lymphocytes.  The viability of 

proliferating lymphocytes is reduced to a greater extent than resting lymphocytes 

when compared with their respective unexposed control values.  These results also 

indicate that the reduction in cell viability is likely to be due to an increase in 

apoptosis and/or reduced cell activation and proliferation.  Although significant 

increases in apoptosis are only seen at the highest concentration, there is also a small 

increase following exposure to 10 µM.  It is likely that the highest concentrations of 

cobalt ion exposure induce apoptosis (Huk et al., 2004), thus inhibiting further T-

lymphocyte proliferation.  Like Cr6+, Co2+ ions have also been shown to cause 

apoptosis by initiating intrinsic and extrinsic pathways.  In the current study, 

apoptosis following exposure to high concentrations of cobalt ions is likely to be a 

result of MOMP caused by excessive ROS formation.   

 

The greater decrease in viability of activated lymphocytes (at 10µM Co2+) possibly 

indicates that Co2+ may be acting through additional mechanisms, which also reduce 

cell proliferation, rather than simply initiating apoptosis.  Co2+ is a known calcium 

channel antagonist (Reuter, 1983) and the present author hypothesises that it may 

compete with calcium for binding sites at both calcium channels and intracellular 

Cr6+ 

ROS Formation 

Mitochondrial 
Damage 

Apoptosis 

Caspase 
Activation 
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calcium-binding proteins.  Intracellular Ca2+ flux is essential in T-lymphocyte 

activation (Wulfing et al., 1997).  For example, elevated Ca2+ levels result in 

calcineurin activation which leads to increased dephosphorylation of NFAT (nuclear 

factor of activation of T-cells) which is a key process in T-lymphocyte activation and 

proliferation.  It may be that Co2+ exposure can result in decreased T-lymphocyte 

proliferation similar to other Ca2+ channel antagonists (Birx et al., 1984, Marx et al., 

1990).  The author hypothesises that this may explain the reduced viability and 

proliferation measured without the accompanying significant increase in apoptosis 

following exposure of activated lymphocytes to 10 µM Co2+.  This possibly explains 

the greater potency of Co2+ to cause loss of viability in activated T-lymphocytes 

compared with resting lymphocytes.  Although Co2+ exposure has been reported to 

cause cell cycle dysregulation (Glahn et al., 2008), using flow cytometric cell cycle 

analysis of CD3-activated lymphocytes exposed to Co2+ no evidence of this was 

observed in the present study.   Therefore, Co2+ concentrations that are not directly 

cytotoxic to lymphocytes may affect events at a molecular level impeding 

lymphocyte activation and proliferation. 

 

Interestingly, both metal ions inhibited T-lymphocyte proliferation in both Signal 1- 

and Signals 1 and 2-stimulated cells to a similar degree, when compared to their 

respective un-exposed controls.  T-Lymphocyte activation initiated via Signal 1 and 

Signal 2 augments T-lymphocyte proliferation and survival.  Co-stimulation leads to 

enhanced T-lymphocyte generation and survival by a number of mechanisms, 

including increased IL-2 production.  IL-2 has previously been shown to be the 

primary T-lymphocyte growth factor and its production is key to their survival 

(Jenkins, 1994, Rüdiger et al., 2006).  Reduced IL-2 release and availability can lead 

T-lymphocytes to become unresponsive and apoptotic (Boise et al., 1995a).  

Although the data show that metal ion exposure leads to decreased IL-2 release, the 

reduction in release began at concentrations that have a limited effect on lymphocyte 

viability and proliferation.  As a result, it appears that this is not the mechanism by 

which these metal ions affect cell proliferation or induce apoptosis in lymphocytes. 

Interestingly, Wang and colleagues (1996a) previously showed that metal ion 

exposure of phytohemagglutinin (PHA)-activated lymphocytes led to an IL-2-
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dependent decrease in cell proliferation.  However, the data from Figures 4.5 and 4.6 

here suggest that IL-2 release was not the prime mechanism through which the Cr 

and Co ions reduced anti-CD3 (± CD28)-induced lymphocyte proliferation since IL-

2 production was significantly decreased at ion concentrations which had little effect 

on lymphocyte proliferation.  Further, when the lymphocyte cultures (exposed to 

metal ions) were supplemented with 50 U recombinant IL-2/ml, no recovery in cell 

proliferation was observed.  As a result, the present author does not believe that 

inhibition of IL-2 release was directly involved in the mechanism by which these two 

metal ions affected proliferation or induced apoptosis in lymphocytes. 

 

As well as enhanced IL-2 release, co-stimulation also up-regulates expression of 

anti-apoptotic molecules and resists pro-apoptotic signalling. Previous research has 

demonstrated lymphocytes to have enhanced expression of the survival gene BCL-

XL (long form of B-cell lymphoma X) following co-stimulation (Boise et al., 1995a, 

Boise et al., 1995b, Noel et al., 1996) .  This up-regulation correlates with protection 

from CD95-mediated apoptosis (Lenschow et al., 1996, Kerstan et al., 2006).  The 

results of the current study indicate that the anti-apoptotic benefits of co-stimulation 

provide little protection against the cytotoxic effects of these metal ions on 

lymphocytes.  However, activation of T-lymphocytes also sensitizes cells to 

apoptosis by increasing expression of pro-apoptotic molecules (Brenner et al., 2008).  

For example, Co2+ exposure in vitro can lead to a down-regulation of BCL-XL 

(Pulido and Parrish, 2003).  The current author speculates that exposure to these 

metal ions may affect the equilibrium between anti- and pro-apoptotic protein 

expression, possibly explaining the lack of apoptotic protection observed following 

co-stimulation. 

 

IFNγ release from activated lymphocytes was also inhibited following the metal ion 

exposures. However, unlike for IL-2, only exposure to 10 and 100 µM of Cr6+ or 

Co2+ led to a reduction in IFNγ release. These are the same concentrations that 

substantially inhibited cell proliferation, reduced cell viability, and led to an increase 

in apoptosis. Therefore, it is likely that these ion concentrations induce activated 
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lymphocytes to become apoptotic and non-viable such that the cells are unable to 

produce this key cytokine. 

 

There was a similar effect on TNFα release from activated lymphocytes.  Following 

metal ion exposure inhibitory effects were only observed at concentrations which had 

previously been shown to have a cytotoxic effect on activated lymphocytes.  

Therefore, as with IFNγ release, it is likely that metal ion exposed cells which are 

non-viable are unable to generate this key cytokine.  Interestingly, previous authors 

have shown an increase in TNFα release from macrophages and monocytes 

following metal ion treatment.  This release has been correlated with metal ion 

induced apoptosis in these cells.  In the present study, lymphocytes were exposed 

rather than macrophages or monocytes, and the opposite effect was observed.  This 

further implies that extrinsic apoptotic pathways, which involve the TNF receptor 

family as well as caspase activation, have less influence than intrinsic pathways 

within the current in vitro model. 

 

The present study has observed that release of three key cytokines of the immune 

system; IL-2, IFNγ and TNFα are significantly inhibited following activated 

lymphocyte exposure to metal ions.  These observations are in keeping with past 

research which has also shown cytokine release from mitogen stimulated PBMCs to 

be inhibited following metal ion exposure.  As mentioned previously, this is likely to 

be an effect of metal ion induced apoptosis rather than a mechanism by which 

apoptosis is caused (Granchi et al., 1998b, Gavin et al., 2007). 

 

There was also no evidence of a negative regulatory mechanism causing the effects 

seen following metal ion exposure.  Neither PD-1 nor CTLA-4 was upregulated on 

the surface of activated lymphocytes following metal ion exposure.  These two cell 

surface molecules negatively regulate T-lymphocyte responses following co-

stimulation (Smith-Garvin et al., 2009).  The presence of these negative co-

stimulatory molecules provides a mechanism of control for the immune system.  

Increased signalling through these two receptors leads to reduced T-lymphocyte 

activation and expansion as well as attenuated release of IL-2 and IFN-γ.  Further to 
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this, signalling through PD-1 can also lead to apoptosis (Fife and Bluestone, 2008).  

Although exposure of lymphocytes to high concentrations of metal ions leads to 

reduced activation, proliferation and cytokine release accompanied by increased 

apoptosis, there is no evidence that this is mediated through regulatory molecules.  

As mentioned previously, these effects are likely to be due to direct toxicity of the 

metal ion on lymphocytes. 

 

Although high concentrations of both metal ions are cytotoxic, the data indicate that 

Cr6+ is more toxic than Co2+.  Cr6+ reduced cell viability and increased apoptosis to a 

greater degree than Co2+ when compared to unexposed control. This is likely to be 

due to the difference in mode of toxicity between the ions.  Specifically, Cr6+ enters 

cells and yields reactive intermediates as it is reduced to Cr3+. These individual 

intermediates are extremely toxic and, in combination with oxidative stress and 

damage, lead to a cascade of cellular events that activate the p53 apoptosis regulatory 

gene, causing the genotoxicity/carcinogenicity associated with Cr6+ (Sargeant and 

Goswami, 2007).  Although Co2+ can inhibit DNA repair as well as induce 

mitochondrial permeability (Pulido and Parrish, 2003), it does not produce reactive 

intermediates; thus may explain its inferior cytotoxicity potency.  

 

Even though in vitro exposure of Cr6+ or Co2+ is cytotoxic to lymphocytes, the 

present data demonstrates that there is little synergistic toxic effect on lymphocyte 

viability when these ions are combined.  This was the case for both resting and anti-

CD3 activated lymphocytes. As mentioned in chapter 3, it is possible that these two 

ions can have synergistic effects, however, due to the extreme cytotoxic nature of 

these ions, especially Cr6+, it may be difficult to identify any synergy at high 

concentrations.  Therefore, it may be informative to expose lymphocyte to 

combinations of ions at concentrations that are slightly lower than toxic levels when 

used individually. 

 

The present study has shown that the metal ions, Cr6+ and Co2+, can induce apoptosis 

and thus inhibit T-lymphocyte expansion following Signal 1 and Signals 1 and 2 

types of activation.   This inhibition is seen at concentrations that have been 
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measured in hip aspirate and local lymph nodes in patients with a MOM implant. 

Co2+ is less potent than Cr6+ and at lower levels does not induce apoptosis, but may 

still inhibit lymphocyte function. Whilst the precise mechanism of chromium or 

cobalt toxicity to lymphocytes was not elucidated, it is clear that it is likely to be 

multifactorial and that a singular intervention (i.e. caspase inhibition) may not be 

sufficient to reverse the toxic effects of these metal ions.   

 

Also, the current findings show IL-2 release to be inhibited following exposure to 

these metal ions, even at the lowest concentrations. Although this does not appear to 

have an affect on T-lymphocyte proliferation in vitro, it still could result in disturbed 

immune regulation. It may be at these lower, less toxic concentrations that more 

chronic adverse reactions occur in vivo.  Although T-lymphocytes undergo apoptosis 

following metal ion exposure, this may occur in vivo as a protective effect.  

Following activation, T-lymphocytes are ultimately destined to undergo apoptosis in 

order to end the immune response and maintain homeostasis of the immune system.  

Metal ion induced apoptosis following ion exposure may occur in order to avoid 

adverse effects and maintain a control of the adaptive immune system.  However, 

chronic exposure to these lower concentrations may not result in cell death but in a 

modulated response.  This may contribute to the adverse effects, such as 

inflammatory masses, presented following MoM arthroplasty.  A number of further 

experiments must be conducted in order to fully explain the mechanism of chronic 

metal ion toxicity 

 

In conclusion, it has been shown that in vitro exposure of lymphocytes to the metal 

ions Cr6+ or Co2+, at concentrations that have previously been measured in patients 

with a MoM hip implant, have a significant negative effect on the adaptive immune 

system.   
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5. In Vivo responses to CoCr implant wear debris in 

mice 

5.1 Introduction 

5.1.1 Wear debris 

Metal-on-Metal (MoM) hip resurfacing is reported to account for 6-8% of all hip 

arthroplasties  Unfortunately hip resurfacing also has one of the highest rates of 

revisions of all primary hip replacement procedures, in particular certain MoM hip 

resurfacings prostheses show extremely high revision levels (>10%) 5 years post 

surgery (7th Annual Report, National Joint Registry for England and Wales, 2010).  

One of the major reasons for this failure is thought to be a peri-prosthetic soft-tissue 

reaction to wear debris released from the implant, termed adverse reactions to metal 

debris (ARMD) (Macpherson and Breusch, 2010).  ARMD is an umbrella term that 

manifests in a range of clinical and histological effects. These include a rash, pain in 

the hip region and/or the presence of a soft tissue mass (pseudotumour) surrounded 

by extensive necrosis and granuloma formation (Counsell et al., 2008).  It is 

postulated that ARMD is an inflammatory process in response to excessive 

particulate metal wear debris and ions (Willert et al., 2005, Counsell et al., 2008, 

Hallab et al., 2008).   

 

It is accepted that most biomaterials induce an acute inflammatory response 

following implantation.  However, it is clearly important to understand the longer-

term host-material interactions that occur in response to implant debris in order to 

understand the etiology of inflammation and tissue destruction around the prostheses. 

 

5.1.2 Rodent air-pouch 

Clearly an in vivo model would make a considerable contribution to fully 

understanding the processes that initiate and drive the inflammatory response to 

MoM wear debris.  The limitations of in vitro models and the limited access to 
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human joint tissue add further weight to the requirement for an accurate in vivo 

animal model.  There have been a number of animal prosthetic implant models 

reported, however, many of these are extremely complex, time-consuming and 

expensive.  A number of researchers have previously employed the rodent air-pouch 

model to investigate the inflammatory response to biomaterials including orthopaedic 

materials (Wooley et al., 2002, Barbosa et al., 2004).  This model described by 

(Sedgwick et al., 1983) was developed as a facsimile synovium for the study of 

inflammatory processes.  It allows the quantification and analysis of cellular 

infiltration and mediators within the pouch cavity and surrounding tissue.  This 

model involves creating a cavity by repeated subcutaneous injections of sterile air.  

This cavity can be injected with a biomaterial and then lavaged at a later stage to 

assess the cellular infiltrate.  This tissue can also be excised and allow for the 

examination of cytokines and chemokine expression that may drive biomaterial 

induce inflammation.  Therefore, we have employed this simple in vivo model to 

assess the inflammatory processes induced by metal wear debris. 

 

 

5.2 Aims 

The aim of this section was to develop a simple in vivo model where the 

inflammatory response to MoM implant wear debris can be assessed.  Once 

developed, the acute and chronic immunological effects of implanting MoM wear 

debris were examined, as well as the distribution of metal ions within peripheral 

blood and organs. 
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5.3 Methods 

5.3.1 Characterisation of wear debris 

CoCr wear debris was kindly donated by DePuy International (Leeds, UK).  Images 

were produced and the elemental composition of the CoCr wear debris analysed as 

described in section 2.2.3.   

 

5.3.2 Assessment of sterility of wear debris 

Following heat treatment of CoCr debris (section 2.2.1) the presence of microbial 

contamination was assessed by exposing DCs to the debris for 24 hours.  This was 

followed by surface staining of activation markers and analysis by flow cytometry 

(section 2.2.2).  

 

5.3.3 Development of model 

It was decided that air pouches would be raised in 8-10 week old male BALB/c mice.  

The basic rodent air-pouch model involves repeated subcutaneous injections of 

sterile air over a period of 6 days to establish the cavity.  To comply with the current 

Home Office project license, only two injections of sterile air were administered to 

each animal.  Therefore, the model needed to be adapted to successfully create and 

analyse the responses within the air-pouch.  The volume of air injected in creating 

the air pouch had to be optimised to create a cavity which could be lavaged easily.  

Also, a method to successfully lavage the air-pouch following cellular infiltration 

and to determine a relevant level of metal debris to be introduced into the air-pouch 

was required. 

 

5.3.3.1 Volume of air-pouch 

Air-pouches were raised on the lower dorsal region of isoflurane anaesthetised male 

BALB/c mice aged 8-10 weeks.  Large and small volume pouches were created to 

optimise this model.  All injections were carried out on isoflurane anaesthetised mice 
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with a 25 gauge needle.  Small discrete pouches were created by injecting 1ml of 

sterile air subcutaneously followed up by a second injection of 0.5 ml sterile air into 

the cavity 3 days later.  Larger pouches were created with an initial injection of 2.5 

ml sterile air, followed by a second injection of 2 ml sterile air into the cavity three 

days later.  Three days after the second injection, 1µg of LPS dissolved in 500 µl 

sterile PBS was injected into each of the cavities to induce inflammation.  Four hours 

following the LPS injection, attempts were made to lavage the air-pouch with 500 µl 

of PBS using a 25 gauge needle.  It was observed that only 100 µl of fluid was 

recovered from the larger pouch, whereas 300 µl was recovered from the smaller 

pouch.  It was decided that the smaller pouches would be more simple to create and 

easier to recover any inflammatory exudate from.   

 

5.3.3.2 Needles used to lavage air-pouch  

Following the observation that just over 50% of the fluid injected into the cavity was 

recovered when attempting to lavage the pouch, it was clear that a more successful 

technique was required to recover the majority of the cellular infiltrate.  It was 

decided to use a larger needle diameter to lavage the pouch in order to increase the 

recovery.  It was found that using a 21 gauge needle to lavage a small discrete air-

pouch 4 hours following LPS administration, increased recovery of the fluid to 

100%, consistently. 

 

5.3.3.3 Mass of debris used 

Due to the nature of the CoCr debris produced it was not possible to quantify the 

number of particles.  Therefore, it was decided to administer the dose in terms of dry 

weight.  Either 2.5 mg or 5 mg (suspended in 500 µl sterile PBS) of the CoCr wear 

debris were injected into a small discrete air-pouch.  24 hours later, each pouch was 

lavaged with 500 µl of sterile PBS using a 21 gauge needle.  The cells within the 

fluid were counted using a haemocytometer.  It was observed that 2.5 mg treatment 

lead to higher levels of cellular infiltrate within the air-pouch than did exposure to 5 
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mg (Table 5.1).  Therefore, it was decided for future experiments to expose mice to 

the lower level of CoCr wear debris. 

 

Dose (mg) 2.5 5 

Cell Count (x106) 0.35 0.04 

 

Table 5.1 Number of cells within inflammatory exudate following 24hr 

treatment of air-pouches with different doses of CoCr wear debris. 

5.3.4 Exposure of mice to wear debris 

Small discrete air-pouches were raised in the lower dorsal region of isoflurane 

anaesthetised 8-10 week old male BALB/c mice.  Subsequently, the air-pouches 

were injected with either 500µl sterile PBS, 2.5mg of sterile wear debris or 1µg LPS 

(both in 500µl sterile PBS).  This is described in detail in section 2.2.4.  Mice were 

exposed for 4, 24, 48 and 72 hours and 7, 28 and 56 days, with 3 mice at each 

timepoint for each exposure condition. 

 

5.3.5 Assessment of the effects on CoCr implantation on mice 

In order to assess the effects of CoCr debris exposure the following parameters were 

analysed at each end-point; 

• Metal ion concentrations in peripheral blood and organs were measured 

via ICPMS (sections 2.2.5 and 2.2.6).  

• Local inflammatory responses were determined by analysing the 

inflammatory exudate using flow cytometry (section 2.2.7), assessing the 

histological changes in the pouch tissue following H&E staining (2.2.8) and 

inflammatory gene activation in the pouch tissue via RT-PCR (2.2.9). 

• Systemic changes in the draining lymph nodes were determined by flow 

cytometry.  Lymphocyte numbers, viability and apoptosis levels were 

assessed before and after lymphocyte activation (section 2.2.10) 
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5.4 Results 

5.4.1 Characterisation of CoCr wear debris 

Wear debris produced on a hip simulator from an ASR resurfacing implant are 

shown in Figure 5.1.  The images, taken on a SEM, indicate a wide variety of 

irregular shaped particles.  The debris varies in size, from micrometer to nanometre.  

The larger irregular particles appear to be agglomerates of smaller particles. 

 

 

 

        

Figure 5.1 Scanning Electron Microscopy images of wear debris from an ASR 

hip implant.  Image taken at 800-7000x. 

 

Energy Dispersive X-ray Spectroscopy (EDS) indicated that ASR wear debris is 

primarily composed of cobalt (Figures 5.2 and 5.3).  Analysis of 25 different 
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particles indicated a mean composition of 54.48% cobalt and 38.43% chromium, 

with a small percentage of molybdenum present. 

 

 

Figure 5.2 Energy Dispersive X-ray Spectroscopy of wear debris from an ASR 

hip implant. 

 

Figure 5.3 Composition of CoCr wear debris from ASR implant, analysed by 

EDS.  Results are means ± SEM, n=25. 

 

5.4.2 Sterility of CoCr debris 

The results shown in Figure 5.4 indicate that the wear debris did not activate DCs. 

DCs exposed to heat treated CoCr wear debris in vitro did not show an increase in 

surface expression of stimulatory proteins compared to negative (RPMI) and vehicle 

(PBS) controls (Figure 5.4).  Interestingly, the results show that CoCr wear debris 

significantly reduced the expression of these surface proteins.  
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Figure 5.4 Activation of CD11c+

 

 dendritic cells (DCs).  Results are mean 

percentage of DCs expressing stimulatory surface proteins (± SEM, n=3) following 

24 hour culture in complete RPMI-1640 alone or supplemented with sterile PBS, 1 

µg LPS or 2.5 mg CoCr wear debris.  *Significantly different from CoCr values (at p 

< 0.05) by one-way ANOVA followed by Dunnett’s multiple comparison test. 

5.4.3 Ion Distribution 

It can be seen from Table 5.2 that metal debris exposure leads to significant increases 

in blood metal ion levels compared with unexposed controls.  It was found that 

chromium, cobalt and molybdenum levels were significantly higher in mice exposed 

to wear debris compared with those that received only a saline injection.  This 

difference was observed up to 72 hours post injection for chromium and 

molybdenum levels, whereas cobalt levels were still significantly elevated 7 days 

post injection.  The elevated metal levels in the peripheral blood peaked at 48 hours 

for all three elements.  Cobalt showed the greatest level of difference between the 

unexposed and exposed mice (Table 5.2 and Figure 5.5). 
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 Chromium 
(± SEM)  Cobalt 

(± SEM)  Molybdenum 
(± SEM) 

 PBS CrCo  PBS CrCo  PBS CrCo 

4h 9.85 
± 2.36 

21.37 
± 2.96*  3.53 

± 1.06 
29.24 

± 6.04*  5.33 
± 1.51 

11.43 
± 0.92* 

24h 16.57   
± 1.55 

26.45 
± 1.64*  3.55 

± 0.35 
38.84 

 ± 2.43*  7.72 
± 0.80 

10.85 
± 0.43* 

48h 20.87 
± 1.97 

35.54 
± 1.55*  3.16 

±0.16 
77.02  

± 19.70*  8.28 
± 0.78 

10.75 
± 0.14* 

72h 17.20 
± 0.57 

24.75 
± 0.86*  3.85 

± 0.08 
33.22 

± 8.12*  6.74 
± 0.08 

8.70 
± 0.24* 

7d 11.98 
± 0.75 

15.67 
± 1.95  3.55 

± 0.25 
17.45 

± 4.97*  8.97 
± 0.26 

8.39 
± 1.06 

28d 1.72 
± 0.15 

1.92 
± 0.15  9.63 

± 3.89 
4.16  

± 0.46  9.11 
± 0.05 

11.80 
± 0.90 

 

Table 5.2  Blood metal levels (µg/l) (mean ± S.E.M) in mice (n = 3) at different 

time points (4 hours, 24 hours, 48 hours, 72 hours, 7 days and 28 days) after 

injection of CoCr wear particles or sterile PBS. * Significantly different from PBS 

values (at p < 0.05) by one-way ANOVA. 

 

Figure 5.5 Blood metal (Co, Cr and Mo) levels (µg/l) in mice after injection of 

CoCr or sterile PBS at different time points.  Values shown are mean ± S.E.M in 

mice (n = 3), corrected by deducting metal levels in control (PBS) mice from the 

levels in metal treated mice at each time point. 
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Following implantation of CoCr wear debris into the air-pouch, no significant 

increase in chromium levels were observed in the liver compared with PBS treated 

controls (Figure 5.6a).  However, chromium levels were significantly elevated in the 

kidney, lung, heart and testes following implantation of CoCr debris.  The levels in 

these organs returned to control levels 7 days post implantation (Figure 5.6).  The 

spleen is the only organ which shows significantly higher levels of chromium past 7 

days, which persist up to 56 days following exposure (Figure 5.6 c).  Interestingly, 

there is a small but significant reduction in chromium levels within the brain 1 day 

post implantation. 

 

Figure 5.7 indicates that cobalt levels are significantly increased in all excised organs 

following CoCr debris implantation.  In all organs this increase peaks following two 

days exposure.  The liver and the kidney showed the highest levels of cobalt; 838.94 

± 223.66 ng/g and 938.79 ± 131.61 ng/g respectively.  The cobalt level in all organs 

returned to control levels by 28 days post implantation. 

 

The levels of molybdenum following implantation of CoCr debris are shown Figure 

5.8.  Significant increases in molybdenum levels are observed in the kidney at days 

1, 3, 7 and 28 (Figure 5.8b).  The liver, lungs and brain all show a significant 

increase 1 day after implantation.  There was also a significant increase in 

molybdenum levels in the spleen following 56 days of exposure (Figure 5.6c). 
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Figure 5.6 Chromium levels (ng/g tissue) in the organs of mice following 

injection of PBS or CoCr debris into the air-pouch.  (a.) liver, (b.) kidney, (c.) 

spleen, (d.) lung, (e.) heart, (f.) brain, and (g.) testes of mice after injection of CoCr 

debris or sterile PBS at different time points.   Values shown are mean ± S.E.M in 

mice ((n = 3), except at 56 days where n=2). * indicates significant difference by 2 

sample t-test (p ≤ 0.05) with respect to PBS 
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Figure 5.7 Cobalt levels (ng/g tissue) in the organs of mice following injection of 

PBS or CoCr debris into the air-pouch.  (a.) liver, (b.) kidney, (c.) spleen, (d.) 

lung, (e.) heart, (f.) brain, and (g.) testes of mice after injection of metal particles 

(metal treated) or sterile PBS (control) at different time points.   Values shown are 

mean ± S.E.M in mice ((n = 3), except at 56 days where n=2). * indicates significant 

difference by 2 sample t-test (p ≤ 0.05) with respect to PBS. 
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Figure 5.8 Molybdenum levels (ng/g tissue) in the organs of mice following 

injection of PBS or CoCr debris into the air-pouch.  (a.) liver, (b.) kidney, (c.) 

spleen, (d.) lung, (e.) heart, (f.) brain, and (g.) testes of mice after injection of CoCr 

debris or sterile PBS at different time points.   Values shown are mean ± S.E.M in 

mice ((n = 3), except at 56 days where n=2). * indicates significant difference by 2 

sample t-test (p ≤ 0.05) with respect to PBS. 
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5.4.4 Local inflammatory response 

5.4.4.1 Inflammatory exudate 

The cellular kinetics of the acute inflammatory response to CoCr wear debris within 

the air-pouches are shown in Figures 5.9, 5.10 and 5.11.  The air-pouches were 

injected with either sterile PBS, CoCr debris or, LPS.  The data in Figure 5.9 show 

that there was only a low level of cellular infiltrate in air-pouches injected with PBS.  

Both CoCr debris and LPS caused a significant increase in the number of cells 

recovered from the inflammatory cavity at all time points. 

 

Cells within the inflammatory exudate were identified by flow cytometry using 

antibodies recognising lineage specific markers (Figures 5.10).  The data indicate 

that LPS caused a significant increase in neutrophil infiltration at 4 and 24 hours 

compared with PBS control values (Figure 5.11A).  Although there were higher 

levels of neutrophils within the inflammatory exudate of CoCr compared with PBS, 

this increase was not significant (p>0.05).  Both CoCr and LPS induced a significant 

increase in monocyte/macrophage infiltration into the pouch cavity 4 and 24 hours 

post injection (Figure 5.11B).  There was also a higher level of these cells present in 

the inflammatory exudate recovered from LPS treated mice at 72 hours. 

 

In contrast to neutrophils and monocytes/macrophages, both T and B-lymphocytes 

were present in low numbers.  An elevation in T-lymphocytes was only observed 48 

hours after CoCr implantation as displayed in Figure 5.11C.  Both LPS and CoCr 

induced a small but significant increase in the number of B-lymphocytes present in 

the inflammatory exudate at 72 hours, compared with PBS treatment (Figure 5.11D).    
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Figure 5.9 Total number of cells present in the inflammatory exudates at 

different time points.  Cells were collected from the air-pouches following the 

injection of PBS, CoCr debris or LPS.  Results are means ± SEM (n = 3). 

*Significantly different from PBS (negative control) values (at p < 0.05) by one-way 

ANOVA followed by Dunnett’s multiple comparison test. 

 

 

Figure 5.10* Flow cytometric analysis of the inflammatory cells recovered 4 

hours post implantation.  Cells which were Ly-6G+ and CD11b+ were determined 

to be neutrophils, Ly-6G- and CD11b+

 

 cells were identified as 

monocytes/macrophages.    
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Figure 5.11 Number of (A) neutrophils, (B) monocytes/macrophages , (C) T-

lymphocytes and, (D) B-lymphocytes present in the inflammatory exudates at 

different time points.  Cells were collected from the air pouches after the injection 

of PBS, CoCr debris or LPS.  Results are means ± SEM (n = 3). *Significantly 

different from PBS (negative control) values (at p < 0.05) by one-way ANOVA 

followed by Dunnett’s multiple comparison test.  

 

5.4.4.2 Tissue response 

The histological appearance of the treated air pouches 24 hours after instillation of 

PBS, LPS or CoCr is displayed in Figure 5.12 and 5.13.  All the pouches are 

typically characterised by an outer fibrous layer and an inner layer mainly consisting 

of inflammatory cells.  At 24 hours, the LPS treated pouches appear more inflamed 

and with increased cellularity compared with PBS treated pouches.  Interestingly, at 

24 hour CoCr debris appears to have migrated into the pouch tissue.  The CoCr 

debris appears to be surrounded by inflammatory cells (Figure 5.13).  

 

A B 

C D 
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PBS    CoCr    LPS 

Figure 5.12 The histological appearance of negative (PBS) and positive (LPS) 

control and CoCr treated air-pouch membranes, 24 hours post injection.  

Images taken at 10x magnification following H & E staining.   

 

  
 

Figure 5.13 The histological appearance of CoCr treated air- pouch membranes, 

24 hours post injection.  Images taken at 40x magnification following H & E 

staining.  “D’ indicates CoCr debris within the tissue. 

 

At 72 hours the cellularity of the PBS pouches appears to have decreased compared 

with that at 24 hours (Figures 5.14 and 5.15).  The CoCr treated pouches show that 

the debris is embedded in the inner layer of the pouch.  Further examination shows 

some cell death around the area where the CoCr debris is embedded.  There also 

appears to be areas of cell death around the CoCr debris, area marked “A” in Figure 

5.15.  This may be indicative of cellular apoptosis as the bodies present are smaller 

than complete cells and may be apoptotic fragments.   In addition, the area marked 

“F” in Figure 5.15 indicates the formation of fibrous tissue around the debris. 

D D 
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PBS    CoCr    LPS 

Figure 5.14 The histological appearance of negative (PBS) and positive (LPS) 

control and CoCr treated air-pouch membranes, 72 hours post injection.  

Images taken at 10x magnification following H & E staining.  “D’ indicates CoCr 

debris within the tissue.  

 

  

Figure 5.15 The histological appearance of CoCr treated air-pouch membranes, 

72 hours post injection.  Images taken at 40x magnification following H & E 

staining.  “D’ indicates CoCr debris within the tissue.  ‘A’ indicates areas of cell 

death, ‘F’ indicates fibrotic tissue.   

 

At 7 days post injection, PBS and LPS treated pouches appear to have collapsed 

(Figure 5.16).  The inflammatory layer can be identified but it does not appear as 

pronounced as at the earlier time points. However, there still appears to be a large 

cellular infiltrate within the CoCr treated air-pouches.  Figure 5.17 indicates that 

these cellular infiltrates are concentrated in areas where CoCr debris is present.  It 

shows that mononuclear cells encircle the CoCr debris, indicative of granuloma 

D 

F 

A 

D 
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formation.  In addition there are areas of fibrous tissue (marked “F”) and cell death 

(marked “A”) around the CoCr debris (Figure 5.17) 

  

   
    PBS    CoCr    LPS 

Figure 5.16 The histological appearance of negative (PBS) and positive (LPS) 

control and CoCr treated air-pouch membranes, 7 days post injection.  Images 

taken at 10x magnification following H & E staining.   

 

  

Figure 5.17 The histological appearance of CoCr treated air-pouch membranes, 

7 days post injection.  Images taken at 40x magnification following H & E 

staining.  ‘A’ indicates areas of cell death, ‘F’ indicates fibrotic tissue.   

 

The PBS and LPS treated pouches appear as layers of fibrous tissue 28 days after 

injection (Figure 5.18).  There are still a relatively small number of cells present 

within the tissue at this time point.  Air-pouches treated with CoCr also appear as 

layers of fibrous tissue.  However, as at 7 days there are still areas where a number of 

mononuclear cells are present.  These cells are primarily located in areas where CoCr 

F A 
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debris is present.  There also appears to be a number of dead cells as well as large 

areas of fibrous tissue around the debris (Figure 5.19).   

 

 

   
PBS      LPS 

  
CoCr      CoCr 

Figure 5.18 The histological appearance of negative (PBS) and positive (LPS) 

control and CoCr treated air-pouch membranes, 28 days post injection.  Images 

taken at 10x magnification following H & E staining.   
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Figure 5.19 The histological appearance of CoCr treated air-pouch membranes, 

28 days post injection.  Images taken at 40x magnification following H & E 

staining.  ‘A’ indicates areas of cell death, ‘F’ indicates fibrotic tissue.   

 

The histological parameters, membrane thickness and cellularity, were measured 

from images taken from all samples (Figure 6.20 and 6.21). Only images up to 7 

days were analysed as at 28 days not all the pouches were sectioned successfully, and 

those that were only had a limited examinable area.  No pouches were successfully 

sectioned at 56 days.  This may have been due to the migration of inflammatory cells 

from the pouch lumen into the tissue and resulted in the collapsed pouch observed 

above.   

 

Measurements of pouch membrane thickness as determined from six points on each 

section showed that LPS and CoCr treated pouches had thicker membranes than PBS 

treated pouches, however, this difference was not found to be significant (Figure 

5.20).   

 

Figure 5.21 indicates that both CoCr and LPS treatment significantly increased the 

cellularity of the air-pouch at 24 and 72 hours post injection, compared with PBS 

values.  The highest density of cells infiltrating the pouch membrane was observed at 

72 hours for all the air pouches.  The cellularity at this time point was 3613 ± 418, 

4730 ± 372 and, 7048 ± 1161 cells/mm2 in PBS, CoCr and LPS treated pouches, 

respectively.  These data also indicate that CoCr pouches have a significantly higher 

cellularity than PBS treated pouches 7 days post implantation. 

F 

F 
A 
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Figure 5.20 Membrane thickness of air-pouch tissue following treatment with 

PBS, CoCr debris and, LPS.  Results are means ± SEM (n = 3).  No significant 

differences of treated air-pouches from PBS (negative control) values were found 

(p<0.05) by one-way ANOVA followed by Dunnett’s multiple comparison test. 

 

 

Figure 5.21 Number of cells in air-pouch tissue following treatment with PBS, 

CoCr debris and, LPS.  Results are means ± SEM (n = 3). *Significantly different 

from PBS (negative control) values (at p < 0.05) by one-way ANOVA followed by 

Dunnett’s multiple comparison test. 
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5.4.4.3 Inflammatory gene expression 

Sections 5.4.4.1 and 5.4.4.2 have demonstrated that CoCr implantation into the air-

pouch results in an inflammatory process which is dominated by the recruitment and 

migration of mononuclear immune cells, mainly macrophages.  In order to give 

greater insight into the mechanism driving the inflammatory response to CoCr wear 

debris, mRNA was isolated from control and treated air pouches and the expression 

of 32 inflammatory gene targets was analysed. 

 

The quality of an mRNA preparation from 24 hour pouch tissue was assessed by 

agarose gel electrophoresis (Figure 5.22).  Although mRNA was detected in all 

samples, its quality appeared poor by the high level of smearing.  The results of a 

typical RT-PCR using a primer specific for β 2 microglobulin are shown in Figure 

5.23.  This indicates that transcripts were detectable. 

 

 

Figure 5.22 Detection of mRNA isolated from 24 hour air-pouch tissue on 

agarose gel.  The gel has a size marker in first lane, followed by samples which 

show degraded “smeared” RNA.  

10 kbp 

3 kbp 

Smearing in areas at which bands of RNA should be visible 
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Figure 5.23 RT-PCR using primers specific for β2

 

 microglobulin and mRNA 

from 24 hour air-pouch tissue.  The gel has a size marker in first lane followed by 

samples which show a clear band at ~0.25 kbp indicating successful PCR 

amplification from the transcripts. 

TLDA was used to perform RT-PCR using cDNA transcripted from the mRNA of 

air-pouches.  The custom plates were designed to analyse 32 different target genes 

(appendix 1).  The data generated were expressed as fold change over untreated 

control (PBS) values.  A number of the target genes had low level expression which 

resulted in amplification which was below robust detection level.  Despite extensive 

signs of inflammation demonstrated in sections 5.4.4.1 and 5.4.4.2 only 6 targets, of 

the 32 genes on the array card, showed any marked changes, and these are listed in 

Table 5.3.  Although these are all elevated; but only CXCL13 after LPS treatment 

showed a significant difference compared with PBS treated pouches.  None of the 

changes measured after exposure to CoCr were significantly different from the PBS 

treated pouches. 

1 kbp 

0.25 
kbp 
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Inflammatory Factor CoCr LPS 

IL-1β 7.58 ± 1.95 18.40 ± 14.17 

TGF-β 2.18 ± 0.58 1.57 ± 0.61 

CCL2 4.83 ± 1.64 4.63 ± 3.21 

CCL4 2.38 ± 0.80 13.00 ± 10.21 

CXCL2 11.33 ± 4.17 30.01 ± 25.68 

CXCL13 1.94 ± 0.64 48.05 ± 9.18* 

 

Table 5.3 Inflammatory factor transcripts in air-pouch tissue at 24h post-

injection. The mRNA from air-pouch tissue from mice treated with LPS or CoCr 

debris was assessed using TLDA analysis, and expressed as fold change over levels 

from PBS-injected air-pouches. Results are shown as means ± SEM (n = 3).  * 

indicates significant difference (p < 0.05) measured when compared with PBS values 

by one-way ANOVA followed by Dunnett’s multiple comparison test. 

 

5.4.5 Systemic immune effects 

5.4.5.1 Lymphocyte numbers within draining lymph nodes 

Figure 5.24 shows the number of cells from the draining (axiliary, brachial and 

inguinal) lymph nodes of mice treated with PBS, CoCr debris or LPS.  This figure 

shows that CoCr debris and LPS treated mice have higher numbers of cells in the 

draining lymph nodes compared with PBS treated mice.  However, this was only 

significant at day 3 post treatment. 

 

Figure 5.25 indicates that the proportion of CD4+ helper T-cells, CD8+ cytotoxic T-

cells and B220+ B-lymphocytes within the draining lymph nodes did not differ 

between the various groups despite the increase in the total number of cells within 

the draining lymph nodes shown in Figure 5.24. 
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Figure 5.24 Changes in cell number in draining lymph nodes after the injection 

of PBS, CoCr debris or LPS into the air-pouch.   Results are means ± SEM (n = 3 

except at day 56 where n=2). *Significantly different from PBS (negative control) 

values (at p < 0.05) by one-way ANOVA followed by Dunnett’s multiple 

comparison test.   
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Figure 5.25 Changes in the proportion of lymphocytes in draining lymph nodes 

after the injection of PBS, CoCr debris or LPS into the air-pouch.    Results are 

means ± SEM (n = 3 except at day 56 where n=2).  

 

Figures 5.26 and 5.27 show the viability of, and level of apoptosis, respectively, in 

lymphocytes isolated from the draining lymph nodes.  These figures demonstrate that 

lymphocytes from all the groups of mice had similar levels of viability and apoptosis 

throughout the course of the experiment.  Viability of the lymphocytes remained 

relatively constant for the duration of the experiment, even though the isolated 

lymphocytes were more apoptotic at 28 and 56 days.  This was the case for all mice, 

irrespective of treatment. 
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Figure 5.26 Viability of lymphocytes in draining lymph nodes after the injection 

of PBS, CoCr debris or LPS into the air-pouch.  Viability was measured via flow 

cytometry following staining with 7-AAD.  Viable cells were 7-AAD-

 

.  Results are 

means ± SEM (n = 3 except at day 56 where n=2).    
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Figure 5.27 Proportion of apoptotic lymphocytes in draining lymph nodes after 

the injection of PBS, CoCr debris or LPS into the air-pouch.    Apoptosis was 

measured via flow cytometry following staining with Annexin V.  Apoptotic cells 

were Annexin V+

 

.  Results are means ± SEM (n = 3 except at day 56 where n=2). 

5.4.5.2 Effects of in vitro activation on lymphocytes from draining lymph nodes 

Data in section 5.4.5.1 demonstrated that the CoCr debris treatment did not affect the 

viability or level of apoptosis of lymphocytes isolated from the draining lymph 

nodes.  Therefore, in order to assess whether CoCr debris exposure could affect the 

functioning of lymphocytes; resting lymphocytes from the draining lymph nodes 

were activated with anti-CD (± anti-CD28) for 24 hours in vitro.  Figure 5.28 shows 

the cell viability of anti-CD3 (± anti-CD28) activated lymphocytes after 24 hours 

culture.  The results show that lymphocytes (CD4+, CD8+ and B220+) from mice, 

treated with CoCr debris for 7 days, have a significantly higher viability following 

anti-CD3 activation than cells from untreated (PBS) mice.  No other duration of 
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CoCr debris exposure showed any significant changes from untreated control values.  

This was the case for all three types of lymphocyte.  It was also observed that CD4+ 

cells from mice, treated with LPS for 7 and 28 days, had a significantly higher 

viability than cells from untreated control mice.  In addition, the viability of CD4+ 

cells from mice treated with LPS for 28 and 56 days was significantly higher than 

CD4+ cells from PBS treated mice following anti-CD3 + anti-CD28 activation.  

Conversely, B220+ cells from LPS treated mice (56 days) had significantly lower 

viability than the equivalent cells from PBS treated mice following anti-CD3 + anti 

CD28. 

 

Overall, there was little evidence of a consistent response from lymphocytes of CoCr 

treated mice, compared with cells of untreated control mice, following in vitro 

activation.  However, it was noticeable that the viability of activated cells 

(irrespective of their in vivo treatment) was generally at lower levels than that 

observed of resting cells in section 5.4.5.1.  This is particularly evident in CD8+ cells 

at 28 and 56 days. 
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Figure 5.28 Viability of lymphocytes activated with anti-CD3 (± anti-CD28) for 

24 hours.  Lymphocytes were isolated from draining lymph nodes at time points 

after the injection of PBS, CoCr debris or LPS into air pouch.   Viability was 

measured via flow cytometry following staining with 7-AAD.  Viable cells were 7-

AAD-

 

.  Results are means ± SEM (n = 3 except at day 56 where n=2).* Significantly 

different from PBS (negative control) values (at p < 0.05) by one-way ANOVA 

followed by Dunnett’s multiple comparison test.   
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In addition to assessing the viability of anti-CD3 (± anti-CD28) activated 

lymphocytes, the level of apoptosis was also measured.  The proportion of apoptotic 

lymphocytes, from the draining lymph nodes, following 24 hour in vitro anti-CD3 (± 

anti-CD28) activation are shown in Figure 5.29.  These data indicate that 

lymphocytes isolated from 7 day CoCr or LPS exposed mice are significantly less 

apoptotic compared with lymphocytes from PBS treated mice, following in vitro 

anti-CD3 activation.  No other cells isolated from CoCr treated mice led to any 

significant changes in apoptosis compared to with the equivalent isolated cells from 

untreated control mice.  

 

CD4+ and CD8+ cells isolated from LPS exposed mice (28 days) were significantly 

less apoptotic than cells from PBS treated control mice (Figure 5.29).  These results 

also show that lymphocytes from mice treated with LPS for 28 or 56 days are less 

apoptotic compared with lymphocytes from PBS treated mice following anti-CD3 ± 

anti-CD28 activation. 

 

Overall, only cells from 7 day CoCr treated mice show any significant difference 

from cells isolated from the draining lymph nodes of PBS control mice.  Similar to 

the observation made regarding cell viability, it was again observed that the level of 

apoptosis measured in activated cells is higher than those observed with resting cells 

(section 5.4.5.1), irrespective of in vivo treatment. 
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Figure 5.29 Proportion of apoptotic lymphocytes following 24 hour activation 

with anti-CD3 (± anti-CD28).  Lymphocytes were isolated from draining lymph 

nodes at time points after the injection of PBS, CoCr debris or LPS into air pouch.  

Apoptosis was measured via flow cytometry following staining with Annexin V.  

Apoptotic cells were Annexin V+

  

.  Results are means ± SEM (n = 3 except at day 56 

where n=2).  * Significantly different from PBS (negative control) values (at p < 

0.05) by one-way ANOVA followed by Dunnett’s multiple comparison test. 
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5.5 Discussion 

The current chapter has described the development and implementation of an in vivo 

model to evaluate the biological response to orthopaedic wear debris.  CoCr wear 

debris, from an ASR hip implant, was found to range in size and shape.  These 

irregularly shaped particles ranged from the nanometre scale to micrometre particles; 

some of the latter were aggregates of the smaller particles.  Due to the irregular 

nature of these particles it was difficult to accurately quantify their number or 

measure their surface area.  Therefore, the dose for implantation studies was 

quantified as a dry mass which could easily be suspended in PBS and implanted via a 

simple injection.  Previous simulator testing has shown that around 8mm3 of debris 

per million cycle was produced under harsh conditions (Leslie et al., 2008, Williams 

et al., 2008).  The density of the CoCr alloy used to produce the wear debris was 

~8.32 mg/mm3, as a result, 8 mm3 of wear would equate to 66.56mg of debris per 

million cycle (Medley et al., 1996).  It has been reported that a very active person can 

walk up to 3.5 million cycles per year (Schmalzried et al., 1998), assuming that the 

prosthesis is in situ for 25 years that would equate to 5824mg of debris produced in 

the total life-time of the prosthesis.  This would be the equivalent to 0.08mg/g in a 

75kg human.  In the current study the mice were administered with 2.5 mg, this 

would equate to a dose 0.125mg/g.  Therefore, the mice were administered a life-

times quantity of wear debris produced in the harshest conditions in a single dose.   

Hence, the author does concede that 2.5mg per ~20g mouse is a relatively high dose.  

However, at the time of administration it was hypothesised that the CoCr wear debris 

would be contained within the air-pouch and that any migration or ion release would 

occur slowly.  This would have allowed the model to mimic the release of wear 

debris from a MoM hip prosthesis, however, this was later found not to be the case. 

 

These sterile CoCr wear debris particles were injected into a rodent air-pouch 

allowing the investigation of metal distribution as well as the local and systemic 

immunological changes that may be induced following release of particles from 

MoM hip resurfacing arthroplasty.  Flow cytometry revealed that CoCr debris 

induced significant recruitment of inflammatory cells into the pouch cavity; 
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primarily neutrophils and macrophages/monocytes at 24-48 hours post-injection.  

However, the CoCr debris appeared to induce quite a different inflammatory pattern 

compared with the positive control (LPS) in terms of cellular composition and 

chemokine profile.  As expected, LPS induced inflammation was characterised by 

initially high numbers of neutrophils, followed by increased levels of 

monocyte/macrophages (Kadl et al., 2009).  In contrast, CoCr debris induced a 

different cellular response to LPS, which induces similar numbers of neutrophils and 

monocyte/macrophage within the pouch cavity.  Thus, CoCr debris induced lower 

levels of neutrophil infiltrate compared with LPS but had similar levels of 

monocyte/macrophage infiltrate within the pouch cavity.  This correlates well with 

the inflammatory factor transcript data from the air-pouch tissue, which indicated 

that LPS stimulation resulted in a mean 30-fold up-regulation of the neutrophil-

recruiting chemokine CXCL2 (Wolpe et al., 1989).  In contrast, CoCr stimulation 

resulted in only an 18-fold increase. Both LPS and CoCr showed a similar 3-4 fold 

increase in CCL2, a potent monocyte and macrophage migration factor (Deshmane et 

al., 2009), which resulted in similar absolute numbers of macrophages in the tissue 

and exudate.  During the early phase of CoCr debris induced inflammation, neither T 

nor B-lymphocytes seemed to be significantly attracted to the air-pouch cavity, 

although there was an increase in B-lymphocytes at 72 hours.  This could explain the 

increased expression of CXCL13, a chemokine that is selectively chemotactic for B-

lymphocytes (Legler et al., 1998).  The cellular phenotype present in inflammatory 

responses generally varies with time from induction with phagocytes being 

predominant during the early phases of inflammation, whereas lymphocytes become 

more evident in chronic inflammation  (Anderson, 1994).  It was not possible to 

lavage the air-pouch after 72 hours, and the point at which lymphocyte migration 

into the cavity occurred could therefore not be determined.   

 

The histological data further demonstrate that CoCr debris provokes a specific 

inflammatory response with an appearance distinct from that induced by LPS.  LPS 

stimulation led to pronounced up-regulation of certain chemokines such as CCL4 and 

CXCL13, which were less pronounced following CoCr stimulation.  Additionally, 

CoCr wear debris led to the development of large inflammatory infiltrates in the air-
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pouch tissue.  The majority of these cells were localised around the debris which 

became embedded deep within the tissue.  The cells surrounding this debris appeared 

to be mainly monocytes/macrophages and the pattern strongly resembled peri-

prosthetic tissue recovered from revision surgery (Boss et al., 1990).  There was also 

granuloma formation and increased levels of fibrous tissue around the debris, 

especially at later time points. There was some evidence even at 24 hours that CoCr 

debris caused an increase in TGF-β gene expression (2-fold increase over both PBS 

and LPS stimulation), which has a role in wound resolution, scarring and fibrosis.  

Again this is reminiscent of previous histological findings which have been described 

in ARMD (Pandit et al., 2008, Mahendra et al., 2009).   

 

Although LPS also induces inflammatory processes such as cellular infiltrates, this 

appears to be spread over the whole area of the pouch, whereas the response to CoCr 

appears to be localised around the debris.  This is particularly evident at the longer 

time points post implantation.  Whilst the number of cells within the tissue of LPS-

treated pouches is reduced at 7 days, the level of cellular infiltration in the CoCr 

debris-treated pouches remains constant.  The current study demonstrated that sterile 

CoCr debris initiates a distinct inflammatory process which can lead to a high level 

of monocyte/macrophage infiltration.  It has previously been shown that in vitro 

exposures of monocytes and macrophages to CoCr wear debris resulted in up-

regulation of antigen presentation and pro-inflammatory properties of these cells 

(Caicedo et al., 2009, Caicedo et al., 2010).   These in vitro studies have shown that 

CoCr wear debris leads to increased expression of co-stimulatory surface molecules 

as well as increased macrophage reactivity.  In particular, these studies have 

demonstrated increased secretion of the pro-inflammatory cytokine IL-1β, in the 

response to CoCr wear debris, which was confirmed by transcript data from the 

present study.  These in vitro results also correlate with in vivo responses observed 

following implantation of CoCr engineered particles into air-pouches of mice for 48 

hr (Wooley et al., 2002).  The increasing evidence which implies a central role for 

IL-1β in metal-induced pro-inflammatory effects has led to the suggestion that IL-1 

receptor antagonists may be used a therapeutic intervention for implant debris 

induced inflammation (Caicedo et al., 2009). 
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The histological data indicate that the implanted CoCr debris becomes encapsulated 

by fibrous tissue and inflammatory cells by day 7, and this is clearly evident at day 

28.   Biomaterial implantation has previously been shown to induce fibrosis or 

fibrous capsule development (Gretzer et al., 2006).  This  process has been observed 

in patients following MoM hip resurfacing surgery and in particular, has been 

defined as the major histological feature from soft tissue around  loose implants 

(McMinn et al., 1996).  High levels of macrophages/monocytes around the debris 

may facilitate this process since activated macrophages are reported to produce pro-

fibrotic factors which enhance fibrogenesis by fibroblasts (Song et al., 2000).  This 

fibrotic response, as well as the above mentioned cell infiltrates and cell death, was 

only observed in the CoCr treated air-pouches.  Since these are not observed in the 

inflammatory response to LPS, it is a fair assumption that this is a processes induced 

by CoCr wear debris.   

  

In addition, histological data also displayed evidence of cell death around the 

embedded CoCr debris.  Earlier chapters have demonstrated that Cr and Co ion 

exposure induce apoptosis, in vitro.  Although the current study did not measure 

metal ion levels in the air-pouch, circulatory metal ion levels were measured.    

Within the blood of CoCr treated mice; Cr ions peaked at 35.54 µg/l (0.68 µM) and 

Co ions at 77.02 µg/l (1.31 µM).  In vitro studies described in chapters 3 and 4 

demonstrated that these concentrations are cytotoxic to U937 cells but, not to 

primary human lymphocytes.  However, the levels of these ions have been shown to 

be higher locally around the joint than in blood of patients following MoM hip 

resurfacing arthroplasty (Langton et al., 2009).  Therefore, it is possible that high, 

toxic metal ions concentrations exist around the CoCr debris within the pouch that 

result in the observed cell death.  However, cell death in the form of apoptosis is also 

the natural end process of inflammation and wound healing (Greenhalgh, 1998).  

Therefore, the cell death observed in the current model may also be part of the 

inflammatory response associated with CoCr debris.   

 

Although metal debris and/or ions may have induced cell death locally, there is little 

evidence from the current study that treatment with CoCr debris can lead to any 
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systemic immune effects.  As mentioned, earlier chapters have shown that metal ions 

are toxic to primary human lymphocytes, in vitro.  However, despite increased levels 

of Cr and Co ions within the circulation and organs such as the spleen, there was 

little effect on the viability or level of apoptosis in lymphocytes isolated from the 

draining lymph nodes of CoCr treated mice.  Although the number of cells isolated 

from the draining lymph nodes of CoCr treated mice was higher than PBS treated 

control mice, the proportion of cell type, viability and apoptosis level did not alter.  

The increase in the number of cells isolated from the lymph nodes is likely to be a 

result of general lymph node inflammation, as the number of cells isolated from the 

draining lymph nodes of LPS treated mice was also high. 

 

Further to the above, lymphocytes isolated from the draining lymph nodes of CoCr 

treated mice also showed limited differences from cells of PBS treated mice 

following anti-CD3 (± anti-CD28)  activation, in vitro.  The only significant 

difference was observed following the in vitro activation of cells isolated from 7 day 

exposed mice.  Interestingly, cells isolated from mice which were exposed to an 

inflammatory stimulus in vivo had higher levels of viability and reduced apoptosis 

following anti-CD3 activation in vitro.  This observation is difficult to explain as one 

would assume a negative effect of CoCr debris exposure.  In addition, the data from 

the cells isolated at other time-points and/or activated with anti-CD3 + anti-CD28 do 

not show a similar response.  Therefore, as cells isolated from CoCr debris and LPS 

exposed mice at 7 days produced similar effects, it is postulated that the above 

response is as a result of in vivo inflammation that may have primed the cells for 

activation, thus the in vitro stimulus led to cells which were healthier once activated.  

 

As mentioned above there were generally no systemic immune effects observed 

following CoCr debris treatment, despite the response of cells isolated from 7 day 

treated mice.  The absence of expression of Th1/Th17 and Th2 related chemokines  

and cytokines in the pouch from CoCr treated mice may be due to a combination of 

the tissue site being sufficiently distant from the draining lymph nodes and the early 

inflammatory response being satisfactory such that chronic inflammation may not 

occur.  However, as there is no antigen specific stimulation within the current in vivo 
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model it is more likely the case that inflammatory process observed following CoCr 

debris treatment is the result of sterile inflammation.  The sterile inflammatory 

response is a process in which IL-1β and monocytes/macrophages have a prominent 

role (Chen and Nunez, 2010), similar to observations within the current model.  In 

addition it has been shown that CoCr particles activate the inflammasome danger 

signalling pathway (Caicedo et al., 2009), a key element in the sterile inflammatory 

response (Rock et al., 2010, Chen et al., 2011).  Thus, any chronic effects may be 

mediated via monocytes/macrophages rather than through antigen specific pathways. 

Although no significant systemic immune effects were observed following CoCr 

treatment, it was clearly evident that metal disseminated through the circulation into 

various organs.  Within the blood and the majority of organs, chromium and cobalt 

levels peaked two days post treatment.  The peak levels measured within the blood 

were within the range that had previously been observed in blood of patients 

following MoM hip arthroplasty, as summarised in Table 1.4.  Although higher than 

the lowest recorded ion levels in patients, the levels observed in the current model 

were not as high as some of the extreme patient cases described.  Therefore, despite 

the possible high dose of CoCr debris administered to the mice, the level of metal 

ions within the circulation appear to be comparable to those measured in MoM hip 

arthroplasty patients.  Within the current study the author chose to measure metal 

ions in whole blood despite there being debate as to which of whole blood or serum 

can provide an accurate measurement of blood metal ion levels (MacDonald et al., 

2004).  Whole blood metal ion levels were measured as it has been demonstrated that 

metal ions, in particular Cr, can accumulate within RBCs and WBCs (Coogan et al., 

1991, Merritt and Brown, 1995).  As such, the author believes that measuring metal 

ion levels within the serum alone would not provide true measurement of blood 

metal ions. 

 

Within the organs, the greatest increases for all elements were observed in the 

kidney.  This was expected as the kidney is the likely mode of excretion.  Of the 

three elements analysed, cobalt had the highest levels in all tissues and this is likely 

to be due to the composition of the debris.  Interestingly, no increase in chromium 

levels was observed in the liver.  Along with the kidney, this organ is known to be 
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involved in the excretion of many metals (Jakobsen et al., 2007).  Previous in vivo 

models have documented increases in chromium levels in this excretory organ 

following intramuscular or intraperitoneal implantation of CoCr alloy (Jakobsen et 

al., 2007).  In addition, mice that were injected subcutaneously with chromium 

solution (Carmo Pereira et al., 1999) or given a chromium solution orally (Costa, 

1997) also showed high levels of chromium within the kidneys and liver.  Post-

mortem studies from traditional total hip replacement patients have shown extremely 

high chromium levels within the liver  (Langkamer et al., 1992, Case et al., 1994).  

As described earlier, it has been shown that trivalent chromium is not easily 

transported into cells unlike the hexavalent form (Merritt and Brown, 1995, Schaffer 

et al., 1999).  The results in this study could possibly indicate that the relatively 

immobile trivalent form of chromium, rather than the extremely mobile hexavalent 

form, is primarily released from the debris.  However, it is possible that Cr6+ is 

released from CoCr debris, but as postulated by previous authors it may form 

insoluble chromium phosphate complexes locally around the area of implantation  

(Tkaczyk et al., 2009, Langton et al., 2010).   Alternatively, the lower levels of Cr 

measured may be due to the treatment of the CoCr debris once it was produced.  The 

debris was produced on a simulator in deionised water.  The debris was then stored 

in deionised water until it was treated for any microbial contamination.  This was 

done 3 days before the sterile CoCr debris was administered to the mice.  Therefore, 

the storage and treatment of the debris could have affected the valency of Cr ions.    

 

The metal ion levels within blood and organs return to control levels by day 28; only 

cobalt and molybdenum level within the spleen are elevated at after this period.  

These results indicate that although the metal ion concentrations in blood and distant 

organs increased more than 5-fold, the ions were adequately excreted through the 

kidney.  Brown et al. (1988) also demonstrated that both Cr and Co are excreted 

rapidly.  These authors showed that hamsters that had CoCr alloy (F-75) rods 

inserted subcutaneously excreted over 40% of Co into urine within 24 hours whereas 

only ~20% of Cr was excreted within the same period.  In MoM resurfacing patients, 

it is suggested that metal ions do not accumulate progressively because the rate of 

excretion matches rate of production (Cobb and Schmalzreid, 2006).  Therefore, 
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metal ions released from a single dose of CoCr particles may be adequately excreted, 

and this does not allow the accumulation of metal ions to toxic level. 

 

It is clear that the current in vivo model produces a number of features resembling 

processes identified in the pathology of ARMD and provides valuable details 

regarding the inflammatory process due to CoCr wear debris.  It is evident that this 

debris induces a specific inflammatory response mediated by 

monocytes/macrophages, possibly due to a sterile inflammatory response mediated 

by the inflammasome.  Further to this, it is clear that debris released in vivo 

following MoM hip resurfacing, is likely to lead to high metal ion levels in blood and 

organs which may lead to additional adverse effects.   However, whether the 

inflammatory response or the high levels of metal ions from wear production induce 

the systemic and chronic effects remains undetermined.  The release of wear debris 

in situ is continuous for the duration of the implant, whereas the current model only 

provides the equivalent of a single release of wear debris leading to a transient 

response.  The current model accurately mimics a single release from wear debris.  A 

similar model allowing continuous release of debris will lead to accumulation of 

metal ions within blood and organs, and may mimic more severe local inflammatory 

responses and chronic adverse effects.  In order to fully assess this possibility, 

repeated doses of CoCr debris should be administered in future studies for complete 

evaluation of the chronic responses induced following MoM resurfacing arthroplasty. 
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6. Effects of metal-on-metal arthroplasty on 

lymphocytes in vivo: Correlation with blood metal 

ion levels. 

6.1 Introduction 

MoM hip arthroplasty, both resurfacing and THR, often involve the use of cobalt 

chrome alloys.  It is believed that this type of material extends the durability of hip 

replacement and reduces the requirement for revision (Merritt and Brown, 1996).  

However, MoM articulating surfaces generate metallic nano-particulate wear debris 

as well as corroding in vivo releasing metal ions. The release of soluble and 

particulate metallic debris from such metal implants has been extensively 

documented (Case et al., 1994, Lhotka et al., 2003, Vendittoli et al., 2007).   

Increased levels of metal ions, in particular Cr and Co, have been recorded in 

peripheral blood of patients following MoM hip resurfacing or THR (Back et al., 

2005, Milosev et al., 2006).  The MHRA and NICE have expressed concern over the 

effects of long-term exposure to metal debris/ions, particularly in younger patients 

and women.  In April 2010 the MHRA issued an alert mandating an annual follow up 

of blood metal ion levels in MoM hip implant patients for the first five years after the 

surgery.   

 

As mentioned earlier, it is believed that exposure to high levels of circulating metal 

ions, particularly Cr and Co, leads to detrimental effects causing DNA damage and 

immune dysfunction (Ladon et al., 2004, Delaunay et al., 2010).  Several studies 

have observed reduced levels of white blood cells (WBCs), in particular 

lymphocytes, following MoM hip arthroplasty (Savarino et al., 1999, Hart et al., 

2006, Hart et al., 2009).  Hart and co-workers reported the presence of laboratory 

defined T-cell lymphopenia (circulation levels of T-lymphocytes < 0.8 x 109 cells/l) 

in peripheral blood of patients with MoM hips compared with those with MoP hips.  

This was particularly evident in CD8+ cytotoxic T-lymphocytes.  Specifically they 

have reported that combined levels of blood Cr and Co in excess of 5 ng/ml will lead 
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to reduced numbers of lymphocytes.  These authors also reported an inverse 

correlation between the circulating levels of Cr and Co in patients with MoM hips 

and absolute lymphocyte counts.  In addition, it has also been reported that MoM 

THR leads to reduced numbers of circulating CD4+ helper T-lymphocytes and 

CD16+ natural killer (NK) cells (Savarino et al., 1999).  The findings in the earlier 

chapters of this thesis have also shown that Cr and Co ions have toxic effects on 

lymphocytes, in vitro.  Therefore, it is postulated that metal ions released from MoM 

implants lead to toxic effects which result in reduced levels of circulating 

lymphocytes. 

 

 

6.2 Aims 

The primary aim of this chapter was to assess whether MoM hip arthroplasty would 

lead to any alterations in the number of circulating lymphocytes and if these changes 

correlated with blood metal ion levels. This chapter investigated whether these 

parameters were affected following MoM hip resurfacing, with different prostheses.  

It also assessed whether MoM and ceramic-on-metal (CoM) THR lead to similar 

changes. 

 

 

6.3 Methods 

6.3.1 Implants  

The MoM resurfacing implants used in the study were the Durom™ resurfacing 

system (Zimmer; Winterthur, Switzerland) and ASR (Articular Surface Replacement; 

DePuy; Leeds, UK). The femoral and acetabular components of both the Durom and 

ASR implants are made of high carbon (≥ 0.2%) content CoCr alloy (ISO 5832-12).  

 

The components used in THR in the study were supplied by DePuy (Leeds, UK).  All 

subjects received a Pinnacle® acetabular cup and Corail® femoral stem.  The 
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acetabular cup was composed primarily of titanium (Ti) with a CoCr liner (36mm) 

and the femoral stem was primarily Ti coated with hydroxyapatite.  The CoM 

subjects received a ceramic articulating femoral head whereas patients within the 

MoM group received a CoCr component (both 36mm). 

 

 

6.3.2 Patients 

The number of patients within each subject group is shown in Table 6.1.  This table 

shows the number of patients at each time point, it also displays the number of 

patients for whom metal ion data was available. 

 

Implant 

Time 
Pre-Op 6 weeks 6 months 1 year 2 year 

ASR 12 (12) 12 (9) 8 (6) 9 (8) 7 (7) 

DUROM 23 (21) 20 (20) 16 (12) 17 (14) 11 (8) 

CoM (THR) 15 (11) 10 (9) 10 (8) 8 (5) - 

MoM (THR) 17 (11) 14 (13) 10 (10) 10 (9) - 

 

Table 6.1 Number of patients within each subject group.  Data shows the number 

of patients at each time point and the figure in brackets indicates the number of 

patients with blood metal ion concentration data available. Inclination angle was less 

than 55° in all patients.    Renal function in all subjects was within acceptable limits 

(measured at time of surgery).   

 

 

6.3.3 Blood sample collection 

Ethical permission from the local regional ethics committee was obtained to 

withdraw blood from patients about to undergo primary hip replacement surgery, and 

postoperatively during follow up visits at 6 weeks, 6 months, 1 year and 2 years.  
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Blood samples (50 ml) were collected into sodium citrate tubes from each subject by 

inserting a plastic cannula in the antecubital fossa after discarding the first 5 ml to 

avoid contamination from the needle. All vessels used for the collection of specimens 

were verified to be free of metal contamination. 

 

6.3.4 Analysis of peripheral blood 

Following collection, the WBC and lymphocyte numbers were quantified via flow 

cytometry as described in section 2.3.2.   An aliquot of the blood sample was stored 

in the freezer at a temperature of -70°C until analysed for trace metal ions as 

described in section 2.3.3.  Both WBC numbers and metal ion levels were compared 

with each individual patients own pre-operative levels and expressed as a change 

from these values. 

 

 

6.4 Results 

6.4.1 Effects of MoM resurfacing on lymphocyte numbers 

Figure 6.1 displays the changes in WBC and lymphocyte number following MoM 

hip resurfacing arthroplasty.  It was observed that DUROM patients had significantly 

less circulating WBCs 1and 2 years following resurfacing surgery compared to pre-

operative values.  ASR patients were found to have significantly reduced numbers of 

circulating WBCs 2 years following hip arthroplasty. 

 

Although ASR subjects had lower numbers of circulating CD3+ cells (T-

lymphocytes) compared to pre-operative levels, these changes are not significant.  

This was also the case for a subset of these cells, CD4+ cells (helper T-lymphocytes).  

The other subset of CD3+ cells, CD8+ cells (cytotoxic T-lymphocytes), were found to 

be reduced at 6 weeks following resurfacing surgery with an ASR implant.  No 

changes were observed in any T-lymphocyte populations in patients who had 

received a DUROM implant. 
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Figure 6.1 also shows that the number of CD20+ cells (B-lymphocytes) were reduced 

from pre-operative values in ASR patients 6 weeks and 2 years post resurfacing 

arthroplasty.  Theses cells were also found to be reduced in DUROM patients 2 years 

following surgery. 

 

No changes in CD56+ cells (NK cells) were observed at any time point following hip 

resurfacing with either MoM prostheses. 
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Figure 6.1 Change in number of circulating white blood cells and different 

lymphocyte subsets following MoM hip resurfacing arthroplasty surgery using 

the ASR and Durom implants.  Y-axis indicates change from pre-operative levels; 

* indicates outliers; significantly different levels marked with p-values by repeated 

measures analysis of variance (p < 0.05) with respect to preoperative values.   

 

 

Table 6.2 shows the percentage of patients at 1 and 2 years post hip resurfacing 

arthroplasty who were lymphopenic.  As can be seen, the percentage of patients that 

were lymphopenic was higher in the ASR group than DUROM group, 1 year post 

surgery.  The percentage of patients with a DUROM implant that were lymphopenic 

was relatively low at 1 year but this increased at 2 years post surgery.  At two years 
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post surgery, a higher percentage of DUROM patients had CD3 and CD8 

lympopenia than ASR patients. 

 

 1 Year  2 Year 

 ASR (%) DUROM (%)  ASR (%) DUROM (%) 

CD3 44 7  29 36 

CD4 33 11  43 18 

CD8 22 20  0 27 

CD20 7 0  29 9 

 

Table 6.2 Percentage of patients with laboratory defined lymphopenia following 

MoM hip resurfacing. Patients received either an ASR or Durom implant.  CD3+ 

lymphopenia is defined as absolute counts of <0.8 x 109/l; CD4+ lymphopenia as 

absolute counts of <0.5 x 109/l; CD8+ lymphopenia as absolute counts of <0.2 x 109/l 

and CD20+ lymphopenia as absolute counts of <0.08 x 109

 

/l. 

 

6.4.2 Effect of blood metal ion concentrations on lymphocyte 

numbers following MoM arthroplasty 

Figure 6.2 shows that blood chromium ion levels are higher at 6 months and 1 and 2 

years following MoM hip resurfacing compared with pre-operative values.  This is 

the case in both ASR and DUROM patients.  This figure also indicates that ASR 

patients have higher levels of cobalt ions in blood at 6 months and 1 year following 

hip resurfacing.  No significant alterations in blood cobalt levels were observed in 

patients who received a DUROM implant.  Additionally, it was found that the 

increase in Co levels in ASR patients’ blood was significantly higher at each time-

point compared with DUROM patients (p<0.05, Mann-Whitney test).  However, no 

differences were observed between the two patients groups with respect to whole 

blood Cr ions.   
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Figure 6.2 Change in whole blood chromium and cobalt levels following MoM 

hip resurfacing arthroplasty surgery using the ASR and Durom implants.  Y-

axis indicates change from pre-operative levels; * indicates outliers; significantly 

different levels marked with p-values by repeated measures analysis of variance 

(p ≤ 0.05) with respect to preoperative values. 

 

 

Figure 6.3 displays the change in the numbers of WBCs, T-lymphocyte subsets and 

B-lymphocytes plotted against changes in blood metal ion levels (Cr + Co) 1 and 2 

years post MoM hip resurfacing arthroplasty.  There was little evidence of an inverse 

correlation between the changes in individual ions and changes in the number of 

different WBCs (Appendix 2), hence the changes in combined ions was applied to 

determine any relationship. There appears to be no clear inverse relationship between 

changes in metal ion levels and the numbers of these cells.  The r2 values were very 

low when attempting to correlate these parameters at 1 year post arthroplasty and, in 

some cases DUROM patients showed a very weak positive correlation.  The 

correlation was strengthened when assessing an inverse relationship between changes 

in metal ion levels and lymphocyte number at 2 years post arthroplasty surgery.  

CD4+ T-helper cells and B-lymphocytes show a moderate inverse relationship 

compared with changes in metal ions following ASR hip arthroplasty 2 years post 

surgery.  As at 1 year, there was little evidence of an inverse relationship following 

DUROM implantation. 
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  1 YEAR     2 YEAR 
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Figure 6.3 Correlation between changes in whole blood metal ion levels (Cr + 

Co) and changes in WBCs and lymphocyte populations at 1 and 2 years post 

MoM arthroplasty using either ASR or Durom implants.  R2

 

 values indicate the 

inverse correlation between changes in metal ions and changes in the different 

WBCs.  +Indicates a positive correlation between the two parameters.   

 

6.4.3 Effects of THR on lymphocyte numbers 

The boxplots in Figure 6.4 show the changes in WBC, T and B-lymphocytes and, 

NK cells following THR with either CoM or MoM implants at 6 weeks, 6 months 

and 1 year post surgery.  No significant changes were measured in any of these cells, 
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compared to pre-operative values, at any of the time-points within either patient 

group.   

 

 

   

   

   
 

Figure 6.4 Change in number of circulating white blood cells and different 

lymphocyte subsets following CoM or MoM THR.  Y-axis indicates change from 

pre-operative levels; * indicates outliers.  No significant changes were observed 

values by repeated measures analysis of variance (p ≤ 0.05) with respect to 

preoperative values. 

 

Implant
1YR6MTH6WK

MOMCOMMOMCOMMOMCOM

4

3

2

1

0

-1

-2

-3

-4

-5Ch
an

ge
 in

 n
um

be
r 

of
 c

ir
cu

la
ti

ng
 W

BC
 x

10
^

9 
/ 

L

0

Implant
1YR6MTH6WK

MOMCOMMOMCOMMOMCOM

1.0

0.5

0.0

-0.5

-1.0

-1.5

Ch
an

ge
 in

 n
um

be
r 

of
 c

ir
cu

la
ti

ng
 C

D
3+

 c
el

ls
 x

10
^

9 
/ 

L

0

Implant
1YR6MTH6WK

MOMCOMMOMCOMMOMCOM

0.5

0.0

-0.5

-1.0

Ch
an

ge
 in

 n
um

be
r 

of
 c

ir
cu

la
ti

ng
 C

D
4+

 c
el

ls
 x

10
^

9 
/ 

L

0

Implant
1YR6MTH6WK

MOMCOMMOMCOMMOMCOM

0.4

0.3

0.2

0.1

0.0

-0.1

-0.2

-0.3

-0.4

-0.5

Ch
an

ge
 in

 n
um

be
r 

of
 C

D
8+

 c
el

ls
 x

10
^

9 
/ 

L
0

Implant
1YR6MTH6WK

MOMCOMMOMCOMMOMCOM

0.3

0.2

0.1

0.0

-0.1

-0.2

-0.3

-0.4

-0.5

-0.6

Ch
an

ge
 in

 n
um

be
r 

of
 c

ir
cu

la
ti

ng
 C

D
20

+
 c

el
ls

 x
10

^
9 

/ 
L

0

Implant
1YR6MTH6WK

MOMCOMMOMCOMMOMCOM

0.4

0.3

0.2

0.1

0.0

-0.1

-0.2

-0.3

Ch
an

ge
 in

 n
um

be
r 

of
 c

ir
cu

la
ti

ng
 C

D
56

+
 c

el
ls

 x
10

^
9 

/ 
L

0



168 
 

6.4.4 Correlation between blood metal ion concentrations and 

lymphocyte number 

No significant changes were observed in blood metal ion levels following CoM or 

MoM THR (Figure 6.5).  There did appear to be a gradual increase over time in the 

level of blood Cr and Co in THR patients, this increase was more evident in MoM 

patients.  However, as mentioned, no significant changes were measured. 

 

   
 

Figure 6.5 Change in whole blood chromium and cobalt levels following CoM or 

MoM THR.  Y-axis indicates change from pre-operative levels; * indicates outliers.  

No significant changes were observed values by repeated measures analysis of 

variance (p ≤ 0.05) with respect to preoperative values. 

 

 

6.5 Discussion 

The current chapter has primarily focussed on the effect of MoM hip arthroplasty on 

circulating lymphocyte numbers.  Initially this study concentrated on comparing the 

alterations in lymphocyte numbers following MoM hip resurfacing arthroplasty with 

either an ASR prosthesis or DUROM prosthesis.  Previous studies have shown that 

MoM resurfacing leads to a lower number of circulating WBCs, particularly 

lymphocytes, compared with patients who received a different type of implant such 

as MoP or CoM (Savarino et al., 1999, Hart et al., 2009).  However, in this current 

study we chose to compare the changes from each individual’s pre-operative value 
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therefore tracking changes within each patient, thus reducing the effects of inter-

individual variability.  The data from the present study show that the number of 

circulating WBCs is significantly reduced 2 years following hip resurfacing 

arthroplasty with an ASR implant.  The only WBC sub-population which was 

significantly reduced at this time-point was CD20+ B-lymphocytes, which is in 

keeping with previous findings (Hart et al., 2009).  The other WBC sub-populations 

are also reduced in number at this time-point, however, these reductions are not 

significant.  This may be as a result of the small sample size within this cohort of 

patients where the small reductions observed at both 1 and 2 years, post ASR 

implantation, within the subsets of WBCs are not significant.  Interestingly, patients 

with a DUROM implant also have significantly reduced numbers of circulating 

WBCs at 1 and 2 years post-surgery.  Again, the only significant decrease in any 

subset of WBCs was found to be in CD20+ B-lymphocytes 2 years following 

arthroplasty.  These cells are extremely important in the humoral immune response 

and their reduction within the circulation could leave the subject vulnerable to 

foreign bodies such as bacteria and viruses. 

 

Although B-lymphocytes are extremely important, these cells are only a small 

proportion (1-5%) of the total WBC numbers therefore a decrease in their number 

alone does not account for the reduction in circulating WBC numbers.  The results 

show that, barring B-lymphocytes at 2 years, there is very little variation in the other 

lymphocytes or NK cells in DUROM patients at 1 or 2 years following hip 

resurfacing.  This implies that a reduction in another major subset of cells not 

analysed in the current study, such as neutrophils or monocytes/macrophages may 

contribute to the reduction in total WBC numbers.  This may also be the case 

following hip resurfacing arthroplasty with an ASR.  Infiltrates of CD3+ T-

lymphocytes and B-lymphocytes, as well as macrophages, have been reported around 

the joint  (Willert et al., 2005, Counsell et al., 2008, Mahendra et al., 2009).  This is 

said to be specific to MoM and distinctly different from the observations following 

MoP arthplasty(Boardman et al., 2006, Pandit et al., 2008).  It is postulated that the 

decreased number of WBCs previously reported may be as a result of cells being 

drawn from the circulation and accumulating around the joint (Langton et al., 2008, 



170 
 

Hart et al., 2009).  Therefore, the reductions in WBCs may be a result of B- and T-

lymphocytes as well as monocytes migrating from the circulation to the local area 

around the prosthesis. 

 

It has also been suggested that changes in the number of the subsets of WBCs 

following MoM hip arthroplasty is as a result of increasing levels of circulating metal 

ions (Case et al., 2000).  Data from earlier chapters (1 and 2) have shown metal ions 

to be toxic to lymphocytes and monocytes, in vitro.  The present study found that Cr 

levels were significantly increased following MoM hip resurfacing, irrespective of 

which implant was used.  However, only patients with an ASR implant showed 

increased levels of Co.  Further to this, comparing the whole blood Co ion levels at 

different time points, it was found that ASR patients had significantly higher levels 

than patients with a Durom implant.  Interestingly, when the current author 

investigated any inverse relationship with levels of metal ions and changes in 

numbers of  WBCs or lymphocytes, very little correlation was found at 1 year.  In 

fact, patients with a Durom implant actually showed a positive correlation, although 

very weak, between metal ion concentrations and numbers of WBCs or subsets of 

lymphocytes at 1 and 2 year post hip arthroplasty.  However, patients do show a 

moderate inverse relationship between changes in metal ions and changes in T-

lymphocyte numbers, in particular CD4+ T-helper cells, and B-lymphocyte numbers 

at 1 year post ASR implantation.  This inverse relationship is strengthened at 2 years 

post surgery for T-helper cells and B-lymphocytes.  When attempting to correlate 

changes in individual ions and WBCs or lymphocyte number, the correlation was 

weaker (Appendix 2).  Therefore, should there be any relationship with metal ions 

and WBC or lymphocyte numbers it is likely to be as a consequence of both metal 

ions.  At present, however, it is difficult to claim that metal ion release from hip 

resurfacing implants leads to a reduction in the number of WBCs or lymphocytes.  

Although a number of patients in both cohorts were lymphopenic, we see no clear 

relationship between metal ions and WBC levels.  Additionally, the vast majority of 

patients in both groups had blood ion levels well below the MHRA recommended 7 

ng/ml and even the 5 ng/ml described by (Hart et al., 2009).  Further to this, the 

metal ions levels measured within whole blood of patients in the present study were 
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lower than those which induce cytotoxicity in vitro.  Therefore, it is possible that 

should the implant remain in situ for a longer period, metal ion levels may increase 

to levels which may adversely affect the immune system.  However, evidence from 

the present study makes it difficult to suggest metal ions are the cause, or sole cause, 

for the decrease in WBC and lymphocyte numbers.  Therefore, it likely that the 

decreases measured in the number of circulating WBCs and lymphocytes following 

hip resurfacing arthroplasty are due to factors other than high levels of metal ions 

within the circulation. 

 

The postulation that circulating WBC and lymphocyte number may not be solely 

related to whole blood metal ion levels is strengthened by initial findings from the 

second clinical trial which compared CoM and MoM THR.  No significant changes 

in circulating WBC or lymphocyte number were observed following CoM or MoM 

THR.  Over the course of 1 year, the subjects in both groups showed a clear small 

gradual increase in blood metal ion levels following THR, however, due to the small 

sample number at this time point, the increases did not show any significance.  Also, 

at present, the increase in ion levels is more apparent following MoM THR than post 

CoM THR, however, when assessing changes in lymphocyte numbers it was found 

that the reduction in CD8+ cytotoxic T-lymphocytes in CoM subjects 1 year post 

THR was the closest to significance (p=0.06).  Overall, no reductions are observed in 

circulating WBC or lymphocyte number following MoM THR even though there is a 

small increase in whole blood ion levels.  However, it is conceivable, as with the 

resurfacing study, that the blood metal ion levels are not high enough to be 

detrimental for patients.  However, this may change as the duration of implant 

presence in situ increases.  

 

Previous data had showed a decrease in WBCs along with an increase in blood metal 

ion levels following THR, however, this was in patients with a failed joint 

arthroplasty (Savarino et al., 1999).  In addition, the studies by Hart and colleagues 

(Hart et al., 2006, Hart et al., 2009) compared ion levels and lymphocyte numbers 

between patients with MoM or MoP implants rather than changes within individuals.  

Further to this, there are a number of reports which show an increase in lymphocyte 
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numbers following MoM hip replacement.  Studies have demonstrated an increased 

proportion of cytotoxic T-lymphocytes and NK cells in patients with a failed metal 

orthopaedic implant (Case et al., 2000).  In addition, a recent study showed that 

cytotoxic T-lymphocytes increase in number along with blood metal ion levels 6 

years following MoM hip arthroplasty (Hailer et al., 2011).  This further strengthens 

the current author’s belief that metal ions may not directly cause a decrease in 

circulating WBC or lymphocyte numbers. 

 

Data from the current chapter has demonstrated that numbers of circulating WBCs 

and lymphocytes are decreased following MoM hip resurfacing but no change is 

observed following THR even though there is an apparent increase in levels of metal 

ions within whole blood following both types of hip arthroplasty.  It is possible that 

effects observed within the current study, as well as the general adverse effects 

previously reported, may be the result of the functioning and wear properties of the 

prosthesis.  Metal ion release has been correlated with MoM wear debris generation 

(De Smet et al., 2008), and  it has been stated that mechanical wear is the 

predominant process which drives the production of metal ions (Langton et al., 

2008).  Certain MoM resurfacing and large-diameter THR joints have greater wear 

than expected for the duration in situ, and this is accompanied by higher levels of 

blood metal ions (Langton et al., 2010, Matthies et al., 2011).  In particular, the ASR 

implant has higher wear rates than other resurfacing implants such as BHR 

(Birmingham Hip Resurfacing; Smith & Nephew, Memphis, Tennessee, US)  

(Matthies et al., 2011).   Also,  MoM hip resurfacing, particularly using smaller ASR 

components, is sensitive to positioning in situ and high inclination angles can lead to 

high levels of wear debris and ion release (Langton et al., 2008, De Haan et al., 

2008).  Although all the hip resurfacing patients within the current study had 

inclination angles within the optimal region to minimise wear debris formation 

(Grammatopoulos et al., 2010), wear debris formation is still possible.   In addition, 

ASR also had a higher cumulative revision rate (10.9%) at 5 years compared with 

Durom resurfacing (7.6%) according to the Australian National Joint register (2010).  

As such, the current author suggests that the reduced numbers of WBC and 

lymphocytes subsets observed following MoM resurfacing are likely to be due to 
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high levels of wear debris production from the implant rather than a direct effect of 

high metal ion levels.  In addition, the author believes that wear debris formation is 

the result of a poorly implanted prosthesis.  As such, the limited adverse effects 

observed within the patients of the current study may represent well fitted implants. 

 

Data from the earlier chapter (section 5.3.4) has shown that implantation of ASR 

debris in mice leads to higher levels of Co than Cr within whole blood.  Higher levels 

of Co were also measured in ASR patients compared with those with DUROM 

prosthesis and this may be related to the debris released from the implant as the 

composition of this debris was primarily Co (section 5.4.1).  In addition to this, 

explant data have shown that implants which are revised due to ARMD or 

pseudotumour presence have higher wear compared with those revised due to other 

causes (Kwon et al., 2010, Langton et al., 2010).  The previous chapter also showed 

that implantation of ASR wear debris, in vivo, in mice leads to a local immune 

response around the debris.  This is supported by the view that the reaction to MoM 

wear debris exists as a chronic local immune response (Jameson et al., 2008), and 

recent in vitro data implicate CoCr particles as mediating the immune effects (Allen 

et al., 1997, Caicedo et al., 2009).  The fact that no significant changes were 

observed in blood metal ion levels or WBC numbers following THR in our studies 

may be a result of a well-implanted small diameter implant.  Therefore, it is 

hypothesised that wear debris from MoM resurfacing implants lead to the reduction 

of circulating WBCs due to a local immune response in which these cells accumulate 

locally (Caicedo et al., 2009, Hart et al., 2009).  Also, high levels of circulating metal 

ions may be as a result of increased wear debris formation and its corrosion, and thus 

it may be used as a diagnostic tool to assess the functioning of the prosthesis (De 

Smet et al., 2008).   
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7. Summary and future work 

7.1 Summary of the thesis findings 

7.1.1 Effects of chromium and cobalt on U937 cells in vitro  

U937 monocyte-like cells were exposed to Cr6+ and Co2+, individually or in 

combination, for 24 and 48 hours in vitro.  These cells were treated with ion 

concentrations that had previously been reported in the blood of patients with a metal 

implant: 0.1, 1, 10 µM.  It was observed that exposure to all concentrations of Cr6+ 

decreased viability of these cells.  Following exposure to the highest concentration of 

Cr6+, 10 µM, for 24 hours, cell viability was as low as 11.59% of control values.  In 

addition, flow cytometric and microscopy data showed that Cr6+ exposure induced 

apoptosis of U937 cells, particularly at higher concentrations. 

This study also demonstrated that Cr6+ is more toxic than Co2+, in vitro.  The data 

showed that Cr6+ exposure led to a greater reduction in cell viability and induced 

more cell death than Co2+ at all concentrations tested.  There was minimal evidence 

of any toxicity of 0.1µM Co2+, and following exposure to 10 µM, cell viability was 

still 69.90% of control values.  In contrast to Cr6+ which primarily initiated 

apoptosis, the data indicate that high concentrations of Co2+ may induce necrosis as 

well as apoptosis.  It is postulated that Cr6+ is more toxic than Co2+ because the 

intermediates formed as it is reduced to Cr3+ have adverse effects on cells 

 

Although individual exposure of Cr6+ or Co2+ led to decreased viability of U937 

cells, there was little evidence of any synergy when cells were exposed to both ions 

in combination.  Only exposure to 1 μM Cr6+ and 10 μM Co2+ together for 24 hours 

showed a greater effect on cell viability than either of the individual exposures.  This 

synergy was not observed following 48 hours of exposure.  These ions may indeed 

be able to act in synergy but due to the cytotoxic nature of these ions, especially Cr6+, 

it may be difficult to identify any synergy at high concentrations or at the longer 

durations of exposure.  Overall, it was found that clinically recorded concentrations 

of Cr6+ and Co2+ led to cell death.  The exact intracellular mechanism by which this 
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occurs in U937 cells was not elucidated but the author believes that it is as a result of 

ROS formation. 

 

 

7.1.2 Effects of chromium and cobalt on primary human 

lymphocytes in vitro  

Primary cultures of human lymphocytes were exposed to Cr6+ and Co2+ ions in vitro.  

These experiments were carried out to investigate mechanisms responsible for 

observed decreases in numbers of circulating lymphocytes in patients with MoM 

implants (Savarino et al., 1999, Hart et al., 2006).  Resting and anti-CD3 ± anti-

CD28 activated lymphocytes were exposed 0.1, 1, 10 and 100 µM Cr6+ and Co2+, 

individually and in combination in vitro. 

 

It was observed that Cr6+ exposure led to a decrease of lymphocyte viability in 

resting and anti-CD3 activated lymphocytes to a similar extent with respect to their 

unexposed controls.  This was particularly evident at 10 and 100 µM, and these 

concentrations of Cr6+ also significantly decreased cell proliferation following 

activation.  Flow cytometric data demonstrated that the reduced cell viability and 

proliferation of lymphocytes was due to the initiation of apoptosis following 

chromium exposure.   Pre-treatment of lymphocytes with a caspase-3 inhibitor did 

not inhibit the apoptosis induced following metal ion exposure.  Exposure to high 

levels of Cr6+ led to MOMP.  This occurred irrespective of caspase inhibition.  

Therefore, attempting to inhibit the induced apoptosis by inhibiting caspase-3 

activity was unlikely to work as the mitochondrial damage occurs upstream from 

caspase activation. 

 

As with the U937 cell line, Cr6+ was more toxic to primary human lymphocytes than 

Co2+.  Exposure to chromium ions consistently had a greater negative effect on the 

viability and function of lymphocytes compared with cobalt ion exposure.  Only 

exposure to 100 µM Co2+ led to a significant decrease in cell viability of resting 

lymphocytes; this was also accompanied by an increase in mitochondrial damage and 
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apoptosis.  However, in activated lymphocytes 10 and 100 µM Co2+ treatment led to 

reduced viability and proliferation, but an increase in apoptosis was only measured in 

cells exposed to 100 µM Co2+.  The greater decrease in viability of activated 

lymphocytes (at 10µM Co2+) indicates that Co2+ may be acting through additional 

mechanisms, which also reduce cell proliferation, rather than simply initiating 

apoptosis.  It is postulated that Co2+ may also inhibit intracellular processes such as 

calcium trafficking. Through this mechanism, Co2+ concentrations that are not 

directly cytotoxic to lymphocytes may affect events at a molecular level impeding 

lymphocyte activation and proliferation. 

 

IFNγ, IL-2 and TNFα, release was inhibited following metal ion exposure to 

activated lymphocytes.  The reduction in IFNγ and TNFα release occurred following 

exposure to concentrations of metal ions which also led to a reduction in cell 

viability and proliferation.  Hence, it was concluded that production of these two 

cytokines was reduced because the activated lymphocytes became apoptotic and non-

viable, and thus unable to produce these key cytokines.  In contrast, IL-2 release was 

reduced at the lowest concentrations of metal ions where no other adverse effects 

were measured.  In addition, IL-2 supplementation to metal ion exposed activated 

lymphocytes did not increase cell proliferation.  As well as this, co-stimulation (with 

anti-CD28), which enhances IL-2 release and other survival factors in lymphocytes, 

did not reverse any of the adverse effects observed following metal ion exposure.  

This indicates that although the metal ions inhibited IL-2 release, this was not 

directly involved in the mechanism by which these two metal ions affected 

proliferation or induced apoptosis in lymphocytes. 

 

Although high concentrations of Cr6+ and Co2+ are cytotoxic, exposure to both ions in 

combination did not lead to any significant synergistic effects.  This again may be 

due the extreme toxicity of these ions, and exposure to lower concentrations may 

have been able to identify synergy. 
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7.1.3 In vivo response to CoCr implant wear debris 

The initial stages of this thesis have dealt with the in vitro toxicity from metal ions 

released from MoM hip implants.  Despite providing valuable data, the limitations of 

in vitro models have led the author to develop an in vivo model of host interactions 

with CoCr wear debris that could provide more useful information.  A rodent air-

pouch model was modified to assess the distribution of metal ions in blood and 

organs in addition to assessing the local and systemic immunological effects of the 

CoCr wear debris generated from a hip implant by a mechanical simulator. 

 

We observed increased levels of Co, Cr and Mo in blood for up to 72 hours 

following the introduction of CoCr wear debris into the mouse air-pouch; the levels 

of Co were highest and remained elevated for 7 days.  Co levels were elevated in all 

organs studied (liver, kidney, spleen, lung, heart, brain and testes), with the peak at 

48h, and the highest levels measured in liver and kidney (838.94 ± 223.66ng/g in 

liver, and 938.79 ± 131.61 ng/g in kidney).  Levels of Cr in organs were considerably 

lower than those for Co, for example, Cr in kidney was 117.24 ± 12.61 ng/g tissue at 

48 h.  Co ions were more mobile than Cr, reaching higher levels at earlier time 

points.  This could be a reflection of the debris composition (which was primarily 

Co), the valency of Cr ion released (Cr3+ may be released from the CoCr debris 

rather than the more mobile Cr6+) or local tissue binding of Cr ions as discussed by 

Langton et al (2010).   

 

Analysis of the inflammatory exudates showed that CoCr wear debris induced a 

different inflammatory pattern compared with LPS, which was used as a positive 

control to induce an inflammatory response.  LPS induced a strong early (at 4 hours) 

neutrophil influx into the pouch with monocyte/macrophage influx peaking at 24 

hours, whereas CoCr wear debris initiated almost equal numbers of early 

monocyte/macrophage and neutrophil recruitment.  Histological analysis also 

showed that CoCr debris which became embedded deep within the pouch tissue was 

surrounded by a vast cellular infiltration, with fibrosis and granuloma formation 

around the debris.  The majority of the cells which encircled the debris had a 

monocytic morphology.  The encapsulation of CoCr debris within fibrous tissue and 
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monocytes remained in place for the duration of the experiment, whereas the number 

of cells within the tissue of LPS-treated pouches was reduced at 7 days.   

 

Assessment of inflammatory gene transcripts from air-pouch tissue, excised at 24 

hours, showed that CoCr wear debris increased expression of cytokines involved in 

promoting inflammation and fibrosis (IL-1β, TGF-β) and chemokines which promote 

recruitment of neutrophils and monocytes/macrophages (CXCL2, CCL2).  Although 

LPS treatment also led to an upregulation of these gene transcripts, in addition it 

caused pronounced up-regulation of certain chemokines such as CCL4 and CXCL13, 

which were not as up-regulated by CoCr stimulation.  This demonstrates that CoCr 

debris provokes a specific inflammatory response which is distinct from LPS.  

 

In addition, there was little evidence demonstrating significant effects, in terms of 

viability and apoptosis, on lymphocytes isolated from the draining lymph nodes of 

CoCr treated mice, either in their resting or activated states.   

 

It is clear that the current in vivo model simulates processes in the pathology of 

adverse effects from MoM hip implants described in the literature.  In addition, 

implantation of CoCr wear debris from a MoM hip resurfacing implant lead to an 

inflammatory process which is distinct from that induced by LPS.  The process 

involves infiltration of inflammatory cells, primarily monocytes/macrophages, as 

well as granuloma and fibrous capsule formation around the debris.  

Monocytes/macrophages not only have a key role in the above processes in the in 

vivo mouse model, but may also be highly significant in the chronic inflammatory 

response observed following MoM hip arthroplasty.  The author believes that the 

data presented indicate that the adverse effects of MoM implants are a result of a 

sterile inflammatory response that is mediated via monocytes/macophages.   The 

release of wear debris in situ is continuous for the life-time of an implant, whereas 

the current model only provides the equivalent of a single release of wear debris 

leading to a transient response.  Therefore, it is suggested that this in vivo air-pouch 

model would need modification such that additional serial doses could be introduced 

into the pouch to simulate continuous release of wear debris. 
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7.1.4 Effects of metal-on-metal arthroplasty on lymphocytes in vivo 

in patients 

Reduced levels of white blood cells, particularly lymphocytes, have been reported 

following MoM hip arthroplasty.  Two clinical studies were implemented in order to 

assess whether levels of circulating lymphocytes were altered following MoM hip 

arthroplasty with different types of implant.  The first prospective study compared 

the levels of WBCs following hip resurfacing using either DePuy ASR prostheses or 

Zimmer Durom prostheses.  The second study compared WBCs following hip THR 

using either CoM or MoM bearing surfaces.  The Cr and Co ions levels within whole 

blood were also determined to identify any correlations between WBC levels and ion 

concentration. 

 

In the first study it was shown that in patients 2 years post-operative, using either hip 

resurfacing implant, there was a significant reduction in the number of circulating 

WBCs and B-lymphocytes.  The significant reduction in circulating WBCs following 

DUROM resurfacing was also measured at 1 year post arthroplasty.  No significant 

effects were observed in T-lymphocyte number following either MoM hip 

resurfacing arthroplasty.  However, there was a consistent insignificant decrease in 

T-lymphocyte numbers following ASR implantation at all time points, and this may 

not have reached statistical significance due to the small sample size.  Although 

whole blood levels of Cr were significantly increased following MoM hip 

resurfacing arthroplasty and Co levels were observed to increase following ASR 

implantation, there was minimal evidence of any correlation between the changes in 

numbers of WBCs (and lymphocytes) and whole blood ion levels in this study. 

 

It was demonstrated from the second clinical study that THR, using either CoM or 

MoM bearing surfaces, did not lead to any significant changes in the numbers of 

circulating WBC or lymphocytes despite a small incremental increase in whole blood 

Cr and Co ion levels.  It is the author’s belief that circulating WBCs and lymphocyte 

numbers are reduced due to the type of prostheses and its clinical performance rather 

than to a direct relationship with whole blood ion levels.  In addition, the author 
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supports the view that metal ion levels may be raised as a consequence of excessive 

wear from the bearing surfaces and could be used a surrogate for clinical 

performance (De Smet et al., 2008).  It is the author belief that although MoM 

implants may lead to increased levels of circulatory metal ions, a well designed and 

correctly implanted MoM prosthesis does not have any shortcomings compared to 

other bearing surface couples such as CoM.    

 

 

7.1.5 Major findings of thesis 

The major findings of this thesis are: 

• Clinically relevant concentrations of Cr6+ and Co2+ induce apoptosis in U937 

cells, in vitro. 

• Exposure of primary human lymphocytes to Cr6+ and Co2+ at clinically 

relevant concentrations, in vitro, results in mitochondrial damage leading to 

apoptosis. 

• In vivo implantation of CoCr wear debris from a MoM hip resurfacing 

prosthesis into mice leads to an inflammatory process in which 

monocytes/macrophage have a central role. 

• CoCr wear debris implantation results in the accumulation of Cr and, in 

particularly, Co ions within the circulation and distant organs. 

• MoM hip resurfacing arthroplasty results in increased levels of Cr and Co 

ions within whole blood. 

• WBC and B-lymphocyte numbers within peripheral blood are reduced 

following MoM hip resurfacing implant. 

• No change in whole blood metal ions or levels of WBCs are observed 

following THR with either CoM or MoM implants 
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7.2 Limitations of studies 

Although the current thesis has demonstrated that metal ions and debris released 

from MoM hip implants can have detrimental effects, there are a number of 

limitations within each of the individual studies.  Firstly, the in vitro data from 

chapters 3 and 4 have shown that high concentrations of Cr6+ or Co2+ are toxic to 

U937 cells and T-lymphocytes.  However, the in vitro environment may not be 

reflective of the in vivo setting and it can be difficult to extrapolate in vitro findings 

to the mechanism in vivo, particularly in the case of immune responses as the isolated 

in vitro environment, as in chapters 3 and 4, is not reflective of the immune response 

in vivo.  For instance, T-lymphocytes are unable to identify and respond to foreign or 

infectious bodies on their own and require interaction and cooperation with other 

WBCs in order to activate and produce a response.  In addition to this, as the donors 

of the buffy coat were anonymous it was not possible to determine whether there was 

any previous exposure to metal debris or ions (e.g. currently having a MoM 

prosthesis or industrial exposure to metals).  This could alter the responses in vitro 

after lymphocyte isolation.  However, as the experiments were repeated with 

different donors of buffy coat it would be unlikely that all donors would have had a 

previous exposure to high levels of metal ions. 

 

In addition to the above, the concentrations at which metal ions had a toxic effect on 

cells were relatively high.  As described in section 1.4.2, the exact level of metal ions 

following MoM hip arthroplasty can vary substantially.  The data showed that high 

concentrations induce toxic effects in vitro, whereas there was little effect observed 

following exposure to the lower concentrations.  The metal ion concentrations within 

the blood of MoM arthroplasty patients tend to be around 0.02-0.07 µM.  This is 

lower than smallest concentration used within the in vitro studies.   Therefore, it 

could be argued that the data has little or no clinical relevance.  Although the current 

author does acknowledge that the concentrations used were high there are also cases 

of high blood metal ions as well as extremely high concentrations measured around 

failed prostheses (described in section 1.4.2). 

 



183 
 

Further to the concentration, the duration of in vitro exposure also differs to the in 

vivo situation.  Cells were exposed acutely to metal ions in vitro, however, the 

evidence presented in chapter 1 indicates that the adverse effects are due to a chronic 

exposure of high levels of metal.  Hence, it may be difficult to extrapolate the effects 

of a large acute dose in vitro to a smaller chronic dose in vivo. 

 

Although it is difficult to extrapolate in vitro data to in vivo settings, there are also 

limitations in relating data from an in vivo animal model to the findings in patients 

following MoM hip arthroplasty.  As discussed in section 5.5 the dose of CoCr wear 

debris administered to the animals was higher than a lifetime of debris produced 

from a MoM implant.    Even though the findings from the animal model displayed 

similarities with data from MoM hip arthroplasty patients, the author acknowledges 

that the effects observed with the animal model may have been different  had  a 

lower dose  been administered.  In addition to this, animals were only given a single 

dose of wear debris and it was assumed that the debris would be contained within  

the air-pouch and any migration of  wear debris and ions would occur slowly.  

However, this was not the case and it is evident that the administered dose migrates 

rapidly and produces an acute effect where the majority of responses cease at 7 days 

post CoCr debris administration.  As mentioned previously, this is not the case in 

MoM hip arthroplasty patients, metal wear debris and ions are continuously released 

from the implant.  This leads to a chronic response and as with the in vitro studies a 

large acute dose may not produce the same effects as smaller more chronic doses. 

 

There were also a number of limitations with regards to the clinical studies presented 

in chapter 6.  Firstly, it is evident that the number of patients in certain groups was 

low, particularly in the ASR group of patients.  This primarily led to data which 

showed small changes over time that were statistically not significant.  In addition, 

the low number of patients, particularly at 1 and 2 years post surgery, also made it 

difficult to identify any significant changes in WBC numbers at any stage where 

metal wear or ions could induce an effect.  In addition, although the patients were 

relatively healthy upon receiving the prosthesis it was not ascertained whether there 

were any previous environmental or industrial exposures to metals that may have 
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affected the levels of metal ions or WBCs.  Finally, it was also not established 

whether the patients were taking any dietary supplements post surgery that may have 

altered the level of metal ions determined.  

 

 

7.3 Future work 

7.3.1 Mechanism of CoCr debris induced inflammation 

The results indicate that CoCr wear debris leads to an inflammatory process in which 

monocytes/macrophages have a central role.  In addition, there have been reports that 

chromium and cobalt ions as well as engineered CoCr microparticles can induce an 

inflammatory process, resulting in IL-1β secretion, that is mediated via the NLRP3 

(NOD-like receptor family, pryin domain containing 3) inflammasome (Caicedo et 

al., 2009).  The NLRP3 inflammasome is a multi-protein that forms a complex with 

ASC (apoptosis-associated speck-like protein containing a CARD) which in turn 

binds to pro-caspase-1 to activate caspase-1 (Chen et al., 2011).  Proteins containing 

the caspase recruitment domain (CARD) are reported to be involved in inflammation 

and the immune response.  This leads to a cascade of events that result in IL-1β and 

IL-18 secretion.  

  

It would be beneficial to determine whether the inflammatory process following 

CoCr wear debris implantation is mediated via the NLRP3 inflammasome.  It is 

proposed to expose NLRP3 deficient mice to CoCr wear debris as in chapter 6 and 

compare the response with exposed wild-type mice.  This could identify the 

processes which lead to the adverse effects following MoM arthroplasty.  In addition, 

the findings from this may be validated by analyzing the expression of NLRP3, ASC, 

caspase-1 and IL-1β from tissue excised from patients with a failed MoM hip implant 

prior to revision surgery. 

 

Further to this, should the results be positive from the above proposed studies, mice 

implanted with CoCr wear debris could be treated with IL-1 receptor antagonists, i.e. 
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Anakinra, or caspase-1 inhibitor as a possible therapeutic intervention to wear debris 

induced inflammation. 

 

7.3.2 Chronic in vivo experiment 

Although the current study has found CoCr wear debris to elicit an inflammatory 

process which results in cellular infiltration and fibrosis, the response appears to be 

acute unlike the chronic response observed in MoM arthroplasty patients.  It is 

suggested that the in vivo model described earlier only mimics a single release of 

wear debris in situ.  It would be valuable to develop this model such that a chronic 

inflammatory response is induced.  It is proposed that repeated lower doses of CoCr 

be introduced into the pouch, e.g. 0.05mg every 72 hours.  This may mimic the 

continuous wear of a MoM hip implant in situ more accurately. 

 

7.3.3 Specificity of wear debris effects 

It has previously been stated that MoM hip implants produce a distinct inflammatory 

process which differs from that which is induced following MoP implantation 

(Doorn et al., 1996).  Due to the adverse effects of MoM bearing surfaces and the 

accompanying negative publicity, many manufacturers and clinicians have shifted 

toward other bearing couples such CoM.  The author proposes a comparative study 

which would assess the effects of CoM wear debris and MoM wear debris. This 

would be assessed using existing in vitro and in vivo methods. 

 

In vitro study: Primary human lymphocytes and monocytes would be exposed in 

vitro, to the wear debris at a range of concentrations to assess any cytotoxic and/or 

stimulatory effects of these two different wear particles by initially measuring cell 

viability, apoptosis, cell activation, proliferation and secretion of cytokines.  

Dependent on these findings, mechanisms of toxicity and/or stimulatory effects 

would be further determined. 
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In vivo study: Using a concentration determined from the in vitro study, CoM wear 

debris would be implanted into mice using methods similar to those in Chapter 5.  As 

in this chapter the inflammatory process could be assessed via analysis of the 

inflammatory exudate, histological analysis of implant tissue and effects on the 

draining lymph nodes.  This could be followed up by examining the expression of 

inflammatory chemokines and cytokines in the implantation site. 

 

 

7.4 Implications for the safety and future development of 

hip implants  

The current thesis has shown that Cr6+ and Co2+ ions are toxic to primary human 

lymphocytes.  However, the concentrations at which these ions became toxic was 

higher than the levels measured within the whole blood of MoM hip arthroplasty 

patients.  At present the MHRA has set a metal ion concentration safety threshold of 

7 µg/l within the whole blood of patients following hip arthroplasty.  Although this is 

substantially lower than the toxic concentration in vitro, it has been shown that metal 

ion concentrations around the hip prosthesis are higher than those recorded within 

the circulation.  Therefore, the author believes that the MHRA safety level is 

adequate, and that circulatory metal ion concentrations should be regularly analysed 

following MoM hip arthroplasty as an indicator for implant performance. 

 

Although Cr6+ ions are more toxic than Co2+in vitro, the data from the in vivo and 

clinical studies suggest that cobalt ions are more mobile and disseminate through the 

circulation and into the organs to a greater extent than chromium ions.  It is possible 

that this could be as a result of the formation of chromium complexes locally around 

the prosthesis, as mentioned earlier.  Whilst low levels of circulating metal ions 

could be indicative of a well functioning implant, it may not completely reflect the 

local environment.  Therefore, the author believes that additional clinical diagnostics 

should be utilised to ensure safe functioning of the prostheses.   
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Furthermore, the authors believes that although increasing the follow-up checks in 

patients with MoM hip prosthesis could identify any adverse effects from the implant 

before they become severe, more stringent safety testing procedures are required 

prior to new implants being introduced into the market.  Despite, in vitro simulator 

testing which demonstrated that MoM articulations were superior to MoP in terms of 

wear, there was no indication of the problems that would arise from the larger 

surface area of the nano-particulate debris produced from MoM implants.  This 

current thesis has used in vitro and in vivo studies to demonstrate that metal ions and 

debris from MoM implants can lead to adverse immunological changes.  Since the 

problems with MoM articulations have arisen and come to public knowledge, the hip 

implant industry have made a shift from MoM to other supposed ‘superior’ bearing 

couples such as CoM and CoC with little more solid data available than was 

available previously when MoM was stated to be superior to MoP.  The author 

believes that bodies such as the MHRA need to create more stringent safety testing 

procedures to ensure that information on the release of ions/debris by corrosion/wear, 

their dissemination and fate in the body, and both short and long term effects on 

body systems are in place before orthopaedic implants are released for widespread 

implantation rather than seek a remedy or shift to another material once these 

implants fail. 
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APPENDIX 

Appendix 1. List of TLDA gene targets 

 
 

Appendix 1. List of TLDA gene targets used in the assay. All genes are shown 

with accession code taken from ABI website (which contains full primer sequences). 

Genes with the post-script _m1 are primers which cross introns (and will not target 

genomic DNA). Genes with the post-script _s1, g1 or gH may detect genomic DNA, 

which is why a DNase step is included in the preparation of cDNA used in the assay. 
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Appendix 2. Correlation between changes in Cr or Co ion 

blood metal levels and changes in WBCs and lymphocyte 

following MoM hip resurfacing 

 ASR  DUROM 
1 YR  2 YR  1 YR  2YR 

Cr Co    Cr Co  Cr Co  Cr Co 
WBC 0.12 0.13  0.048 0.05  0.03+ 0.01  <0.01+ 0.01 
CD3 0.17 0.17  0.13 0.08  0.04 0.22+  0.05+ 0.19+ 

CD4 0.20 0.15  0.24 0.20  0.04+ 0.03+  0.08+ 0.13+ 
CD8 0.05 0.11  0.01 <0.01  0.02+ 0.06+  0.01+ 0.04+ 

CD20 <0.01 0.03  0.18 0.24  <0.01+ 0.06+  <0.01 0.01 
 

Appendix 2. R2 values demonstrating correlation between changes in Cr or Co 

ion blood metal levels and changes in WBCs and lymphocyte populations at 1 

and 2 years post MoM arthroplasty using either ASR or Durom implants.  r2 

values indicate the inverse correlation between changes in metal ions and changes in 

the different WBCs.  +Indicates a positive correlation between the two parameters.   

 

 

Appendix 3. List of publications 

 

Published papers. 

 

Akbar M, Brewer J, Grant MH, Effect of Chromium and Cobalt Ions on Primary 

Human Lymphocytes In Vitro, The Journal of Immunotoxicology, 8: 140-9, 2011 

 

 

Papers submitted for publication 

 

Akbar M, Fraser A, G Graham, Brewer J, Grant MH, Inflammatory Response to 

Cobalt Chromium Orthopaedic Wear Debris in a Rodent Air-pouch Model, Journal 

of the Royal Society Interface, Submitted for publication, August 2011 
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Afolaranmi GA, Akbar M, Brewer J, Grant MH, Distribution of ions released from 

cobalt chromium (Co-Cr) alloy orthopaedic wear particles implanted into air pouches 

in mice.  Journal of Biomedical Materials Research Part A, Submitted for 

publication, July 2011 

 

Afolaranmi GA, Akbar M, Farmer JG, Brewer J, Grant MH, Meek RMD, Blood 

Metal Ion Levels after Hip resurfacing Arthroplasty using Durom or ASR Implants, 

The Journal of Bone and Joint Surgery (British Volume), April 2011 

 

 

Conference proceedings. 

 

Akbar M, Brewer J, Grant MH, Interaction of Metal Ions with Human Lymphocytes.  

Poster Communication at the 12th Combined Meeting of the Orthopaedic 

Associations, Glasgow, UK, September 2010. 

 

Akbar M, Brewer J, Grant MH, Inflammatory response to orthopaedic cobalt 

chromium alloy wear debris in a rodent air pouch model.  Poster communication at 

the XII International Congress of Toxicology, Barcelona, Spain, July 2010.  

Toxicology Letters 196S:199 

 

Akbar M, Brewer J, Grant MH, Chromium and Cobalt Ions Cause Apoptosis in 

Human Lymphocytes In Vitro.  Oral communication presented at the British 

Toxicology Society Autumn Meeting, Durham, UK, September 2009. This abstract 

has been reviewed and accepted for publication in ‘Toxicology’. 
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