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Abstract 

             

Pollution is increasing rapidly due to anthropogenic activities and daily contact with metals is 

a reality. Metals at certain levels can have a negative effect on the health of an individual 

and can cause alterations in the coagulation system, which may result in cardiovascular 

system complications. The aim of this project was to investigate the effects of copper, 

manganese and mercury, alone and in combinations, using an ex vivo model of coagulation 

by using the haemolysis assay, scanning electron microscopy and thromboelastography®. 

These metals were chosen as there is an increase in exposure to these metals by the 

general public, but more specifically individuals living in rural areas, of South Africa due to 

pollution. The concentrations used were based on the World Health Organisation safety limit 

for each respective metal; e.g. copper X100 indicates the blood is exposed to a copper level 

that is 100 times greater than that of the safety limit set out for the metal according to the 

World Health Organisation. This investigation was conducted at the cell biology laboratory 

and the Unit of Microscopy and Microanalysis at the University of Pretoria.  

The various constituents of blood showed different sensitivities to different metal groups. 

Manganese and mercury showed the highest haemolytic effects at higher concentrations. 

Synergism was only observed between the double combination groups of manganese and 

mercury (X100) and manganese and copper (X1000) as well as in the triple combination 

group (X100). Copper caused haemoglobin precipitation at higher concentrations. At low 

concentrations copper and copper combinations induced met- and sulfhaemoglobin 

formation, especially the copper and manganese combination at X10 concentration which 

increased met- and sulfhaemoglobin by about 5 – 10%. The degree of echinocyte formation 

was greatest in copper, but the combination of manganese and copper had the greatest 

impact on erythrocyte morphology. Activation and necrosis of platelets were most evident at 

the highest mercury concentration. All double metal combinations caused platelet 

interactions and aggregation. Novel findings indicated that at X1, manganese caused the 

formation of net-like structures of thin fibres and sticky masses of thick fibres with fused 

areas. In combination with copper and mercury, a similar effect was observed, however, in 

the triple combination group a lesser effect was observed. No statistically significant changes 

were observed in the measured coagulation parameters for thromboelastography®, however, 

trends were observed compared to the control. These were a decrease in reaction time, a 

decrease in kinetics, an increase in angle, an increase in maximum amplitude, an increase 

in maximum rate of thrombus generation, an increase in thrombus generation and either 

increased or reduced time to maximum rate of thrombus generation. These trends indicate a 
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more hypercoagulable state of blood. All the metals, in their own way, had an effect on the 

coagulation system, resulting in an increase in the likelihood of thrombosis which will 

contribute to cardiovascular diseases. 
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CHAPTER 1: Introduction 

             

According to the Water for Growth and Development in South Africa document version 6, 

much of the water supplied to the mining sector is from the Vaal River System and water is 

supplied to the coal fields and gold, iron (Fe), manganese (Mn) and diamond mines as well 

as to the industry [1]. Although the quality of the water effluent from these activities is tightly 

regulated, water becomes contaminated with toxins including metals. Rural settlements often 

do not have access to clean water and use river water for drinking, washing and agricultural 

purposes, such as subsistence farming. If water sources are contaminated with metals, 

these communities are the most exposed and vulnerable to health complications.  

South Africa’s largest power source, coal mining, and other anthropogenic activities used in 

industries and manufacturing results in an increase of copper (Cu), Mn and mercury (Hg) in 

the water, atmosphere, and soil. Individuals mainly affected are industrial workers, but the 

general population is also at risk. Although a lot is known about the toxicity of Hg, essential 

metals such as Cu and Mn also pose a potential health risk, at certain concentrations. These 

metals can also accumulate within the body and possibly only manifest their toxic effects 

during later onset of life. These metals can act as catalysts resulting in the formation of 

reactive oxygen species (ROS), inhibiting enzyme activity or depleting essential bio-

molecules. In the environment exposure is usually not to a single metal but rather to 

mixtures of metals. In addition the concentration of each metal and the duration of exposure 

can vary and certain cells, tissues and organs are more susceptible to the toxic effects of 

these metals.  

Environmental-based studies measure metal levels in the blood but little is known on how 

these metals affect the blood vascular system such as erythrocyte and leukocyte functioning, 

clotting and endothelial structure and integrity. Some metals are associated with the 

development of thrombo-embolic stroke, anaemia, hypertension, myocardial infarction and 

thrombo-emboli [2 – 4]. Central to most of these conditions is the disruption of haemostasis 

and the associated development of thrombosis. As in South Africa the incidence of these 

diseases are increasing worldwide [5]. 

The aim of this study was to investigate the effect of Cu, Mn and Hg alone and in 

combination on components of the coagulation system using an ex vivo blood model. In the 

following literature review (chapter 2) the sources and known cellular target effects of Cu, Mn 

and Hg with specific focus on the effect of these metals on the coagulation pathway will be 

reviewed.  
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CHAPTER 2: Literature Review 

             

2.1 Introduction 

In Africa, over the last decade there has been a large increase in pollution due to an 

increase in industrial activities and urbanisation. These anthropogenic sources can be 

divided into primary sources and secondary sources. A primary anthropogenic source is of 

geological origin, which becomes released into the environment as either an unintentional 

by-product or an intentional by-product e.g. coal and oil combustion. A secondary 

anthropogenic source is a source that intentionally uses the metal in some process e.g. 

during the extraction of ore [6].  

Increased anthropogenic activities, such as mining and manufacturing, have led to an 

increase in the release of various wastes (solid, liquid or gaseous state), including metals, 

into the environment [7]. South Africa is in the top five largest coal producers in the world 

and approximately 90% of electricity demands are met by coal-burning power plants as it is 

an inexpensive form of energy [8, 9]. Coal contains a number of elements, some of which 

can cause health and environmental problems, such as: Cu, Mn and Hg. Copper and Hg 

coal levels (mean: Cu 13 parts per million (ppm) and Hg 0.22 ppm) of South African coal are 

lower than the world average whilst Mn is higher (mean: Mn 106 ppm) [10]. Scientific studies 

usually involve the measurement of blood levels of these metals or investigate the effects of 

individual metals or occasionally two metal combinations in animal or cell models [11 - 15, 

16 - 19]. Very few studies investigate the effects of these metals as part of mixtures [7].  

As in the rest of the world cardiovascular disease (CVD) in Africa is increasing and includes 

conditions such as myocardial infarction, stroke and venous thrombo-emboli. Central to 

disease development are changes in blood haemostasis [4, 5]. Metal pollutants such as Cu, 

Mn and Hg, alone and in combinations, may induce erythrocyte damage, alter coagulant 

factor activation and increase platelet aggregation, thereby increasing the risk of thrombosis 

[2]. 

2.2 Copper 

2.2.1 Sources 

Copper is a naturally occurring transition metal and is an essential nutrient needed in trace 

amounts by humans and animals [20 – 22]. Essential metals play important roles within 

biological processes and are required to maintain life. Levels of Cu are controlled and 
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regulated through absorption, storage and excretion within certain limits by metal ion 

transporters [23]. In a healthy 70 kg human Cu stores can reach 110 mg although Cu 

storage is dependent on several factors such as genetics, age, gender and environmental 

distribution [21, 22]. Copper is essential due to its ability to alter between oxidation states, 

cycling between Cu+ [Cu (I)] and Cu2+ [Cu (II)] ions, referred to as cuprous and cupric ions 

respectively, and playing a role as an electron donor or recipient [20]. Both forms of Cu are 

found in the human body although the second oxidation form is the predominant form [22, 

23]. Copper has a low redox potential (easily interchange between states) and acts mainly 

as a catalytic co-factor in enzymes that perform redox reactions, e.g. in the family of proteins 

known as ceruloplasmin – various types with different functioning [20, 23]. Ceruloplasmin 

contains approximately 95% of Cu found in serum [23]. Copper also plays a role in 

haemoglobin (Hb) production, as an electron transporter and is a strong antioxidant within 

the oxidant defence system [20, 21, 23].  

Humans’ Cu requirements are approximately 1 mg of Cu per day. Although an essential 

nutrient, it is a contaminant of water and at high concentrations is toxic. Copper is used in 

the manufacture of plumbing pipes, valves and fittings and can also be found in metal alloys 

and coatings. Copper sulphate pentahydrate (CuSO4.5H20) is also used as an algaecide for 

surface water [24]. The main sources of Cu are through water and diet. The World Health 

Organisation (WHO) guideline for Cu in water is 2 mg/L but in drinking water it can range 

from 0.005 to 30 mg/L due to corrosion of plumbing pipes [21, 24]. The limit that is 

associated with adverse effects is 430 – 860 µg/kg/day for an average 70 kg human [20]. 

Dietary Cu is absorbed through the gastrointestinal tract (GIT) especially the small intestine, 

transported via blood and stored by hepatocytes [21, 23]. Copper is transported in the blood 

by albumin, transcuprein and ceruloplasmin to pheripheral tissues [21].  

2.2.2 Absorption, distribution, metabolism and excretion (ADME) 

2.2.2.1 Absorption  

On average the human GIT can absorb between 30 – 40% of the total Cu that is consumed 

through Cu-containing foods and water. Copper plasma concentrations could be higher in 

older individuals due to a decrease in the functioning of mechanisms that keep Cu at 

acceptable homeostasic levels. Copper concentrations within blood may also be higher in 

females, due to physiological differences. Supplements containing minerals, such as zinc 

and Fe, may reduce Cu absorption, whilst Cu absorption can be increased by a diet high in 

fibre, proteins and soluble carbohydrates. Although consumed vegetables have a higher Cu 

percentage the GIT absorbs Cu more efficiently from proteins in meat, especially cooked 

meat [25]. Copper is absorbed differently in different species, but in mammals it is 
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predominantly absorbed through the stomach and small intestine. In humans maximal 

absorption of Cu is believed to occur in the stomach and upper small intestine. Absorption 

can range between 15 – 97% depending on how much Cu and the type of Cu present in the 

diet. Studies have shown that with an increase in Cu intake, there is a decrease in the 

absorption. The enzymes that are responsible for this process are the metallothioneins, 

which become activated and bind to metals (cadmium, zinc and Cu) to ensure homeostasis. 

Metallothionein will bind to Cu ions at their absorption site and remove them from 

enterocytes, when present in excess [26]. 

2.2.2.2 Distribution 

The dietary Cu that is absorbed is then added to the pre-existing Cu stores within the body 

(4 – 5 mg). Most of the Cu returns to the circulation and the liver. Lower amounts of Cu are 

then distributed to the heart, muscles and brain. The Cu that is absorbed is transported via 

protein carriers, ceruloplasmin, albumin and transcuprein [27]. Firstly Cu is distributed from 

the GIT to the liver and kidneys, mainly by albumin, and then is transported from the liver to 

other organs and tissues [27, 28]. Ceruloplasmin plays the most important role in 

transportation of Cu from the liver to other organs and is also thought to help with 

transportation of Cu amongst bodily fluids such as: the fluid surrounding the brain and entire 

nervous system, bile and amniotic fluid. Figure 2.1 shows the distribution and amounts (mg) 

of Cu found within various organ systems [27]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Copper distribution of a healthy individual. Image adapted from [27].  
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2.2.2.3 Metabolism 

Not only does absorption of Cu require a balance between Cu and other minerals, e.g. Mn, 

zinc and Fe, but metabolism of Cu is also dependant on this homeostasis. Metabolism of Cu 

includes all reactions that occur within living cells, from absorption to excretion. Cellular 

metabolism of Cu is highly regulated. The Cu membrane transporter 1 (CMT1) of the small 

intestine transports the Cu inside the cells, where Cu becomes bound to metallothionein and 

some is carried by a chaperone protein for the enzymes adenosine triphosphate (ATP) 7A 

and ATP7B, known as the antioxidant 1 (ATOX1) copper chaperone protein. With a rise in 

Cu concentrations, ATP7A releases Cu into the portal vein to be transported to the liver. The 

transporter protein CMT1 allows Cu to be transported into the hepatocytes of the liver, where 

metallothioneins and ATOX1 bind to Cu [28]. 

2.2.2.4 Excretion  

Metallotheneins are thought to play a role in the main excretion of Cu, via bile [29]. Cells can 

also remove excess Cu via the ATPase’s. The enzyme ATP7B binds Cu to ceruloplasmin to 

be released into the bloodstream. Mutations in the transport enzymes cause diseases linked 

with Cu toxicity, namely Wilson’s disease (ATP7B mutation) and Menke’s disease (ATP7A 

mutation). Metalloenzymes require Cu as an electron donor/acceptor and when Cu is in 

excess, the redox cycling of Cu can result in the formation of hydroxyl radical (OH•) damage 

(see reaction below) to macromolecules such as protein and deoxyribonucleic acids (DNA) 

and this can result in cellular and tissue damage. Excretion of Cu is slow at a rate of 3.3% 

per day, thus excessive dosages are easily achieved through a high Cu-containing diet and 

environmental exposure [28].  

2.2.3 Toxicity 

Wilson’s disease is an autosomal recessive disorder associated with a mutation of the 

ATP7B gene. The ATP7B mutation alters the structure of the Cu transporting ATPase 2 

enzyme, reducing its capacity to bind Cu. This results in a Cu overload and Cu toxicity. 

Ceruloplasmins are Cu oxidases that also utilises Cu in oxidative reactions. Copper overload 

can result in cell death due to ROS formation. Copper acts as a catalyst in the Fenton and 

Haber-Weiss reactions. Cupric Cu-bound to ceruloplasmin oxidises ferrous iron (Fe2+) to 

ferric iron (Fe3+) with the formation of cuprous Cu [22]. Intracellular effects are due to 

cuprous ion and membrane transport effects are due to cupric ion. Cupric ions are found on 

the membrane surface where sulphydryl groups act as the reducing agent [23].  
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The Fenton and Haber-Weiss reactions work together to form radical species. The Fenton 

reaction is a process whereby hydrogen peroxide (H2O2), a by-product of aerobic respiration, 

oxidises Fe2+ to Fe3+ and this in turn produces hydroxide (OH) and a OH• [30]. The OH• then 

interacts with H2O2 and a superoxide ion (O2•). The O2• then reacts again with H2O2 and 

forms OH and a OH•, in the Haber-Weiss reaction. Superoxide ion also reduces Fe3+ back to 

Fe2+ [31]. The nett reaction is as follows: 

Fe2+ + H2O2  Fe3+ + OH + OH• (Fenton reaction) 

OH + H2O2  O2• + H + H2O 

Fe3+ Fe2+ 

O2• + H2O2 OH + OH• + O2 (Haber-Weiss reaction)   [31] 

Copper also has the potential to cause damaging free radicals through the Fenton-like 

reaction, whereby cuprous Cu is oxidised to cupric Cu in the presence of H2O2. However, 

instead of a OH• being formed, a higher state of Cu is formed – Cu3+. This form of Cu reacts 

slower than the OH•, but is a very strong oxidant [32]. 

Ceruloplasmin (ferroxidase I and II) oxidises Fe3+ for the use in erythrocytes (Fe metabolism 

and formation of erythrocytes) [22]. Hypercupremia is associated with severe anaemia, 

haemochromatosis and myocardial infarction. There are contradictory results regarding Cu 

and CVD, however, some researchers have shown an increase in Cu to be correlated with 

an increase in atherosclerosis. High serum Cu levels are associated with an increased risk in 

CVD, but the exact mechanisms or causative effects are unknown [22]. Copper plays a role 

in the development of atherosclerosis as the unbound Cu and Cu ions have been shown to 

cause in vitro low density lipoprotein (LDL) oxidation, which is associated with 

atherosclerotic plaque formation [22, 23]. 

These biochemical events lead to changes in erythrocyte functioning and morphology as 

shown in Table 2.1. Little is known regarding the effect of Cu on other processes such as 

platelet aggregation and clot formation.  

Table 2.1: Erythrocyte morphology in a case of acute copper (II) sulphate poisoning. 

PROCESS MORPHOLOGY 

Echinocytosis: An echinocyte is an erythrocyte that has induced 

outward spikes [33]. 

 

 
 
 
 
 
 
 

A typical echinocyte [34]. 
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Pyknocytosis: A pyknocyte is an irregularly distorted, dense and 

contracted erythrocyte [35]. 

 
 

Pyknocytes (arrows) [35]. 

Blister and bite/degmacyte erythrocytes [36 – 38].  

 

 

Blister (red arrow) and bite erythrocyte 

(blue arrow) [36]. 

Microspherocytosis: Spherical erythrocytes with smaller diameter [34, 

39].  

 

A typical spherocyte [34]. 

Hb precipitation [39]. N/A 

Haemoglobinaemia: Loss of Hb [39]. N/A 

Methaemoglobinaemia: A conversion of Hb to methaemoglobin 

(MetHb) through oxidation due to oxidative stress, which is unable to 

carry oxygen [39]. 

N/A 

Copper2+ in copper sulphate (CuSO4) is a potent oxidant that inhibits the pentose phosphate 

pathway through inhibition of glucose-6-phosphate dehydrogenase (G-6-PD). This results in 

a lack of energy being provided to erythrocytes and thus the sodium-potassium (Na+-K+) 

ATPase pump becomes inhibited resulting in an increase in cell membrane permeability. 

Copper sulphate also indirectly inhibits glutathione reductase (GR), an antioxidant enzyme 

that protects erythrocytes against oxidative damage by causing a decrease in nicotinamide 

adenine dinucleotide phosphate (NADPH) production by G-6-PD. Inhibition of GR causes 

accumulation of ROS and an increase is associated with oxidative damage to erythrocytes 

[39 – 41]. Copper can trigger the sphingomyelinase enzyme, which results in the production 

of ceramide. Ceramide triggers the process of eryptosis and erythrocytes are positive for the 

presence of phosphatidylserine (PS), an indicator of eryptosis – a form of apoptosis for 

erythrocytes or more specifically the removal of damaged erythrocytes [42 – 44].  

Copper toxicity results in free ionic Cu, which via the Fenton reaction results in the OH• 

formation which causes oxidative damage and the displacement of other essential metals 
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from metalloenzymes. Oxidative damage has an adverse effect on erythrocyte function and 

causes LDL oxidation contributing to atherosclerotic plaque formation [22, 23, 31, 32]. The 

effect of Cu on the coagulation system is unknown.  

2.3 Manganese 

2.3.1 Sources 

Manganese is an abundant earth element that is categorised as a transition metal. 

Manganese has various valence states but the most common species of Mn are Mn2+, which 

is mainly bound to albumin and Mn3+, which is the more reactive and toxic species is bound 

to transferrin [45, 46]. The Mn2+ form is the dominant ion that exists within organ systems of 

humans [45]. Manganese is an essential trace element for human health and is a co-factor 

and regulator of many enzymes necessary for gluconeogenesis, maintenance of nerve and 

immune cell function and regulation of vitamins [45, 46]. A deficiency is rare but can result in 

bone deformation and remodelling while high Mn levels are toxic [46].  

Environmental sources of Mn include eroded rock, soil and decomposing plants. 

Anthropogenic activities have increased environmental levels of Mn [45]. Ground water 

generally has the highest amount of Mn while surface water near mines also have high Mn 

levels. The main route for Mn exposure is through dietary ingestion whilst inhalation is the 

second most common route of exposure, although the latter is the main route of 

occupational exposure. Daily intake of a typical Western diet has approximately 2.3 – 8.8 mg 

of Mn, but these levels can be higher due to environmental contamination. Water can easily 

be contaminated and levels can exceed the WHO limit of 500 µg/L. In developing countries 

high water Mn levels is common [45]. Occupational exposure can occur in Mn dioxide mines 

and in smelting, welding and battery manufacturing industries [46]. Occupational workers are 

the main population exposed to Mn and recent studies have shown that even Mn levels, 

lower than occupational standards have damaging health effects [45]. Although there has 

been an increase in awareness of occupational Mn poisoning, over-exposure to airborne Mn 

still occurs. Blood Mn concentrations of exposed workers can range between 3 – 36 µg/L as 

compared to 0.5 – 1.2 µg/L in healthy subjects [46].  
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2.3.2 ADME 

2.3.2.1 Absorption 

Occupational exposure to Mn is mainly through inhalation. Exposure of the general 

population to Mn is via contaminated food and water and inhalation of polluted air [46]. Little 

is known about the exact mechanisms of Mn absorption, however dietary Mn is absorbed by 

the small intestine and by the lungs from polluted air [45, 47]. Various studies, have reported 

that human dietary absorption of Mn is approximately 5%. To determine the factors which 

may affect Mn absorption, clinical as well as animal and cell studies have been undertaken 

[48]. Identified factors include, the amount of other minerals such as Fe, calcium and 

phosphorous present in the food source, Mn levels in the dietary food source, consumption 

of animal protein, certain types of carbohydrates as well as the presence of phytate. High 

dietary Fe and phytate has been shown to decrease the amount of Mn absorbed [47, 48]. 

Manganese levels in tea may be high but as this Mn is not bio-available, compared to the 

bio-availability of Mn in meat it does not have any toxic effects [47].  

2.3.2.2 Distribution 

Once Mn enters the bloodstream, from either the small intestines or lungs, it is quickly 

distributed and mainly accumulates within tissues throughout the body [45 – 47]. The total 

Mn content of the average man (70 kg) is 15 mg [47]. The highest Mn concentrations are 

found in the thyroid, pituitary and adrenal glands, pancreas, kidneys, brain, liver and bone. 

The main sites of accumulation are the brain, kidney and bone [45, 47]. The elimination half-

life of Mn from the blood is about two hours, while for the entire human body it can be up to 

74 days. Due to bio-accumulation in the body, blood levels do not provide an accurate 

measure of Mn levels. Manganese can cross the blood-brain barrier and accumulate within 

the brain, thus its toxicity has been implicated in degenerative neurological disorders [46]. 

2.3.2.3 Excretion 

The liver regulates Mn through the biliary system via excretion of bile, thus the main 

excretion route is through faecal hepatobiliary excretion [45, 47]. If the primary excretory 

route is blocked or overloaded, Mn can also be excreted through the ductal system of the 

pancreas [47]. Urinary excretion, sweat and milk excretion is low. Excretion of Mn-containing 

molecules such as protein occurs via a different route than that identified for ionic Mn [45].  
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2.3.3 Toxicity 

Factors that contribute to Mn toxicity are age, sex, race, route of exposure, genetic factors 

and pre-existing medical conditions. Younger animals and humans have a greater degree of 

intestinal absorption and have a lesser biliary excretion capability. Generally, Mn levels in 

women are higher than men. Metabolic differences due to genetic polymorphisms can also 

play a role in Mn metabolism. Pre-existing medical conditions can make individuals more 

susceptible to the effects of Mn exposure. Occupational exposure is an acute form of 

exposure whilst environmental exposure of the general population is a chronic form of 

exposure, which can extend over many years [45].  

Blood and urine Mn levels are used to monitor exposure. Whole blood is the most commonly 

used in human and animal studies. However, using blood as a biomarker yields results with 

wide ranges and large variations among individuals and this may be due to identified factors 

that affect Mn absorption and distribution [45]. 

Manganese toxicity mainly affects the nervous system, but other organ systems are also 

affected. In animal studies, Mn overexposure has toxic effects on the CVS. Manganese was 

found to inhibit the Ca2+ channels resulting in damage to heart muscle [46]. Few studies 

have investigated the effects of Mn on the human CVS, but clinical studies have shown that 

Mn exposure causes an increase in heart rate as well as hypotension, due to vasodilation of 

occupationally exposed workers. The exact mechanism of cardiac dysfunction by Mn is 

unknown. In cells the distribution of Mn is mainly to the nucleus and then the cytoplasm, 

followed by the mitochondria. Erythrocytes do not have nuclei or mitochondria, so Mn would 

accumulate in the cytoplasm after intracellular distribution by transferrin and a divalent metal 

transporter. In a rat study, blood Mn levels eventually reached a steady-state concentration. 

Normal human blood Mn levels range between 4 and 15 µg/L [45]. 

Only 3 – 4% of Mn is absorbed through dietary intake. Manganese absorption is not well 

regulated and is independent of its concentration within the human body. Manganese 

deficiency results in depressed vitamin K-dependant clotting factors and therefore is a 

modulator of vascular biochemical processes. An imbalance in these processes can play a 

role in the pathophysiology of vascular diseases due to altered blood clotting, platelet 

aggregation and vessel permeability, associated with CVD. This effect of Mn is possibly due 

to its effect on the enzymes of the coagulation cascade [49]. Manganese is known to 

increase levels of plasminogen activator inhibitor type-1 (PAI-1), thus reducing fibrinolysis 

and also increases tissue factor (TF)-induced coagulation. Manganese also decreases Fe 

absorption, which can result in anaemia and a low platelet count [50 – 53]. Little is known 
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regarding the direct effects of Mn on erythrocyte membranes, platelet aggregation and clot 

formation.  

2.4 Mercury 

2.4.1 Sources 

Mercury is a widespread environmental and industrial pollutant [54]. It is typically present in 

the earth’s crust, sea and fresh water and in the air [55]. It has a high toxicity and it can bio-

accumulate within the environment making exposure to dangerous Hg levels a prevalent 

health and environmental concern [6, 8]. The increase in Hg is mainly due to an increase in 

anthropogenic activities [8]. The primary anthropogenic sources for Hg include Hg mining, 

coal and oil combustion, steel, cement and non-ferrous metals production. Secondary 

anthropogenic sources for Hg include industrial processes, including artisanal and small-

scale gold mining (ASGM) [6]. The ASGM mainly occurs in African, Asian and South 

American countries and it accounts for 20 – 30% of the world’s gold production. South Africa 

has been identified as the second highest Hg emitting country, primarily through coal 

combustion for power and heat and secondly through ASGM for gold production [6]. Other 

anthropogenic sources include municipal incinerators, and chemical industries [54]. Mercury 

is the most dangerous of all the heavy metals and can modify the distribution and retention 

of other heavy metals. Mercury has no known physiological role in human metabolism and 

as it is not readily excreted, it accumulates in the human body [55]. 

Mercury exists in three basic forms namely elemental, inorganic and organic. Dental 

amalgams are the most common source for elemental Hg vapours. Inorganic Hg, a divalent 

compound, is the toxic species found in human tissue after the conversion from other forms. 

Organic Hg in the form of methyl and ethyl Hg is primarily from fish, sea mammals, and 

thimerosal vaccines [55]. Mercuric chloride (HgCl2) was one of the first mercuric compounds 

to be used in drug preservation and in cosmetics, but due to its toxic effects it is no longer 

used [56]. Some uses of Hg include manufacturing of electrical equipment, scientific 

instruments, chemicals, explosives and the electrolytic production of chlorine and alkali. 

Exposure to Hg may primarily be through ingestion and/or inhalation [56]. 

Dental amalgams use to be the primary cause of Hg exposure but exposure through fish is 

increasing [55]. It is known that fatty fish, due to its high omega-3 fatty acids, reduces the 

risk for CVD. However, in some countries it has been noted that CVD is increasing where 

there is an increase in fish consumption and this is possibly due to increased Hg levels. 

Methyl Hg rapidly accumulates in fish and attains its highest concentration in the larger fish 

[54]. Selenium and fish containing omega-3 fatty acids antagonize Hg toxicity, but Hg 
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diminishes the protective effect of fish and omega fatty acids [55]. People living near gold 

mines can also be exposed to Hg [54]. It is harmless in the insoluble form, but the vapour or 

soluble form such as inorganic or methyl Hg can be extremely toxic. Inhaled Hg rapidly 

accumulates in erythrocytes and undergoes oxidation to mercuric ions by catalase. Orally 

absorbed methyl Hg is preferentially distributed to erythrocytes and slowly turns into 

mercuric ions through demethylation [54]. Measurement of Hg levels provide an accurate 

indication of Hg exposure as methyl Hg and elemental Hg is converted to mercuric ions in 

the body [54]. 

2.4.2 ADME 

The absorption, distribution and excretion of the different forms of Hg are summarised in 

Table 2.2 below. 

Table 2.2: The absorption, distribution and excretion of the different Hg forms [58, 59]. 

ABSORPTION 

Elemental Hg Inorganic Hg Methyl Hg 

GIT: Poor absorption (0.01%) 

unless GIT is defective, which can 

increase the bio-availability. 

Dermal: Limited.  

Lungs: Main absorption (80%) via 

inhalation.  

GIT: About 7 – 15%.  

Skin: Possible via the sweat and 

sebaceous glands and hair follicles. 

GIT: About 95% via foodstuffs.  

DISTRIBUTION 

Elemental Hg Inorganic Hg Methyl Hg 

Blood: Rapid diffusion. 

Brain: Main site as well as the 

central nervous system. 

Kidneys: Found after some time 

following exposure.  

Kidneys: Main target organ. Liver: Site of accumulation. Small 

portion is converted to inorganic 

Hg.  

EXCRETION 

Elemental Hg Inorganic Hg Methyl Hg 

Urine and faeces: Main excretion 

route. Dose-dependent and bi-

phasic. Half-life is approximately 30 

to 60 days. 

Urine and faeces: Main excretion 

route. Dose-dependent and bi-

phasic. Half-life is approximately 60 

days. 

Bile: Main excretion route and is 

reabsorbed by the GIT and returns 

to the liver via the portal circulation.  

 

2.4.3 Toxicity 

Mercury binds to metallothionein and substitutes for zinc, Cu and other trace metals 

reducing the effectiveness of metalloenzymes [54]. Mercury toxicity can cause hypertension, 

coronary heart disease, pulmonary embolism, myocardial infarction, blood vessel 
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obstruction, cardiac arrhythmias and atherosclerosis [54, 55]. Furthermore Hg has been 

linked to inflammation, vascular smooth muscle proliferation and migration, endothelial 

dysfunction, anaemia, haemolysis of erythrocytes and an increase in platelet aggregation by 

decreasing cyclic adenosine monophosphate (cAMP) [2, 54, 55, 60]. Mercury also increases 

coagulation and thrombosis by an increase in factor VIII, platelet factor IV; and thrombin and 

reduces protein C, inhibits endothelial cell formation and migration, inhibits prostaglandin E 

and induces platelet shape changes – from an inactivated round and flat discoid shape to a 

swollen state with projection of multiple pseudopods from the surface of the platelets, which 

enhances aggregation (Fig. 2.2) [54, 55, 61, 62]. Other toxic Hg effects also include: 

haemorrhage, damage to erythrocytes and inhibition of haemopoiesis, a decrease in 

endothelial repair, a decrease nitric oxide bio-availability, endothelial dysfunction and a 

decrease in tissue type plasminogen activator (t-PA) [2, 55, 56, 63]. An increase in pollution 

and thus Hg emissions is a rising concern all over the world.  

 

 

 

 

 

 

 

 

 

Figure 2.2: Induced platelets with multiple pseudopods and an increase in aggregation. 

Prolonged exposure (1 – 48 hrs) to low doses of mercuric ions (0.25 – 5 µM) induces 

erythrocyte shape changes from discocytes (normal shape) to echinocytes and then to 

spherocytes/sphere-echinocytes (Fig. 2.3) accompanied by micro-vesicle generation [54]. It 

can be noted that Hg enhances coagulation by various alterations in the blood system. 

 

 

 

 

Figure 2.3: Discocyte, echinocyte and spherocyte shaped erythrocytes [64]. 



28 
 

2.5 Specific metal targets  

The CVS has been identified as a specific target of Cu, Mn and Hg toxicity. However the 

effect of these metals as part of mixtures, the most common type of exposure on the CVS is 

unknown. As the metals have specific modes of toxicity and targets (section 2.2 – 2.4), the 

effect of these metals would possibly be synergistic. The established WHO and South 

African safety limits in water of each metal is presented in Table 2.3. The low safety limit for 

Hg reflects the high toxicity of this metal. As this study focuses on the effect of these metals 

on erythrocytes and the coagulation system, both will be described in more detail.  

Table 2.3: Safety limits of each metal under investigation [65]. 

 Cu Mn Hg 

WHO limit 2 mg/L 500 ug/L 1 ug/L 

WHO limit (molarity) * 31.47 µM  9.1 µM  0.004 µM  

South African limit 1 mg/L 100 ug/L 1 ug/L 

* Concentrations used in this study are based on these limits. 

2.5.1 Erythrocytes 

In healthy individuals, erythrocytes are the predominant cell type with a cell count that can 

exceed 4 X 1012 cells/L of circulating blood [66]. The other major cell types within the blood 

include platelets and leukocytes. Platelets range between 2 X 105 – 5 X 105 circulating 

cells/µL and leukocytes range between 4000 – 11000 circulating cells/µL of whole blood. 

Leukocytes, consisting of granulocytes, lymphocytes and monocytes, play an important role 

in cellular immunity [67]. In an individual with 5 L of blood more than 1011 erythrocytes are 

destroyed and removed daily. The average size of an erythrocyte is 8 µm, but erythrocytes 

can deform or change their shape to be able to pass through capillaries where the size of the 

lumen ranges between 5 and 7 µm. The deformability of the erythrocyte is due to a 

composite membrane that consists of a lipid bi-layer coupled to an actin/spectrin-based 

network, which gives the flexibility and integrity of the overall structure [66]. Erythrocytes 

have a lifespan ranging between 100 and 120 days, though this can be shortened when 

erythrocytes are damaged [43]. Due to the abundance of erythrocytes in the bloodstream, 

these cells represent a potential target for metal ions. Metal ions bind to the outer membrane 

surface of the erythrocytes and can induce eryptosis [33].  

Erythrocytes do not contain nuclei or mitochondria and undergo their own type of apoptosis, 

known as eryptosis. Eryptosis removes defective erythrocytes before haemolysis or the 

rupturing of the erythrocyte membrane can occur and thus prevents the release of 

intracellular materials and that can lead to inflammation [43]. Eryptosis is stimulated by 

hyperosmotic shock, an increase in cytosolic Ca2+, energy depletion, hyperthermia and 
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oxidative stress. [68]. Eryptosis has similar features to apoptosis, including cell shrinkage, 

cell blebbing and cell membrane scrambling leading to PS exposure on the cell surface. 

Morphological features of damaged erythrocytes are membrane alterations including spike 

formation and blebbing, size alterations including swelling, shape alterations including 

distortions, and haemolysis resulting in the loss of cell content (Figure 2.3). Eryptotic 

erythrocytes are recognised by macrophages and are subsequently engulfed and degraded. 

Eryptotic erythrocytes can adhere to the vascular wall and can cause a decrease in 

microcirculation. Excessive eryptosis can result in both anaemia and thrombosis [43].  

Stimulators of eryptosis, such as oxidative stress cause Ca2+ to enter erythrocytes through 

Ca2+ channels. Prostaglandin E2 causes the activation of these Ca2+-permeable, non-

selective, cation channels and ceramide increases the Ca2+ sensitivity of erythrocytes. The 

entry of Ca2+ into the erythrocytes results in several effects. Firstly, calpain – a cysteine 

endopeptidase – is activated which degrades membrane proteins resulting in membrane 

blebbing. Secondly, an increase in Ca2+ causes a translocation of PS from the inner 

membrane to the outer membrane causing PS exposure and resulting in cell membrane 

scrambling, which is recognised by macrophages. Lastly, an increase in Ca2+ within the cell 

causes activation of K+ channels, causing hyperpolarisation of the cell membrane due to the 

an efflux of K+ and chloride ions. The loss of K+ and chloride ions results in osmotic water 

flow out of the erythrocytes resulting in cell shrinkage (although this is not seen with Hg 

exposure) [44].  

2.5.2 The coagulation system  

The coagulation system is maintained and controlled by various factors and plasma proteins. 

The coagulant state of blood requires interaction between the endothelium, platelets and the 

coagulant factors. Thrombosis can occur when the flow of blood decreases, if the walls of 

the blood vessels have sustained oxidative injury or when there is an imbalance between the 

pro-coagulant and anti-coagulant factors. The initiation of platelet adherence and 

aggregation is due to vessel wall injury. The coagulation pathway or cascade involves 

various factors, which leads to the eventual formation of a fibrin clot (Fig. 2.4) [69].  

 

When vessel injury occurs, TF-bound to cell membranes are exposed to blood. Tissue factor 

and activated factor VII work together, to convert factor IX and X to their activated forms. 

Activated factor X causes the conversion of prothrombin (inactive factor II) to thrombin 

(active factor II). This reaction is accelerated by factor V. Thrombin converts fibrinogen in 

plasma to fibrin monomers, by cleavage. The fibrin monomers polymerise and link together 
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to form a stable fibrin clot. Thrombin has a positive feedback mechanism on factor V and 

factor VIII thereby amplifying the coagulation cascade (Fig. 2.4) [69].  

 

The tissue-factor pathway inhibitor forms a complex with activated factor VII and activated 

factor X and the complex inhibits the extrinsic coagulation pathway from occurring. The 

thrombomodulin (acts as a thrombin receptor), protein C and protein S pathway converts 

activated factor V and activated factor VIII, to their inactive form. Anti-thrombin III converts 

the active forms of factor IX, X and XI to their inactive forms and this reaction is accelerated 

by the presence of heparan sulphate [69]. 

 

Activated platelets initiate the plug formation in the blood vessel and support the coagulation 

cascade by the various factors through acting as a scaffold. Platelets become activated 

when vascular endothelium is exposed by injury, if the vessels have abnormal walls or if 

fibrin deposition occurs. An increase in levels of platelet factor IV, beta-thrombomodulin and 

thromboxane A2 has been observed to be associated with an increase in platelet 

aggregation [69].  

 

The fibrinolytic system is comprised of the pro-enzyme plasminogen, which is converted to 

active plasmin by plasminogen activators, urokinase type plasminogen activator (u-PA) or t-

PA. Vascular smooth muscle cells and fibroblasts have the capability of producing 

plasminogen activators and plasminogen activator inhibitor, which regulates fibrinolysis 

during haemostasis [63]. Plasminogen causes the breakdown of the fibrin networks within 

the formed clot to fibrin, resulting in the formation of degenerated products [4].  

 

Alpha-2 anti-plasmin is the main human plasmin inhibitor and PAI-1 is the primary inhibitor of 

the plasminogen activators in human plasmin and is stabilised by S-protein [4]. The t-PA has 

fibrin specificity, whilst the u-PA does not [4, 63]. The u-PA activates fibrin-bound and 

circulating plasminogen and also causes the degradation of fibrin, factor V and factor VIII 

(these three components cause coagulation) [4]. Fibrinolysis can be inhibited at the level of 

the plasmin or at the level of the plasminogen activators, which are regulated by the various 

factors including the main factor, thrombin [4, 63].  
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Figure 2.4: The factors that play a role in the coagulation pathway. Image adapted from [69].  

As discussed, metals such as Cu, Mn or Hg can induce oxidative damage and inhibit 

enzymatic pathways. In the vascular system this can cause erythrocyte eryptosis and altered 

coagulation. Little is known regarding the effect of these metals in combination on 

erythrocyte structure, function and blood coagulation.  

2.6 Aim 

The aim of this study entailed the investigation of the potential toxicity of the metals Cu, Mn 

and Hg, alone and in combination, with regards to their effects on blood coagulation and 

thrombus formation, specifically on erythrocyte membrane rupturing; Hb precipitation and 
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distribution; erythrocyte, platelet and fibrin fibre morphological changes and coagulation 

property alterations.  

2.7 Objectives 

The aim of this study was achieved through the following research objectives: 

1. Investigating the effect of the metals Cu, Mn and Hg, alone and in combinations, on 

the cell membranes of erythrocytes by using the haemolysis assay. 

2. Investigating the effect of Cu, alone and in combination, on Hb precipitation and 

distribution by using the scan Hb methodology. 

3. Investigating the effect of the metals Cu, Mn and Hg, alone and in combinations, on 

the morphology of platelets, fibrin networks and erythrocytes by using scanning 

electron microscopy (SEM). 

4. Investigating the effect of the metals Cu, Mn and Hg, alone and in combinations, on 

parameters of coagulation over time, using thromboelastography® (TEG®).  

The results obtained from the investigative analysis of these methods are presented in the 

chapters to follow (chapter 3 – 5).  

2.8 Funding  

This project was supported by an National Research Foundation (NRF) grant, grant number: 

92768, to the supervisor Dr HM Oberholzer. All additional costs were covered by the 

Department of Anatomy, Faculty of Health Sciences of the University of Pretoria.  

2.9 Ethical considerations  

Human blood was used for which ethical clearance was obtained, from the Research Ethics 

Committee of the University of Pretoria, ethical clearance number: 244/2016. Blood was 

collected from volunteers after signed informed consent had been obtained. Methods were 

performed in the cell culture laboratory, in the section of histology, cell biology and 

embryology in the department of Anatomy as well as the Unit for Microscopy and 

Microanalysis at the University of Pretoria. Volunteer inclusion criteria included: male 

participants (avoidance of the implications that the female hormone oestrogen has on the 

vascular system) between the ages of 20 – 40 years. Volunteer exclusion criteria included: 

smoking individuals, individuals with medical conditions that have a possible effect on the 

CVS e.g. hypercholesterolemia, individuals that take medication (effect on CVS) and 

individuals that live close to mines (affected by metal exposure).  
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2.9.1 Volunteer recruitment  

Volunteers were recruited via telephone or e-mail from friends or family living in Pretoria 

during which the purpose of the study was explained. Once they consented verbally, a 

written informed consent form was signed and blood was drawn, at the Prinshof Campus of 

the University of Pretoria. The specific inclusion and exclusion criteria of the study were 

applied to the voluntary participants.  

2.10 Study design 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.5: Flow diagram explaining the methodologies used for the different blood constituents being investigated.  
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CHAPTER 3: The haemolytic effects of copper, manganese 

and mercury, alone and in combination 

             

3.1 Introduction 

Erythrocytes are the most abundant blood cell type and these cells lack DNA and organelles 

and have a typical bi-layer lipid membrane [70, 71]. Haemoglobin is the most abundant 

protein present in erythrocytes and by binding to oxygen (O2) it forms oxygenated 

haemoglobin (oxyHb), which transports O2 from the lungs to the tissues. When Hb releases 

O2 it is then known as deoxygenated haemoglobin (deoxyHb). Both oxyHb and deoxyHb are 

the major forms of normal Hb present in whole blood. Haemoglobin is made up of four globin 

chains, with each chain containing a centrally located heme molecule. Each heme molecule 

contains iron, which gives Hb and in turn erythrocytes their oxygen carrying function and red 

colour [72]. 

When erythrocytes encounter an excess of oxidants, the initial site of damage is the plasma 

membrane. The continuous peroxidation of membrane lipids contributes to progressive 

haemolysis and as the integrity of the plasma membrane is lost, Hb leaks out of the cell into 

the plasma [73, 74]. Clinically increased levels of Hb in the plasma are associated with 

diseases such as haemolytic anaemia [74]. Haemolysis can also occur as a result of 

improper handling, collection, processing and storage of blood or due to the blood donors 

having a membrane disorder or bacterial infections [70, 71, 74].  

Erythrocyte plasma membrane damage leads to haemolysis and the amount of Hb released 

can be rapidly quantified spectrophotometrically [72]. This has led to the development of the 

haemolysis assay. In the laboratory human erythrocytes are exposed to different types and 

concentrations of drugs and toxins and the degree of Hb release is quantified. This assay 

has been widely used to evaluate the toxicity of medical drug carriers, bio-surfactants, 

medical devices, infective agents, herbal extracts and vitamins as well as known toxic 

substances such as palytoxin and lead [71, 75 – 82]. As human erythrocytes are important 

targets of metal toxicity (See 2.5.1) they are therefore physiologically relevant cellular 

models.  

Besides oxyHb and deoxyHb, erythrocytes contain other forms of Hb which include MetHb 

and sulfhaemoglobin (SulfHb). When Fe2+ becomes converted to Fe3+, normal Hb is 

converted to MetHb. Due to the altered state of Fe in MetHb, this form of Hb cannot 

transport O2 and also causes the discolouration of blood from red to brown. Due to the 
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decreased O2 carrying capabilities of MetHb, it is toxic. Methaemoglobin levels are normally 

between 0 – 2% of total Hb, but if this increases to 15% cyanosis is present, and at levels of 

70% death occurs. Methaemoglobin poisoning is reversible following treatment with 

methylene blue, except if chlorate poisoning has occurred [83].  

When a sulphur atom binds to Hb, it is converted to SulfHb and levels are 0 – 0.5% of the 

total Hb; levels greater than 10% have never been recorded [84]. Sulfhaemoglobin also 

cannot bind to O2 and causes discolouration of blood from red to green [85, 86]. An increase 

in SulfHb is associated with an increase in cyanosis [84]. Unlike MetHb, SulfHb cannot be 

converted back to normal functioning Hb and is only removed when erythrocytes are 

destroyed by the spleen [84 – 86]. Sulfhaemoglobin is believed to form when intestinal 

bacteria release hydrogen sulphide, which then binds to Hb forming SulfHb and from the 

ingestion of drugs, such as sulfonamides [85]. 

Each Hb has unique absorption properties and maximal absorption peaks and these are 540 

nm, 576 nm, 619 nm and 630 nm for oxyHb, deoxyHb, MetHb and SulfHb, respectively [87]. 

Quantification of these additional forms of Hb can also provide additional information related 

to the toxicity of heavy metals. 

The aim of the research undertaken in this chapter was to investigate the haemolytic effects 

of Cu, Mn and Hg, alone and in combinations using the haemolysis assay and to further 

determine the extent of MetHb formation by Cu alone and in combination with Mn and Hg. 

3.2 Materials and methods 

3.2.1 Metal preparations 

Stock solutions (concentrations are equal to X100000 the WHO values for each respective 

metal) for the various metals were made using: CuSO4 [Sigma-Aldrich, St Louis, MO, USA], 

manganese chloride (MnCl2) [Sigma-Aldrich, St Louis, MO, USA], HgCl2 [Sigma-Aldrich, St 

Louis, MO, USA]. Working solutions were made from the stock solutions. The concentration 

ranges of these metals were X1, X10, X100, X1000 and X10000 the WHO safety level 

standards and were 31.47 µM for Cu, 9.1 µM for Mn and 0.004 µM for Hg. Each metal is in 

the ionic form as Cu2+, Mn2+ and Hg2+, but is abbreviated throughout as Cu, Mn and Hg. The 

double metal combinations contained each metal at the WHO limit concentration, e.g., for 

the combination X1 of Cu + Mn erythrocytes were exposed to 31.47 µM Cu and 9.1 µM Mn 

while the X10 double combination ratio contained 314.7 µM Cu and 91.0 µM Mn. All final 

volumes of the metal combinations were the same. The X1 triple combination contained 

31.47 µM Cu : 9.1 µM Mn : 0.004 µM Hg. In the same ratios erythrocytes were exposed to 

X10 metal concentrations. 
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For the evaluation of the precipitation of protein and Hb and the possible formation of MetHb 

by Cu, the following metal solutions were also prepared from the stock solutions, in addition 

to X1 – X10000, X20 – X90 and X200 – X900, of the WHO safety level standards of Cu 

alone and in combinations with Mn and Hg as well as the triple combination of Cu, Mn and 

Hg was evaluated.  

3.2.2 Blood collection  

Approximately 16 mL of venous blood was drawn in four citrate tubes from each of the three 

healthy, human, male volunteers by a phlebotomist, using a sterile needle and vacuum 

extraction (EVAC) citrate tubes containing 3.2% sodium citrate. The experiments were 

conducted on the same day that the blood was drawn.  

3.2.3 Sample preparation 

Whole blood was centrifuged (Hermle Z300 centrifuge, Hamburg, Germany) at 2500 x g for 

10 minutes, after which the plasma and buffy coat was removed. The erythrocytes were then 

washed with isotonic phosphate buffer saline (isoPBS) [0.137 M sodium chloride (NaCl) 

(Sigma-Aldrich, St Louis, MO, USA), 3 mM potassium chloride (KCl) (Sigma-Aldrich, St 

Louis, MO, USA), 1.9 mM monosodium phosphate (NaH2PO4) (Sigma-Aldrich, St Louis, MO, 

USA), 8.1 mM disodium phosphate (Na2HPO4) (Sigma-Aldrich, St Louis, MO, USA), pH 7.4] 

twice, by re-suspending the erythrocytes in the isoPBS and centrifuging between washes, at 

1185 x g for 3 minutes. A 5% volume over volume (v/v) blood solution was made by diluting 

the packed erythrocytes in isoPBS. A positive control: 2% sodium dodecyl sulphate (SDS) 

solution was used to represent 100% haemolysis and a negative control: isoPBS was used 

to represent 0% haemolysis. The 5% blood solution was then exposed to a concentration 

series of the metals, alone and in combinations. All samples were then incubated (NuAire 

Autoflow NU-4750 water jacket CO2 Incubator, Plymouth, NH, USA) for 16 hours, at 37oC. 

After the incubation period, the samples were centrifuged at 1185 x g for 2 minutes, 

transferred in triplicate to a 96-well plate, the absorbance was then measured at 570 nm with 

the FLUOstar Omega micro-plate reader (BMG LABTECH, Offenburg, Germany) and the 

results expressed as percentage haemolysis, using the following formula:  

% Haemolysis = (Asample - A0% / A100% - A0%) X 100 

Where Asample = Absorbance of erythrocytes exposed to metals alone or in combination. 

A0% = Absorbance of erythrocytes exposed to isoPBS (0% haemolysis). 

A100% = Absorbance of erythrocytes exposed to 2 % SDS (100% haemolysis). 
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3.2.3.1 Evaluation of metal interactions  

Metals in combination can have an antagonistic, additive or a synergistic effect. Many 

different methods have been reported to evaluate the interactions between drugs, chemical 

mixtures, metal mixtures and toxins such as insecticides [88 – 95]. For this study the model 

deviation ratio (MDR) method was used. 

The MDR was calculated (Table 3.1) to determine whether the combination groups had an 

antagonistic, additive or synergistic effect. The formula used was:  

MDR = Ov/Ev 

Where Ov = the observed value (average % haemolysis) of the combination group  

 Ev = was the expected value (sum of the average % haemolysis of the single metal groups/number 
of groups).  

Volume differences were taken into account by dividing the Ev by 2 for double metal 

combinations and 3 for the triple metal combinations. An additive effect is indicated where 

0.5<MDR<2, antagonism where MDR <0.5 and synergism where MDR >2 [96, 97]. 

Example: X1 Cu + Mn  

MDR = Ov/Ev 

         = (1,349)/[(1, 675 + 0.464) / 2] 

         = 1,262; Therefore additive effect. 

3.2.3.2 Precipitation and MetHb formation  

Copper did not appear to cause any haemolysis but Cu-mediated precipitation was 

observed. To determine the extent of precipitation and the presence of toxic forms of Hb 

such as MetHb, and SulfHb, following the quantification of the amount of Hb in the 

supernatant, the pellets together with the remaining supernatant was resuspended and the 

erythrocytes were lysed with the addition of 100 µL of a 2% SDS solution. The SDS was 

found to lyse the erythrocyte plasma membrane but not the precipitate. The samples were 

vortexed well and then centrifuged at 1185 xg for 2 minutes to collect the precipitate and 

then the supernatant was transferred to a 96-well plate. The absorbance of the supernatant 

was measured at 540 nm. The effects of X1 – X10000 the WHO safety limit concentrations 

were determined. The percentage precipitate that formed was calculated as follows.  

% Precipitate = 100 – [(ACu / ANC)*100]  

Where ACu = Absorbance of the Cu-containing sample. 

ANC = Absorbance of the negative control (isoPBS)/no precipitation. 
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In all Cu samples where no or little precipitation occurred the absorbance of the lysed 

erythrocytes was measured at 540 nm, 576 nm, 619 nm and 630 nm for oxyHb, deoxyHb, 

MetHb and SulfHb, respectively. The relative percentages of the different Hb forms were 

calculated.  

3.2.4 Statistical analyses 

The paired t-test (Excel) and one way ANOVA methods (Graph Pad) were used to compare 

the significance of experimental groups to each other, for the haemolysis assay. Statistical 

analysis was performed with a 95% confidence interval and a p value < 0.05 considered 

significant. The one way ANOVA method was used to compare the significance of the % Hb 

distribution of the experimental groups, which did not precipitate, to each other. Statistical 

analysis was performed with a 95% confidence interval (p < 0.05). Statistical analyses was 

not needed for the % precipitation as this method was only used to determine which groups 

could be used to analyse the data of the % Hb distribution.  

3.3 Results 

The ability of Cu, Mn and Hg, alone and in combinations, to induce haemolysis at 

concentrations of X1 – X10000 the WHO safety limits was determined (Figure 3.1). At all 

concentrations evaluated, no Cu-induced haemolysis was observed. The Cu-containing 

groups – Cu + Hg and Cu + Mn + Hg – caused a significant increase in haemolysis at a 

X100 concentration. Manganese and Hg alone showed varied significance effects across 

concentrations. The Mn + Hg combination group showed significance at the highest 

concentrations – X1000 and X10000.  
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Figure 3.1: The haemolytic effects of Cu, Mn and Hg alone and in combinations evaluated at A) X1, B) X10, C) 

X100, D) X1000 and E) X 10000 the WHO safety level standards of each metal. Positive control (PC): 100% 
haemolysis induced by 2% SDS and negative control (NC): 0% haemolysis - isoPBS. Results express the 
average of eight experiments ± standard error of mean, compared to a PC and NC. # Indicates significance 
compared to the NC and * indicates significance compared to other metal groups. 

 
The haemolysis assay provides information on the effect of the metal mixtures but provides 

no information on whether the interactions between metals are antagonistic, additive or 

synergistic. An antagonistic interaction implies that two or more metals in combination 

reduce the toxicity of each single metal alone. Synergism represents a response that is 

higher than expected. Metal combinations that have synergism can pose a higher risk to 

population health. Table 3.1 describes the type of interactions that occurs between double 

and triple metal combinations containing Cu, Mn and Hg. Metal combinations that showed 

synergism were Cu + Hg (X100), Mn + Hg (X1000) and Cu + Mn + Hg (X100). Additive 

effects were found for Cu + Mn (X1 and X100), Cu + Hg (X1000) and Mn + Hg (X100 and 

X10000). Antagonistic effects were found for Cu + Mn (X10, X1000 and X10000), Cu + Hg 

(X1, X10 and X10000), Mn + Hg (X1 and X10) and Cu + Mn + Hg (X1, X10, X1000 and 

X10000). 

Table 3.1: MDR values and the type of interactions between metal combinations. 

Metal and metal combinations 

 Cu Mn Hg Cu + Mn Cu + Hg Mn + Hg Cu + Mn + Hg 

X1 WHO limit 

Av % H 1,675 0,464 16,064 1,349 -5,672 -3,351 1,603 

MDR    1,262 -0,639 -0,406 0,264 

Interaction     Add
3
 Ant

3
 Ant Ant 

X10 WHO limit 

Av % H -5,112 6,689 5,642 0,285 -9,606 -2,399 -4,239 

MDR    0,361 -36,295 -0,389 -1,762 

Interaction     Ant Ant
1
 Ant Ant

2
 

X100 WHO limit 

Av % H 13,135 10,110 7,585 6,828 31,709 8,346 51,758 

MDR    0,587 3,061 0,943 5,036 
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Interaction     Add Syn
2
 Add Syn

1
 

X1000 WHO limit 

Av % H 2,926 109,682 1,829 -1,592 4,191 139,403 11,601 

MDR    -0,028 1,763 2,500 0,304124 

Interaction     Ant Add
1
 Syn

3
 Ant 

X10000 WHO limit 

Av % H -3,390 85,036 75,204 -1,572 -3,573 134,649 10,727 

MDR    -0,039 -0,100 1,681 0,205 

Interaction     Ant Ant Add
2
 Ant 

Ant indicates antagonistic, Add indicates additive and Syn indicates a synergistic effect. Numbers 
1 – 3

 indicates 
combinations with the highest effects, with 1 being the highest. 

 

The Cu alone and Cu-containing groups overall showed very little haemolysis. Due to the 

precipitation of Cu at higher concentrations, the data in Table 3.1 for Cu-containing 

combinations may not necessary reflect the type of interactions that do occur. However, at 

low concentrations where precipitation does not occur, the observed effects are antagonistic 

for X1 and X10 while for X100 these interactions are synergistic for Cu + Hg and Cu + Mn + 

Hg.  

Copper causes no haemolysis at X1 and X10, while at a X20 concentration haemolysis 

occurs (Figure 3.2) whereas at a higher X100 concentration, less haemolysis occurs. 

Reduced levels of haemolysis at higher concentrations are associated with the formation of 

a brown coloured pellet (Figure 3.2).  

Sample Control 

(PBS) 

Cu X1 Cu X10 Cu X20 Cu X100 

 

Supernatant 

colour 
     

 

 

Precipitate 

formation 

     

Figure 3.2: The comparison of supernatant colours and precipitate formation of Cu samples at various 

concentrations compared to a control - PBS. 
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To quantify the amount of precipitated Hb, a novel approach was used. Treatment of a 

control (PBS) with SDS resulted in erythrocyte haemolysis and with centrifugation no pellet 

formation occurred i.e. all Hb is in solution. With the formation of an insoluble Cu-Hb pellet, 

treatment with SDS caused plasma membrane haemolysis without dissolution of the 

precipitate. With centrifugation an insoluble pellet formed and quantification of the amount of 

Hb in the supernatant provided an indirect method for quantification of the amount of 

precipitate. The results are presented in Figure 3.3. At X1 and X10 no precipitation was 

observed while at X20 52.90% precipitation occurred. At greater than X200, a 100% 

precipitation occurred. 

 

Figure 3.3: The % precipitation formed following exposure of erythrocytes to X1 – X10000 the WHO safety levels 

of Cu. Results express the average of three experiments ± standard error of mean, compared to a control (C) – 
no added Cu. 

In the control and the X1 and X10 concentrations, the percentage of the different types of Hb 

was determined and this included the percentage of normal oxyHb and deoxyHb and the 

toxic, MetHb and SulfHb. An increase in the toxic forms can pose a health risk. As shown in 

Figure 3.4 oxyHb and deoxyHb are the pre-dominant Hb types with MetHb and SulfHb being 

the less dominant types. The concentrations of MetHb and SulfHb in the control, not 

exposed to metals, were 0.12% and 0.136% respectively. 
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Figure 3.4: A comparison of Hb distribution (%) of various forms of Hb within erythrocytes. Erythrocytes were 

exposed to a X1 and X10 concentration, based on the WHO safety levels of A): Cu, B): Cu + Mn, C) Cu + Hg and 
D) Cu + Mn + Hg. Results express the average of three experiments ± standard error of mean, compared to a 
control (PBS). * Indicates a significantly higher percentage of Sulf- and MetHb. OxyHb (blue), deoxyHb (red), 
MetHb (green) and SulfHb (purple). 

The two toxic forms of Hb – MetHb and SulfHb – increased in the Cu-containing groups as 

compared to the control (PBS) as shown in Figure 3.4. The fold change in MetHb and SulfHb 

was calculated (Figure 3.5).  

Copper at X1, did not cause a change compared to the control in MetHb levels while at X10 

a 2.05-fold increase in MetHb was observed. Manganese in combination with Cu at X1 

caused a 0.86-fold change and thus a decrease in MetHb, whilst at X10 a 2.45-fold increase 

was observed. Mercury in combination with Cu caused a 1.59-fold increase and a 1.93-fold 

increase for the X1 and X10 concentrations, respectively. For Cu in combination with Mn and 

Hg at X1, there was no change as compared to the control while at X10 there was a 1.89-

fold increase. For all X10 combinations, MetHb formation was increased compared to the 

control and compared to the X1 concentrations. The only X1 combination that showed an 

increase in MetHb was Cu in combination with Hg.  

The SulfHb results are very similar where Cu X1 and Cu in combination with Mn and Hg X1 

showed no change as compared to the control. Copper in combination with Mn at X1 

showed a decrease (0.89-fold change) in SulfHb whilst Cu in combination at X1 showed a 

fold increase (1.68-fold change). Copper alone at X10 had a 2.2-fold increase, Cu + Mn had 

a 2.45-fold increase, Cu + Hg had a 2.08-fold increase and the triple combination – Cu + Mn 

+ Hg – had a 1.88-fold increase.  
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Figure 3.5: Representation of several fold change in A) MetHb and B) SulfHb of various Cu-containing samples 

at a X1 (lighter shade) and X10 (darker shade) concentration, based on the WHO safety levels of Cu, alone and 
in combinations with Mn and Hg compared to the control erythrocytes not exposed (PBS) (black). 

3.4 Discussion  

In this study the effect of Cu, Mn and Hg alone and in combinations, at concentrations of X1 

– X10000 the WHO safety limits, of each metal, alone and in combination, on erythrocytes 

was evaluated. In the study of the toxicity of metals, especially in animal studies, arbitrary 

concentrations are selected. Findings of these studies are very difficult to correlate with 

environmental exposure. In this study, the limits of environmental exposure of each metal 

were selected and then toxicity was determined. Mercury is more toxic than Cu and Mn, 

where the WHO limit for Hg is 0.004 µM, Cu is 31.47 µM and Mn is 9 µM. The molar ratio for 

Hg:Cu is 1:7867 and the molar ratio for Hg:Cu is 1:2250 and this also reflects the high 

toxicity of Hg. With environmental exposure the absorption of each metal is different and 
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blood levels following exposure will be different between metals and will not be at the WHO 

limits, within blood. However by using the WHO limits, it can be determined which 

combinations may have synergistic effects related to increased toxicity.  

3.4.1 Cu, Mn and Hg alone  

Normal Cu levels are within the range of 640 – 1400 µg/L [98]. The WHO safety limit for Cu 

is 2000 µg/L [99]. If absorption is 40% blood levels are 800 µg/L [99]. A study conducted 

using Japanese workers, found an increase in blood Cu levels compared to control 

individuals. Cloisonné workers had an average blood level of 78.4 µg/L, silver plating 

workers a level of 88.8 µg/L and plant office workers a level of 78.8 µg/L compared to the 

control group with Cu levels of 74.6 µg/L. Differences between groups were not significant 

[11]. Copper levels in South African dam catchment areas showed increased Cu levels 

compared to worldwide levels and is possibly due to gold mines in the area [100]. Little is 

known about Cu blood levels of South African communities, living near gold mining and in 

heavily industrialised areas, although it can be proposed that Cu levels are increased.  

Copper was found to bio-accumulate in fish in the Olifants River in South Africa. Natural Cu 

concentrations in water are 5 µg/L, however the Department of Water Affairs and Forestry 

has recorded Cu levels up to 12000 µg/L, in South Africa. Water analysis of the Olifants 

River at two different sites, within the Kruger National Park, reported Cu levels of 4 µg/L in 

the water samples collected in four different months. This increase in Cu contamination can 

be due to natural causes but also anthropogenic activity such as discharging of municipal 

and industrial sewage, production of fertilisers and algaecides, dumping of ash and also from 

mine dumps, all of which land up in the river. In fish Cu had bio-accumulated especially in 

the liver. The fish present in these waters did have high levels of accumulated Cu mainly in 

the liver indicating long term Cu exposure and the highest recorded concentration of 12000 

µg/L is six times the WHO limit for Cu in water [101]. This implies that individuals living close 

to mines and drinking this river’s water are exposed to toxic levels of Cu and bio-

accumulation of Cu in exposed individuals is of concern.  

An acute CuSO4 poisoning case showed intravascular haemolysis with decreased 

haematocrit and Hb and the blood smear revealed anisocytosis, poikilocytosis (>10% 

abnormally shaped erythrocytes), echinocytes, microspherocytosis and degmacytes (bite 

and blister erythrocytes) [39]. In Wilson’s disease, (discussed in detail in section 2.2.3), high 

levels of free Cu are released into the blood once liver Cu storage has reached capacity. 

One of the effects of increased Cu levels in blood is that Cu induces ROS formation and 
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inhibits the functioning of several enzymes and this leads to haemolysis. During this process 

Hb is oxidised resulting in MetHb formation [102].  

Another congenital disease which can explain the possible effect of Cu ions on Hb is 

thalassemia. A clinical feature of this disease is haemolytic anaemia which occurs as the 

result of the precipitation of unstable Hb chains and consequently this may be the reason 

why these erythrocytes are being destroyed prematurely [103]. As found in this study higher 

concentrations of Cu > X20 WHO levels caused the precipitation of Cu. At X1 and X10, Cu 

induced an increase in MetHb and SulfHb formation.  

Normal MetHb levels in blood are approximately 1% and an increase in MetHb results in 

methaemoglobinaemia. Naturally the low levels of MetHb are kept at homeostasis by the 

hexose monophosphate shunt pathway where glutathione (GSH) reduces oxidising agents 

and via the enzymes diaphorase I nicotinamide adenine dinucleotide (NADH) MetHb 

reductase and diaphorase II NADPH MetHb reductase, MetHb is reduced. When these 

pathways are overwhelmed with an excess of oxidants, MetHb levels increase. Only when 

MetHb levels reach 10% or greater, does it become clinically significant [104]. In the present 

study, at X1 and X10, Cu did increase MetHb levels although only significant for Cu + Mn 

X10.  

Sulfhaemoglobin is also formed when Fe2+ becomes oxidised, but in addition a sulphur atom 

binds to the porphyrin ring of the Hb molecule. Some products known to cause MetHb can 

also form SulfHb and since they have similar absorption peaks it may be difficult to 

definitively distinguish between both Hb forms [84]. A case of sulfhaemoglobinaemia had 

SulfHb blood levels of 6%, after paint ingestion and this high level of SulfHb resulted in death 

[102]. In this study, X10 Cu-induced Met- and SulfHb formation was 2.05- and 2.22-fold 

greater than the controls, respectively. Although these differences are not statistically 

significant, small changes in Met- and Sulf-Hb are biologically relevant and can adversely 

impact on the health of an individual.  

The WHO safety limit for Mn is 500 µg/L and if maximal 5% absorbance occurs blood levels 

are 25 µg/L. The total Mn blood range in normal individuals is 4 – 15 µg/L, which makes the 

WHO safety limit slightly higher than normal blood ranges [45]. In Japan, Cloisonné workers 

had an average blood Mn level of 37.3 µg/L, silver plating workers a level of 36.1 µg/L and 

plant office workers a level of 28.7 µg/L compared to 14.5 µg/L for the control group. 

Significant differences in Mn levels were found between the controls and Mn exposed 

workers. The worker’s Mn blood levels exceed that of the normal ranges as well as the WHO 

safety limit [99]. In South African school children living within cities the average Mn blood 

levels were 9.8 µg/L and 6.74 ug/L for children living in Johannesburg and Cape Town, 
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respectively. The source of Mn came mainly from dust in classrooms and the school’s soil. 

Even though these levels are within range it was shown that 12.5% of the Johannesburg and 

4.2% of the Cape Town school children have Mn blood levels higher than that of normal 

blood values [12]. Another study found that in Durban school children the average Mn blood 

levels were 10 ug/L, where 8% of the sample children exceeded the 15 ug/L safety limit. 

These high Mn levels were attributed to increased pollution, especially due to the presence 

of Mn in motor fuel [13]. Levels of 6.74 – 15 µg/L is equivalent to normal Mn blood ranges, 

however a percentage of the children did exceed the normal ranges. This could be attributed 

to different susceptibility potentials of individuals. Although in the present study, no 

haemolysis was observed, the ex vivo model used does not take into account cumulative 

effects. 

At X1 – X1000, Hg only caused low levels of haemolysis while at X10000, Hg caused 

75.20% haemolysis. Kunimoto et al. (1985), found that slight haemolysis of rat erythrocytes 

occurred at concentrations of 0.1 mM Hg, when erythrocytes were incubated for 60 minutes, 

and no haemolysis occurred at lower concentrations [14]. This concentration is 250000 times 

greater than the WHO safety level and 25 times higher than the highest concentration 

evaluated in the present study. This indicates that Hg-induced haemolysis is a function of 

concentration and exposure time. The WHO safety limit for Hg is 1 ug/L and with 

absorbance of about 15%, blood levels are about 0.15 ug/L. The average non-occupational 

exposed blood levels are <10 µg/L and for occupationally exposed individuals it is 15 µg/L. 

[15].  

Case reports on patients with Hg toxicity revealed some patients are asymptomatic even at 

toxic Hg blood levels. Acute blood level ranges were from 85 ug/L – 16000 ug/L and chronic 

ranges were 19 – 680 ug/L. Although the X10000 WHO safety limit concentration is possible, 

it is very rare and requires ingestion of over 1 g of Hg. Ingestion of 1.4 g of HgCl2, by an 

elderly woman, resulted in a blood Hg concentration of 590 ug/L and a haematocrit drop 

from 47% to 27% within a 24 hour timeframe [59]. The haematocrit drop is indicative of 

erythrocyte haemolysis as was observed in the present study where at the X10000 

concentration, 70.25% haemolysis was observed. Some patients exposed to Hg presented 

with mild to severe symptoms whilst others had developed rashes. The latter are individuals 

that eat a diet rich in seafood and sea mammals and in these cases blood levels ranged 

from 6 – 19 ug/L [59].  

A study done on the Hg exposure of low-income communities in South Africa, found that the 

individuals living near ASGM and coal power stations, were exposed to Hg. Of this 

population 15% had higher blood Hg levels than the non-exposed individuals with blood 
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levels of < 10 µg/L. Only 20% of this study population used coal as a fuel source, while 63% 

ate fish from the river and 67% drank water from the river. Some individuals living in the area 

had also previously worked in the mine. One individual’s blood Hg level was 24 µg/L, caused 

by 20 years of occupational exposure [15]. These results show that the X1 and X10 WHO 

safety limit concentrations are plausible for Hg exposed individuals. The main concern is 

with individuals living near gold mining and coal burning power stations where the water is 

contaminated and Hg has bio-accumulated in fish.  

Exposure of erythrocytes to X1 and X10 WHO safety limit concentrations of Hg is relevant 

and probable amongst the population exposed to Hg, through contaminated water, exposure 

in the work environment and diet. The results of this study, based on the ability of Cu, Mn 

and Hg alone to induce haemolysis confirms that Hg is the most toxic, and in addition 

because Hg bio-accumulates within the food chain, there is an increased risk for associated 

diseases that occur later on in life. 

3.4.2 Cu, Mn and Hg in combination 

Synergistic interactions of chemicals and metals are of great concern to the general 

population. Metals that could be safe alone could be potentially toxic when synergistically 

interacting with other metals [96]. Exposure to a single metal is rare and will most likely only 

occur with accidental or deliberate poisoning. Usually environmental exposure is to a mixture 

of metals of different types and at different concentrations. Also the exposure time is a 

further confounding factor investigating the effects of environmental exposure.  

Haemolysis induced by metals is due to lipid peroxidation or oxidative stress of unsaturated 

fatty acids in the erythrocyte membrane [105]. An increase in oxidative stress induces lipid 

peroxidation of lipid membranes and modification of protein structure and function. These 

modifications can lead to erythrocyte haemolysis and are also linked to CVD [106].  

The mechanism whereby each metal in the present study induces haemolysis differs. 

Copper is a redox active metal and undergoes redox cycling reactions and can form ROS. 

Copper can cause direct oxidation of Hb via the reaction: Cu2+ + HbFe2+  Cu+ + HbFe3+, 

where Cu+ can react with oxygen and form Cu2+ again, thus prolonging the oxidation cycle 

as well as ROS formation [107]. In addition, Cu can also form Cu3+ a strong oxidizing ion. 

The HbFe3+ which is MetHb has a reduced capacity to bind oxygen. 

Manganese can enhance oxidative stress due to its ability to change between oxidation 

states and can also increase ROS production by interfering with mitochondrial oxidative 

respiration, although this is not relevant in erythrocytes [108]. Mercury also inhibits 
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antioxidant pathways through ROS formation and binding to GSH and N-acetylcysteine 

(NAC) due to Hg high binding affinity to the thiol groups of both molecules. The increase in 

binding of Hg to GSH results in a decrease in the total GSH content and other thiol-

containing redox molecules. Not only does this cause the inhibition of enzyme activity and 

associated biochemical pathways but also results in an increase in ROS accumulation [109]. 

This depletion of cellular antioxidant mechanisms can lead to cell damage and consequently 

leading to the haemolysis of erythrocytes. Therefore, as these metals have different 

mechanisms generating ROS and/or inhibit antioxidant pathways, these metals in 

combination may have synergistic effects.  

In this study the effects of Cu, Mn and Hg in double combinations (Cu + Mn, Cu + Hg and 

Mn + Hg) and as a triple combination (Cu + Mn + Hg) was investigated. For the double 

combination, Cu + Mn at X1 – X10000, no increase in haemolysis was observed and at all 

concentrations the interactions between Cu and Mn was either antagonistic or synergistic. 

Lack of haemolysis is related to the formation of Cu-induced Hb precipitation. At the X1 and 

X10 concentrations, there was a 0.86- and 2.45-fold change, respectively, as compared to 

the control for MetHb formation. For SulfHb formation there was a similar fold change 

compared to the control. 

Few studies have been undertaken to investigate the toxicity of Cu and Mn in combination. 

The effects of Cu, Mn and aluminium on amphipods in South African waters have been 

investigated. In this study, the Cu and Mn concentrations used were 0.0175 mg/L and 

13.993 mg/L respectively, which was ten times higher than the South African standard for 

aquatic ecosystems [16]. At these concentrations the Cu + Mn combination group had a 

synergistic interaction and proved to be the most toxic combination group, out of all the other 

combination groups evaluated, with the lowest percentage of amphipod survival compared to 

the other combination groups [16].  

The effects of Cu + Mn on rat behaviour, memory and learning abilities, showed that Cu + 

Mn caused an impairment in learning ability and memory as well as an increase in dopamine 

and norepinephrine levels and a decrease in 5-hydroxytryptamine. Concentrations used 

were 1000 µg/mL MnCl2 in water and 250 mg/kg Cu as part of a casein-based diet [17]. This 

study identified specific tissue and organ targets of toxicity, however concentrations used far 

exceed levels of environmental exposure.  

For the combination of Cu and Hg, except for the X100 concentration where 30.70% 

haemolysis occurred; no haemolysis was observed for the X1, X10, X1000 and X10000 

concentrations. No dosage dependent increase in haemolysis was observed. All interactions 

were either antagonistic or additive, except for the X100 concentration where the interaction 
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between Cu and Hg was synergistic. At the X1 and X10 concentrations, there was a 1.59 

and 1.93-fold increase, respectively, as compared to the control for MetHb formation. For 

SulfHb formation there was a 1.68- and a 2.08-fold increase for the X1 and X10 

concentrations, respectively.  

Mercury has been found to replace metallothionein-bound Cu and oral HgCl2 intoxication 

increased the retention of Cu in kidneys. A study conducted in Wistar rats investigated the 

effects of Hg and cadmium retention after Cu supplementation, at 50 µg/kg. After 28 days 

exposure, a decrease in Hg retention was observed. These researchers postulated that Cu 

supplementation releases the Hg-bound to the metallothionein proteins and consequently Hg 

is excreted. Therefore, Cu decreases the bio-availability of inorganic Hg in the GIT [18]. 

Metallothionein is found in erythrocytes and plasma and this may be a possible mechanism 

whereby Cu reduces the expected toxicity of Hg on erythrocytes and this may account for 

the antagonistic effects observed for several Cu, Mn and Hg combinations. 

For Mn in combination with Hg no increase in haemolysis was observed for the X1, X10 and 

X100 concentrations and the interactions were either antagonistic or additive. At the X1000 

and X10000 concentrations there was an increase in haemolysis (both over 100%) and the 

interactions were synergistic and additive, respectively. This group was not tested for MetHb 

or SulfHb as neither Mn nor Hg caused Hb precipitation.  

The toxicity of Mn and Hg alone and in combination has been evaluated by Pathak et al. 

(1987). Mercury was found to be highly toxic alone and in combination with Mn was found to 

be toxic only at high concentrations. In combination low Mn concentrations reduced Hg 

toxicity, but at higher Mn concentrations the toxicity of Mn + Hg was higher than that of the 

individual metals alone. The concentrations used were 1, 10, 100 and 1000 mg/L [19]. These 

concentrations are equivalent to X2 the concentrations used for Mn and X1000 the 

concentrations used for Hg in the present study and observations – although different 

concentrations were used – were similar to that found with the haemolysis assay.  

For the triple combination of Cu, Mn and Hg, except for the X100 concentration where 

51.76% haemolysis occurred, no significant haemolysis was observed for the X1, X10, 

X1000 and X10000 concentrations. No dosage dependent increase in haemolysis was 

observed. All interactions were antagonistic, except for the X100 concentration where the 

interaction between Cu, Mn and Hg was synergistic. At the X1 concentration no change was 

seen in MetHb or SulfHb formation, as compared to the control and at the X10 

concentration, there was a 1.89- and a 1.88-fold increase for MetHb and SulfHb, 

respectively.  
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Most metals in combination had an additive effect and these were Cu + Mn X1, Mn + Hg 

X100, Cu + Hg X1000 and Mn + Hg X10000. The groups that showed a synergistic effect 

were Cu + Hg X100, Cu + Mn + Hg X100 and Mn + Hg X1000 while remaining combinations 

had an antagonistic effect. However, there were no clear indications of the effects of Cu 

because, for the Cu combinations at the X100, X1000 and X10000 concentrations, Cu-

induced sample precipitation. According to Cedergreen (2014) synergistic effects are rarely 

seen and are found in approximately 5% of tested mixture combinations [96]. In the present 

study, of the 20 combinations evaluated, only 3 combinations showed synergism which is 

15% of all combinations.  

At a X100, synergism was observed for Mn + Hg and Cu + Mn + Hg with MDR values of 

3.06 and 5.04 respectively, which indicates that at this concentration there is an increase in 

toxicity and this may be related to the differences in the mechanisms of action. Haemolysis 

occurs as a consequence of cellular damage but in this study it does not appear to be a 

sensitive indicator of cellular effects. Future studies should focus on the various changes of 

the specific cellular targets such as changes in antioxidant enzyme activity, GSH levels, lipid 

peroxidation and PS exposure.  

3.5 Conclusion  

In conclusion, there is inter-variability amongst individuals regarding susceptibility to metal-

induced haemolysis. The low concentrations of the metals Mn and Hg, showed little 

haemolytic effects on the erythrocytes while at higher concentrations toxic effects were 

noted. It was found that Mn and Hg both had high toxicity, but Hg is the more toxic metal and 

synergism was observed between Mn + Hg (X100), Cu + Mn + Hg (X100) and Cu + Mn 

(X1000). Copper caused Hb precipitation and at higher concentrations interactions could not 

be determined. At low concentrations Cu and combinations induced MetHb and SulfHb 

formation especially for the Cu + Mn X10 group where a significant increase in both the Sulf- 

and MetHb, of about 5 – 10% was observed. Although not lethal, these levels for MetHb can 

reduce the oxygen-carrying capacity of Hb and for SulfHb these levels can be lethal.  
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CHAPTER 4: The effects of copper, manganese and 

mercury, alone and in combinations, on erythrocyte, 

platelet and fibrin network morphology 

             

4.1 Introduction 

The vascular system requires smooth membranes for optimal functioning and when any 

membrane, whether blood vessel, platelet or erythrocyte undergoes damaging alterations it 

causes an increase in attachment of cells to the endothelium of blood vessels and activation 

of the coagulation pathways. Mannucci et al., (1969) reported that an increase in haemolysis 

adversely affects the coagulation system as haemolysed erythrocytes can increase 

fibrinogen, factor V and factor VIII due to intravascular coagulation by an increase in 

thrombo-plastic material release by the haemolysed erythrocytes. The metals can also alter 

coagulation factors, as discussed previously (section 2.2.3, 2.3.3 and 2.4.3), possibly due to 

the metals affecting endothelial cells by oxidative stress [110]. Haemolysis has been noted 

to be a pro-coagulant condition and incidence of increased thrombosis has been noted in 

patients with haemolytic anaemia. Increased thrombosis is due to multiple factors including 

abnormal erythrocyte properties, an increase in Hb and micro-particles in plasma and 

endothelial dysfunction [111]. Although the levels of haemolysis identified for Cu, Mn and Hg 

alone and in combination in Chapter 3 were low, this may be sufficient to alter blood 

haemostasis.  

In addition, ROS can also activate the coagulation pathway. A study performed using PC12 

cells exposed to varying amounts of MnCl2 revealed an increase in levels of oxidants. 

Concentrations of 38 – 300 µM caused metabolic distress, and concentrations higher than 

300 µM caused an increase in production of the oxidant H2O2. Copper2+ can catalyse the 

Fenton reaction with H2O2 as the substrate and the generated ROS can subsequently cause 

lipid peroxidation as well as MetHb formation [112]. Likewise in the present study, 

erythrocytes were exposed to 9.1 – 91 µM Mn which represents a X1 and X10 exposure and 

consequently this Mn can form H2O2, which as a substrate for the Fenton reaction forms 

radicals. In addition Cu2+ can oxidize Fe2+ resulting in MetHb and radical formation. In a 

mixture of metals containing different cellular targets it is time consuming and expensive to 

measure changes in the levels and activity of specific coagulation factors. To determine if 

the consequence of these effects is physiologically relevant it is better to evaluate the 
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consequence of exposure such as the extent of platelet activation and the density of the clot 

that forms.  

Scanning electron microscopy is ideal for this purpose as this technique produces high 

resolution images of surface cellular structure and was used in the present study to 

investigate the effect of the metals Cu, Mn and Hg, alone and in combinations, on platelets, 

fibrin networks and erythrocyte morphology [113].  

4.2 Materials and methods  

4.2.1 Metal preparations 

All reagents are the same as those used in section 3.2.1, however, the concentration ranges 

of the various metals only included: X1, X10 and X100 (3-point) the WHO safety level 

standards for each respective metal, which are: 31.47 µM for Cu, 9.1 µM for Mn and 0.004 

µM for Hg. Only a 3-point concentration range was used, as these levels were more 

probable exposure levels than the extreme levels.  

4.2.2 Blood collection  

The process of blood collection was the same as described in section 3.2.2.  

4.2.3 Sample preparation 

Whole blood was exposed to the different metals at the 3-point concentrations and then 

incubated for 30 minutes, at room temperature. This exposure time was determined to be 

the optimal time frame for exposure through a side time-based study comparing samples 

exposed for 10 minutes, 30 minutes and 16 hours. The standard SEM sample preparation 

procedures were then followed. Blood smears (whole blood only) were made on round glass 

cover slips (LASEC, South Africa), with and without the addition of human thrombin [20 

U/mL (Sigma-Aldrich, St Louis, MO, USA)]. The cover slips were then dried for 10 minutes 

and washed in PBS for 20 minutes. The samples were then fixed in a 2.5% 

glutaraldehyde/formaldehyde (GA/FA) (Sigma-Aldrich, St Louis, MO, USA) – [5 mL buffer 

solution, 1 mL GA, 1 mL FA and 3 mL distilled water (dH20) solution in 0.075 M PBS (pH 

7.4)] for 30 minutes and then washed three times in the same buffer. The samples then 

underwent secondary fixation in 1% osmium tetroxide (Sigma-Aldrich, St Louis, MO, USA) 

for 30 minutes and were washed again as explained in the previous step. The samples were 

then dehydrated using increasing serial dehydration with 30%, 50%, 70% and 90% ethanol 

(EtOH), followed by three changes of absolute EtOH. The 100% EtOH (Merck, Darmstadt, 

Germany) was removed and a 100% hexamethyldisilazane (HMDS) [Merck, Darmstadt, 
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Germany] was used to dry the sample. Once the samples were dry, the cover slips were 

then mounted on aluminium stubs, coated by carbon evaporation and viewed with the Zeiss 

Ultra Plus FEG SEM (Oberkochen, Germany) at 1 kV. 

4.3 Results  

The effects of Cu, Mn and Hg alone and in combination on erythrocyte morphology (Figure 

4.1), platelet activation and aggregation (Figure 4.2) and fibrin network formation of whole 

blood (Figure 4.3) exposed to each metal group for 30 minutes was evaluated. 

Figure 4.1 shows representative images of erythrocytes acquired from blood smears 

prepared from whole blood without the addition of thrombin. Figure 4.1A depicts the 

erythrocyte control group (isoPBS) and shows the typical structure of an erythrocyte with 

biconcave shape, a smooth membrane and diameter of approximately 8 µm. Figure 4.1B – V 

shows erythrocytes exposed to X1, X10 and X100, the WHO safety level concentrations, of 

the metals Cu, Mn and Hg, alone and in combinations. In figure 4.1B, erythrocytes from the 

Cu X1 exposed group have become deformed exhibiting a bulging appearance. In figure 

4.1C, the erythrocytes from the Cu X10 exposed group appeared semi-spherical and slightly 

swollen. Matter deposition (pink arrow) can also be seen surrounding the cells. This might be 

due to the ability of Cu to precipitate proteins or the spontaneous deposit of fibrin might be 

another possibility. At these concentrations Cu seems to have a similar effect on the 

erythrocytes by causing a loss in membrane integrity (due to disruption of membrane 

proteins) and an increase in osmosis (due to an increase in permeability to cations), which 

first causes bulging then swelling. In figure 4.1D, the erythrocytes from the Cu X100 exposed 

group revealed the formation of primary echinocytes, as indicated by the nodule-like spicules 

(purple arrow), which is indicative of an increased loss of membrane integrity.  

Figure 4.1E, the Mn X1 exposed group, shows erythrocytes that also have a bulging 

appearance. In figure 4.1F, the erythrocytes from the Mn X10 exposed group became 

primary echinocytes with nodule-like spicules (purple arrow) and they appeared larger than 

the Mn X1 group. In figure 4.1G, the Mn X100 exposed group revealed erythrocytes that 

have either undergone formation of primary echinocytes, as indicated by the nodule-like 

spicules (purple arrow) or increased swelling from the bulging appearance (as seen in X1 

concentration – Figure 4.1E). The degree of nodule-like spicule formation was more 

apparent in the X100 concentration. In Figure 4.1H, the erythrocytes from the Hg X1 

exposed group also have a bulging appearance, similar to what was seen in the Cu X1 and 

Mn X1 groups (Figures 4.1B and 4.1E respectively). In figure 4.1I, the Hg X10 exposed 

group revealed erythrocytes that either appeared swollen, resulting in a spherical shape 



56 
 

(increase in osmosis) or cells with increased diameters, resulting in the loss of the typical 

biconcavity (suggesting loss in integrity of membrane proteins). In Figure 4.1J, the 

erythrocytes from the Hg X100 exposed group have deformed, with an increase in swelling. 

A ghost erythrocyte (yellow arrow) was also seen in this group which was not seen in any of 

the other exposed groups. This cell indicates a ruptured erythrocyte with only a membrane 

as remnant. 

Figure 4.1K, L and M are representative of erythrocytes from the Cu + Mn combination 

group at X1, X10 and X100 respectively. Erythrocytes in the X1 exposed group were 

deformed where those from the X10 and X100 groups appeared deformed with numerous 

primary echinocytes (purple arrows) present. In the Cu + Hg combination groups that can be 

seen in figure 4.1N, O and P, the erythrocytes appeared deformed having a bulging and 

swollen appearance with membrane projections starting to form at the X10 concentration. 

Only at the X100 concentration, did the presence of primary echinocytes become apparent 

with an increase in nodule-like spicule formation (purple arrows).  

The Mn + Hg exposed groups at X1, X10 and X100 are shown in Figure 4.1Q, R and S 

respectively. The erythrocytes appeared deformed with some having a bulging appearance 

(X1) or were completely swollen (X10). The erythrocytes in the X100 exposed group had 

pointed extensions of the membrane, which gave them a pinched-off appearance. In Figure 

4.1T, the triple combination (Cu + Mn + Hg) X1 exposed group revealed erythrocytes 

ranging in their deformation from slightly abnormal to bulging and swelling to nodule 

projections starting to form. In Figure 4.1U, the X10 exposed group shows erythrocytes that 

also have membrane deformation, similar to that of the X1 group. In figure 4.1V, the X100 

exposed erythrocytes also have deformation with pointed extensions of the membranes. A 

summary of the findings on erythrocyte morphology is shown in Table 4.1.  

Table 4.1: Summary of morphological changes to erythrocytes exposed to metal 

combinations. 

 Altered 
shape 

Swollen 
or 

bulging 

Echinocyte 
formation 

Pointed 
extension 

or 
membrane 
projection 

Matter 
deposition 

Nodule-
like 

spicules 

Ghost 
cells 

Cu 

X1 X X - - - - - 

X10 X X - - X - - 

X100 X - X - - X - 

Mn 

X1 X X - - - - - 

X10 X - X - - X - 

X100 X X X - - X - 

Hg 

X1 X X - - - - - 

X10 X X - - - - - 

X100 X X - - - - X 
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Cu + Mn 

X1 X - - - - - - 

X10 X X X - - X - 

X100 X X X - - X - 

Cu + Hg 

X1 X X - - - - - 

X10 X X - X - - - 

X100 X X X - - X - 

Mn + Hg 

X1 X X - - - - - 

X10 X X - - - - - 

X100 X - - X - - - 

Cu + Mn + Hg 

X1 X X - X - - - 

X10 X X - X - - - 

X100 X - - X - - - 

X indicates a presence of a particular feature whilst – indicates the absence of a particular feature. 
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Figure 4.1: Scanning electron micrographs of whole blood without thrombin exposed to Cu, Mn and Hg, alone and in combination at concentrations of X1, X10 and X100 
showing erythrocyte morphology; Scale bar = 2 µm. (A): Control; (B – D): Cu X1, X10 and X100, (E – G): Mn X1, X10 and X100, (H – J): Hg X1, X10 and X100, (K – M): Cu + 
Mn X1, X10 and X100, (N – P): Cu + Hg X1, X10 and X100, (Q – S): Hg + Mn X1, X10 and X100, and (T – V): Cu + Mn + Hg X1, X10 and X100. Pink arrows: Deposition; 
Purple arrows: Nodule-like spicules and Yellow arrows: Ghost cells.  

 

 



61 
 

Figure 4.2A depicts the platelet control group (isoPBS) and shows normal morphology of a 

spherical platelet with few pseudopods. The open canalicular system (OCS) of the platelet 

can also be seen (indigo arrow). The OCS allows for the exit of granules from inside the 

platelet, when the platelet is activated. Inactivated platelets are generally discoid and 

flattened in shape with no pseudopods, but experimentally platelets can become slightly 

activated with few pseudopods due to contact activation [114].  

Figure 4.2B, C and D are representative of platelets in the Cu X1, X10 and X100 exposed 

groups respectively. Platelets from the Cu X1 group showed an increase in platelet 

spreading (orange arrow) and platelet interaction was also visible (light yellow arrow). 

Platelets from the Cu X10 group also showed an increase in platelet spreading (orange 

arrow). In Figure 4.2D, the Cu X100 exposed group revealed platelets that aggregated (red 

arrow) as well as numerous pseudopodia present (green arrow) and membrane spreading 

(orange arrow), indicating clotting. Platelet interaction could also be seen (light yellow 

arrow). Figure 4.2E, F and G are representative of platelets in the Mn X1, X10 and X100 

exposed groups respectively, where platelets showed an increase in platelet activation (early 

spread) that can be visualised as an increase in pseudopods (green arrow) in the Mn X1 

group. An increase in spreading (orange arrow) can be seen in the Mn X10 exposed 

platelets, indicating an increase in activation and the Mn X100 group revealed an 

aggregation (red arrow) of multiple platelets, again with an increase in pseudopodia and 

spreading (orange arrow), indicating clotting. 

The Hg exposed groups are represented in Figure 4.2H, I and J and shows an increase in 

activation with the presence of numerous pseudopods (green arrow) and platelet interaction 

(light yellow arrow) at the X1 concentration whereas at the X10 concentration a mass of 

aggregated platelets (red arrow) that appears necrotic can be seen. This effect is more 

severe in the X100 exposed group. In Figure 4.2K, platelets from the combination of Cu + 

Mn at a concentration of X1 the WHO, are shown where an increase in platelet pseudopodia 

(green arrows), and platelet interaction (light yellow arrow) can be seen. In the Cu + Mn X10 

(Figure 4.2L) and X100 (Figure 4.2M) groups, an increase in platelet activation was 

observed by the presence of platelet aggregates (red arrow) and multiple pseudopodia 

(green arrow) in both concentration groups. However, this effect was more severe in the 

X100 exposed group where an increase in platelet spreading (orange arrows) was evident. 

Figure 4.2N, O and P are representative of platelets in the Cu + Hg combination group at the 

three different concentrations respectively. Platelet spreading (orange arrow) was observed 

in the Cu + Hg X1 group, resulting in the ‘fried egg’ morphology. In Figure 4.2O, platelet 

spreading (orange arrow) and aggregation (red arrow) of multiple platelets with an increase 



62 
 

in pseudopodia was evident whereas in the Cu + Hg X100 exposed group the effect was 

more severe with an increase in platelet spreading (orange arrow) and aggregation (red 

arrow) with a necrotic appearance (membrane roughness) also visible. In Figure 4.2Q, 

platelets from the Mn + Hg X1 exposed group resulted in a mass of multiple aggregated 

platelets (red arrow) with an increased number of pseudopodia (green arrow). In the Mn + 

Hg X10 (Figure 4.2R), platelets have also formed an aggregate (red arrow) with the multiple 

platelets having increased pseudopodia (green arrow) and spreading (orange arrow) and 

those from the Mn + Hg X100 (Figure 4.2S) exposed group also showed a large aggregation 

as well as spreading (orange arrow).  

In the triple combination group represented in Figures 4.2T, U and V, an increase in platelet 

spreading (orange arrow) was observed in the X1 group with aggregates (red arrow) forming 

in the X10 group where numerous platelets had membrane spreading (orange arrow) as 

well. In Figure 4.2V, the platelets from the X100 exposed group revealed a large mass of 

aggregated platelets (red arrow) indicating clotting, however this mass of platelets appear to 

be necrotic or damaged, as indicated by an increase in membrane roughness. A summary of 

the findings on platelet morphology is shown in Table 4.2.  

 

Table 4.2: Summary of morphological changes to platelets exposed to metal combinations. 

 Visible 
OCS 

Increased 
pseudopodia 

Membrane 
spreading 

Platelet 
interaction 

Aggregation Necrosis 

Cu 

X1 X - X X - - 

X10 - - X - - - 

X100 - X X X X - 

Mn 

X1 - X - - - - 

X10 - - X - - - 

X100 - - X X X - 

Hg 

X1 - X - X - - 

X10 - - - X X X 

X100 - - - X X X 

Cu + Mn 

X1 - X - X - - 

X10 - X - X X - 

X100 - - X X X - 

Cu + Hg 

X1 - - X - - - 

X10 - X X X X - 

X100 - - X X X - 
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Mn + Hg 

X1 - X - X X - 

X10 - X X X X - 

X100 - X X X X - 

Cu + Mn + Hg 

X1 - - X - - - 

X10 X X X X X - 

X100 - - - X X X 

X indicates a presence of a particular feature whilst – indicates the absence of a particular feature. 
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Figure 4.2: Scanning electron micrographs of whole blood without thrombin exposed to Cu, Mn and Hg, alone and in combination at concentrations of X1, X10 and X100 
showing platelet morphology; Scale bar = 2 µm. (A): Control; (B – D): Cu X1, X10 and X100, (E – G): Mn X1, X10 and X100, (H – J): Hg X1, X10 and X100, (K – M): Cu + Mn 
X1, X10 and X100, (N – P): Cu + Hg X1, X10 and X100, (Q – S): Hg + Mn X1, X10 and X100, and (T – V): Cu + Mn + Hg X1, X10 and X100. Green arrows: Pseudopodia; 
Indigo arrows: Open canalicular system; Light Yellow arrows: Platelet interaction; Orange arrows: Platelet spreading and Red arrows: Platelet aggregates. 
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Thrombin was added to whole blood smears in order to form and visualise any alterations in 

the fibrin fibre networks, caused by metal exposure. Fibrin fibres that form clots are the thin 

minor fibres (light blue arrows) together with the thick major fibres (light green arrows). 

Alterations in the amount and prevalence of the two types of fibrin fibres can induce 

thrombosis through a decrease in clot lysis.  

Figure 4.3A is representative of the control group and depicts whole blood with added 

thrombin where normal shaped erythrocytes can be seen with some fibres in between 

(normal thick and thin fibres indicated by the light green and blue arrows respectively).  

Figure 4.3B – V shows representative images of whole blood with thrombin exposed to X1, 

X10 and X100, the WHO safety level concentrations, of the metals Cu, Mn and Hg, alone 

and in combinations. In Figure 4.3B, the Cu X1 exposed group, a fibrin network can be seen 

covering the erythrocytes showing thin (light blue arrow) and thick (light green arrow) fibrin 

fibres. Many of the thick fibres appeared bended or less taut (brown arrow). Some deformed 

erythrocytes can also be seen (pink arrow). In the Cu X10 group in Figure 4.3C, the fibres 

formed a well-defined network with numerous thick fibres (light green arrow) present. There 

are some less taut fibres (brown arrow) but overall the fibres looked taut and straight with 

some fibres forming sticky masses (maroon arrow) and also having a net-like covering 

appearance (peach arrow). When the erythrocytes become trapped in the fibrin network 

during clot formation, they can no longer hold their characteristic biconcave shape and thus 

deform (pink arrow). In Figure 4.3D, the Cu X100 exposed group, the fibrin networks appear 

less taut (brown arrow) overall and have increased sticky fibrin masses (maroon arrow) and 

less organisation of the fibrin fibres can be seen, as compared to the X10 concentration. 

Deformed erythrocytes are also visible (pink arrow).  

In Figure 4.3E, the Mn X1 group revealed various areas of thin fibres forming net-like 

coverings (peach arrow) or fused fibrin fibres (light purple arrow) and the thick fibres forming 

sticky fibrin masses (maroon arrow). Some fibres appear less taut (brown arrow) and the 

erythrocytes also appear deformed (pink arrow). In Figure 4.3F, the Mn X10 group shows a 

large area of fused thin fibres (light purple arrow) forming a net-like covering (peach arrow). 

As with the X1 concentration, some fibres appear less taut (brown arrow) and the 

erythrocytes also appear deformed (pink arrow). In Figure 4.3G, the Mn X100 exposed fibrin 

networks have formed a fused area of fibres (light purple arrow) constituted of thin fibres and 

sticky fibrin masses (maroon arrow), presenting as disorganised fibrin formation. Individual 

fibres could not clearly be distinguished. Some fibres appear less taut (brown arrow) and the 

erythrocytes in this experimental group are also deformed (pink arrow). 
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In Figure 4.3H, the Hg X1 exposed group revealed fibrin networks with a fused area by thin 

fibres (light purple arrow), in which the deformed erythrocytes (pink arrow), become trapped. 

Some fibres appear less taut (brown arrow). In Figure 4.3I, the Hg X10 exposed group, the 

presence of less taut fibres (brown arrow), in which the deformed erythrocytes (pink arrow) 

become trapped, is more apparent as compared to the X1 concentration,. A worsened effect 

was seen in the Hg X100 exposed group represented by Figure 4.3J where a large amount 

of net-like coverings are formed by the thin fibres (peach arrows) with an underlying layer of 

fused fibrin fibres (light purple arrow) and less taut fibres (brown arrows) being more 

prominent. At all three concentrations the fibres have an unorganised, haphazard structure.  

Figure 4.3K, L and M represent whole blood with added thrombin from the Cu + Mn exposed 

groups at the three various concentrations. In the X1 exposed group, indicated in Figure 

4.3K, thin (light blue arrow) and thick (light green arrow) fibres, in which the deformed 

erythrocytes (pink arrow) become trapped, can be seen. Some less taut fibres (brown arrow) 

are also visible. In the X10 exposed group, figure 4.3L, the fibrin networks started to form 

net-like coverings (peach arrow) over the erythrocytes. There are some convoluted fibres but 

the majority are taut. The fibrin fibres, in which the deformed erythrocytes (pink arrow) 

become trapped, appear mesh-like. Some thick fibres have also started to stick together 

(maroon arrow). In Figure 4.3M, the Cu + Mn X100 exposed fibrin networks have fused 

together (light purple arrow) and formed a net-like covering (peach arrows), which appears 

necrotic as shown by the membrane roughness. Less fibres are present than what was seen 

in the X10 concentration with, again, deformed erythrocytes (pink arrow) and less taut fibres 

(brown arrow) present.  

Figure 4.3N is representative of the Cu + Hg X1 exposed group, with fibrin networks showing 

fused areas of thick fibres (maroon arrow) and a net-like covering of thin fibres (peach arrow) 

with some areas having fused fibrin fibres (light purple arrow), in which the deformed 

erythrocytes (pink arrow) become trapped. Some less taut fibres (brown arrow) are also 

visible. In Figure 4.3O, the Cu + Hg X10 exposed group revealed fused thin fibrin fibres (light 

purple arrow) forming a net-like covering (peach arrow), which appeared as a thick layer 

over the regular fibres. Deformed erythrocytes (pink arrow) are also visible. This area 

appears to have precipitated proteins (Cu’s ability) on top of it. In Figure 4.3P, the Cu + Hg 

X100 exposed fibrin networks appear less organised with more convoluted fibres (brown 

arrow) and the presence of fused fibrin areas (light purple arrow) can also be seen. The thick 

fibres appear to be forming clumps or sticky masses (maroon arrow). Deformed erythrocytes 

are also visible (pink arrow).  
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In Figure 4.3Q – S, the Mn + Hg X1, X10 and X100 respectively, exposed fibrin fibres 

appear to have a similar trend of less organised fibrin fibres that are less taut (brown arrow), 

in which the deformed erythrocytes (pink arrow) become trapped. These fibres are also 

starting to form sticky masses (maroon arrow). In Figure 4.3T, the triple combination group 

at X1 concentration shows fibrin networks that appear similar to the control with the 

presence of thin and thick fibrin fibres (light blue and light green arrow) with some less taut 

fibres (brown arrow). In Figure 4.3U, the X10 exposed group, some less taut fibres (brown 

arrow) and thick fibres sticking together (maroon arrow) can be seen. The fibres, in which 

the deformed erythrocytes (pink arrow) become trapped, appear unorganised. In Figure 

4.3V, the X100 exposed group, net-like covering of thin fibres (peach arrow) is visible and 

the thick fibres are starting to form masses (maroon arrow), in which the deformed 

erythrocytes (pink arrow) become trapped. A summary of the findings observed in whole 

blood with added thrombin is shown in Table 4.3. 

Table 4.3: Summary of changes observed in whole blood with added thrombin exposed to 

metal combinations. 

 Deformed 
erythrocytes 

Presence of 
major thick and 

minor thin 
fibres 

Less taut 
fibres 

Net-like 
covering of 
minor thin 

fibres 

Sticky masses 
of thick fibres 

Fused 
areas 

Cu 

X1 X X X - - - 

X10 X X X X X - 

X100 X X X - X - 

Mn 

X1 X X X X X X 

X10 X X X X - X 

X100 X X X - X X 

Hg 

X1 X X X - - X 

X10 X X X - - - 

X100 X X X X - X 

Cu + Mn 

X1 X X X - - - 

X10 X X - X X - 

X100 X X X X * X X 

Cu + Hg 

X1 X X X X X X 

X10 X X - X - X 

X100 X X X - X X 

Mn + Hg 

X1 X X X - X - 

X10 X X X - X - 

X100 X X X - X - 
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Cu + Mn + Hg 

X1 X X X - - - 

X10 X X X - X - 

X100 X X - X X - 

* Indicates with necrosis; X indicates a presence of a particular feature while – indicates the absence of a 
particular feature. 
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Figure 4.3: Scanning electron micrographs of whole blood with thrombin exposed to Cu, Mn and Hg, alone and in combination at concentrations of X1, X10 and X100 showing 
fibrin network formation together with erythrocytes; Scale bar = 2 µm. (A): Control; (B – D): Cu X1, X10 and X100, (E – G): Mn X1, X10 and X100, (H – J): Hg X1, X10 and 
X100, (K – M): Cu + Mn X1, X10 and X100, (N – P): Cu + Hg X1, X10 and X100, (Q – S): Hg + Mn X1, X10 and X100, and (T – V): Cu + Mn + Hg X1, X10 and X100. Brown 
arrows: Bending, less taut fibres; Light Blue arrows: Thin minor fibres; Light Green arrows: Thick major fibres; Light Purple arrows: Fused fibrin fibre areas; Maroon 
arrows: Sticky mass of fibrin fibres; Peach arrows: Net-like covering of thin fibres; and Pink arrows: Deformed erythrocytes.  
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4.4 Discussion  

Due to the abundance of erythrocytes in the bloodstream, these cells represent a potential 

target for heavy metal ions. Heavy metal ions bind to the outer membrane surface of the 

erythrocytes and can induce echinocyte formation and other associated morphologies as 

shown in Figures 2.2 and 2.3 [115]. Overall the micrographs of the erythrocytes seem to 

depict that the different groups at different concentrations, all showed an increase in 

deformation of erythrocytes to a certain degree from swelling and bulging of the membrane 

to nodule projections and spike formation. Thus all erythrocytes were different to the control 

and showed a loss in membrane integrity due to the effects of the metal cations. All the X1 

concentrations groups tended to show bulging in the membrane. Copper at X100 appeared 

to cause the highest degree of echinocyte formation, which may be due to Cu being a strong 

redox agent [32]. Also, the metal combinations with Cu tended to increase deformation as 

compared to the singular metals. Erythrocytes do not contain nuclei or mitochondria and 

undergo their own type of apoptosis, known as eryptosis. Eryptosis removes defective 

erythrocytes before haemolysis or the rupturing of the erythrocyte membrane can occur and 

thus prevents the release of intracellular materials [43]. Eryptosis is stimulated mainly 

through oxidative stress, for metal ions [68]. Eryptotic erythrocytes adhere to the vascular 

wall and can result in a decrease in microcirculation and contribution to thrombosis and 

anaemia [43].  

The metal ions cause oxidative stress and thus PS exposure. PS exposed erythrocytes are 

able to adhere to the endothelium of blood vessels. Deformation of erythrocytes through 

micro-vesicle generation also contributes to an increase in the pro-coagulant state, by 

enhancing thrombin generation [43]. Micro-vesiculation occurs with an increase in 

intracellular Ca2+ concentrations, which induces shape change from discocytes to 

echinocytes and micro-vesicle budding off from the spicules or projections [116].  

Platelets are an essential blood component that prevents continual blood loss following 

injury by forming a platelet plug which is crucial for haemostasis [114, 117]. When the 

coagulation cascade is activated, due to bleeding, platelets change shape and become 

activated in order to form a plug. In vitro, the coagulation cascade becomes activated by 

thrombin [114]. To determine if the metals, alone and in combination, induces coagulation, 

no thrombin was added to the whole blood smears. Thus any activation or change to platelet 

morphology would be a direct effect of metal exposure.  

Platelet activation and morphological alterations including an increase in pseudopodia, 

spreading and aggregate formation which is indicative of the activation of the coagulation 
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cascade was seen in all the experimental groups. Thus all the metals at all concentrations 

evaluated have the potential to induce platelet activation. The experimental groups, at the 

X100 concentrations, showed aggregate formation. The Hg group appeared to be the most 

toxic as it formed necrotic aggregates at both the X10 and X100 concentrations. The 

combination metal groups appeared to be more potent than their singular metal 

counterparts, except for Hg, as the combination groups all formed aggregates even at the 

X10 concentration. The Cu + Mn and Mn + Hg combinations both showed aggregation at the 

lowest concentration (the WHO safety level). An increase in pseudopodia and membrane 

spreading is an indication for increased activation of platelets, which can increase the 

likelihood of clot formation [54]. 

Clotting of blood is highly dependent on the interaction between fibrinogen and thrombin. 

Clot formation is due to the interaction of platelets and erythrocytes together with fibrin fibres 

[114]. Thrombin is responsible for the conversion of fibrinogen to fibrin which then 

polymerises to form fibres. These fibrin fibre polymers cross-link longitudinally and 

transversely [117]. Fibrin fibres play a large role in the parameters of the clot as clots are in 

most part formed by fibrin fibres, but clots also contain erythrocytes and activated platelets 

as previously discussed [114]. The conversion of fibrinogen to fibrin, with thrombin catalysing 

this reaction, consists of three reversible steps. The first is the proteolysis of fibrinogen to 

fibrin monomers and fibrinopeptides (Fp) A and B. In the second step the fibrin monomers 

begin to polymerise through non-covalent bonding. Lastly, the polymers then aggregate to 

form a fibrin clot [118].  

Thrombus formation is controlled through three pathways of the coagulation cascade. Firstly, 

enzyme inhibitors ensure homeostasis of coagulation enzymes. Secondly, once thrombin 

has been formed endothelial thrombomodulin-thrombin complexes activate protein C which 

inactivates factors Va and VIIIa, which results in the inhibition of thrombin formation. Lastly, 

the TF pathway inhibitor (TFPI) with protein S inhibits factor Xa resulting in inhibition of TF 

and factor VIIa (extrinsic pathway) [119]. This pathway is a negative feedback loop which 

ensures correct clotting and coagulation functioning [119]. Plasma TF can be found on and 

is enhanced by circulating micro-vesicles and both resting and activated platelets. Therefore, 

micro-vesicles and platelets are the main sites of active TF in human blood [120]. Any 

alteration to these mechanisms in the cascade can have an effect on coagulation through an 

imbalance of the enzymes thus resulting in a potential hypercoagulable state.  

Platelet activation and echinocyte formation by all metals at most concentrations possibly 

indicates a common pathway of activation. This activation of a common pathway is most 

likely due to the ROS generation by the metals. With ROS-induced change in erythrocyte 
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morphology and membrane permeability, there is an increase in the uptake of Ca2+, 

stimulation of scramblase leading to PS exposure. Consequent loss of K+ leads to 

erythrocyte shrinkage. Cell shrinkage leads to the release of platelet activating factor (PAF), 

which further triggers cell shrinkage and PS exposure [121]. Platelet aggregation is then 

induced by PAF. Tissue factor coagulant activity can also be regulated with PS exposure on 

cell surfaces. Thus an increase in ROS, which results in an increase in PS exposure, can 

increase TF and therefore a proagulant state of blood [122]. The ROS can also cause 

alterations in the initial stages of the coagulation cascade.  

Cimmino et al., (2015) studied the effect of ROS on TFPI and found a degradation of TFPI 

with an increase in ROS formation. This means a decrease in the binding of TFPI to factor 

Xa and thus a decrease in the inhibition of the extrinsic pathway. A decrease in the inhibition 

will result in the continuous formation of fibrin polymers and thus a fibrin clot causing 

hypercoagulation or a proagulant state [119]. Activation of TF can also be induced by free 

heme as heme produces ROS and is highly toxic. The free heme can damage and activate 

endothelial cells in which TF is present and thus initiates clotting [123]. Therefore, the 

haemolysis inducing metals – Mn and Hg – would increase the free heme and thus ROS 

formation within the solution, which could result in a hypercoagulable state due to an 

increase in TF.  

Crutchley and Que (1995) reported that THP-1 cells (monocytic) that were exposed to Cu2+ 

ions at a concentration of 5 – 10 µmol/L had an increase in cellular damage, and TF 

expression was 70 times higher than that of the control. This was achieved with a lipophilic 

chelating agent in order to transport the Cu2+ ions intracellularly [124]. The increased 

expression of TF can result in a hypercoagulable state. Van den Besselaar (2002) reported 

that at a concentration of 0.5 mmol/L of Mn, the maximum shortening of TF-induced 

coagulation time was obtained [50]. Wierzbicki et al. (1983) reported that bovine fibrinogen 

binds Hg and following binding thrombin-mediated clotting was more than the control 

samples. In humans exposed to mercuric vapours, Wierzbicki et al. (2002) reported that 

there was an increase in thrombin-antithrombin complexes, ß-thromboglobulin and a 

decrease in protein C activity in workers which indicated that in these workers there was a 

shift to a hypercoagulable state [125, 126].  

Overall the micrographs of the whole blood with added thrombin showed that the different 

groups at different concentrations, except Cu + Mn + Hg X1, have an increase in the 

potential for clot formation. Less organised fibres as well as less taut fibres are present when 

clot retraction is inadequate. A decrease in clot retraction affects fibrinolysis, which ultimately 

lengthens the time of coagulation and thus increases the potential of thrombus formation. 
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Sticky thick fibres that mass together can also be indicative of a reduction in clot lysis time 

and therefore increase thrombus potential [114]. The combination with least toxic effect 

appeared to be the Cu + Mn and Hg X1 combination, whilst the most toxic group appeared 

to be Mn, as at the lowest concentration sticky masses and net-like coverings were formed 

while at the highest concentration necrosis was observed. The Hg and Cu + Hg groups also 

had a detrimental effect on coagulation with the lowest concentration also forming net-like 

coverings. Associated with the deformed erythrocytes are increased fibrin fibres, in which the 

deformed erythrocytes (pink arrow) become trapped. 

The effects of Cu, Mn and Hg alone and in combination targets erythrocytes and platelets 

and the consequence of these effects is a hypercoagulable state with abnormal fibrin clot 

formation.  

4.5 Conclusion 

In conclusion, the various blood constituents revealed different sensitivities to different metal 

groups. Based on the ability of Cu, Mn and Hg to induce ROS via different pathways and 

mechanisms, ROS-induced echinocyte formation was the greatest for Mn. The combination 

of Mn and Cu had the greatest impact on erythrocyte morphology. Activation and necrosis of 

platelets were most evident at the highest Hg concentration. All double metal combinations 

caused platelet interactions and aggregation. Only at the X100 concentration for the Cu, Mn 

and Hg combination did activation of platelets and necrosis occur. Using whole blood the 

consequence of each of the above effects on clot formation was determined. Even at X1, Mn 

caused the formation of net like structures of thin fibres, sticky masses of thick fibres with 

fused areas. In combination with Cu and Hg, a similar effect was observed, although for Cu, 

Mn and Hg a lesser effect was observed since Mn content of this combination was lower. 

Novel findings were that even at X1 Mn adversely affected coagulation.  
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CHAPTER 5: The quantitative effects of copper, 

manganese and mercury, alone and in combinations, on 

coagulation parameters  

             

5.1 Introduction 

There is a limitation to morphological studies, as they provide qualitative data and not 

quantitative data. Therefore TEG® was used to provide this project with a method to 

accurately quantify the qualitative data generated in chapter 4. Thromboelastography® has 

been used to determine coagulation properties in trauma cases, patients that are undergoing 

heart surgery or liver transplantation, obstetric haemorrhage and in the development of new 

anti-coagulant drugs [127, 128]. In addition this will provide an indication whether TEG® can 

be used to evaluate the effect of exposure to Cu, Mn and Hg, alone and in combination, on 

clot formation in exposed populations.  

Clot formation is achieved through platelet activation and signalling via the coagulation 

cascade (Figure 2.4) [69]. There are some methods that measure the functionality of clot 

formation through various parameters, however, these methodologies take time and also do 

not accurately represent the coagulation as a whole as they test these parameters 

individually. The TEG® is a method that combats the conventional limitations in order to test 

the efficiency of coagulation in blood as a whole. The TEG® is effective and convenient as it 

tests multiple parameters (Table 5.1) of whole blood by evaluating the elastic properties of 

blood [127]. The TEG® measures the properties of the blood using a pin, which is suspended 

in a cup via a torsion wire that is connected to a mechanical-electrical transducer. As the clot 

forms, the rotation of the pin changes and electrical signals are produced and converted by a 

computer into numerical and graphical (waveform as shown in Figure 5.1) data [129].  

The advantages are that TEG® continually evaluates the coagulation process from clot 

formation to clot lysis. It is also a rapid, easy to use computerised process which generates 

useful qualitative data [127]. Disadvantages are that TEG® has never been standardised as 

has been done with conventional tests and a delay in the processing may alter the accuracy 

of the results. Thromboelastography® alone should not be used to express a 

hypercoaguable state [65]. The TEG® also requires daily calibration [129].  
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Figure 5.1: The graphical waveform representation of a normal signature TEG
®
 tracing [129].  

Table 5.1: Description of the various whole blood parameters measured by the TEG
®
 [129, 

130]. 

Abbreviation Parameter SI Unit Description 

R Reaction time min Time taken from the start of the test to 
initial fibrin formation or the time it takes 

to reach an amplitude of 20 mm. 

K Clotting time min Time taken until the clot firmness is at a 
fixed level or the period between 2 and 

20 mm amplitude. 

ɑ Angle (slope between R and 
K) 

degrees Rate of clot formation (speed at which 
fibrin build up and cross linking occurs). 

MA Maximum amplitude mm Ultimate strength of the fibrin clot. 

MRTG Maximum rate of thrombus 
generation 

dynes/cm
2
/s or 

dcs 
Velocity of thrombus formation. 

TMRTG Time to maximum rate of 
thrombus generation 

min Time to commencement of coagulation. 

TTG Clot strength dynes/cm
2 
or 

dyn/cm
2
 

Final clot strength. 

 

5.2 Materials and methods 

5.2.1 Heavy metal preparations 

All reagents are the same as those used in section 3.2.1, however, the concentration ranges 

of the various metals only included X1 and X10 (2-point), the WHO safety level standards for 

each respective metal, which are 31.47 µM for Cu, 9.1 µM for Mn and 0.004 µM for Hg. Only 

a 2-point concentration range was used as higher levels caused Cu precipitation, which 

would interfere with the sensitive readings of the TEG®.  
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5.2.2 Blood collection  

The process of blood collection was the same as in section 3.2.2  

5.2.3 Sample preparation  

Whole blood was exposed to the different metal groups at the 2-point concentration range 

and then incubated for 30 minutes, at room temperature. Two samples were run in the two 

channels of the TEG® (TEG® 5000 computer-controlled device, Haemoscope Corp., Niles, 

IL, USA), simultaneously. A volume of 340 µL of whole blood was added to the oscillating 

cup of the TEG® and 20 µL of calcium chloride (CaCl2) was added to the sample in order to 

start the coagulation process. The process was run until MA was reached.  

5.2.4 Statistical analyses 

The Mann-Whitney U test (Graph Pad) was used to compare the significance of the various 

parameters of each individual experimental group to the control. Statistical analysis was 

performed with a 95% confidence interval where a p value < 0.05 was considered significant.  

5.3 Results  

For Cu, Mn and Hg alone and in combination, clot formation was determined following 

exposure of whole blood for 30 minutes to X1 and X10 concentrations. Figure 5.2 shows 

various TEG® tracings which demonstrate all the blood parameters in numerical and 

graphical form. Figure 5.2A and C are representative waveforms of typical control and metal 

exposed, whole blood parameters – R, K, ɑ and MA. The numerical values shown 

underneath each of the parameters is the normal range for each specific parameter, which is 

denoted on the graph by a coloured dashed line. The solid coloured lines represent the 

sample’s values. As seen in Figure 5.2C (metal), the purple solid line (MA value) is 

approaching the upper normal range, whilst in Figure 5.2A (control), the purple solid line is 

approaching the lower normal range. This would, as an example, indicate that the metal 

sample has a greater MA value as compared to the control. The same can be done for the 

other parameters: blue (ɑ-angle), green (K) and orange (R). Figure 5.2B and D are 

representative thrombus velocity curves (V-curves) of typical control and metal exposed, 

respectively, whole blood parameters – MRTG, TMRTG and TTG. These parameters 

together form the green area within the curve. Figure 5.2D (metal) has a greater green area 

as compared to Figure 5.2B (control), which indicates the metals can increase coagulability. 

Figures 5.2E and G show all the representative tracings for each metal group, at the X1 

concentration, and the control (white). All the metal groups at this concentration show a 
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potential to increase the coagulability of the whole blood, as they vary from the control’s 

tracing. Figure 5.2F and H show all the representative tracings for each metal group, at the 

X10 concentration, and the control (white). All the metal groups at this concentration showed 

similar tracings to the control.  

When performing statistical analyses on each individual experimental group versus the 

control, by the Mann-Whitney U test, no significance (p > 0.05) was observed for any of the 

groups for each parameter. This means that none of the metal groups showed significant 

difference to the control for any of the parameters and thus may not increase thrombus 

formation in a significant way. In Tables 5.2 – 5.4, it can be seen that all the metal groups, 

except Hg X1 and the triple combination group X1 and X10, show a decrease in R (min) as 

compared to the control. It was noted that Cu X1 showed the lowest R value as compared to 

the other X1 concentrations and Cu showed no effect on the other metals. The Mn + Hg 

combination showed a lower R value as compared to the metals individually. All the metal 

groups at the X10 concentration were all close in value to the control.  

In Tables 5.2 – 5.4, it can be seen that all the metal groups, except Hg X10, show a 

decrease in K (min) as compared to the control. An overall trend could not be distinguished 

but it was noted that there was an increase in K (min) between Cu X1 and X10, but a 

decrease in K (min) between Mn X1 and X10, whilst the other groups stayed relatively 

similar. In Tables 5.2 – 5.4, it can be seen that all the metal groups, except Mn X1, Hg X10 

and Cu + Hg X1, show an increase in ɑ (deg) as compared to the control. It was noted that 

Cu X1 was the only metal group that stood out as not being similar to the control and having 

an increase in the ɑ angle value. All the metal groups show an increase in MA (mm) as 

compared to the control. Although none of the metal groups had a significant increase in MA 

as compared to the control, it was noted that the Cu + Mn X10 group showed the largest MA 

value. All the metal groups show an increase in MRTG (dcs) as compared to the control. 

This was the general trend seen with the K and ɑ value as well. It was noted that Cu X1 and 

Mn + Hg X1 showed the greatest increase in MRTG, as compared to the control. This 

means that the experimental groups showed an increase in the speed of clot formation. In 

Most of the metal groups also show an increase in TMRTG (min) as compared to the control. 

However, the groups: Cu X1, Mn X1, Mn X10, Cu + Mn X10, Cu + Hg X1 and Mn + Hg X1 

show a decrease in TMRTG (min). Finally, all the metal groups show an increase in TTG 

(dyn/cm2) as compared to the control and this corresponds with the overall increase in MA 

by all the experimental groups. 
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Figure 5.2: The graphical waveform representation of various TEG
®
 tracings and V-curves (B & D). A & B: 

Representative waveforms for the control group; C & D: Representative waveforms for the metal groups; 
Representative tracings of the single metal groups, at X1 E and X10 F concentrations, vs the control; 
Representative tracings of the combination metal groups, at X1 G and X10 H concentrations vs the control. 
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Table 5.2: Summary of the effects of Cu, Mn and Hg, alone and in combinations, at the X1 concentration based on the WHO safety level standards of each 
respective metal, on the various parameters of whole blood. 

 

 

*Statistical significance: p-value of ≤0.05. SD: Standard deviation. R = reaction time; K = clotting time; ɑ = angle; MA = maximum amplitude; MRTG = maximum rate of 

thrombus generation; TMRTG = time to maximum rate of thrombus generation; TTG = clot strength.  

 

 

Parameter Normal 
ranges 

Control Cu Mn Hg 

  Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range 

R (min) 9 – 27 7.8 ± 0.26 7.6 – 8.1 6.43 ± 0.35 6.1 – 6.8 7.3 ± 1.47 6.4 - 9 7.87 ± 2.4 5.8 – 10.5 

K (min) 2 – 9 4.9 ± 1.04 3.7 – 5.7 2.33 ± 2.24 0.8 – 4.9 4.23 ± 1.36 2.7 – 5.3  4.17 ± 2.51 1.8 – 6.8  

ɑ (deg) 22 – 58 37.07 ±10.19 26.4 – 46.7 66.4 ± 13.47 51.5 – 77.7  37.9 ± 2.41 35.4 – 40.2 46.6 ± 27.83 20.1 – 75.6  

MA (mm) 44 – 64 42.17 ± 4.82 36.6 – 45 49.3 ± 8.5 40.8 – 57.8  50.23 ± 6.54 43.3 – 56.3 51.83 ± 6.83 44 – 56.6  

MRTG 
(dcs) 

0 – 10 
2.45 ± 0.61 1.99 – 3.14 8 ± 4.86 2.61 – 12.05  3.04 ± 1.01 2.07 – 4.08 4.54 ± 2.83  1.85 – 7.49  

TMRTG (min) 5 – 23 10.42 ± 1.88 9.25 – 12.58 7.47 ± 1.12 6.67 – 8.75  10.2 ± 2.64 8.67 – 13.25 10.66 ± 5.13 7.58 – 16.58 

TTG 
(Dynes/cm

2
) 

251 – 1014 
368.77 ± 69.98 287.97 – 

410.04 
506.14 ± 
170.33 

345.46 – 
684.71  

518.62 ± 
132.13 

382.49 – 
646.35 

548.21 ± 
136.06 

394.31 – 
652.55 

Parameter Normal 
ranges 

Cu + Mn Cu + Hg Mn + Hg Cu + Mn + Hg 

  Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range 

R (min) 9 – 27 7.4 ± 2.08 6.1 – 9.8 7.53 ± 1.36 6.7 – 9.1 6.73 ± 2  5.2 – 9 8.1 ± 2.7 5.4 – 10.8 

K (min) 2 – 9 3.57 ± 1.72 2.2 – 5.5 4.13 ± 1.76 2.7 – 6.1 3.17 ± 0.8 2.4 – 4 4.1 ± 0.85 3.2 – 4.9  

ɑ (deg) 22 – 58 46.93 ± 11.72 33.3 – 55.6 37.67 ± 6.04 30.7 – 41.3 45.67 ± 6.2 41.6 – 52.8 45.43 ± 8.16 37.1 – 53.4  

MA (mm) 44 – 64 52.9 ± 6.75 45.3 – 58.2 52.63 ± 6.62 46.3 – 59.5 53.87 ± 6.60 47.2 – 60.4 53.6 ± 8.09 45.1 – 61.2 

MRTG 
(Dynes/cm

2
/s) 

0 – 10 
4.23 ± 1.81 2.15 – 5.48 3.68 ± 1.58 2.07 – 5.22 7.31 ± 4.18 2.82 – 11.09 4.48 ± 2.59 2.25 – 7.32 

TMRTG (min) 5 – 23 10.53 ± 4.04 7.75 – 15.17 11.47 ± 3.01 8.58 – 14.58 9.7 ± 1.93 8.42 – 11.92 12.67 ± 3.06 9.17 – 14.83 

TTG 
(Dynes/cm

2
) 

251 – 1014 
577.19 ± 
145.68 

414.73 – 
696.19 

571.14 ± 
154.68 

432.34 – 
737.88 

597.49 ± 
155.27 

448.3 – 758.2 600.48 ± 188 412.27 – 
788.27 
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Table 5.3: Summary of the effects of Cu, Mn and Hg, alone and in combinations, at the X10 concentration based on the WHO safety level standards 
of each respective metal, on the various parameters of whole blood. 

 

 

*Statistical significance: p-value of ≤0.05. SD: Standard deviation. R = reaction time; K = clotting time; ɑ = angle; MA = maximum amplitude; MRTG = maximum rate of 

thrombus generation; TMRTG = time to maximum rate of thrombus generation; TTG = clot strength.  

 

 

 

Parameter Normal 
ranges 

Control Cu Mn Hg 

  Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range 

R (min) 9 – 27 7.8 ± 0.26 7.6 – 8.1 7.63 ± 0.31 7.3 – 7.9 7.5 ± 0.66 6.9 – 8.2 7.27 ± 1.53 5.6 – 8.6 

K (min) 2 – 9 4.9 ± 1.04 3.7 – 5.7 4.13 ± 1.07 3.2 – 5.3 3.13 ± 0.31 2.8 – 3.4 4.83 ± 1.42 3.3 – 6.1 

ɑ (deg) 22 – 58 37.07 ±10.19 26.4 – 46.7 40.17 ± 11.7 26.8 – 48.6  50.8 ± 2.88 48.2 – 53.9  36 ± 10.56 28.1 – 48 

MA (mm) 44 – 64 42.17 ± 4.82 36.6 – 45 45.5 ± 2.04 43.9 – 47.8  50.73 ± 4.54 46.6 – 55.6  43.17 ± 2.4 40.4 – 44.7  

MRTG 
(Dynes/cm

2
/s) 

0 – 10 
2.45 ± 0.61 1.99 – 3.14 2.72 ± 0.52 2.2 – 3.23  5.08 ± 3.01 3.15 – 8.55  2.7 ± 0.83 1.74 – 3.25  

TMRTG (min) 5 – 23 10.42 ± 1.88 9.25 – 12.58 11.06 ± 1.49 9.47 – 12.33  10.16 ± 0.38 9.83 – 10.58  10.69 ± 2.25 9 – 13.25  

TTG 
(Dynes/cm

2
) 

251 – 1014 
368.77 ± 69.98 287.97 – 

410.04 
420.02 ± 

35.36 
391.89 – 
459.72  

522.8 ± 96.91 437.34 – 
628.09  

382.42 ± 
36.83 

339.97 – 
405.88  

Parameter Normal 
ranges 

Cu + Mn Cu + Hg Mn + Hg Cu + Mn + Hg 

  Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range 

R (min) 9 – 27 7.17 ± 3.8 2.8 – 9.7 7.67 ± 1.27 6.2 – 8.5 7.7 ± 1.55 6.1 – 9.2 7.87 ± 1.99 5.6 – 9.3 

K (min) 2 – 9 3.4 ± 0.87 2.4  – 4 3.83 ± 0.15 3.7  – 4 3.4 ± 0.26 3.2  – 3.7 3.37 ± 1.17 2.1  – 4.4 

ɑ (deg) 22 – 58 43.9 ± 2.47 41.2 – 46  43.5 ± 4.35 39.6 – 48.2  47.4 ± 3.32 43.6 – 49.7  43.3 ± 3.12 39.7 – 45.2  

MA (mm) 44 – 64 55.1 ± 5.89 48.6 – 60.1 51.03 ± 8.01 48.1 – 60.1 53.63 ± 9.42 46.1 – 64.2 52.77 ± 2.48 51 – 55.6 

MRTG 
(Dynes/cm

2
/s) 

0 – 10 
3.89 ± 1.42 2.98 – 5.53 3.05 ± 0.42 2.75 – 3.53 3.79 ± 1.19 3.02 – 5.16 3.96 ± 1.69 2.75 – 5.89 

TMRTG (min) 5 – 23 10.03 ± 4.8 4.5 – 13.08  11.36 ± 0.86 10.67 – 12.33  10.94 ± 1.23 10 – 12.33  12.06 ± 5.79 6.17 – 17.75  

TTG 
(Dynes/cm

2
) 

251 – 1014 
628.33 ± 
143.72 

473.15 – 
756.86  

543.73 ± 
187.51 

408.95 – 
757.87  

611.11 ± 
252.77 

421.49 – 
898.08  

562.39 ± 
58.46 

520.83 – 
629.23  
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Table 5.4: Data representing the changes of the various parameters measured of the metal 
exposed whole blood, as compared to the control. Data represents the average of three 
volunteers. ↑ = increase in value; ↓ = decrease in value and ↔ = similar value, as compared to 
the control values. The    encircled symbols = does not follow the trend of the majority groups.   

Metal 

groups 

Cu 

X1 

Cu 

X10 

Mn 

X1 

Mn 

X10 

Hg 

X1 

Hg 

X10 

Cu+Mn 

X1 

Cu+Mn 

X10 

Cu+Hg 

X1 

Cu+Hg 

X10 

Mn+Hg 

X1 

Mn+Hg 

X10 

All 

X1 

All 

X10 

R (min) 

Average ↓ ↓ ↓ ↓ ↔ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↔ 

K (min) 

Average ↓ ↓ ↓ ↓ ↓ ↔ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 

ɑ (deg) 

Average ↑ ↑ ↔ ↑ ↑ ↓ ↑ ↑ ↔ ↑ ↑ ↑ ↑ ↑ 

MA (mm) 

Average ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 

MRTG (dsc) 

Average ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 

TMRTG (min) 

Average ↓ ↑ ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↑ 

TTG (dynes/cm
2
) 

Average ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 

 R = reaction time; K = clotting time; ɑ = angle; MA = maximum amplitude; MRTG = maximum rate of thrombus 

generation; TMRTG = time to maximum rate of thrombus generation; TTG = clot strength.  

5.4 Discussion 

Platelet activation together with the coagulation cascade results in clot formation. This 

process can be quantified using tests that measure parameters such as: prothrombin time, 

thrombin time and partial thromboplastin time. However, these tests are not accurate in 

describing the full coagulation cascade and the changes in various blood parameters as they 

are isolated tests. The TEG® is a method that was developed in order to combat the problem 

of isolating different blood parameters. It monitors and measures whole blood coagulation in 

an effective and convenient way. It assesses elastic properties of whole blood and gives an 

overall measurement on haemostatic functioning, which can be used to accurately predict 

possible probability of excessive bleeding, clot lysis and thrombosis [127]. The functioning of 

the clot is due to all elements – coagulation proteins and cellular elements – working 

together thus providing the kinetics and physical properties of the entire clot being formed. 

Since TEG® measures the functioning of the clot it directly measures the functionality of the 

cellular components involved in forming the clot through variations in the different 

parameters [117]. No significant differences were observed between any of the parameters 

measured. Changes in these parameters were then evaluated.  
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However, these experiments explain acute exposures for a short period of time. The reality 

is that the general population is exposed to these metals in a chronic setting, over a long 

period of time. Thus, there may be no significance but the potential to cause thrombus 

formation will still be discussed through the individual parameters that the TEG® measures. 

A slight increase in the probability in thrombus formation can be indicative of a potential 

health hazard which includes other factors such as lifestyle, genetics and exposure to heavy 

metals. The following parameters discussed are the four main parameters used on the TEG® 

tracings, to deduce a normal or hypo- or hypercoaguable state.  

The time it takes for the initiation of the clot development, through fibrin formation, is the 

reaction time or R value. The rate of activation of TF (coagulation initiator) and in turn factor 

VII, within the coagulation cascade, is responsible for a decreased or increased R value, as 

clot formation starts through the activation of these factors [117]. A decrease in the R value 

and thus a decrease in the time it takes for a clot to start forming would suggest an increase 

in activation of platelets, leading to clot formation. An increase in platelet activation can 

potentially result in a hypercoaguable state of blood and therefore thrombosis [117]. It is not 

possible to determine the exact mechanisms of the metals effect the enzymatic pathway 

coagulation factors through the methodologies used in this study. However, it can be 

deduced that an increase in platelet activation occurs with an increase in both Ca2+ and 

ROS. The groups that did not decrease the R value potentially did not increase Ca2+ or ROS 

production considerably and thus had less platelet activation.  

The time it takes for the clot formation to amplify from the start of its development (R) to a 

fixed amplitude level of 20 mm represents the kinetics of the clot or the K value [127, 129]. 

The interactions of platelet functioning and fibrinogen levels are responsible for amplifying 

the clot formation [117, 131]. Fibrinogen levels would increase in response to an increase in 

thrombin [117]. A decrease in the K value and thus a decrease in the time it takes for the clot 

to amplify would suggest an increase in thrombin and thus an increase in fibrinogen levels 

and also an increase in platelet functioning resulting in platelet activation [117]. A 

considerable increase in thrombin and platelet activation could lead to a hypercoaguable 

state and therefore thrombosis, as thrombin cleaves fibrinogen to form fibrin which 

polymerises to form fibrin fibres and together with activated platelets they form the clot. 

When analysing the scanning electron micrographs (chapter 4) of the platelets of all the 

experimental groups, it was noted that they all showed some degree of platelet activation 

from increased amount of pseudopodia to platelet spreading and even aggregate formation. 

It is interesting to note that in the SEM micrographs, Hg X10 showed aggregation but with 

necrosis. Due to the Hg damaging the platelets in the time frame given (30 min incubation 
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period), it is possible that the TEG® measurement may have missed the window period in 

which the Hg increased platelet activation before damaging the platelets.  

The kinetics of the clot development or the propagation of continual fibrin formation and 

cross-linking is measured by the angle or ɑ of the clot [117, 127]. The ɑ value is related to 

the K value as they both measure the rate at which the fibrin is polymerised to form the clot. 

The ɑ value is more inclusive than the K value as it can be used as a good measure for 

some hypocoaguable states, where K cannot be used if the clot’s amplitude never reaches 

the fixed level of 20 mm [117]. As with the K value, ɑ is also affected by the fibrinogen levels 

and platelet functioning. An increase in the ɑ value suggests an increase in fibrinogen levels, 

through an increase in thrombin, and an increase in platelet activation. An increase in these 

factors can result in thrombosis. The groups: Mn X1 and Cu + Hg X1 had similar ɑ values to 

the control, even though their scanning electron micrographs of platelets showed platelet 

activation. They also showed considerable fibrin formation (net-like coverings and sticky 

masses formed), when looking at the scanning electron micrographs of the whole blood with 

added thrombin. The Hg X10 group, as discussed for the K value, showed necrotic platelets, 

but when looking at the thrombin-induced scanning electron micrographs it did show less 

net-like coverings as compared to the Hg X1 group. The amplification (K value) and 

propagation (ɑ-angle) of the clot development is determined more by the fibrinogen levels 

and less by platelet activation.  

The maximum level of the constantly activated fibrin and platelets, which represents the 

maximum strength or stiffness of the clot, is the maximum amplitude or MA of the developed 

clot [117]. This clot strength is determined mainly by platelet functioning (80%) and slightly 

by the involvement of fibrin (20%) [127]. An increase in clot strength can represent a 

hypercoagulable state [117]. The increase in MA for all the experimental groups correlates 

with the scanning electron micrographs showing a form of platelet activation for all the 

groups. It can be noted in Figure 5.3D that Hg X10 showed the smallest MA compared to 

other experimental groups. This factor, again, can be due to Hg’s rapid damaging effects on 

the platelets.  

The speed or calculated velocity of the propagation of the clot is the maximum rate of 

thrombus generation or MRTG [128]. Thus MRTG is related to K and ɑ. An increase in the 

speed at which the clot forms can result in thrombus formation as coagulation speed could 

be faster than fibrinolysis speed and so haemostasis would not be achieved and the clot 

would continually propagate. This implies that all the experimental groups that showed an 

increase in MRTG, K or ɑ could cause thrombus formation.  



88 
 

The time it takes to reach the maximum velocity at which the thrombus is formed is the 

TMRTG or time to MRTG [128]. It is unclear why these groups go against the general trend 

of the experimental groups. Recent studies have shown a correlation between TMRTG and 

thrombin/anti-thrombin levels. It is also hypothesised that a hypercoagulable state can be 

determined to be enzymatic or due to platelet functioning, through TMRTG [132]. Although 

most of the groups show an increase in TMRTG, the groups that show a decrease in 

TMRTG represent a hypercoagulable state [133]. It can be noted that the main inducers of 

the decrease in TMRTG appear to be the metals Cu and Mn, with Cu X1 having a 

considerable decrease in TMRTG as compared to the control, as seen in Figure 5.3F. In 

chapter 4, qualitative morphological assessment noted that Mn had the greatest influence in 

increasing fibrin formation, even at the lowest concentrations.  

The final clot strength or stability of the clot, from the initial fibrin formation to fibrinolysis, is 

the total thrombus generation or TTG [129, 130]. This parameter is related to MA, but TTG is 

the better measurement when discussing clot strength as it is a measure or unit of force and 

takes into account both platelet and enzymatic roles in clot formation [129, 132]. Therefore, 

all the metal groups can produce a stronger and more stable clot, as compared to the 

control, and this factor can contribute to thrombosis. However, in Figure 5.3G the Cu X10 

and Hg X10 groups showed less of an increase in TTG as compared the other experimental 

groups versus the control. 

Although not significant, it can be noted that overall Cu X1 stood out above all other groups. 

It had a reduced R value, K value and TMRTG value with an increased ą value and MRTG. 

However, no considerable trends could be seen for MA and TTG. This could mean that Cu 

X1 can produce a large clot quickly but the strength or stability of the clot is not great enough 

that this clot could succumb to fibrinolysis easily.  

All the metal groups at the X10 concentration showed similar overall whole blood parameters 

to the control. This phenomenon can be seen in Figures 5.2F and 5.2H, whereby the TEG® 

tracings for the X10 concentrations showed the experimental groups to have similar tracings 

as the control group. This factor may be due to the ‘window period’ effect whereby the time 

in which the metals exerted the highest effect on the whole blood, was missed. A shorter 

exposure time for higher concentrations can be done to determine if this is the case.  
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5.5 Conclusion 

In conclusion, no statistically significant changes were observed in the measured 

coagulation parameters, however, trends were observed compared to the control. These 

were a decrease in R, a decrease in K, an increase in ɑ, an increase in MA, an increase in 

MRTG, an increase in TTG and either increased or reduced TMRTG. These trends indicate 

a more hypercoagulable state of blood in the presence of the metals Cu, Mn and Hg.   
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CHAPTER 6: Concluding Discussion 

             

6.1 Summarised results 

An increase in pollution and exposure to pollution is a concern and can potentiate many 

harmful health effects in the general population, including CVD due to alterations in the 

coagulation system. The adverse effects associated with metal exposure; in particular Cu, 

Mn and Hg, to components of the blood coagulation system, i.e. erythrocytes, Hb, platelets, 

fibrin networks and whole blood parameters, have been reported. The results obtained in 

this study might lead to an increase in awareness by the general population and 

implementation of methods by higher authorities to prevent an increase in and exposure to 

pollution and excessive amounts of these metals. There is data surrounding metal exposure 

and potential effects, but more data is needed regarding Cu, Mn and Hg exposure, 

specifically in South Africa’s general population and populations living close to mining and 

power plant areas, in order to understand the possible effect they have on the coagulation 

system. Also, very little to no information is available on the regarding the combined effect of 

these metals, at different concentrations. Therefore, the aim of this study was to investigate 

the potential toxic effects of Cu, Mn and Hg, alone and in combinations, on the coagulation 

system. 

To attain these aims, the haemolysis assay, scan Hb, SEM and TEG® methods were used. 

Blood was obtained from healthy male volunteers, under consent and with ethical clearance. 

To assess erythrocyte membrane damage by the metals, the haemolysis assay was used. 

Results obtained showed that Hg and Mn, at the higher concentrations (X1000 and X10000) 

were the main inducers of haemolysis and in combination had an even greater effect. The 

Cu groups showed no effects unless in combination with the other metals, at the X100 

concentration. These higher concentrations are not highly probable in an environmentally-

exposed setting. Unfortunately, Cu precipitated the Hb and so no results could be accepted 

at face value and another method had to be used. An increase in haemolysis is an indication 

for possible thrombus formation.  

Although, some experimental groups showed significant percentage haemolysis at certain 

concentrations, the interaction between metals in the combination groups could not be 

explained through significance. Thus the MDR was calculated to investigate the synergy or 

interactions of the various metals in the combination groups. The only group found to have 

definitive synergy was the Mn + Hg combination group at the X1000 concentration. This 

result reiterated the notion that Hg potentiates the harmful effects of other metals.  
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The next method utilised, due to Cu’s precipitating effect, was the scan Hb methodology. 

This methodology measured the point at which Cu forms precipitates and the formation of 

toxic forms of Hb – Sulf- and MetHb. Results obtained showed that only at the X1 and X10 

concentrations did Cu not precipitate any Hb. At these concentrations, it was determined if 

Cu, alone and in combinations, formed Sulf- or MetHb. It was found that the Cu + Mn 

combination, at the X10 concentration, was the only group that significantly converted the 

oxy- and deoxyHb to the Sulf- and MetHb types by about 5 – 10%. For MetHb this is not 

lethal but reduces oxygen carrying capacity, which can have a hazardous effect on 

individuals already suffering from CVD. On the other hand an increase in SulfHb can be 

lethal. 

Upon investigation of changes in the morphology of erythrocytes, platelets and fibrin 

networks, different findings were obtained. Erythrocytes altered morphology in different 

forms for the various experimental groups, but Cu showed the highest prevalence of 

echinocyte formation. Platelets also showed altered morphology and became more activated 

for all experimental groups. Increasing activation was illustrated with an increase in 

pseudopodia, platelet spreading and aggregation. Mercury had the highest toxicity by 

causing necrosis at the X10 and X100 concentrations. In the experimental groups fibrin 

fibres, in which the deformed erythrocytes (pink arrow) become trapped, became thicker and 

less organised. Manganese formed more net-like coverings and sticky fibrin masses than 

any other group, even at the X1 concentration. This might imply that the fibrin networks are a 

target of Mn toxicity and this contribute to CVD.  

Scanning electron microscopy is a qualitative methodology, so TEG® was used in 

combination with SEM in order to provide quantitative data on whole blood parameters which 

could possibly explain what was seen with SEM. Seven different parameters of whole blood 

were measured. The overall trend for all the experimental groups, as compared to the 

control, showed a decrease in R, decrease in K, an increase in ɑ, an increase in MA, an 

increase in MRTG, and an increase in TTG and TMRTG did not show a common trend. The 

Cu X1 group stood out as compared to the other experimental groups with decreased R, K 

and TMRTG and an increased ɑ and MRTG, but did not have a considerable change in MA 

and TTG as compared to the control. This might imply that Cu X1 can produce a large clot 

quickly but the strength or stability of the clot is not great enough that this clot could 

succumb to fibrinolysis easily. 

All these morphological alterations had a possible common pathway of toxicity due to ROS 

production, PS exposure and an increase in Ca2+. All these factors together can induce 

thrombus formation, which can result in CVD, including myocardial infarction, angina, 
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venous thrombo-emboli and stroke. Cardiovascular disease is becoming one of the greatest 

causes of deaths in the world and affects many individuals. 

6.2 Limitations and future prospective  

A limitation of this study is that a concentration range of X1 – X10000 based on the WHO 

water safety limit was used. This does not take into account the absorption and distribution 

of each metal. There are two strategies that can be followed to address this limitation. 

Evaluations using an ex vivo study on the effects of reported metal levels in South African 

waters on erythrocyte, platelets and coagulation properties can be used. Future studies can 

also include an animal study (in vivo) which reflects a chronic exposure to X1 and X10 Cu, 

Mn and Hg levels.  

In this study only the formation of the clot was investigated. In the future the use of the clot 

lysis assay can be used to evaluate the lysis of the clot. Atomic force microscopy can also 

be used to evaluate the elasticity of erythrocytes and fibrin networks exposed to Cu, Mn and 

Hg, alone and in combination. 

Morphological studies provide information on the final outcome of Cu, Mn and Hg exposure, 

alone and in combination, but this does not provide any information on the effect of ROS on 

TF and TFPI activity. This can be evaluated by the 1-stage clotting assay, TF staining, 

immunohistochemistry, cell culture in conjunction with an activity assay, reverse 

transcription-polymerase chain reaction (RT-PCR) analysis, Western blotting and ligand dot 

blotting. The same methodology can also be used to evaluate the effect of ROS on other 

coagulation proteins mentioned in Figure 2.4. 

Increased ROS is the result of these metals catalysing the Fenton reaction, inhibiting GR, 

GSH and NAC. It is unknown for each metal and their combination the actual source of 

ROS. To address these limitations, quantification and enzymatic assays can be used to 

determine the changes in these factors.  
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Participant information leaflet and consent form 

 

TITLE OF STUDY: The effects of copper, manganese and mercury, alone and in 

combinations, on the ex vivo model of coagulation 

 

Dear Participant  

 

You responded to the invitation to participate in a research study. This information leaflet will 

help you to decide if you want to participate. Before you agree to take part you should fully 

understand what is involved. If you have any questions that this leaflet does not fully explain, 

please do not hesitate to ask the investigator. 

 

2) THE NATURE AND PURPOSE OF THIS STUDY  

 

The red blood cell or erythrocyte is the main type of cell found in blood. These cells can be 

isolated in the laboratory and be used to determine the effect of different compounds on cell 

functioning and structure. The aim of this study is to identify the effect of heavy metals, 

copper, manganese and mercury on the erythrocytes. At the same time in the same sample, 

we can also determine the effect of these metals on the coagulation system by employing 

various laboratory techniques.  

 

3) EXPLANATION OF PROCEDURES TO BE FOLLOWED  

 

You have volunteered for this study; we would like to confirm the following:  

 

Question Answer 

 Yes No 

Are you older than 18?   

Are you taking any medication?   

Do you smoke?    

 

If you are older than 18, are not taking any medication and are a non-smoker we would like 

to collect 16 mL (four citrate tubes), or about one tablespoon of blood. The tubes of blood 

will not be labelled with your name but a number will be assigned. This is done to ensure 
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anonymity. In the laboratory the blood components will be separated from each other and 

the red blood cells will be exposed to different concentrations of each metal, alone and in 

combination. The effect on the cells and the coagulation system will then be measured. 

 

4) RISK AND DISCOMFORT INVOLVED  

 

Sampling of the blood may cause some discomfort.  

 

5) POSSIBLE BENEFITS OF THIS STUDY  

 

Although you will not benefit directly from the study, the results of the study will tell us how 

dangerous are the heavy metals that we might be exposed to on a daily basis.  

 

6) WHAT ARE YOUR RIGHTS AS A PARTICIPANT  

 

Your participation in this study is entirely voluntary. You can refuse to participate or stop at 

any time during the study without giving any reason. Your withdrawal will not affect you in 

any way.  

 

7) HAS THE STUDY RECIVED ETHICAL APPROVAL 

  

This study has received written approval from the Research Ethics Committee of the Faculty 

of Health Sciences at the University of Pretoria. A copy of the approval letter is available if 

you wish to have one. 

8) INFORMATION AND CONTACT PERSON  

 

Any questions regarding the study can be directed to Ms Maxine Janse van Rensburg on 

083 289 2167 or Dr Nanette Oberholzer on 012 319 2533. 

 

9) COMPENSATION  

 

Your participation is voluntary. No compensation will be given for your participation. 
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10) CONFIDENTALITY 

 

All information that you give will be kept strictly confidential. Once we have analysed the 

information no one will be able to identify you. Research reports and articles in scientific 

journals will not include any information that may identify you. 

 

CONSENT TO PARTICIPATE IN THIS STUDY 

 

I confirm that the person asking my consent to take part in this study has told me about 

nature, process, risks, discomforts and benefits of the study. I have also received, read and 

understood the above written information (Information Leaflet and Informed Consent) 

regarding the study. I am aware that the results of the study, including personal details, will 

be anonymously processed into research reports. I am participating willingly. I have had time 

to ask questions and have no objection to participate in the study. I understand that there is 

no penalty should I wish to discontinue with the study and my withdrawal will not affect me in 

any way. 

 

I have received a signed copy of this informed consent agreement.  

 

Participant's name (Please print): ……...................................................................... 

 

Participant's signature: ........................…….. ……  Date:............................ 

 

Investigator’s name (Please print): .............................................……………………. 

 

Investigator’s signature: ..........................……………… Date:.…....................... 

 

Witness's name (Please print): ...............……........................................................... 

 

Witness’s signature:……….………..…………  Date:………….…......... 
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Declaration of originality 

 


