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Abstract

Heavy metals are major pollutants across the globe. Heavy metals are used in various industries
and the waste matter is discarded in a manner that allows them to enter the soil, rivers and other
parts of the environment. The widespread usage of heavy metals within different sectors such as
agricultural, domestic and industrial areas raises an alarming concern over their impact on the
environment and human health because of the wide spread contamination. Some metals are
known to pose a danger to human health, while others such as copper and chromium are
considered essential metals to humans and animals. However, chronic exposure to heavy metals
may result in various ailments such as cardiovascular diseases, neurological- and behavioural
disorders, and those affecting the immune system and kidneys. Blood cells play a crucial role in
cardiovascular health where erythrocytes are responsible for the transportation of oxygen in the
body and platelets and fibrin networks play a crucial role in the coagulation system also known
as haemostasis. Abnormalities in haemostasis can result in haemorrhage or thrombosis. Heavy
metals have been reported to cause alterations in erythrocytes influencing their function,
morphology and distribution across the body, thus contributing to the pathophysiology of
cardiovascular diseases. The aim of this study was to investigate the effects that the metals
mercury, nickel and manganese alone and in combination, have on erythrocyte morphology and
other components of the coagulation system by using the haemolysis assay, scanning electron
microscopy and confocal microscopy. The metals in the study where chosen based on the
likelihood of being exposed to them in South Africa. In this study, human blood was exposed to
the heavy metals mercury, nickel and manganese ex vivo at concentration ranges of 1x, 10x,
100x, 1000x and 10000x the World Health Organization safety level standards for each respective
metal. The World Health Organization safety level standards for these metals are: mercury =
6pg/L; nickel = 20pg/L; manganese = 400 pg/L. Blood samples were obtained from healthy male
donors after written informed consent was obtained. Exposure of mercury caused increased
haemolysis compared to nickel and manganese alone and in combination. At the highest
concentration of 10000x all metals including the double and triple combination caused increased
haemolysis. Results indicate that the erythrocytes membrane integrity was compromised resulting
in haemoglobin leaking. Results provided by ultrastructural analysis indicated that the heavy
metals (mercury, nickel and manganese) significantly impact on the shape of erythrocytes and
structure of platelets and fibrin networks altering the coagulation system. Scanning electron
microscopy results showed that with an increase in heavy metal exposure the erythrocytes lose



their typical biconcave morphology and become echinocytic with a bulging appearance visible
with increased membrane roughness. Platelet membrane spreading and presence of
pseudopodia increases, and fibrin networks appeared unorganized with increased membrane
roughness observed in all the single metal groups (Hg, Ni and Mn) and combinations (Hg+Ni,
Hg+Mn, Mn+Ni and Hg+Ni+Mn). Confocal microscopy results showed that the membrane
phospholipid, phosphatidylserine, was translocated from the internal membrane leaflet to the
outer surface of the membranes of erythrocytes exposed to all three metals alone (Hg, Ni and
Mn) and in combination (Hg+Ni, Hg+Mn, Mn+Ni and Hg+Ni+Mn), this could indicate eryptosis of
erythrocytes. The morphological changes of erythrocytes, platelets and fibrin networks may cause
weakened capacity for erythrocytes to carry oxygen effectively, impair the coagulation system
resulting in thrombosis and additionally prevent the restoration of homeostasis of the body. The
outcome of this study provides a better understanding of the effect of these metals on the

coagulation system and the negative impact on human health.
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1. INTRODUCTION

Heavy metals are extensively distributed on earth, in seawater, air and fresh water *. Many of the
elements that are considered heavy metals on the periodic table are essential for human
biological processes. These elements include copper (Cu), zinc (Zn), selenium (Se) and
chromium (Cr) and they assistby partaking in the metabolism of the body. However, these metals
may be toxic at high concentrations. Sources of heavy metals range from the diet we consume,
to contaminated drinking water and air. The inability to destroy heavy metals poses a great danger
as heavy metal exposure in occupational settings and the environment is mainly via inhalation
and ingestion. Exposure to heavy metals compromises the health of an individual as it can lead
to various ailments such as cardiovascular disease, neurological-, behavioural-, immune system-
and kidney disorders 2. The presence of heavy metals in the atmosphere, soil and water has
adverse effects on all organisms including humans. In humans, heavy metals have gradually
become a great concern due to their tendency to accumulate in food and their threat to human
health. Heavy metals have a high degree of compactness and are toxic to humans as well as
animals 3. Examples of such metals are mercury (Hg), cadmium (Cd), lead (Pb), nickel (Ni),
manganese (Mn) and chromium (Cr). Several metals are important to the natural occurring
environment but their bio-toxic effects to human health pose a great danger. Most metals are
used in industries where the waste is discarded into the environment. Microbial communities are
important in the decomposition of soil organic matter, as they regulate the nutrients availability to
plants. The presence of metals in the environment will result in a reduced microbial community
and affect their decomposing ability #¢. Electroplating, plastics manufacturing, automobile
exhausts, production of fertilizers and waste after mining are some of the sources of heavy metal
pollutants . Heavy metals seep into the underground waters, moving along water pathways and

eventually pollute the soil 8.

Blood is composed of different cells i.e. erythrocytes, platelets and white blood cells. Erythrocytes
are important in the functioning of the human body as they carry oxygen. Erythrocytes are round
and have a biconcave shape ° and execute an imperative role in the transportation of oxygen to
the tissue and carbon dioxide from tissues to the lungs. A study conducted on the effect of iron
overload on erythrocytes provides evidence that heavy metals cause changes in the morphology
of erythrocytes 1°. Furthermore, erythrocytes together with platelets function with coagulation
proteins such as fibrin to aid in the coagulation system. Platelets are involved in the development

of blood clots within the coagulation system to prevent blood loss from a damaged blood vessel

1
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11, The first step of clot formation requires platelets to be recruited to the site of blood vessel injury.
Platelets will bind to exposed collagen with the help of von Willebrand factor and become
activated. The binding of platelets will activate platelets to release pro-thrombotic factors such as
platelet activating factor (PAF), serotonin as well as adenosine diphosphate (ADP) to further
recruit more platelets. The platelet factors will enable a temporary vasoconstriction of the blood
vessel and further activate more platelets to form a platelet plug *. Fibrinogen is then converted
to fibrin by thrombin. Thrombin causes fibrin fibres to weave through the platelet plug and trap
erythrocytes within a mesh, stabilizing the formed fibrin clot. Blood coagulation is an essential part

of haemostasis and human survival is dependent on the ability of blood to clot effectively 2.

Effective haemostasis is not only dependent on the coagulation of blood but also on the removal
of the clot once the injury has healed. A process known as fibrinolysis dissolves the fibrin mesh.

A balance should be maintained between coagulation and fibrinolysis to ensure haemostasis *.

In this study, the effects of the metals Hg, Ni and Mn, alone and in combination on the coagulation
system were investigated by the haemolysis assay, scanning electron microscopy and confocal
microscopy. In the literature review to follow, sources, states, exposure, health effects,
metabolism and elimination of all metals are discussed as well as the role and function of

erythrocytes, platelets and fibrin networks in the coagulation system and haemostasis.
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2. LITERATURE REVIEW

The introduction of various metals into the environment has caused major problems in the
environmental sector. The resistance to the degradation of heavy metals is concerning as they
are difficult to completely remove from the environment once they enter in it, as a result they
accumulate in plants, human tissue and animals. Metal toxicity has increased substantially over
the past years and has become a major concernin the health sector 3. The presence of metals
in the environment produces several modifications of microbial communities and affects the
activity of these microbes. Very few heavy metals are essential trace elements that are needed
for nutritional purposes. Most heavy metals can at high concentrations be toxic to all forms of life,
including humans, animals and microbes ¢4, The exposure of heavy metals is not only limited
to single metals, but it is often a combination of metals that are already present within the
atmosphere. Wood & Wang ¢ found that at high concentrations of heavy metals, the metals
exercise inhibitory actions on microorganisms by dislodging vital metal ions or by altering the
biological molecules active confirmations . Nonetheless, at low concentrations metals such as
Cobalt (Co), Cu, Ni, and Zn are necessary for microorganisms as they make available important
cofactors for enzymes. Microbial communities arise due to availability of the heavy metal as well

as the type of metal and microbial species 1417-18,

The widespread use of metals in the environment has increased pollution drastically. Copper and
Hg are among some of the metals that are used daily in occupational settings and released into
the atmosphere. Numerous studies have been done on the potential risk factors associated with
diseases due to consumption of fish contaminated with high concentrations of Hg. An association
between increased Hg levels in the body and risk of cardiovascular diseases (CVD) has been
established in epidemiological studies *°. The World Health Organization (WHQ) has defined a
normal range for the consumption of heavy metals for the general population. This was done to
safeguard the population from deficiency and toxicity of metals 2°.

Mercury, Mn and Ni are used in the study and where chosen based on the likelihood of humans
being exposed to these metals in South Africa. The above-mentioned metals are frequently
reviewed by the WHO, an international body that has studied the dangers and effects these metals
have on human health. Mercury emissions, due to the generation of power by Eskom, has been
estimated to be 77% of the total Hg emitted in South Africa 2. Limited information exists on the
current status of Hg emissions in most African countries, although the emission of Hg continues

to rise due the rapid economic growth in Africa. South Africa has the world’s biggest Mn ore
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deposits located in the North West and Northern Cape Provinces. Exposure levels of Mn differ
worldwide, and South Arica has a level 25 times higher than the United States 2. The level of Ni
in drinking water within South Africa is very high compared to Europe. It is seven times higher
than European, Dutch and WHO guidelines. This may be due to high levels of mining operations
in South Africa 2. Mining in South Africa dates back decades, especially in areas surrounding
Johannesburg, Pretoria and the North-West (Rustenburg). The mining of Cu, Ni, gold (Au),
platinum (Pt), and other minerals has in the past contributed to environmental pollution and it still
continues to do so. Elevated concentrations of heavy metals in the soil have a negative impact
on plants, by means of the uptake of heavy metals by the plants #. Kroondal is a town situated in
the North-West province of South Africa consisting of established shallow, mechanized platinum
group minerals (PGM) mines in the Western Limb of the Bushveld Complex. The area is
surrounded by four mines and ore processing plants. These mines are very close to farms,
settlements, and irrigation systems. Heavy metals from the mining industries leaches into the
plants and has negatively impacted the people in the area who consume the food from the farm
24 The transfer of metals through natural food chains extending to humans and animals can
threaten their health 2.

2.1 Mercury

Mercury is a unique metal that has no biological importance. It is a heavy metal that is widely
dispersed in the earth’s surface 2. Mercury has an atomic mass of 200.6 u, a melting point of -
38.9°C and a boiling point of 356.6°C, making it a very volatile element . It is liquid at room
temperature and is 13.6 times heavier than water. Mercury is considered a major environmental
toxicant throughout the world, although its unique physical properties have been used for Hg
switches, thermostats, thermometers, fluorescent light bulbs and commercially in batteries 2728,
Exposure to Hg in the general population is via three main sources: fish, dental amalgam and
vaccines, although the uses of dental amalgam and Hg vaccines were discontinued some time
ago. Human exposure to Hg usually results due to increased consumption of fish with a high Hg
content. Dental amalgam is a dental filling material used to fill cavities caused by tooth decay.
The use of liquid Hg mixture in dental amalgam was a major contributor to the exposure of Hg in
the past. Each tooth filing used contained 750-1000 mg of Hg 2°. Thimerosal is a mercury-based
preservative that has been used in the United States to prevent the growth of germs like fungi
and bacteria in infants. It contains the ethyl mercury radical that exhibits similar toxicological
effects as methylmercury (CHsHg*) 2°. Each of the Hg sources has its characteristic form of Hg

and the toxicology and clinical symptoms differ. Mercury occurs in numerous biochemical forms,
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with intricate pharmacokinetics. Toxic properties of methylmercury have been manipulated for the
use in antiseptic and diuretics . A wide range of clinical manifestations such as pneumonitis,
weakness, fatigue, anorexia, weight loss and gastrointestinal distress can be linked to Hg

exposure 32,

2.1.1 States of mercury

Mercury is found in various forms namely elemental mercury (Hg°), inorganic mercuric salts (Hg*)
and mercury ions (Hg?"). Each form possesses different properties and toxicity. Elemental
mercury is very stable in the environment, volatile and water soluble 1. Once Hg is in the aquatic
environment it can be altered by bacteriainto CHsHg*. The methylation occurs in the upper muddy
layers of the sea or lakes. Methylmercury is found in large concentrations in fish due to

bioaccumulation and is the most toxic form of Hg *.

2.1.2 Exposureto mercury

Mercury occurs naturally in the earth’s surface, sea water, freshwater as well as the air. Mercury
is released into the environment by human and volcanic activity and the weathering of rocks 3.
Further sources include the combustion of fossil fuels, the use of coal stoves for heating and
cooking, waste burners and the mining of gold and other metals are the main causes of Hg in the
ecosystem 3!. Humans are exposed to various forms and concentrations of Hg. The general
population is exposed to Hg through inhaling Hg° released from dental amalgam fillings 2. A
number of countries have banned or limited the use of dental amalgams but some regions of the
world including the United States are still making use of it. Upon inhalation of CHsHg*, it
accumulates in the erythrocytes and undergoes oxidation to Hg?* by an enzyme called catalase
34 The utilization of skin lightning cosmetic creams has increased in most African countries. In
Nigeria, 77% of women use skin lightning products to enhance their beauty on a regular basis %*.
Mali, Senegal, South Africa and Togo follow with 59%, 35%, 27% and 25% of women using skin
lightening products, respectively. These products contain excessive amounts of Hg which can
result in adverse effects. Various regulatory bodies such as the European Union and African
nations have banned the use of skin products containing Hg *°. The increased consumption of
fish contaminated with Hg is the most common route of exposure to Hg . Orally absorbed
CHsHg* is distributed into erythrocytes and turned into Hg?* through demethylation in the liver and
the spleen. A study by McKelvey, 2007 2¢ on adults who consumed a high fish diet demonstrated
3.7 times the Hg levels in their blood when compared to people who do not consume fish at all.
This places this population at greater risk of cardiovascular diseases amongst others. The

consumption of fish by humans is an essential part of our diet. Fish is a good source of omega-3
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polyunsaturated fatty acids and a rich nutrient provider of vitamin D 37, Although fish also provides
w-3 (n-3) fatty acids that assistin decreasing the risk of heart diseases, stroke, premature delivery
and reduces the level of cholesterol,* the Hg content can have adverse effects if fish is consumed
frequently . This is especially true in areas where fish is a staple diet. A recent study indicated
that fish sold in South Africa’s retail stores contains levels of Hg that are above the recommended
WHO guidelines “°. The Council of Scientific and Industrial Research (CSIR) found that swordfish

contains the highest level of Hg and the yellowtail contains a minimum amount of Hg (Figure 1)
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South Africa has been reported to have the second highest emission of Hg in the world, it
contributes 10% of the global Hg emissions. The emission of Hg is mainly due to coal combustion
and gold mines in and around certain communities #*. South Africa has also been identified to be
amongst the countries with the highest elemental Hg within the environment 2. Small-sale gold
mining in most African countries such as Mali, Zimbabwe and Tanzania is a source of income,
however can be dangerous due to exposure to Hg. Tanzanian children are often recruited as mine
workers within the formal and informal mining sector 3. The miners make use of their bare hands
to mix the Hg into the ore. Gold-mercury amalgam is created and burned over an open flame

resulting in the inhalation of Hg fumes 44,

2.1.3 Health effects of high levels of mercury

Increased exposure to Hg has adverse effects on human health. Various diseases involving the
cardiovascular-, nervous- and immune systems and those causing renal failure result from the
consumption of Hg. Inorganic Hg salts are harsh to the skin, eyes and gastrointestinal tracts (GIT)
and may induce kidney toxicity if swallowed *. Populations with greater risk of adverse effects to
Hg exposure include pregnant women, as exposure to CHsHg* can result in adverse effects of the
foetus’ nervous system and brain as well as individuals who are exposed regularly to Hg (chronic

exposure) 3.

Aspects that determine if adverse health effects will ensue and what their severity will be include:
1) type of Hg consumed, 2) dosage, 3) the age at which a foetus, child or adult is exposed, 4)
period of exposure 5) the route of exposure 546,

2.1.4 Metabolism of mercury

Absorption
The various routes of absorption of Hg include inhalation, ingestion and skin contact.

e Inhalation: Hg vapour is absorbed in the alveolar air due to rapid diffusion of Hg through
the alveolar membrane #’.

e Ingestion: The absorption of liquid Hg?* is very poor through the GIT.

e Skin: The absorption of Hg?* occurs through the epidermis. It is possible that Hg can cross
the skin barrier via sebaceous glands, hair follicles and sweat glands “2.

Transportation and distribution
The main organ that typically contains the highest content of Hg?* is the kidney due to absorption
via the GIT. Friberg, 1979 ! conducted a study on mice, where it was shown that after a single

8
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exposure of Hg vapour more Hg is reserved in the brain as opposed to intravenously injecting the
samedosage of Hg. It was hypothesized that these findings are as a result of dissolved Hg vapour
in the blood being transported to the brain. The distribution of Hg among the plasma proteins
varies according to the dosage and time after administration . Metallic Hg is corrosive and
entrenched in body tissue, but ingested metallic Hg into the GIT is not soluble. The enzyme
catalase is a mammalian intracellular protein that oxidises Hg?* to Hg® with the aid of certain
bacteria found within the GIT and the oral cavity 4°-°°. Bacterial resistance to toxic metals has
shown increased antibiotic resistance . The exposure to Hg?* through dental amalgams is a
health risk as dental amalgams contain 50% Hg %2, thus Hg in the oral cavity will get oxidized and

cause adverse health effects.

Elimination
Mercury elimination in the body is through various routes of excretion via faeces, urine, salivary,
lacrimal and sweat glands *. The largest portion of Hg?* and Hg is excreted via the faeces and

urine. The rate of excretion is dosage dependent 53,

2.2 Nickel

Nickel (Ni) is a naturally occurring element with a silver-white shiny metal appearance. It is the
most common element on earth and occurs in the earth’s crust. The maijority of Ni is unattainable
in the earth’s core and the occurrence of Ni in the environment is very low. Stainless steel products
have become common household items. Stainless steel often contains about 8-10 % nickel.
Applications of Ni are Ni plating, colouring of ceramics, manufacturing of batteries and the
conduction of heat and electricity as well as in the preparation of alloys. Nickel alloys are
characterized by their ability to deform under tensile stress and force as well as its resistance to
weathering and high temperatures. Nickel alloys are widely used for various applications, majority
of the alloys involve corrosion resistance as well as heat resistance. Some of these alloys include;
aircraft gas turbines, steam turbines, power plants and medical applications +%°. Nickel is used

as a catalyst to enhance the rate of a chemical reaction 5658,

2.2.1 States of Nickel

Nickel occurs in five natural isotopic forms Ni-58, Ni-60, Ni-61, Ni-62 !, and Ni-64 with Ni-58
making up 67.8% of the natural abundance. Water has no effect on metallic Ni although diluted
hydrochloric and sulfuric acid dissolves Ni at moderate speed compared to nitric acid that
dissolves Ni at rapid speeds. Nitrate, chloride sulfate and acetate are Ni salts that are soluble in
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water, however disulfides, subsulfides, sulfides, and oxides are virtually insoluble in water *°. The
versatility of Ni allows it to mix with a variety of metals.

2.2.2 Exposureto nickel

The concentrations of Ni in isolated regions range between 1 to 3 ng/m?, while concentrations in
urban and rural areas range from 5 to 35 ng/m3. The inhalation of Ni in non-occupational settings
is estimated to be between 0.1 to 0.4 pg/day °°. Nickel is also found in groundwater and its
concentrations are dependent on the pH, soil use and the deepness of sampling. Acid rain
escalates the movement of Ni within the soil and therefore intensifies the concentrations of Ni in
the ground . In a study conducted by Schwenk 2, it was suspected that wells made of stainless-
steel material in Arizona, United States were a source of increased Ni concentrations in
groundwater. The discharge of Ni from Cr-Ni steel pipe into drinking water was reduced indicated
by very low levels of Cr in the water weeks later. The seepage of Ni is not a result of the

deterioration of pipes but rather inert discharge of Ni ions from pipes underground 2.

Biologically, food contains minor quantities of Ni. The level of Ni found in food ranges between
0.01 and 0.1 mg/kg 5. Whole-wheat products, beans, seeds, nuts, wheat bran and cacao are
among some of the food products that contain relatively high levels of Ni. Using stainless steel
cooking utensils such as oven- and roasting pans increase levels of Ni found in cooked food . A
study conducted by Flint & Packirisamy ¢, concluded that minor increases of Ni concentrations
were detected in new stainless steel pans, if first used with acidic fruits. Nickel intake increases
when people consume large quantities of vegetables from soils polluted with Ni. Smoking causes
a high intake of Ni through the lungs. About 0.04 to 0.58 ug of Ni is released with a single cigarette
67, Typically 2 to 23 pg of Ni would be inhaled by an individual who smokes 40 cigarettes a day
%, The use of prosthetics or implants that are made from alloys containing Ni may cause patients
to be exposed to Ni. Exposure of Ni to an unborn baby may occur through the transmission of Ni
via the mother's blood to the foetus. Elevated use of Ni products consequently results in
occupational and environmental pollution. In occupational settings, the exposure of Ni occurs due
to Ni refining and welding.

2.2.3 Health effects of high levels of nickel

The exposure of children and adults to Ni has different side effects dependent on their sensitivity
to Ni. The consumption of Ni in food, water and the environment results in adverse effects. An
allergic reaction is a common health effect after exposure to Ni. Women are more sensitive to Ni

with a population frequency of 10 to 20% compared to men which is only 2%. Direct contact with

10
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jewellery containing Ni can cause sensitivity of the skin. The most life-threatening health effects
caused by Ni include nasal and lung cancer with exposure of 10 mg of Ni ©°, bronchitis, lung
function problems, sinusitis, reduced body weight, haemoglobin and plasma phosphate. People
working at Ni refineries are exposed to high concentrations of Ni as compared to the levels within
the environment and are prone to these adverse effects  due to the inhalation of dust particles
that contain Ni. High levels of soluble Ni compounds via oral exposure through the environment
are very rare, although some foods may contain Ni at very low levels. An animal study in which
rats were exposed to 500 to 1000 mg/kg of Ni in the diet for six weeks found that the exposure to
Ni significantly reduced haemoglobin content, plasma protein concentration and body weight 7.
The levels used in the animal study were 1000 times more than the usual levels found in drinking
water °. The consumption of Ni affected the GIT, growth and immune systems. Although the
growth of rats decreased this was most likely not because of Ni intake but rather because of
decreased food consumption. Nickel salts affect the immune system by suppressing the activity
of natural killer cells and T-cell systemin rats and mice "*. An increase in new-born deaths as well
as adecrease in new-born weight was documented in an animal study after subsequent exposure
to Ni .

2.2.4 Metabolism of nickel

Absorption

Nickel can enter the body through inhalation as well as eating food or drinking water that contains
Ni, which is then absorbed by the GIT. The respiratory tract is the major target organ for Ni
absorption and toxicity. Fifty percent of a single Ni carbonyl dose that is inhaled is absorbed ©’.
The amount of Ni that reaches the lungs is dependent on the size of the Ni particles inhaled. The
larger the particles of Ni within the air the less likely it is to reach the lungs and consequently the
alveoli. The absorption of Ni from the lungs to the body occurs when Ni easily dissolves in water.
Human absorption of Ni in drinking water is 15-50% after an overnight fast compared to that in

food at 15% 2. Skin contact with Ni can cause an allergic reaction.

Transportation and distribution

Albumin is the main protein carrier of Ni in serum, but Ni also binds to a-2 macroglobulin and
histadine . A higher amount of Ni contained in drinking water will be transported to the stomach
and intestines than if food is consumed containing the same amount of Ni. Nickel is mainly
distributed in the GIT and kidneys 4.

11
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Elimination

Nickel that is not absorbed in the GIT is eliminated through faeces, thus reflecting the daily dietary
intake. Absorbed Ni is also eliminated in the urine. The excretion of Ni via sweat, saliva and
removal in hair has been reported. The most common elimination route of Ni is through urine and
the half-life depends on the type of Ni species tested. Soluble Ni compounds have a half-life of
11 to 39 hours in humans . Certain Ni compounds are toxic and carcinogenic; this may be

associated with the uptake, transport, distribution, and retention of Ni at a cellular level ®.

2.3 Manganese

Manganese is a common element in the earth’s crust and is widely distributed throughout the
planet’'s surface. The classification of Mn as a nutritionally essential metal is because it is an
activator and cofactor for enzymes involved in phosphorylation, decarboxylation, hydrolysis and
transamination . Manganese plays an important role in the functioning of both humans and
animals, as a requirement for cellular enzymes [such as Mn superoxide dismutase (SOD),
pyruvate carboxylase] and serves to activate kinases, decarboxylases and transferases. Many
alloys containing Mn are used in the production of steel, manufacturing of glass and in the
production of making soda cans leaner and stronger ®7°. Plant growth is largely dependent on

Mn as it is involved in the absorption of nitrates in algae and green plants .

2.3.1 States of manganese

Manganese is not found as a pure element but is a component of over 100 minerals 7°. The most
important Mn compounds contain Mn?*, Mn* or Mn”* The chemical and physical properties of the
various Mn compounds differ substantially. Environmental behaviour and fate, exposure and
potential toxicity of each compound is characterised by the physical and chemical properties of

each compound.

2.3.2 Exposure to manganese

Air erosion of soils or dust is the most common source of Mn in the atmosphere. The release of
Mn in water streams mainly occurs as a result of rocks and soil corroding, extraction of valuable
minerals, waste produced by industrial processes as well as the leakage of Mn by human activity,
such as dry-cell batteries discarded in soils and landfills. The general population is exposed to
Mn through inhalation, drinking water, skin contact, soil, and food containing Mn. The primary
source of exposure of humans to Mn is the ingestion of Mn-containing food or nutritional
supplements 7. People living near or employees of mines and industrial areas using Mn as well

as automobile exhausts are at greater risks of being exposed due to high levels of Mn dust.

12
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Tobacco smokers and second hand smokers are exposed to Mn at levels greater than non-
smokers 8. Manganese is present in water that collects on the surface of the ground and soil. A
minor risk exists of exposure to Mn through ingestion of seafood originating from waters
containing Mn, especially if the levels of Mn in the seafood are tremendously high or seafood is
eaten raw. The second most common exposure of Mn is through the ingestion of food within the
general population 98, Vegetables, nuts, grains and animal products contain Mn 82, Table 2.1

below indicates the ranges of Mn concentrations in food.

Table 2.1: Average concentration (mg/kg) of Mn in food sources in America®.

Types of food Ranges of mean concentrations (mg/kg)
Nuts and nut products 18.21-46.83
Grains and grain products 0.42-40.70
Legumes 2.24-6.73
Fruits 0.20-10.38
Fruitjuices and drinks 0.05-11.47
Vegetables and vegetable products 0.42-6.64
Desserts 0.04-7398
Infants foods 0.17-4.83
Meat, poultry, fish and eggs 0.10-3.99
Mixed dishes 0.69-2.98
Fats and sweeteners 0.04-1.45
Beverages (Including tea) 0.00-2.09
Soups 0.19-0.65
Milk and milk products 0.02-0.49

The Food and Nutrition Board of the Institute of Medicine recommends Mn ingestion of 2.3 mg/day
for men and 1.8 mg/day for women. Table 2.2 shows the recommended concentration of Mn for
different age groups. The WHO confirmed the findings of the regulation that 2 to 3 mg of Mn per
day is acceptable for adults and 8 to 9 mg/day is a safe dosage . The threshold limit value
exposure levels of Mn in South Africa are 5.0mg/m3, which is 25 times higher than the United
States and significantly higher than the safe dosage indicated by the WHO, making it a very toxic

metal for humans 8.
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Table 2.2: Satisfactory consumption levels of Mn for different age groups in America &.

Age groups Range of mean concentrations (mg/day)
Birth to 6 months 0.003

7 months to 1-year 0.6

1-3years 1.2

4-13years 1.5-19

Adolescents and adults 1.6-2.3

2.3.3 Health effects of manganese

A deficiency of Mn is quite rare as most foods contain Mn. Animal studies have been used to
investigate the effects of Mn deficiency. Results have indicated skeletal abnormalities, impaired
growth, reproductive deficits and defects in the metabolism of lipids and carbohydrates 8-,
Defects of the nervous system have been studied extensively in humans exposed to high levels
of Mn 7%87_ Manganism is a syndrome caused by excessive exposure to Mn dusts or fumes and
has similar symptoms to Parkinson’s disease. Motor functions are affected after continuous
exposure to Mn at levels above the recommended levels. An inflammatory response in the lungs
is caused by inhaling excessive Mn dust concentrations [specifically manganese dioxide (MnOz2)
and manganese tetroxide (MnsO4] and results in impaired lung function. Studies have shown that
chronic ingestion of 1 to 2 mg of Mn in rabbits resulted in changes in the synthesis of haemoglobin
as well as a decreased appetite for food. A study on mice and rats signified that the consumption

of Mn could possibly interrupt reproductive maturation in male animals .

2.3.4 Metabolism of manganese

Absorption

The human body contains about 10 mg of Mn, mostly found in the liver, bones, and kidneys. The
daily intake of Mn is 2 to 3 mg. Inhaled Mn is frequently transported straight to the brain before
the liver metabolizes it. A number of studies corroborate that Mn is promptly taken up within the
nasal cavity in presynaptic nerve endings of axonal projections leading from the olfactory and
trigeminal nerves 89, Ingested Mn from food and water enters the body via the digestive tract
and is absorbed in the GIT. There are various studies done on the consumption of large quantities
of drinking water containing high levels of Mn that may be associated with Manganism. A study
conducted on adults in Greece found a high occurrence of neurological symptoms after

consumption of water containing Mn at levels of 1.8 to 2.3 mg/l, while a study done in Germany
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%1 found no evidence of neurological symptoms in people drinking water with Mn at 0.3 to 2.2 mg/l
%2 A contradiction is seen with the two studies although the Mn levels are similar.

Distribution and transportation

Manganese is distributed throughout the body in bones, the liver, kidneys, and pancreas and
mostly accumulates in tissue rich in mitochondria. Manganese is transported by transferrin, which
is a glycoprotein that also transports aluminium and is taken up by the extrahepatic tissue . Iron
and Mn interact during its transfer from the plasmato the brain, liver and kidneys in a synergistic

manner %,

Elimination
Manganese is eliminated from the body through bile. The ability of the body to excrete Mn is
impaired when cirrhosis and portosystemic shunts makes it difficult for the liver to function to its

maximum capacity, causing Mn accumulation in the blood and, eventually the brain .

The effects of these metals on the blood and specifically erythrocytes and platelets are very limited
and was therefore chosen as the aim of this study.

2.4 Erythrocytes, platelets and fibrin network

Environmental studies based on heavy metals typically focus on the level of metals in the blood
but less information exists on how the metals influence or cause change to clotting parameters,
endothelial integrity and the structure of erythrocytes. Erythrocytes are essential health indicators
as they play a part in tracking diseases and treatment *. Erythrocytes are highly susceptible to
changes in the environment and this is evident in alterations seen in erythrocyte membranes.
Erythrocytes that are in circulation are exposed to endogenous and exogenous sources of
reactive oxidative species (ROS), which can easily cause injury to the blood vessels and reduce
its ability to function properly °. Erythrocytes play a vital role in the transportation of oxygen
molecules in the body. Morphological changes in the cells can weaken its ability to carry oxygen
throughout the body. The large membrane variations and general shape of erythrocytes in normal
physiology, are maintained by adenosine triphosphate (ATP) .

Erythrocytes are derived from a single cell type known as the pluripotent hematopoietic stem cell.
The development of erythrocytes begins in the embryo and continues throughout an individual's
life. Soon after erythrocytes enter the blood stream, they lose their nuclei . Erythrocytes are the
most abundant of the different cell types in the blood. A microliter (uL) of blood contains

approximately 5 million erythrocytes in comparison to white blood cells and platelets, which range
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between 4000 to 11000 and 150000 to 450000 platelets respectively!!. The cytoskeleton of
erythrocytes plays a vital role in the function and the maintenance of the surface area to volume
ratio of the biconcave cell. As the erythrocytes travel through vasculature the cells undergo
reversible deformation to enable it to pass through very small capillaries. The plasma membrane
of erythrocytes is supported mechanically by spectrin tetramers connected by actin junctional
complexes, forming a 2D six-fold triangular network anchored to the lipid bilayer . Any disruption
of the connections between the spectrin tetramers and the actin junctional complexes may result
in shape changes of the erythrocytes (spherocytes, stomatocytes and echinocytes) such as those
described in Table 2.3.

Table 2.3: Types of erythrocytes and their description %,

Types of erythrocytes Morphological description
Normal erythrocytes Mature erythrocyte is small, round, and biconcave
Stomatocytes Erythrocytes with a central linear slit or stoma. Seen as mouth shaped form in

peripheral smear

Spherocytes Erythrocytes with an absentbiconcave shape and develops a spherical shape

Echinocytes Erythrocytes with pointed projections

Platelets are produced by megakaryocytes in the bone marrow *°. Platelets are small cell
fragments that circulate within the blood and play an important role in the vascular integrity as
well as regulation of haemostasis. Platelets are also intricately involved in the chronic
inflammation often associated with disease pathologies . The diameter of a mature platelet is 2
to 3 um, with alife span of approximately 10 days. Two-thirds of the platelets circulate in the blood
and a third is stored in the spleen. Platelets circulate in the blood stream but are only functional
once there is damage to the walls of blood vessels 1. Platelet activation results in platelet
recruitment, adhesion t and the formation of a platelet plug through the release and functioning of

signalling molecules.

The discoid structure of platelets as well as the protection of the cell from getting sheared within
the bloodstream is maintained by the highly specialized cytoskeleton of platelets. The
cytoskeleton consists of three major components: (1) the spectrin-based membrane skeleton, (2)
the actin cytoskeleton, and (3) the marginal microtubule coil 1. Platelets lack a nucleus but have

a distinct mitochondria 1°t. The plasma membrane of platelets is composed of a phospholipid
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bilayer and is the site of various surface receptors and lipid rafts which assist in intracellular
trafficking and signalling. Platelet markers include CD36, CD63, CD9, GPCR, libllla, and GLUT-
3 1%, These surface receptors trigger the release of alpha (a) granules which play a major role in
coagulation, inflammation, wound healing and other platelet related diseases 2. Of all these
surface receptors the GPCR is reportedly the most crucial receptor as it enables the secretion of
adenosine diphosphate (ADP) from dense granules. The secretion of ADP is crucial as ADP
interacts with ADP receptors found on platelets (P2Y1, P2Y12 and P2X1) thus leading to further
platelet activation. The phospholipids (e.g., phosphatidylserine and phosphatidylinositol) in
platelets are arranged asymmetricallyand are present in the inner layer of the plasma membrane,
to enable the stability of the platelet when it is not activated. Upon platelet activation (Figure 2.2),
the surface of the platelets exposes amino phospholipids by ATP-dependent flippases and
scramblases to initiate the coagulation cascade 1. The open canalicular system is an internal
membrane structure found in platelets and remains open during the platelet release reaction and
is connected to the plasma membrane %, The function of the open canalicular system serves to
transport substances into the cell and channels the discharge of alpha granules products secreted
during platelet release reaction.

Haemostasis is a process whereby blood is prevented from escaping from a damaged blood
vessel through the functioning of platelets, erythrocytes and fibrinogen. Three mechanisms
involved in haemostasis are summarized in Figure 2.2.

Major Components of Hemostasis
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Figure 2.2: Mechanisms ofhaemostasis after damage to a blood vessel 1%,
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After injury to a blood vessel, vasoconstriction immediately takes place to prevent further loss of
blood. Platelets adhere to the exposed subendothelial matrix and collagen, activating the platelet,
forming a haemostatic plug to close the leak within the vessel. Platelets become activated and
change their shape from being generally discoid and flattened in shape with no pseudopods to
being activated with pseudopods. Cytokines are released the moment platelets adhere, recruiting
more platelets which then initiate platelet plug formation 2. The binding of a platelets causes the
release of cytoplasmic granules such as serotonin, ADP and platelet activating factor (PAF) 1.
The PAF initiates the pathway that translocates platelet membrane phospholipids to release
thromboxane A2. Adenosine triphosphate attracts more platelets to the site of injury, serotonin
and thromboxane A2 assists in platelet aggregation, vasoconstriction and degranulation. As more
cytoplasmic granulations are secreted, more and more platelets adhere together and create a
platelet plug and the process continues in a positive feedback loop °. Coagulation is completed
when the platelet plug is converted into a stable clot and plasma fibrinogen is converted into a
solidified mass of fibrin. The stable fibrin clot prevents blood loss and allows healing to take place.
Coagulation is divided into two pathways that will eventually merge into one (Figure 2.3). The
intrinsic pathway begins when there is damage to a blood vessel. This pathway uses proteins
already present in the plasma. Collagen activates factor Xl to factor Xlla to begin the cascade.
Factor Xlla will then enable factor Xl to be converted into Xla, and then Xla will allow for the
process of factor IX to be converted to factor IXa. Factor [Xa enables factor X to be converted to
factor Xa with the assistance from factor VI, platelet membrane phospholipid and calcium iron.
The extrinsic pathway begins when there is damage to the tissue outside the vessel also known
as tissue thromboplastin. Tissuefactors activate factor VIl to begin the extrinsic pathway. The two
pathways then combine to form a common pathway which begins with factor Xa. Factor Xa
together with factor V, platelet membrane phospholipid and calcium ions enable the conversion
of prothrombin into thrombin. Thrombin will then enable the conversion of factor Xlll to factor Xllla
and the conversion of fibrinogen to fibrin. Fibrin production is a result of a pro-coagulation process
that generates thrombin at a site of injury 1%. Finally, the fibrin fibres weave through the platelet
plug and traps erythrocytes within the mesh. As the damaged blood vessel wall repairs itself, the
clot then disintegrates when fibrin is broken into fragments by the enzyme plasmin in a process

known as fibrinolysis L.
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Figure 2.3: The coagulation cascade 7

The formation of a fibrin network is important for haemostasis and current literature indicates that
abnormal fibrin structure is related to thrombotic diseases, including myocardial infarctions and
venous thromboembolism 1%,

2.5 Eryptosis

Erythrocytes reach the end of their lifespan after a maximum of 120 days in circulation. Mature
circulating erythrocytes may undergo senescence and get removed from the circulatory system
by means of erythrophagocytosis or eryptosis 1. Eryptosis is characterized by shrinkage, cell
blebbing and membrane scrambling indicated by the exposure of PS on the external surface of
the cell 1°. Morphological features of damaged erythrocytes are membrane alterations including
spike formation and blebbing, size alterations including swelling, changes in shape including
distortions, and haemolysis resulting in the loss of cell content 1°. One of the major triggers of
eryptosis is the intracellular increase in calcium (Ca?*) activity. Cytosolic increase of Ca?" is due
to entry of Ca?* permeable unselective cation channels. The Ca?" channels are activated by
prostaglandin Ez (PGE-2) and furthermore activated by isosmotic replacement of NaCl with sorbitol
and by the substitution of extracellular CI- with gluconate, Br-, I or SCN- 119111 An increase in Ca?*
concentration causes an activation of Ca?* - sensitive K* channels resulting in potassium chloride

(KCI) and water exiting the cell, causing cell shrinkage **2. Calcium stimulates cell membrane
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scrambling thus leading to the exposure of PS at the cells’ surface '1°. Oxidative stress, the
presence of xenobiotic and endogenous substances, energy depletion and the ageing of the cells
also play a role in eryptosis taking place. Eryptosis increases with an increase in age of
erythrocytes, and this is due to increased sensitivity to oxidative stress *3. In a study conducted
on the impact of erythrocyte age on eryptosis, the study concluded that susceptibility to oxidation-
induced PS exposure is increased in older erythrocytes as compared to younger cells 114,
Eryptosis can also be caused by various clinical conditions such as endogenous mediators and
xenobiotics. Well known xenobiotics that are capable of inducing eryptosis includes, but are not
limited to aluminium °, lead * and cadmium 7. Erythrocytes with exposed PS are quickly
cleared from circulatory blood as PS binds to phagocytosing receptor cells thus leading to
engulfment and degradation of the affected cells 4. The loss of eryptotic erythrocytes should be
directly proportional to erythropoiesis to prevent a decrease in the number of erythrocytes, if not

this may lead to the development of anaemia 8.

2.6 Aims

The aim of the study was to investigate the effects of the heavy metals Hg, Ni and Mn alone and
in combination on the integrity of the erythrocyte membrane as well as on the morphology of the
components of the coagulation system at concentrations of 1x, 10x, 100x, 1000x and 10000x the

WHO safety level standards for each respective metal.

2.7 Objectives

The objectives of this study were to:

e Investigate the effects of the metals Hg, Ni and Mn alone and in combination, on the

integrity of the erythrocyte cell membrane by using the haemolysis assay.

e Determine morphologically if these heavy metals induce platelet activation and alter fibrin

network formation and erythrocytes by using scanning electron microscopy.

¢ Investigate whether these metals alone and in combination induce eryptosis by using

confocal laser scanning microscopy.

The results obtained from the experimental analysis of the above-mentioned methods are

presented in the chapters to follow.
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3. MATERIALS AND METHODS

3.1 Patient information

Ten healthy, male, human volunteers between the ages of 20 and 30, who were non-smokers
and not taking any chronic medication and who did not have any inflammatory conditions were
permitted to take part in the study. Any person on anticoagulants or any chronic medication, were
excluded from the study. The donors were University of Pretoria staff members from the Basic
Medical Sciences building. Donors were approached by means of email, telephone or a verbal
request. Written informed consent was obtained from each person volunteering to participate.
Men were chosen to avoid the implications that the female hormone estrogen has on the

coagulation system 119,

3.2 Metal preparation

Mercury chloride powder (HgClz), hexamethyldisilazane (HMDS), isotonic phosphate buffer saline
(isoPBS), manganese chloride (MnClz2), nickel chloride (NiClz), human thrombin and all other
reagents were obtained from Sigma-Aldrich (South Africa) unless otherwise specified. Stock
solution concentrations were equal to X10 000 the WHO values for each metal respectively.
Working solutions were made from the stock solutions. The concentration ranges of the various
metals included: 1x, 10x, 100x, 1000x and 10000x the WHO safety level standards for each
respective metal. The WHO safety level standards for these metals are: mercury = 6 pg/L; nickel
= 20 pg/L; manganese = 400 pg/L. The final volume for all single, double and triple combinations
was the same.

3.3 Blood collection

Blood was drawn from participants by a trained phlebotomist or medical doctor using a sterile
needle inserted into a vacuum extraction blood tube containing 3.2% sodium citrate. A volume of
5 mL venous blood was collected. Each tube was labelled with the sample number and the date

on which the blood was collected so as to maintain the donor’s anonymity.

The objectives were achieved by using the experimental design presented in Figure 3.1.
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FHgure 3.1: Flow diagram explaining the methodologies used for the different blood constituents being

investigated.
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3.4 Haemolysis assay

3.4.1 Principle of the assay

The absence of most cellular organelles and the presence of a lipid bilayer make erythrocytes
ideal to study membrane alterations. Erythrocytes have a flattened discoid shape with a large
surface area aiding gaseous exchange. The cells carry oxygen efficiently with the aid of a highly
specialized protein called haemoglobin, which also gives the cells its red colour. Haemoglobin
(Hb) is a molecule consisting of sub-units referred to as alpha and beta. The sub-units are
essential in the binding of oxygen in the lungs and delivering the oxygen to tissues in various
parts of the body. Damage to erythrocytes is evident by membrane alteration. Haemolysis is the
rupturing of erythrocyte cell membrane, resulting in the release of free Hb into the plasma or
extracellular matrix 2121, Haemolysis ultimately results in haemolytic anaemia because of a
reduction in the number of erythrocytes. Haemolytic anaemia exists in two types: (1) intrinsic
haemolytic anaemia which is an inherited disorder characterized by defective erythrocytes
produced by the body, and (2) extrinsic haemolytic anaemia where the cells are destroyed by the
spleen, toxins or infectious agents 1?2, Various factors can account for haemolysis such as: shear
stress, oxidative stress, drugs, membrane defects, temperature, bacterial contamination, and

osmotic and pH changes 23,

The percentage of haemolysis is determined by quantifying the amount of Hb leaking out from
the cell and into the surrounding medium. An increase in cell damage is directly proportional to
the amount of Hb leaking out. Hemoglobin in the sample increases the spectrophotometric
absorbance at a wavelength that is within the absorbance range of Hb. One of the main
advantages of using the haemolysis assay is the biological significance of erythrocytes. The
absence of cellular organelles makes it an exceptional model as it is not affected by mitochondrial
production of reactive oxidative species and the generation of cellular energy through glycolysis
pathway 24, The cells offer enhanced signals of shielding capabilities of compounds being tested,
as compared to other types of cells used in the screening of pharmaceutical compounds. The
assay is fast, simple and reliable.

3.4.2. Sample preparation

Whole blood was centrifuged at 3000 xg for 10 minutes, after which the plasma and buffy coat
was removed. The erythrocytes were washed with isoPBS (0.137 M NaCl, 3 mM KCI, 1.9 mM
NaH2POs4, 8.1 mM Na:HPOa4, pH 7.4) twice, by re-suspending the erythrocytes in isoPBS and
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centrifuging between washes, at 1400 xg for 3 minutes. A 5% (v/v) blood suspension was made
by diluting the packed erythrocytes in isoPBS. A positive control, 2% sodium dodecyl sulphate
(SDS) solution was used to induce 100% haemolysis and a negative control, isoPBS, was used
to represent 0% haemolysis. The 5% blood suspension was then exposed to the metals, alone
and in combination. The concentration ranges of the various metals included: 1x, 10x, 100x,
1000x and 10000x the WHO safety level standards for each respective metal. All the exposed
samples were incubated for 16 hours at 37°C. The samples were centrifuged at 1400 xg for 2
minutes after which equal volumes of the supernatant was transferred to a 96-well plate and the
absorbance was read at 570 nm. The results were expressed as percentage haemolysis, using

the following formula:

A - A 0,
% Haemolysis = < Zample y M) * 100
100% ~— “10%

Where A sample IS the absorbance of erythrocytes exposed to different solutions, Aoy is the absorbance of erythrocytes
exposed to isoPBS (0% haemolysis), and A% is the absorbance of erythrocytes exposed to 2% SDS (100%

haemolysis).

Analysis of combined effects was achieved using the model deviation ratio (MDR) method.

Ov
MDR = —
Ev

Where Ov is the observed value (average % haemolysis) ofthe combination group, and Ev is the expected value
(sum ofthe average % haemolysis ofthe single metal groups/number of groups).

Volume differences were considered 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 125126,

3.4.3 Statistical analysis
Of primary interest in this study was to compare three heavy metals, alone and in combination, at
five different concentrations using the haemolysis assay. A biostatistician was consulted to

determine the suitable statistical tests (see Appendix 8.3).
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By convention, the sample size when comparing the heavy metal combinations in an analysis of
variance (ANOVA), for atwo-factor study design (heavy metals combination x concentration), the
aim is to have at least 30 degrees of freedom for the error term (residuals). In this study, from
three experiments, there was 70 degrees of freedom where we considered treatment at seven
levels (heavy metal combinations), concentration at five levels along with an interaction term for

treatment by consideration.

Data followed Gaussian distribution and since the experiments were done under well-controlled
conditions, both analytical and biological variation was expected to be low. Data summary was
within treatment combination (heavy metal combination x concentration) for one assay. Data
analysis employed an appropriate ANOVA for this two-factor study design with an interaction
term. Stata Release 14 statistical software was employed and post hoc testing used the very
flexible margins command in Stata. Testing was done at the 0.05 level of significance and the

family-wise type | error was included.

3.5 Scanningelectronmicroscopy

3.5.1 Principle of the assay

The scanning electron microscope (SEM) is an instrument employed to produce high-resolution
images of samples. To investigate surface morphological changes seen in erythrocytes, platelets
and fibrin networks, SEM was used. The region of interest on the sample is analysed with a
focused beam of electrons that is scanned over the surface. This allows a researcher to study the
surface of cells with extreme detail %’

3.5.2 Sample preparation

The effect of the metals, alone and in combination, on the morphological changes to erythrocyte
membranes together with platelets and fibrin networks were investigated using SEM. Whole blood
of 90uL was exposed to 10uL of each metal, alone and in combination and then incubated for 10
minutes at room temperature. This exposure time was determined to be the optimal period for
exposure through a 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 of 10uL were made on round glass cover slips, with and without the addition of human
thrombin (20 U/mL). The addition of human thrombin was 5ul per cover slip. The cover slips were
then dried for 10 minutes and washed in phosphate buffered saline (PBS) (0.075 M NazHPOa4, 0.2
M NaH:PO4.H.0O, and 0.2 M NaCl), for 20 minutes. The samples were fixed in a 2.5%
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glutaraldehyde/formaldehyde (GA/FA) solution in 0.075M PBS for 30 minutes and then washed
three times in PBS. The samples then underwent secondary fixation in 1% osmium tetroxide for
30 minutes and were washed again as explained in the previous step. The samples were
dehydrated by using serial dehydration with 30%, 50%, 70% and 90% ethanol (EtOH), followed
by three changes of absolute EtOH. The 100% EtOH was removed and 100%
hexamethyldisilazane (HMDS) was then added for 30 minutes. The HMDS was discarded and 2
drops of HMDS were placed on the cover slips and the samples were air-dried. Once the samples
were dry, the cover slips were mounted on aluminium stubs, coated with carbon and viewed with
an Ultra Plus FEG SEM (Zeiss, Oberkochen, Germany).

To ensure repeatability and accuracy of morphological analysis, a micrograph was taken on low
magnification (2000x) on three cover slips created for each participant. This ensured that an
accurate depiction of erythrocytes, platelets, or fibrin network formation was captured. This was
then followed by micrographs at higher magnification (10000x, 15000x and 20000x) to study
individual erythrocytes or platelets.

Erythrocytes were characterised in three categories:

¢ Normal morphology (biconcave shape with uniform membrane)
e Slightly affected (loss of biconcave shape with some membrane alterations e.g. bleb
formation

e Significantly affected (eryptotic cells)

Platelets were characterised in three categories:
e Initial activation (presence of pseudopodia)
e Moderate activation (presence of pseudopodia with some membrane spreading)

e Complete activation (platelet spreading with no platelet body visible)

3.6 Confocallaser scanning microscopy

3.6.1 Principle of assay

In eryptotic cells, phospholipid phosphatidylserine (PS) is flipped from the inner to the outer leaflet
of the plasma membrane 2. An enzyme called flippase retains PS within the cell. PS is exposed
by the action of scramblase on the cell's surface in processes such as apoptosis and platelet
activation. PS becomes exposed to the cell’'s external environment. Annexin V is a 35 to 36 kDa
Ca?* dependent phospholipid-binding protein. The protein has a high binding affinity to which PS
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tends to bind 1%, The confocal laser scanning microscope (CLSM) was used to detect PS on the
membrane surface of erythrocytes, which gave an indication of eryptosis taking pace. The
conventional wide-field fluorescence microscope optics are unable to view thick cells due to bright
fluorescent signals from objects outside the focal plane thus increasing the background and giving
off low contrastimages. Confocal microscopy solves this predicament by blocking all the signals
coming from neighbouring surroundings either below or above. This is accomplished by lighting
the specimen with a laser beam focused entirely on the specimen at one focal plane and by
placing a pinhole aperture in the plane of the image in front of the electronic photon detector. The
confocal microscope canproduce images of high contrastand visually section through fluorescent

objects of up to 10 to 50 pm 27,

3.6.2 Sample preparation

Whole blood was collected in citrate tubes. Whole blood of 900uL was exposed to 100uL of
isoPBS and 100uL of metals dissolved in isoPBS. The positive control was Melittin (an apoptosis
inducing agent) 13° to which the blood was exposed for four hours. After blood collection, 1 mL
was transferred to a micro centrifuge tube and centrifuged at 3000 xg for 10 minutes at room
temperature to isolate the erythrocytes. The supernatant was discarded (plasma, leukocytes and
platelets) and the remaining erythrocyte pellet was washed twice with a 0.075 M PBS (pH 7.4) for
3 minutes at room temperature, where after it was washed once with Annexin V binding buffer for
3 minutes. A volume of 5 uL of the Annexin V probe was added to the blood and incubated for 90
minutes at room temperature protected from light. After incubation, the samples were washed
twice with 0.075 M PBS (pH 7.4) and once with Annexin binding buffer for 3 minutes each, to
remove unbound antibodies. A volume of 10uf of the prepared sample was mounted on a glass
slide and covered with a coverslip. The samples were viewed with the Zeiss LSM 880 confocal
laser-scanning microscope with Airyscan (Carl Zeiss Microsocpy, Oberkochen, Germany).

To visualize the erythrocytes, two different lasers were used with different filters and beam splitter
overlaying the respective images to show which erythrocytes have a PS flip present on the
membrane. To view the auto-fluorescence of all the cells present on the slide, the 405 nm laser
was used to excite naturally occurring fluorescence found in erythrocytes, and a red colour was
assigned to this fluorescent signal. In an unstained sample, the 405 lasers were used together
with the 465 nm-505 nm Band pass (BP) and 525 nm long pass (LP) filters and the 488/405 nm
beam splitters. These settings showed that all the RBCs present on the slide had auto-
fluorescence, and this auto-fluorescence could therefore be used as a contrasting method against
the Annexin-V binding, in the case where PS flip is present. To visualize Annexin-V binding the
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488nm laser was used with the 495-550nm BP filters and the 488/405nm beam splitters, and
showed a green fluorescence, indicating the presence of PS on the erythrocyte’s membranes.

3.7 Ethical consideration

Ethical approval for this study was obtained from the Research Ethics Committee, Faculty of
Health Sciences, University of Pretoria (Ethical clearance number 12/2018). Each volunteer who
took part in this study was provided with a written participant informed consent (see appendix
8.1). The blood tubes were collected from each volunteer and labelled with a number and not with

the volunteers’ name to ensure anonymity.
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4. RESULTS

4.1 Haemolysis

The haemolysis assay was used to detect the haemoglobin content released from the
erythrocytes as an indication of the effect of the heavy metals on erythrocyte membrane integrity.
The haemolysis assayis a quantitative evaluator of percentage haemolysis. The metals used in
the study alone and in double and triple combinations induced varying degrees of haemolysis at
different concentrations between x1 - x10000 the WHO safety limit. The Hg (x1) p-value of
<0.9731 and Hg+Ni+Mn (x1) p-value of <0.9969 induced haemolysis represented in Figure 4.1A,
although it was statistically insignificant compared to isoPBS. The other groups did not indicate
significant haemolysis. As indicated in Figure 4.1B, Ni+Mn (x10) showed minimal haemolysis with
the other groups exhibiting no haemolysis. Figure 4.1C shows that Ni (x100) and Mn+Ni (x100)
caused minimal percentage haemolysis. The remaining groups showed no haemolysis. As shown
in Figure 4.1D Mn (x1000) and Ni+Mn (x1000) induced haemolysis. The rest of the groups showed
no haemolysis. As shown in Figure 4.1E representing the 10000x concentration all the groups
induced haemolysis. The percentage haemolysis for all groups was well above 30% except Ni
which exhibited the lowest percentage haemolysis (Hg 68.1%, Ni 1.6%, Mn 30.4%, Hg+Ni 66.7%,
Hg+Mn 33.4%, Ni+Mn 45.6% and Hg+Ni+Mn 58.9%). Hg, Hg+Ni, Hg+Mn, Mn+Ni and Hg+Ni+Mn
were all significantly different to the negative control (isoPBS). Figure 4.1F shows a comparison

of all the metals groups with the varying concentration ranges.
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metal groups.
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A metal is considered to be toxic when it changes to its ionized form. The bound and conjugated
forms of the filtered metal are not toxic, but it is the divalent form of these metals released from
the complexes that is accountable for toxicity of the cell 131, The haemolysis assay only indicated
the effect of the metal combination on the erythrocyte’s membrane, resulting in the appearance
of free haemoglobin in the plasma. The assay did not propose any information on the interaction
between the double and triple combinations of metals containing Hg, Ni and Mn across the five
point increasing concentrations. There are three types of interactions found amongst metal
combinations. An antagonistic effect is when two or more metals produce contrasting effects. For
example, when Hg has an increasing effect on the percentage haemolysis but Mn has a
decreasing effect on haemolysis. An additive effect is when the combination of the metals
produces the same percentage haemolysis compared to the single metal effect. A synergistic
effect is when the combination of metals produces a greater haemolysis percentage compared to
the individual metal. Table 4.1 provides a better understanding of what effect the double and triple
combinations of metals had on each other when combined.
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Table 4: Effect of metal combinations on haemolysis results

Metals Calculated Expected Effect
X1 WHO Hg+Ni 3.854 + (—1.500) 117 -1.67713287 Antagonistic
2
Hg+Mn 3854+ (—1.840) — 1.0 -0.35723247 Antagonistic
— =
Mn+Ni —1500+ (=1.840) 167 -1.93274258 Antagonistic
> =1
Hg+Ni+Mn 3.854+ (—1.500) + (—1.840) = 0.171 Antagonistic
3 2.7683465
Hg+Ni —1.772+4 (-0.552) Synergistic
> = —1.162 0312
X10 WH —
0 © Hg+Mn —1772+(-0979) Synergistic
Mn+Ni —0.522 +(-0.979) Synergistic
Hg+Ni+Mn —1.772+ (=0.552) +(=0.979) _ Antagonistic
3 =-1101 -1.164
Hg+Ni —1.341+4.055 1357 Antagonistic
2 - -1.789
X100 Hg+Mn 4.055+ (—0.942) Antagonistic
. -0. isti
WHO g —_—=-1.141 1626 g
2 .
Mn+Ni 4,055+ (—0.942) Synergistic
- 2 ° 1.556 4.285
Hg+Ni+Mn —1.341+ 4.055+ (—0.942) Antagonistic
Hg+Ni 0.602+ (—2.398) _ Antagonistic
————— =-0898 1603
X1000
Hg+Mn 0.602 + 3.139 Antagonistic
WHO — = 1870 -1.200
Mn+Ni —2.398 +3.139 Synergistic
0370 4.342
Hg+Ni+Mn 0.602 + (—2.398)+ 3.139 _ Additive
3 = 0447 0.486
Hg+Ni 68.132+ 1.660 Synergistic
gy T69792 66.727
X10000
WHO Hg+Mn 68.132+30411 98543 Antagonistic
2 =7 33.445
Mn+Ni 1660+ 30411 Synergistic
3 =327 45.638
Hg+Ni+Mn 68.132+1.660+ 30411 Synergistic
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4.2 Scanning electronmicroscopy

4.2.1 Whole blood without thrombin

The effects of Hg, Ni and Mn alone and in combination on the morphology of erythrocytes were
studied using SEM. Concentration ranges of x1, x10 and x100 the WHO safety limit were used.
The images obtained are representative of erythrocytes acquired from blood smears with and
without the addition of thrombin. The addition of thrombin induced fibrin formation. Figure 4.2
shows scanning electron micrographs of erythrocytes exposed to metal concentrations at x1 the
WHO limit. Control erythrocytes are shown in Figure 4.2A, with a typical biconcave structure. In
Figure 4.2B, Hg exposure caused the presence of spike-like nodules (indicative of echinocytes)
indicated by the yellow arrows. Nickel exposure (Figure 4.2C) caused a bulging appearance of
the erythrocytes (cell blebbing), which was also seen with Mn exposure (Figure 4.2D).
Echinocytes were observed in the Hg+Ni and Hg+Mn exposed groups (Figure 4.2E and F).
Hg+Ni+Mn exposure caused a loss of biconcave morphology in the erythrocytes as shown in
Figure 4.2H.

Figure 4.3 shows erythrocytes exposed to metal concentrations at x10 the WHO limit. In the group
exposed to Hg echinocytes were present. This was true for the Ni and Hg+Ni, Hg+Mn, Mn+Ni and
Hg+Ni+Mn groups. Cell blebbing was observed with Mn exposure (Figure 4.3D.

Figure 4.4 shows erythrocytes exposed to metal concentrations x100 WHO limit. In the group
exposed to Hg echinocytes were present with increased membrane roughness. This was true for
Hg+Mn, Ni+Mn and Hg+Ni+Mn. The Ni exposed group also had echinocytes present with cell
blebbing also seen for Mn (Figure 4.4C) and Hg+Ni (Figure 4.4 D).
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Fgure 4.2: Scanning electron micrographs of whole blood without thrombin exposed to Hg, Ni and Mn, alone and in
combination atxl the WHO safety limit. (A): Control with normal biconcave erythrocytes. (B): Hg, (C): Ni, (D): Mn, (E):
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Hg+Ni, (F): Hg+Mn, (G): Ni+Mn, (H): Hg+Ni+Mn. Scale bars=2pm. Blue arrows: bulging appearance, Yellow arrows:
echinocytes (nodule like spikes).

Fgure 4.3: Scanning electron micrographs ofwhole blood without thrombin exposed to Hg, Ni and Mn, alone and in
combination atx10 the WHO safety limit. (A): Hg (B): Ni, (C): Mn, (D): Hg+Ni, (E): Hg+Mn, (F): Ni+Mn, (G): Hg+Ni+Mn.
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C, D,E & G Scalebars=2um, A, B & F scale bar=1um. Blue arrows bulging appearance, Yellow arrows echinocytes

(nodule like spikes).

combination atx100 the WHO safetylimit. (A): Hg (B): Ni, (C): Mn, (D): Hg+Ni, (E): Hg+Mn, (F): Ni+Mn, (G): Hg+Ni+Mn.
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C, D,E &G Scalebar=2um, A, B & F; scale bars =1um.Blue arrows bulging appearance, Yellow arrows echinocyes

(nodule like spikes).

Figure 4.5 shows scanning electron micrographs of platelets exposed to metal concentrations at
x1 the WHO limit. Figure 4.5A shows the normal morphology of platelets with the presence of
pseudopodia. Contact activation is expected during the preparation of the samples with some
pseudopodia formation. Figure 4.5B to G shows activated platelets with the presence of
pseudopodia to a greater degree than that caused by contact activation as seen in the control
sample in Figure 4.5A. In Figure 4.5H the presence of pseudopodia and membrane spreading
can be seen in the triple combination group. Figure 4.6 shows platelets exposed to metal
concentrations x10 the WHO limit. In Figure 4.6A to D and F, platelets exposed to heavy metals
became activated with increased pseudopodia and increased membrane spreading. Presence of
pseudopods and platelet interaction are seenin Figure 4.6G. Figure 4.7 shows platelets exposed
to metal concentrations at x100 the WHO limit. Figures 4.7 (A to E) showed presence of
pseudopodia. Platelet interaction was seen in Figure 4.7F and membrane spreading was
observed in Figure 4.7G.
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Fgure 4.5: Scanning electron micrographs of control and x1 heavwy metal exposed platelets. (A): Control, (B): Hg, (C):
Ni, (D): Mn, (E) Hg+Ni, (F): Hg+Mn, (G): Ni+Mn and (H): Hg+Ni+Mn. A, C &D: Scale bars = 1um;B: Scale bar=200 nm.

Blue arrows=membrane spreading. Purple arrows=pseudopodia.
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Hgure 4.6: Scanning electron micrographs of platelets exposed to x10 heavwy metal concentration. The platelets are
activated thus membrane spreading seen. (A): Hg, (B): Ni, (C): Mn, (D): Hg+Ni, (E): Hg+Mn, (F): Ni+Mn, (G):
Hg+Ni+Mn. A Scale bar=200nm.B & D Scale bars= 1um. C, F & G Scale bars= 2um. Blue arrows=membrane

spreading. Purple arrows= pseudopodia. Red arrows= platelet-platelet interaction. Green star= rough membrane
surface.
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Figure 4.7: Scanning electron micrographs of platelets exposed to x100 heawy metal concentration. (A): Hg, (B): Ni,
(C): Mn, (D): Hg+Ni, (E): Hg+Mn, (F): (Ni+Mn), (G): Hg+Ni+Mn. A & C Scale bars=200nm.B, D-G Scale bars=2 pm.

Blue arrows =membrane spreading. Purple arrows=pseudopodia. Red arrows= platelet-plateletinteraction.
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Figure 4.8 shows scanning electron micrographs of whole blood with thrombin exposed to the
heavy metal concentration at x1 the WHO limit. Figure 4.8A represents the fibrin network of a
control sample. Healthy fibrin clots should contain thin, thick and taut fibres. In Figure 4.8B and C
thick, thin and less taut fibres and the presence of echinocytes was observed. Thick and less taut
fibores are seen with Mn exposure, thin fibres are seen in the Hg+Ni (Figure 4.8E) and Ni+Mn
(Figure 4.8G) exposed groups and Hg+Mn (Figure 4.8F) exposed group showed thick and thin
fibres.

Figure 4.9 shows scanning electron micrographs of whole blood with thrombin exposed to heavy
metal concentration at x10 the WHO limit. In Figure 4.9A fibrin fibres forming a mesh network are
observed, thin and taut fibres (B), thick fibres (C), thin fibres (D) and a fibrin mesh network around
the erythrocytes (F) were respectively seen in Figure 4.9 B, C, D and E. Figure 4.9F showed thick
and less taut fibres and Figure 4.9G thick and thin fibres.

Figure 4.10 shows scanning electron micrographs of whole blood exposed to heavy metals at
x100 the WHO safety limit. Figure 4.10A showed the presence of fibrin fibres forming a fibrin
network mesh, Figure 4.10B thin, thick and less taut fibres were observed and a presence of fibrin
fibres forming a fibrin network mesh were observed in Figure 4.10C. Thick fibres and fibrin fibres
forming a fibrin network were observed in 4.10D. Presence of thin fibres and fibrin network forming
a mesh can be observed in 4.10E. Fibrin network forming a mesh and thick fibres and presence

of echinocytes were respectively seen in Figure 4.10F and G.
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anning electron micrographs of whole blood with thrombin exposed to Hg, Ni and Mn, alone and in

o
Figure 4.8: Sc
combination atconcentrations atxl showing fibrin network formation together with erythrocytes. (A): Control, (B): Hg.
(C): Ni, (D): Mn, (E): Hg+Ni, (F): Hg+Mn, (G): Ni+Mn, (H): Hg+Ni+Mn. (A. C, D, F & H), Scale bars=2um, (B,E & F)

43



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

scale bars=1um. Brown arrows=fibrin mesh. Yellow arrows =Thin fibres. Blue arrows=Thick fibres. Red arrows=Less

taut fibrin fibres.

Hgure 4.9: Scanning electron micrographs of whole blood with thrombin exposed to Hg, Ni and Mn alone and in
combination atconcentrations atx10 showing fibrin network formation together with erythrocytes. (A): Hg (B): Ni. (C):
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Mn, (D): Hg+Ni, (E): Hg+Mn, (F): Mn+ Ni, (G): Hg+Ni+Mn. (C,D, E F & G), Scale bars=2um, (A, B & E) scale bars=1um.
Brown arrows=fibrin mesh. Yellow arrows=Thin fibres. Blue arrows=Thick fibres. Red arrows= Less tautfibrin fibres.

< \ i i -
FHgure 4.10: Scanning electron micrographs of whole blood with thrombin exposed to Hg, Ni and Mn alone and in

combination atconcentrations atx100 showing fibrin network formation together with erythrocytes. (A): Hg, (B): Ni.(C):
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Mn, (D): Hg+Ni, (E): Hg+Mn, (F): Ni+Mn, (G): Hg+Ni+Mn. (B, D, E G), Scale bars=2um, (A, C & F) scale bars=1pm.
Brown arrows= Fibrin mesh. Yellow arrows =Thin fibres. Blue arrows= Thick fibres. Red arrows = Less tautfibrin fibres.

4.3 Confocal laser scanning microscopy

In the positive control, erythrocytes were exposed to Mellitin represented in Figure 4.11. Figure
4.11A represents the auto-fluorescence of the erythrocytes in the positive control. Figure 4.11B
represents the positive Annexin V signal (indicated with green fluorescence) that was observed
in the positive control. Figure 4.11C shows the transmission light image and Figure 4.11D shows
the overlay images. In the negative control group, no positive Annexin V signal was observed as
shown in Figure 4.12A. Figures 4.12 B to H are images of Annexin V positive signal that were
obtained in all the metal exposed groups, single (Hg, Ni and Mn), double (Hg+Ni, Hg+Mn and

Ni+Mn) and triple combination (Hg+Ni+Mn). Phosphatidylserine flip positive cells were scattered

throughout the samples.

“.g‘“.s

FHgure 4.11: Confocal laser scanning microscope micrographs of the positive control (A-D). Figures A: auto-

fluorescence ofthe erythrocytes, B: Annexin V signal obtained, C:transmission lightand D showing the overlay of the

images (transmission, fluorescence and annexin V) (Scale bars: 5um).
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Hgure 4.12: Phosphatidylserine exposure evaluation of erythrocytes subsequent to heavy metal exposure of x1 Hg,
Ni and Mn alone and in combination using the confocal laser-scanning microscope. (A): Negative control. (B- H)
indicates the Annexin V positive erythrocytes after exposureto Hg (B), Ni (C), Mn (D), Hg+Ni (E), Hg+Mn (F), Mn+Ni
(G) and Hg+Ni+Mn (H) (Scale bars: 5um).
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5. DISCUSSION

5.1 Haemolysis assay

Water, soil and air are natural resources that humans and animals survive on. These three
resources need to be monitored to control and lower pollution levels and degradation. These
resources are essential for the wellbeing of humanity 132, The distribution of metals throughout
the natural environment and resources is increasingly becoming a concern. Several studies
pertaining to the accumulation of metals in agriculture, water and living systems has been done
133134 and found that a high level of metal content was found in livestock, the environment and
agricultural soil. International agencies need to be concerned about heavy metal pollution and its
consequence on livestock and products. Global modernization has seen several new industries
and urban areas rapidly developing. Anthropogenic activities are also on the rise which increases
the application of heavy metals. The production, processing as well as disposal of certain products
that contain heavy metals is released into the immediate environment, which affects the soil, water
and air quality. South Africa and the world at large have seen pressure coming from civil societies
and governmental organizations to reduce air pollution ** and, the banning or phasing out of
products and processes that rely on Hg %137, As a result, various companies are introducing
innovative or upgraded air pollution control measures. Pollution of the environment is largely
associated with numerous human health and environmental impacts including heavy metal
poisoning, respiratory diseases and increased levels of acidity in lakes, affecting the quality of
water and aquatic biodiversity. Although the quality of the water in urban and affluent communities
is tightly regulated, the same cannot be guaranteed for rural settlements. Citizens that live in rural
settlements do not have access to clean water and therefore make use of river water for washing,
drinking and agricultural purposes. The same water they are making use of is possibly
contaminated with metals, making them wvulnerable to health complications. The use of
wastewater contaminated with metals for irrigation, does not only contaminate the soil, but also
affects the quality and safety of food . Heavy metals easily accumulate in the edible parts of

leafy vegetables, as compared to grain or fruit crops **°.

In a study conducted by Barbier, 2004 %°, the effect of cadmium chloride (CdCl2) on rats was
investigated and was found to cause hypokaliuria, hyperphosphaturia and hypercalciuria without
any changes to the glomerular filtration rate (GFR) %°. In contrastto a similar study, a single 20-
fold lower dosage of Hg?* and Pb?* caused impairment to the kidney tubules and glomerulus with
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damage characterized by the reduction of the GFR glycosuria, proteinuria as well as impediment
of the tubular system %1, These findings indicate that the level of toxicity to the kidney differs
among heavy metals. Mercury and Pb?* are far more hazardous compared to Cd?* since they
caused irreparable kidney function deficiency at low dosages compared to Cd?". The liver is
another organ that is affected by exposure to heavy metals. Lee, 2017 42 conducted a study on
560 aged individuals (60 years or older) where the effect of blood Hg concentrations on the liver
were studied. The study concluded that Hg levels in the blood where associated with the
impairment of the liver 142, The application of hepatotoxicity due to Hg needs more clarification;
various literature sources propose that Hg generates reactive oxygen species (ROS) and
weakens the components of antioxidant systems which causes hepatotoxicity *3. From the
various studies conducted on the effects of Hg in the blood, it is evident that the metal is very
toxic and causes impairment or damage to organs in the human body.

In this study an ex-vivo model was used to study the effects of Hg, Ni and Mn alone and in
combination.

Mercury is among several metals considered to be toxic '#4. Figure 4.2A at x1 the WHO safety
limit shows that Hg did cause haemolysis. At low concentrations of Hg, it was observed that the
metal caused rupturing of the membrane surface of erythrocytes thus resulting in haemolysis.
Mercury is a very toxic metal even at its lowest concentration. It is thus very important for
guidelines to be set with regards to the consumption of Hg. The WHO and the Joint Food and
agriculture organization (FAO) expert committee on Food Additives (JECFA) established a safety
intake of 1.6ug/kg bodyweight per week for CHsHg*. The same value is recommended for
pregnant mothers to protect the developing foetus from neurotoxic effects 4°. Figure 4.2B (x10
Mn+Ni), 4.2C (x100 Ni and Mn+Ni) and 4.2D (x1000 Hg, Mn and Mn+Ni), showed minimal or no
haemolysis respectively. With increasing concentrations of the WHO safety limit, it is expected
that there will be an increase in the percentage of haemolysis, however, in the results above a
different trend is observed. With an increase in the WHO safety limit (x10, x100 and x1000) of
Hg, haemolysis does not occur. At concentrations of x10 000 the WHO safety limit Hg caused
68.132% haemolysis. These findings show a correlation with a study conducted by Bhakdi, 1984
146 where it was observed that at low concentrations, the amount of toxin binding to either rabbit
or human erythrocytes was below the detection limit set by the system and no haemolysis was
observed. However, at increased toxin levels human erythrocytes lysed and the percentage
haemolysis increased. The concentration and incubation time (90min) were far less than in this
study (16 hours) nonetheless at higher concentrations of the toxins haemolytic effects were
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observed %6, In a similar study conducted by Janse van Rensburg et al in 2018 47, the haemolysis
percentage of Hg at x10 000 the WHO safety limit was 75.20% 47. These findings correlate with
the current study. There is a direct association between the concentration of Hg and percentage
haemolysis of erythrocytes. Mercury plays a role in the propagation of oxidative stress thus
resulting in the manifestation of cardiovascular diseases. The presence of Hg in erythrocytes
inhibits SOD, catalase and glutathione peroxidase thus causing an increase in oxidative stress.
This is achieved by Hg inhibiting antioxidant pathway by the development of ROS that bind to N-
acetyl cysteine (NAC) and glutathione (GSH) as aresult of Hg having a high binding affinity to the
thiol groups of NAC and GSH. A decrease in the content of GSH and other thiol containing redox
molecules is due to the increase of Hg binding to GSH. Not only does this cause ROS
accumulation but also causes enzyme inhibition activity and related biochemical pathways 4. A
relationship exists between increased Hg levels and the risk of developing cardiovascular
diseases, pulmonary embolism, hypertension and the obstruction of vessels as seen in various
epidemiological studies *°. In a study conducted by Akagi, 1995 #° reports of people living in
areas surrounding active gold mining exhibited extremely high levels of blood Hg which were
about 150 pg/L #°. These levels are well above the WHO safety levels of Hg, thus emphasizing

the concern that Hg is an environmental pollutant with adverse effects.

The total amount of electricity generated by Eskom’s coal-fires power stations in South Africa in
2015 was just below 93%. The main fuel used in the generation of electricity is coal, which
contains mostly ash, carbon, minimal sulphur and trace amounts of Hg. Sulphur combined with
Hg can be released into the atmosphere during the combustion of coal **°. It is therefore important
to control and limit the emission of Hg into the environment as 43% of coal is used in the
generation of electricity in South Africa X, In a study conducted by Eskom employees by Garnham
et al., 2016 ! it was discovered that the amount of Hg emitted from Eskom’s coal powered
stations in 2015 was between 16.8 and 22.6 tons. Six of Eskom’s power stations produced on
average just under 82% of the total Hg emitted in 2015 *°. Studies done prior to Garnham et.al
in 2016 provided results that vary greatly. The results ranged from 9.8 tons in 2000 % to 83 tons
in 2004 52 of emitted Hg. The emission of Hg by Eskom’s power stations will continue if remedial
action is not taken immediately. With increased human population, there is a need to generate
more electricity to power homes and businesses, which means increased anthropogenic
activities. It is estimated that Hg emissions will be reduced to between 6% and 13% over the next
coming years if Eskom implements emission reduction plans *1. Mpumalanga province is home

to twelve coal fired power plants and has a total capacity of over 32 gigawatts owned and operated
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by Eskom %3, Reports indicated that Witbank has the world’s most polluted air due to Eskom’s
emission of coal. The air quality regulations in South Africa are very poor and several reports
have been issued in accordance to weak Minimum Emission Standards (MES) but nothing is
being done to rectify this error. The exposure of Hg in South African communities is largely
unknown. A study conducted by Dalvie and Ehrlich, 2006 *** in the community of Cape Town, was
based on the effect of Hg inhalation. The communityis close to a waste site and fossilfuel burning
operations. The urine samples of the community were comparedto a control group whichis further
from the waste site and fossil fuel-burning operation. The median concentrations of Hg in both
groups was less than the WHO guideline of 6 pg/L, however a statistically significant difference
(p<0.05) was found amongst the two groups, with the exposed group exhibiting greater
concentrations as compared to the control 4. Mercury has a high chemical bonding affinity for
sulfhydryl groups, there is some interest in the interactions occurring between mercuric ions and

thiols of proteins, amino acids and peptides.

In erythrocytes, Hg binds to the sulfhydryl groups on the haemoglobin molecule and to glutathione
155 Mercuric Hg has equal distribution to the plasma and the erythrocytes upon entry into the
blood stream. Once in the blood stream, Hg reacts with the thiol group (-SH) of the globin protein.
The thiol group depletes intracellular thiols such as glutathione, affecting the cellular integrity
causing the formation of oxidative species. The presence of free radicals and products of
peroxidation cause damage to the cell membrane and leaves the cell vulnerable to diseases .
Glutathione peroxidase, SOD, ubiquinol and catalase are among some of the antioxidants that
assistin limiting the formation of free radicals within the cell **’. Similar findings are seen with a
study done by Durak, 2010 **¢ which found that pre-treatment of erythrocytes with vitamin C and
vitamin E (antioxidants) at concentrations that are similar to HgClz used in this study can decrease
HgClz induced oxidative stress by reducing lipid peroxidation, thereby altering antioxidant defence
systems in erythrocytes. Vitamin C and E increased the levels of SOD, catalase and peroxidase.
The response was concentration dependent °¢. Dietary supplements of vitamin C and E may be
beneficial in populations that are occupationally and accidentally exposed to HgCl2 poisoning 8.

The global production of Ni keeps growing over the years and continues to benefit the economy
but however, this all comes with a significant price to pay which is costing the environment. Nickel
compounds may be released into the environment at high amounts at all stages of production %°.
Industries that make use of Ni have always faced environmental challenges suchas air emissions,
toxic effluents and waste. Airborne Ni compounds and NiClz salts are carcinogenic to humans °.
Exposure of Ni in occupational settings is still common ¢, The Ni plating industry and the coin
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industry makes use of high concentrations of Ni sulphate and NiCl2 and if in contact with the skin

it results in hand eczema 162,

At x1 and x10 the WHO safety limit intake of Ni, no haemolysis was observed in the current study.
At x100 the WHO safety limit haemolysis was observed. In a study conducted by Nielsen, 1999
6, patients with eczema on their hands and Ni allergies submerged a finger into low Ni
concentrations. The results showed extensive increase in the formation of vesicles and increase
in blood flow with a comparison to a group that submerged their fingers in water. The Ni
concentrations further caused inflammation and skin changes on patients who had sodium lauryl
sulphate (SLS) treatment on the forearm skin 7. The WHO safety limit of Ni is 20ug/L. A study
conducted by Sunderman, 1988 13, found that thirty-two workers drank water polluted with NiClz
and Ni sulphate (1.63g/l) at a Ni electroplating factory and experienced nausea, short breath,
abdominal pain, headaches, diarrhoea, coughs. These symptoms and signs of toxicity lasted for
two days with uneventful recoveries for all workers 3. Weischer, 1980 % has reported that oral
administration of NiClz in male rats at concentrations of 2.5-5.0 and 10 pg/ml in drinking water as
well as inhalation exposure to NiO aerosols (0.2; 0.4 and 0.8 mg/m?) throughout 28-days caused
a dosage dependent increase in urea (nitrogen containing substance), a reduction in serum
creatine and an excess of glucose in the bloodstream %4, A study by Das, 2008 % established
that intraperitoneal administrative exposure of Ni sulphate in rats resulted in a significant reduction
of the erythrocyte count, haemoglobin concentrations and haematocrit value (PVC) when
compared to the untreated control. An increase in clot formation time and a decrease in leukocyte
and platelet count was also reported. A decrease in platelet and leukocyte count can manifest to
Ni-induced anaemia (non-regenerative anaemia) which arises as a result from damaged
haematopoietic stem cells. Nickel sulphate (NiSO4) has the possibility of reducing different kinds
of blood cells in rats and to inhibit bone marrow activity . At concentrations of x1000 the WHO
safety limit, no haemolysis was observed in the current study. At x10000 the WHO safety limit the
haemolysis observed was minimal at (1.66%). In this study we observed that Ni caused minimal
or no haemolysis at its lowest and highest concentrations respectively. From the literature review,
noticeable effects of Ni- induced toxicity are seen with concentrations above 1000 mg . A
mechanism of heavy metal toxicity via transferal of electrons usually involves the cross-linking of
protein groups. Nickel generates free radicals straight from molecular oxygen to generate
superoxide anion. The anions produced can bind to protons in a reaction thus producing hydrogen
peroxide during the reaction %, Multiple studies making use of cultured human peripheral blood

lymphocytes suggest that oxidative species in humans can be induced by Ni %57 An in vitro
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experiment using lymphocytes treated with NiClz to evaluate oxidative effects of acute Ni
exposure was studied. An increase in the generation of lipid peroxidation and hydrogen peroxide
was observed. Factors such as intracellular ROS, lipid peroxidation and hydroxyl radicals and the
possible effects of antioxidants were scrutinized. Hydroxyl radical levels were much higher in the
treated group than in the control. Partial reduction of NiClz induced elevation of oxidants was due
to catalase, while SOD enhanced the oxidants levels. The accelerated production of hydroxyl
radicals might play a role in oxidative damage in lymphocytes exposed to NiClz %7, Furthermore,
antioxidants such as GSH, catalase and mannitol were capable of providing protection against Ni
induced oxidative stress ¢’. The intrinsic antioxidants defence system of the body can ensure
that potential lethal oxygen species from free radicals are kept under control within physiological
conditions. Excessive production of these oxygen species might overpower the cellular
antioxidant defence system, thus resulting in oxidative stress %. Literature also suggests that

antioxidants can reduce some dangers of Ni .

The WHO safety limit of Mn is 400 pg/L. The tolerable daily intake (TDI) is 60 pg/kg of body
weight, based on the upper range value of Mn intake of 11000 pg/day 610, As much as
excessive consumption of Mn can lead to toxicity, deficiency of Mn can result in adverse effects.
Figure 4.1 A, B and C show minimal or no haemolysis of x1, x10 and x100 the WHO safety limit
of Mn. Manganese metalloenzyme SOD prevents lipid peroxidation. Lipid peroxidation is the
process by which lipid oxidative degradation occurs. Radicals scavenge electrons from lipids
within the cell, resulting in cellular damage. Manganese dependent enzymes prevents the process
of lipid peroxidation by superoxide radicals "2, Various studies on rats have been done to
obtain an understanding of what impact Mn has on rats. In an animal study conducted by
Zidenburg-Cherr, 1983 73, the study found that Mn deficient rats had low Mn SOD activity in the
liver and the heart 1. A study done by Brock, 1994 74 indicated that a Mn deficient diet fed to
rats caused a decrease in the plasma urea concentration that was related with a decrease in
arginase activity and an increase in plasma ammonia concentrations "4, Nutritional Mn plays a
protective role against lipid peroxidation of the mitochondrial membrane heart tissue of Sprague-
Dawley rats ’*. Rats fed a low Mn diet had decreased SOD activity in the heart 1’®. Deficiency of
Mn also causes decreased pancreatic insulin synthesis ’’. Recent studies indicate that 5 mg/kg
of Mn in the diet is suitable for normal growth and development and it is within the WHO safety
limit 8. Findings that 5 mg/kg of Mn in the diet is suitable for normal growth and development
indicate contradictory data about dietary Mn requirements regarding rats. The national
requirements of laboratory animals (NRC 1995) !7° estimated the Mn dietary requirement to be at
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10 mg/kg due to findings indicating that diverse breeds of rats react differently to Mn consumption
179 QOverexposure of Mn can cause toxicity. Extrapyramidal dysfunction and neuropsychiatric
symptoms are clinical symptoms associated with Mn intoxication. Neurotoxicity studies of Mn are
well documented and recognised %181 however, the consequence of cardiovascular system
related to Mn has minimal information. A study done by Kobert, 1883 82 proposed that Mn salts
can cause decreased blood pressure and it is validated by experiments done on animal models
compromising of rats, dogs and cats #. A decline in myocardial contraction is associated with
chronic exposure to Mn. Subsequent to venous inoculation of 0.5-5 mg of MnClz/kg, the P-R and
Q-Tintervals on an electrocardiography (ECG) machine were elongated and the QRS wave was
broad. The results were due to weakened myocardial contraction due to Mn toxicity directly
affecting the mitochondrial function 8, In the same study, when the rats were fed 1000 mg of Mn
orally for eight weeks, the mitochondria swelled up and vacuoles in cardiac myocytes were seen
by electron microscopy. Authors of the research suggested that Mn exposure may impair the
myocyte cytoplasmic membrane, cause vacuoles and increase mitochondrial membrane

permeability. A dysfunctional mitochondrion contributes to a decline in the contraction of the heart

183

Figure 4D and E (x1000 and x10000 the WHO safety limit) shows haemolysis. Manganese can
cause vasodilation of the vessels, thus causing decreased blood pressure following high
administration of Mn 84185 |n a study using dogs, where 10 mg/kg of MnCl. was administered
daily for four days through the inferior vena cava, the blood pressure dropped significantly
accompanied by reflex tachycardia . Effects of Mn exposure in occupational settings suggest
that chronic Mn exposure from a Mn ferroalloy company affect the normal functioning of the heart.
The geometric mean concentration of airborne Mn (as MnO32) in the working environment was
0.07 mg/m* The heart rates of the workers were rapid, and the P-R intervals on an ECG were
seen to be brief in the workers smelters group of females than the female controls. The QRS
waves and T waves were elevated and broader respectively in both females and males smelting
workers than in controls 818, In another study workers exposed to Mn dust, the airborne Mn
concentration was 0.13 mg/m?3in the working environment. The data obtained did not show any
relationship between the ECG changes and the level of Mn exposure but however, several
workers exposed to Mn dust suffered arterial and vein ailments 83, With a geometric mean of 1.96
mg/m? of Mn in the environment, leading symptoms documented were light-headedness,
headaches, memory loss, tiredness and sleeping disorders. Results from the ECG did not show

abnormality among exposed workers in comparison with the control subject 8. Employees
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exposed to Mn dust particles did not show any alterations with regards to the heart function, but
nonetheless their diastolic pressurewas significantly lower than the control group 7. The diastolic
pressure among Mn-exposed workers indicated an indirectly proportional relationship to age and
time. Diastolic pressure in the age group 20-30 years was higher compared to the other age
groups and was also higher in female employees exposed to Mn in comparison to the male
employees. From the results obtained in that study it was indicated that youthful and female
employees were more vulnerable to Mn stimulated arterial and venous dilation outcomes %7,
Research done in various groups indicated that Mn exposure resulted in vasodilation, thus

causing a decrease in diastolic pressure 183,

It is rare that metal toxicity is restricted to one metal. Most toxicity studies of heavy metals are
focused on one metal at a time. Metals from industrial areas may be emitted into the air one at a
time but if there are various companies in a surrounding area that emit different metals, those
metals will be found in combination within the atmosphere. Heavy metal exposure to humans
through food, air and water usually encompasses a mixture of numerous heavy metals at different
concentrations. Interactions between metals may possibly decrease or increase the degree of

toxicity. This is dependent on the nature of the individual metal.

In this study Hg, Ni and Mn were combined to observe what effects the double combination of
these heavy metals have on erythrocytes. The combinations of the metals were Hg+Ni, Hg+Mn,
Mn+Ni and Hg+Ni+Mn at five point increasing concentrations of the WHO safety limit. A
synergistic effect is of great concern because this results in the combination of metals being toxic
to a greater extent than the metal on its own. The Hg+Ni double combination at x1-x1000 resulted
in no haemolysis. As shownin Table 4, the effects of the double combination was antagonistic at
x1, x100 and x1000 but was synergistic at x10. At x1 the WHO safety limit the single metal Hg
caused haemolysis, but Ni caused no haemolysis. These findings together with that shown in
Table 4 indicate that the two metals have an antagonistic effect on each other. The same
observations are seen at x10, x100 and x1000. At x10000 the WHO safety limit, the combination
of the two metals result in haemolysis and caused a synergistic effect. A study on synergistic
effect of Ni and Hg on fatty acid composition in the muscle of fish conducted by Senthamilselvan,
2016 8 found that at high concentrations of 0.8, 2.0 and 4.0 mg/L of Hg alone, Ni alone and
Hg+Ni combination caused a decrease in fatty acid composition . Similar findings were also
observed in a study done by Kawamoto, 2007 8° and Konar, 2010 *°. Nutritional benefits of fish
are found in high quality protein and high content of two w-3-polyunsaturated fatty acids. The
exposure of fish to Hg and Ni alone and in combination resulted in damage of the positive effects
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of w-3 fatty acids presentin fish and could lead to heart disease 1. A decreasein monosaturated
and polyunsaturated fatty acid was due to metals interrupting the prostaglandin biosynthesis
pathway. The modification of the metabolic pathway by the metals might play a big role in reducing
the levels of polyunsaturated fatty acids 1°2. The transfer of heavy metals from aquatic species to
humans is through their food chain. Heavy metals accumulate in the edible portions of fish such
as muscle and skin. Physiological and biochemical responses occurwhen aquatic species absorb

toxins 19,

Mercury is a toxic and inhibitory metal in nature whilst Mn is an enhancer of growth at
recommended WHO safety limits. The double combination of Hg+Mn yields no haemolysis at x1-
x1000 concentrations respectively. The interaction between Hg+Mn is antagonistic at x1, x100
and x1000 but additive for x10 the WHO safety limit. At concentrations of Mn above the WHO
safety limit alone or in combination can be toxic. In a study done by Pathak, 1987 1%, Hg and Mn
interaction studies on barley germination and phytotoxicity were studied. At x10000 the WHO
safety limit, it is observed that haemolysis occurs. At x10000 WHO safety limit of each metal
respectively causes haemolysis. However, the combination of the two metals causes an
antagonistic effect rather than a synergistic effect. Manganese reduces the toxic effect of Hg when

in combination.

The results obtained from the combination of Mn+Ni showed that at x1 the WHO safety limit, there
was no haemolysis observed and the interaction between the two metals was antagonistic. At
x10-x10000 the WHO safety limit, haemolysis was observed and the interaction between the
metals at the various concentrations respectively yielded a synergistic effect. Nickel interrelates
with at least 13 other essential elements found in plants animals and organisms such as Zn, Na,
P, Mn, K, Fe, Cu, Co, among others. The pathogenic effects of Ni may be due to the interloping
with metabolism of important metals like Mn, Fe, Zn, Caor Mg ™. In a study of calves administered
Ni supplementation (0.45-0.57 mg/kg) for a maximum of 140 days, Ni caused a reduction in Mn
concentrations in the muscles of calves %. Limited information exists about the interaction of Ni
and Mn on animal studies or human studies. One of the most important interactions of Ni is with
Fe. A study based on the beneficial effect of Ni on haematopoiesis in moderately iron (Fe)-
deficient rats was due to physiologic and/or pharmacologic mechanisms. The rats were
administered dietary Ni at concentrations of 5, 10, 20 or 50 mg/kg and it was observed that these
concentrations favoured haematopoiesis and increased the Fe content of rats who were Fe
deficient. At nutritional Ni concentrations (0.3, 50, or 100 mg/kg) the Fe concentrations were not
significantly influenced in the plasma, femur, kidney, spleen and the liver. Simultaneously, Zn
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concentrations in the femur of rats were drastically reduced after administration of 100 mg/kg of
Ni 7. It was reported that the interaction between Fe and Ni in rats caused changes in
haemoglobin levels, plasma alkaline phosphate activity, haematocrit, plasma phospholipid level,
liver lipid extracts yellow pigment, liver Cu concentrations, and possibly liver Mn and Ni
concentration. Nickel deficiency developed quickly and severely in the rats with minimal Fe dietary
levels. The results obtained from rats fed minimal iron (Fe), indicated that Ni deficiency impairs
the absorption of Fe. The deficiency of Fe causes more harm to Ni-supplemented than to Ni
deficient rats. Growth is drastically supressed and pre-natal mortality was observed in Ni-
supplemented rats "*. The same effect can be deduced from this study, metal combination of Ni
with Hg or Mn at x1, x100 and x1000 indicated an antagonistic effect. Nickel has both synergistic
and antagonistic effects when it interacts with other elements.

The interaction of the triple combination (Hg+Ni+Mn) of the metals only caused haemolysis at x1
and x10000 the WHO safety limit. At x10, x100 and x1000 there was no significant haemolysis
observed. A dosage dependent increase in haemolysis was not observed. The interaction at x1
and x10000 was both synergistic. The percentage haemolysis at x10000 the WHO safety limit
was at 58%. To our knowledge, there is no literature available on the effect of Hg, Ni and Mn in

combination on humans or animals.

The presence of heavy metals alters coagulation factors by causing endothelial cells to undergo
oxidative stress. Vascular endothelium contains epithelial cells that are specialized and line the
luminal surface of all blood vessels. Endothelial cells undergo damage or death if exposed to
sufficiently high concentrations of heavy metals '%. Damage to endothelial cells causes loss of
endothelial barrier integrity and therefore oedema. An increase in haemolysis affects the
coagulation system; haemolysed erythrocytes can cause possible increase in fibrinogen, factor
VIl and factor V. Intravascular coagulation also causes an increased release in thrombo-plastic
properties by the haemolysed erythrocytes 1°. The effect of heavy metals on the erythrocytes
should not be limited to the amount of haemoglobin released by the cell but also what effect the
metals have on the morphology of the cells. The coagulation system consists of erythrocytes,
platelets and fibrin network. The morphological effects of the metals on components of the

coagulation system were studied by using scanning electron microscopy.
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5.2 Scanning Electron Microscopy

In this study, scanning electron microscopy was used the investigate the morphological changes
caused by the exposure of whole blood to the heavy metals alone and in combination in order to
determine the outcomes of these metals on elements of the coagulation system. Erythrocytes are
the most abundant cell type in the blood. Erythrocytes have a discoid shape and lack a nucleus
and mitochondria, making them ideal cells to study membrane changes . Erythrocyte function
involves the transportation of oxygen in the body. Erythrocytes are roughly 1.7 to 2.2 um thick
and. 7.5 to 8.7 um in diameter, and circulate through the heart approximately 170 000 times
withstanding osmotic swelling, deformability while passing through small blood vessels and
shrinkage while travelling through the lungs and kidneys 7. The biconcave shape of erythrocytes
and its ability to deform is a vital feature of the cells’ biological function. The disruption of this
important characteristic may be due to acquired pathological conditions, external stress and
genetics *’. The membrane of erythrocytes is flexible with a high surface-to-volume ratio which
consists of three layers, the carbohydrate-rich glycocalyx on the exterior, the lipid bilayer that
contains transmembrane proteins and the membrane skeleton consisting of a structural network
of proteins located on the inner surface of the lipid bilayer. The lipid bilayer has minimal shear
resistance and is accountable for the changes in the shape of the cell, elasticity and toughness,
and assists in reclaiming the discoid shape . The cell's health state is specified by the rough
membrane surface 209201, Erythrocytes are extremely sensitive cells and aid in being a component
of the body’s health indicator °. The distribution of heavy metals causes adverse effects on blood
homeostasis thus resulting in changes and damage to erythrocytes *#’. The normal functioning of
erythrocytes is primarily dependent on the cell’s intact membrane.

Adenosine Triphosphate (ATP) is essential in maintaining the discoid shape of erythrocytes. Gov,
2005 °7 conducted a study to determine the function of ATP in erythrocytes and found that the
depletion of ATP causes morphological changes of the cells from biconcave to echinocyte shape
9 Alterations in ATP levels in in vitro laboratory experimental conditions stimulated erythrocyte
shape changes and increased membrane fluctuations. Changes of ATP in vivo could possibly
result from infections, trauma, hereditary abnormalities associated with erythrocytes, cancer as
well as age related diseases. In a study conducted by Park, 2010 2°* where phase microscopy
indicated a direct cause and effect of reduced ATP reduction thus resulting in an increase on the
magnitude of erythrocytes membrane instability. The fluctuations of erythrocytes are directly
associated to the cytoskeleton network and membrane bilayer. The results obtained suggested

that crucial binding between the spectrin network and the bilayer is actively controlled by ATP.
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ATP provides necessary energy for the binding of such a dynamic process therefore making ATP
important in maintaining the discoid shape of erythrocytes. Park, 2010 2! also observed
morphological changes of erythrocytes from normal discocyte shape to echinocytes due to the
absence of ATP. The morphological transformation is reversible with restoration in normal ATP
levels 201, Damage to erythrocytes or the membrane prevents it from functioning adequately
leading to destruction of the cell by means of haemolysis or eryptosis. Exposure of toxins,
including heavy metals, to the membrane of erythrocytes alters the morphology and functioning
of the cell 10146130 Tgq facilitate this fluidity, dynamic cytoskeleton remodelling of the spectrin
network was shown 22, There is a percentage of abnormal erythrocytes in a healthy individual. In
a study done using light microscopy in 1977, 55% of the erythrocytes observed were deformable
with a bowl-shaped structure, 44% had a rigid discocyte shape and 1% were echinocytes and
knizocytes 2%, Erythrocytes can undergo various shape changes such as discocyte, echinocytes,
spherocytes, codocyte, knizocyte and stomatocytes 2°42%5, Erythrocytes exposed to Hg (x1, x10
and x100) alone and in combination causedthe erythrocytes to change from the normal biconcave
shape to echinocytes (spike like nodules). In a study conducted by Lim, 2010 2% exposure of Hg
at 0.25 uM to erythrocytes altered the biconcave shape into echinocytes and further into
spherocytes depending on the length of exposure. Erythrocytes change into spherocytes by
extensive loss of membrane surface due to the shape buffering capacity being lost thus resulting
in a new default shape and formation of vesicles 2° Mercury concentrations as low as millimolars
have been reported to stimulate haemolysis and shape changes. Suwalsky, 2000 2%, found that
echinocytes can further change their shape to spherocytes due to longer exposure of Hg?* to the
cells 27, Similar results are seen in Figure 4.2B where erythrocytes have lost their biconcave
morphology. In a study done by Maheshwari, 2016 2°® on the effect of HgCl> on fish Channa
Punctatus, it was found that substantial changes in the morphology of erythrocytes was observed.
The effects of Hg were duration and dosage dependant. The changes observed on the
morphology of erythrocytes are indicative of poor health status of the fish. The erythrocytes were
round and swollen and alterations in morphology are associated with heavy metal pollution and
pesticides. As a result of Hg having higher affinity for sulfhydryl groups, the binding of the two
leads to their inactivation. Thus, a decrease of antioxidant activity of the membrane. Cells with
depleted ATP and increased Ca?* generate echinocytes but this can however be reversed by the
restitution of suitable ATP and Ca?* levels which will have a result of discocyte erythrocytes.
Observation from this study also proposes that HgCl2 has echinocyte formation properties 2%,
Exposure of erythrocytes to Ni caused cells to change from the typical biconcave morphology to

cell blebbing (bulging appearance). With increase in concentration more cell blebbing was

59



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

observed. A study done by De Luca, 2007 28 indicated that exposure of NiCl. to erythrocytes
caused morphological changes. The erythrocytes appeared spherical and echinocytes were also
observed 2°°, Manganese caused shape changes to erythrocytes. In a study conducted by
Chandel, 2016 2%° rats treated with Mn had distorted erythrocytes and it was dose-dependent,
therefore suggesting that the metal lead to both quality and quantity decline in erythrocytes 2%°.
From the results obtained in the current study, Mn alone and in combination (x1, x10 and x100)
caused changes to the erythrocytes. The cells changed from the normal biconcave shape to cell
blebbing (bulging appearance), eryptosis also occurred as cell blebbing is a characteristic of
eryptosis. There was an increase in deformation of erythrocytes with an increase in concentration.
The interaction of the three metals (Hg+Ni+Mn) had increased deformation of erythrocytes as
seen in Figures 4.2, 4.3 and 4.4 of the combination of metals. All erythrocytes exposed to the
metals were distinctively different from the control thus suggesting that heavy metal exposure
does cause morphological changes. Increase in heavy metal concentration causes more damage
to the cells. The presence of echinocytes was more noticeable in the x100 triple combination of
metals.

Platelets have no nuclei and are composed of fragments of the cytoplasm derived from
megakaryocytes 21, Their function is to regulate hemostasis as well as clotting of blood in the
circulatory system 1, Platelets play a role in innate immunity as well as regulating tumour growth
and movement of leukocytes from the capillaries to the surrounding tissue in the vessel 212, The
crucial functions of the platelets signify its natural functions and flexibility in circulation. The
restructuring of the platelet’'s cytoskeleton is an essential factor in the complex mechanisms found
in hemostasis and thrombus formation. The regulation of platelet shape changes is primarily due
to the cytoskeleton. Actin is the main cytoskeletal component in platelets 2!3214, Platelet
aggregating agents include adenosine diphosphate (ADP), thrombin and collagen which is the
main cause of thrombosis in humans and animals. Calcium and cyclic adenosine monophosphate
(cAMP) are responsible for modulating the levels of platelet reactivity as a reaction to various
agonists. Platelet function is mainly regulated by cAMP and the increase of intracellular cAMP by
any agent is accountable for inhibiting platelet aggregation as indicated by prostaglandins 2%°.
Upon platelet activation, the platelets change shape and spread and cluster together to form a
very tight clot. Furthermore, platelets are entangled in fibrin fibre mesh, along with erythrocytes
11215 In the establishment of an enduring platelet plug at the site of damage, it is necessary that
both the initiation and propagation of platelets be activated. Bare collagen and vVWF typically

provide initiation in the wall of the vessel and by the generation of thrombin as soon as the
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formation of tissue factor/Vlla complexes are completed 1. The spreading of platelets takes place
once more platelets are employed to form a plug by secreting thromboxane Az (TxA2), ADP and
the a-granule product. Platelet dense granules actively secrete ADP and damaged erythrocytes
and endothelial cells passively. Upon stimulation with ADP, platelets begin to change their shape
and phospholipase C activity and cytosolic Ca?* increases. ADP represses the production of
cAMP, a result that is important for the occurrence of platelet activation 215217, Various other
proteins are also involved in the restructuring of the cytoskeleton. Platelets from whole blood
exposed to Hg x1, x10 and x100 were seen to differ in morphology to the control platelets (Figure
4.5). An increase in pseudopods and membrane spreading was observed as well as the presence
of a rough membrane surface. These findings are similar to those observed by Janse van
Rensburg, 2017 47 where erythrocytes exposed to Hg at varying concentrations appeared to have
the same morphology as seen in this study 4. Platelets from whole blood exposed to Ni became
over activated with an increase in pseudopodia. With increased exposure of metals, multiple

pseudopodia were observed, and platelets aggregated to form a clot.

Tobacco is an agricultural crop used to make cigarettes. Tobacco, cigarette paper, filters, and
cigarette smoke consist of various heavy metals suchas Co, Hg, Pb, Cr, Cd, Al, Ni and Zn 228, In
a study conducted by Pretorius, 2013 2*° the results showed that platelets from smokers are highly
activated compared to the control 2°. The same conclusion was also reached by a study by
Padmavathi, 2010 22° that smoking induces alterations in platelet membrane fluidity and NA*/K*-
ATPase activity and directly causes platelets to aggregate, increase in adhesion and increased
pseudopods 2%. Manganese exposure caused the platelets to have increased pseudopodia,
membrane spreading and activation. The combination of metals at varying concentrations (Hg+Ni,
Hg+Mn, Mn+Ni and Hg+Ni+Mn) also showed platelet changes, formation of increased
pseudopodia, membrane spreading, highly activated platelets and platelet interaction. Interaction
of the activated platelets and shown in Figure 4.6 B & E and Figure 4.7D &G. The changes
observed in platelets are due to the generation of reactive oxygen and nitrogen species, they are
correlated with an increase in lipid peroxidation and carbonyl groups 2?. Critical signal regulating
platelet activity has been suggested to be caused by ROS. A burst of H20: is associated with
platelet aggregation mediated by fibrinogen binding to integrin allbb3 (GPIIb/ llla) independent of
ADP secreted from dense granules 222224, The activation of platelets and morphological changes
such as membrane spreading, pseudopods and platelet aggregation are a good indication of the

coagulation cascade being initiated and activated. Activation of platelets was observed in all
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experimental groups with Hg, Ni and Mn causing more changes to platelet morphology. All metals
caused platelet activation.

One of the mostimportant structural components of coagulation is fibrin fibres. The collaboration
of fibrin and thrombin plays a major role in blood clotting. Thrombin enables the conversion of
factor Xlll to factor Xllla and the conversion of fibrinogen to fibrin 1225, The fibrin fibres form
horizontal and vertical cross-linkages as seen from the images obtained in Figure 4.8, 4.9 and
4.10. The addition of thrombin to the whole blood entraps the erythrocytes within a mesh of fibres
(Figure 4.9A). It is important to note that the erythrocytes of healthy individuals keep their
biconcave shape and do not fold around the fibrin fibres. Nonetheless, for the duration of systemic
inflammation and conditions linked with the enhancement of eryptosis, the erythrocytes fold
around the fibres losing their shape. This demonstrates vulnerability of the membrane. The cells
of healthy individuals will slightly deform when fibrin is formed around and over the cells but still
maintain the discoid shape. Typical characteristics of fibrin network usually encompasses
particularly major thick fibres with a few thin fibres dispersed amongst them 226-227, Figure 4.8F
exhibits fibres and fibre aggregates thus increasing clot formation 22. The presence of heavy
metals causes the production of ROS which result in the indirect activation of platelets because
the ROS scavenge nitric oxide 2?°. In a study conducted to determine the effect of fibrin structure
on fibrinolysis it was determined that fibrin structure contributes to the regulation of the fibrinolytic
rate. As the fibrin fibre decreases in size, the fibrinolytic rate also decreases #°. The structure of
fibrin was altered by changing the ratio of thrombin to fibrinogen. Thin fibrin causes decreased

fibrinolytic rate 2°.

The construction of the fibrin network has been shown to influence the process of fibrinolysis, and
the breakdown process of fibrin fibres. In a study conducted by Collet, 2000 23! fibrin fibres that
are highly compacted and composed of thin fibrin fibres breaks down more slowly than the fibres
with a loose fibrin fibre formation that is composed of thicker fibrin fibres 231, From the results
obtained, erythrocytes become entrapped within the fibrin mesh together with the platelets as
seen in Figure 4.8A. Thick and thin fibrin fibres are seen around the cells. Fibrin network forms a
mesh structure in and around the erythrocytes. An increase in fibre thickness and fibre
aggregation increases the formation of a clot 22, In Figure 4.10A, C, D, E and F, fibrin network
forming a mesh was observed. In general, the scanning electron micrographs of the whole blood
with added thrombin showed that the different metal groups at different concentrations can form
well defined clots. Fibrin fibres that are less organised with less taut fibres are present when the

clot breaks down to repair the site of injury.
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5.3 Confocal Laser Microscopy

Injury or damage to the erythrocytes results in the removal by premature suicidal death or by a
process known as eryptosis. Studies pertaining to eryptosis have focussed on determining if
membrane changes have occurred, specifically whether Ca?* leakage into the cell changes to
ceramide, a PS flip and cell shrinkage have occurred. Eryptosis is characterized by cell shrinkage,
cell blebbing and membrane scrambling resulting in the exposure of PS from the internal
membrane of the cell surface. Eryptosis is triggered by a wide variety of causes such as oxidative
stress, the presence of xenobiotic and endogenous substances, energy depletion,
hyperosmolarity, increase in Ca?*, antibiotics, ageing of the cells, inflammatory diseases such as
Parkinson’s disease, type two diabetes, increase in temperature and heavy metal exposure 232,
Heavy metals account for most of the causes of eryptosis. The impact of eryptosis increases with
an increase in age of erythrocytes, and this is due to increased sensitivity to oxidative stress 12,
In a study conducted on the impact of erythrocyte age on eryptosis, the study concluded that
susceptibility to oxidation-induced PS exposure is increased in older erythrocytes than younger
cells. An advantage of eryptosis is eryptosis-mediated removal of damaged erythrocytes from the
circulatory system 113, Stressors, including oxidative stress, cause injury to erythrocytes thus
triggering eryptosis. Two signalling pathways are responsible for triggering eryptosis: (a) the
production of phospholipase E (2) activation of Ca?* permeable cation channels, and (b):
phospholipase A (2) -mediated release of platelet-activating factor (PAF) activates a
sphingomyelinase, leading to formation of ceramide 2. Increased cytosolic Ca?* activity and
enhanced ceramide levels lead to membrane scrambling with subsequent PS exposure from the
inner membrane to the outer cell membrane 2. The exposed PS at the cell surface binds to
receptors of phagocytes resulting in the cell being engulfed and degraded **. The cell is cleared
from the circulatory system rapidly 2. The number of erythrocytes will remain constant as long
as stimulus of erythropoiesis is significantly greater than eryptosis 23¢. Erythrocytes may make
use of eryptosis to escape haemolysis; however excessive eryptosis may lead to anaemia 12,
Eryptosis is an essential protective mechanism in certain cases as it provides the cells with
another form of cell death excluding haemolysis. The haemolysis of incapacitated and impaired
erythrocytes causes a release of haemoglobin and other cell contents into the bloodstream.
Eryptosis is therefore an efficient way for erythrocyte cell death as it averts haemolysis and the
difficulties concerned with haemolysis. In a study conducted by Lim, 2010 3* Hg?* induced the
exposure of PS on erythrocytes. Exposure of cells to Hg?* facilitated the decrease of protein thiol,
which caused an increase in Ca?* and depleting ATP and causing flippase inhibition. Increased
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levels of intracellular Ca?* causes scramblase activation to increase, thus consequently resulting
in augmented attachment of erythrocytes to endothelial cells, exposure of PS to the extracellular
surface of erythrocytes and accelerated thrombin generation. The depletion of thiol by Hg?* can
be clarified by the resilient thiol-binding affinity of nucleophilic Hg?*. Thrombosis and hemostasis
through procoagulant activation can be possibly contributed by erythrocytes via the exposure of
PS and micro-vesicle generation. The exposure of PS is seen in figure 4.12 B, E and F. In all
three figures Hg alone and in combination to Ni or Mn causes PS flip and exposure onto the cell’s
membrane surface. A study on employees occupationally exposed to mercuric vapour exhibited
very high blood coagulation levels together with exacerbated thrombin generation levels 23,
Mercury induced procoagulation activation of erythrocytes might possibly influence the increase
of cardiovascular diseases in human population. Zwaal, 1977 2¥ conducted a study that
concluded that modifications of erythrocyte membrane such as the exposure of PS and
microvesicles formation is reported to cause erythrocytes to be procoagulant thus enabling
erythrocytes to partake in thrombosis 22723, In a study conducted by Jang, 2011 2%¢ Pb?* caused
an increased PS exposure and micro-vesicle generation in erythrocytes through the depletion of
ATP. The results obtained from the confocal laser scanning microscope in the current study
showed that exposure of Ni to erythrocytes caused a PS flip. Hg, Ni and Mn alone and in
combination caused changes in erythrocyte morphology. Although all three metals have different
mechanisms of causing toxicity, the result thereof is comparable to eryptosis.
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6. CONCLUSION

South Africa is one of the fastestemerging countries in Africa and in the world with industrialization
at the top of its list. Energy generation from coal and mining activity is the greatest contributor to
the economy. Metal pollution unavoidably occurs thus causing adverse effects to the environment
and human health. Human exposure to heavy metals is often to a combination of metals rather
than single metals. From the study it can be concluded that the presence of heavy metals impacts
on the integrity of erythrocytes and causes membrane damage. Mercury is a very toxic metal and
it caused increased haemolysis as compared to Ni, Mn, double and triple combinations. Low
concentrations of all the metals had minimal or no haemolytic effect. With an increase in metal
concentration, increased haemolysis was observed especially at X100 and x10 000 with Hg.
Variability was observed throughout all five different concentrations and metals but overall it was
observed that the presence of heavy metals on the membrane integrity of erythrocytes caused
some level of toxicity. Mercury had the highest level of toxicity. Heavy metals induced haemolysis
as a result of the cells undergoing oxidative stress. The seven experimental groups with whole
blood exposed to heavy metals resulted in morphological changes of erythrocytes. Heavy metals
impact on the morphology of erythrocytes, platelets and fibrin network. Exposure of heavy metals
to the cells increased the formation of echinocytes and further caused increased roughness on
the membrane surface. Platelets became over activated with increased pseudopodia formation
and membrane spreading. An increase in membrane spreading and pseudopodia formation is a
clear sign for increased platelet activation, that can intensify the probability of clot formation 3.
The membrane surface had a necrotic appearance as a result of heavy metal exposure. Thick
and thin fibres were observed. Fibre thickness and platelet aggregation form a coagulant state of
blood and results in the formation of a thrombus which accounts for cardiovascular diseases.
Annexin V positive signal was observed from all the metals at x10 WHO safety limit. Heavy metals
are environmental pollutants, toxins and oxidative stress promoters that are associated with a
number of diseases that are disadvantageous to our health 1323°, This study gives us a better

understanding of the impact of Hg, Ni and Mn in our bodies as well as on the coagulation system.
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Future perspectives and limitations

Additional techniques can be implemented to give a better understanding and provide future
prospective of the effects heavy metals have on the erythrocytes, platelets and fibrin network. The
Thromboelastography method can be utilized to quantitatively evaluate whole blood clotting
parameters. The use of confocal microscopytogether with an ultrastructural method such as SEM
is a complete validation of eryptosis. Eryptosis can also be determined using flow cytometry. The
use of both confocal laser microscopy and flow cytometry can also validate how eryptosis affects
erythrocytes. Clot lysing is just as important as clot formation. A clot lysing technique can be
added to the study to determine how a clot is lysed and the estimated time it takes for a clot to
break down before thrombosis occurs. An increase in sample size might also increase the

statistical relevance as well as give a better representation of the population.

Future studies could include the use of blood from people who reside near mines, Eskom coal
power plants in Witbank and workers who are occupationally exposed to metals. It would be
interesting to observe the possible changes to the components of their coagulation system. In
future a larger sample size can be used to give a better representation of the population. The
effect on women could be studied and compared to the results of men. The effect of other toxic
metals can be investigated and compared to the effect of the metals used in the study.
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8. APPENDIX

8.1 Ethicsletter

The Research Ethics Committee, Faculty Health
i poial izl
e L T UNIVERSITEIT VAN PRETORIA
« FWA 00002567, Approved dd 22 May 2002 and UNIVERSITY OF PRETORIA
Expires 03/20/2022. YUNIBESITHI YA PRETORIA
« IRB 0000 2235 IORGO0001762 Approved dd V
e Faculty of Health Sciences Research Ethics Committee

13/02/2018

Approval Certificate
New Application

Ethics Reference No: 12/2018

Title: Investigating the effects of the heavy metals mercury, nickel and manganese, alone and in combination, on
human erythrocytes and components of the coagulation system

Dear Precious Busisiwe Maseko

The New Application as supported by documents specified in your cover letter dated 2/02/2018 for your research
received on the 2/02/2018, was approved by the Faculty of Health Sciences Research Ethics Committee on its
quorate meeting of 13/02/2018.

Please note the following about your ethics approval:

« Ethics Approval is valid for 2 years

* Please remember to use your protocol number (12/2018) on any documents or correspondence with the
Research Ethics Committee regarding your research.

* Please note that the Research Ethics Committee may ask further questions, seek additional information, require
further modification, or monitor the conduct of your research.

Ethics approval is subject to the following:

*  The ethics approval is conditional on the receipt of 8 monthly written Progress Reports, and

* The ethics approval is conditional on the research being conducted as stipulated by the details of all documents
submitted to the Committee. In the event that a further need arises to change who the investigators are, the
methods or any other aspect, such changes must be submitted as an Amendment for approval by the Committee.

We wish you the best with your research.

Yo sincerely

{ )
Dr ers; MBChB; MMed (Int); MPharMed,PhD
Deputyl Chairperson of the Faculty of Health Sciences Research Ethics Committee, University of Pretoria

The Faculty of Health Sciences Research Ethics Committee complies with the SA National Act 61 of 2003 as il pertains to health
research and the United States Code of Federal Regulations Title 45 and 46. This commiltee abides by the ethical norms and
principles for research, established by the Declaration of Helsinki, the South African Medical Research Council Guidelines as well
as the Guidelines for Ethical Research: Principles Struclures and Processes, Second Edition 2015 (Department of Health).

® 012 356 3084 @  docpeka.behari@up.ac.za / fhsethics@up.acza D
& Private Bag X323, Arcadia, 0007 - Tewelopele Building, Level 4, Room 80 /6131 Bophelo Road. Gesing Pctoris
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8.2

ConsentForm
PICD Nr

CONSENT DOCUMENT

PATIENT OR PARTICIPANT'S INFORMATION & INFORMED

STUDY TITLE: Effects of heavy metals mercury, nickel and manganese alone
and in combination on an ex-vivo human red blood cells and the blood clotting
system

SPONSOR: University of Pretoria

Principal Investigators: Busisiwe Precious Maseko (Principle investigator),
Prof. HM Oberholzer (Supervisor)

Institution: University of Pretoria
DAYTIME AND AFTER-HOURS TELEPHONE NUMBER(S):
Daytime numbers: Ms Maseko 076 373 7301, Prof Oberholzer 012-319-2533

Afterhours: Ms Maseko 076 373 7301

DATE AND TIME OF FIRST INFORMED CONSENT DISCUSSION:

dd mm y Time

Dear Mr ...ccoccceevvvieeiveeeeeeen. date of - consent  procedure
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1) INTRODUCTION

You are invited to volunteer for a research study. This information leaflet is to
help you to decide if you would like to participate. Before you agree to take
part in this study you should fully understand what is involved. If you have any
questions, which are not fully explained in this leaflet, do not hesitate to ask the
investigator. You should not agree to take part unless you are completely
happy about all the procedures involved. In the best interests of your health, it
is strongly recommended that you discuss with or inform your personal doctor

of your possible participation in this study, wherever possible.

2) THENATURE AND PURPOSE OF THIS STUDY

You are invited to take part in a research study. The aim of this study is to
investigate the effects of heavy metals mercury, nickel and manganese alone
and in combination on red blood cells and the blood clotting system. People in
South Africa may be exposed to these heavy metals through mining and
industrial activities. By doing this we wish to find out at which level these metals
are toxic as well as how they possibly worsen diseases related to red blood

cells and blood clotting.

3) EXPLANATION OF PROCEDURES TOBE FOLLOWED

This study involves answering some questions with regard to your health

status.

Question Answer

Yes No

Are you 20 years or older?

Are you taking any medication?
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if yes, which medication/s are you

taking?

If you are older than 20, are not taking any medication we would like to collect
two 5 ml tubes of blood. The tubes of blood will not be labelled with your name
but a number will be assigned. This is done to ensure that no one knows it is
you. 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 blood clotting
system will then be measured. Any blood left over after these measurements

will be destroyed as biohazardous material.

4) RISK AND DISCOMFORT INVOLVED.

The only possible risk and discomfort involved is the taking of blood from a
vein. Small bruising or mild soreness at the puncture site may be experienced
for several days. Any risk is minimized using pre-packaged sterilized equipment
and careful attention to proper technique. The University of Pretoria has limited

insurance for research related injuries.

5) POSSIBLE BENEFITS OF THIS STUDY.

Although you will not benefit directly from the study, the results of the study will
tell us at what level mercury, nickel and manganese poses a threat to human

health.

6) | understand that if | do not want to participate in this study, | will still

receive standard treatment for my illness.

7) I may at any time withdraw from this study.
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8) HAS THE STUDY RECEIVED ETHICAL APPROVAL?

This Protocol was submitted to the Faculty of Health Sciences Research Ethics
Committee, University of Pretoria, telephone numbers 012 356 3084 / 012 356
3085 and written approval has been granted by that committee. The study has
been structured in accordance with the Declaration of Helsinki (last update:
October 2013), which deals with the recommendations guiding doctors in
biomedical research involving human/subjects. A copy of the Declaration may

be obtained from the investigator should you wish to review it.

9) INFORMATION If | have any questions concerning this study, | should

contact:

Prof HM Oberholzer tel: 012-319-2533 or cel: 072 373
3569

10) CONFIDENTIALITY

All records obtained whilst in this study will be regarded as confidential. Results
will be published or presented in such a fashion that volunteers remain

unidentifiable.
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11) CONSENT TO PARTICIPATE IN THIS STUDY.

| have read or had read to me in a language that | understand the above
information before signing this consent form. The content and meaning of this
information have been explained to me. | have been given opportunity to ask
guestions and am satisfied that they have been answered satisfactorily. |
understand that if | do not participate it will not alter my management in any

way. | hereby volunteer to take part in this study.

| have received a signed copy of this informed consent agreement.

Patient Name Sate
Patient signature Sate
mestgator's rame Date ......
Investigator's signature Date .................
Witness name and signature Date
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VERBAL PATIENT INFORMED CONSENT (applicable when patients cannot
read or write)

I, the undersigned, Dr..... ... , have read and
have explained fully to the patient, named ..................... and/or his/her
relative, the patient information leaflet, which has indicated the nature and
purpose of the study in which | have asked the patient to participate. The
explanation | have given has mentioned both the possible risks and benefits of
the study and the alternative treatments available for his/her illness. The
patient indicated that he/she understands that he/she will be free to withdraw
from the study at any time for any reason and without jeopardizing his/her
treatment.

| hereby certify that the patient has agreed to participate in this study.

Patient's Name

(Please print)

Patient’'s Signature Date

Investigator's Name

(Please print)

Investigator's Signature Date

Witness's Name

Witness's Signature Date

(Please print)

(Witness - sign that he/she has witnessed the process of informed consent)
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8.3 Declaration of originality

DECLARATION OF ORIGINALITY
UNIVERSITY OF PRETORIA

The Department of Anatomy places great emphasis upon integrity and ethical conduct in
thepreparation of all written work submitted for academic evaluation.

While academic staff teaches you about referencing techniques and how to avoid plagiarism,
you toohave a responsibility in this regard. If you are at any stage uncertain as to what is
required, you shouldspeak to your lecturer before any written work is submitted.

You are guilty of plagiarism if you copy something from another author's work (e.g. a book,
an article ora website) without acknowledging the source and pass it off as your own. In
effect, you are stealingsomething that belongs to someone else. This is not only the case
when you copy work word-for-word(verbatim), but also when you submit someocne else’s
work in a slightly altered form (paraphrase) oruse a line of argument without acknowledging
it. You are not allowed to use work previously producedby another student. You are also not
allowed to let anybody copy your work with the intention ofpassing if off as his/her work.

Students who commit plagiarism will not be given any credit for plagiarised work. The matter
may alsobe referred to the Disciplinary Committee (Students) for a ruling. Plagiarism is
regarded as a seriouscontravention of the University’s rules and can lead to expuision from
the University.

The declaration which follows must accompany all written work submitted while you are a
student ofthe Department of Anatomy. No written work will be accepted unless the
declaration has beencompleted and attached.

Full names of student Precivds Busisiwe  Masehy

Student number 0222 b9

Topic of work Iinuestigotrg the ejjects of tie heavy
et 9 Jnerelyy, nickel and mrongorest, cilue

N Lumlaanadn o numan c:rsj 1 4°)

Declaration 9nd Warents of e Lagulons: diem

1. | understand what plagiarism is and am aware of the University’s policy in this regard. ‘

2. | declare that this )i seertuton (e.g. essay, report, project,

assignment dissertation, thesis, etc.) is my own original work. Where other peopie’s work
has been used(either from a printed source, Internet or any other source), this has been
properlyacknowledged and referenced in accordance with departmental requirements.

3. | have not used work previously produced by another student or any other person to hand
inas my own.

4. | have not aliowed, and will not allow; anyone to copy my work with the intention of
passing itoff as his or her own wok.

SIGNATURE: W




