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Abstract

The growth in the industrial sector has caused some unfavourable environmental effects.
Heavy metals have become synonymous with industrial pollution due to their toxicological
and physiological effects on the ecosystem. This is especially true in South Africa, a country
that has a thriving industrial sector and not always the means to correctly dispose of toxic
materials, like heavy metals, which then enters the air and water supplies. People living in
the areas near the polluted air and/or water are the most affected and not only by one metal
at a time, but most likely to a combination of metals. Thus the aim of the current study was to
investigate the cellular effects of the heavy metals cadmium (Cd) and chromium (Cr) alone
and in combination on liver, pancreas and kidney tissue and human blood by implementing

in vivo and ex vivo models, respectively.

The in vivo model was implemented successfully over a period of 28 days where male
Sprague-Dawley rats received daily dosages of Cd and Cr alone and in combination at a
1000 times that of the World Health Organization’s acceptable water limits. The liver,
pancreas and kidney tissue as well as blood was collected from the animals and analysed
for histological and ultrastructural alterations, with electron energy-loss spectroscopy. In
addition, the blood was evaluated for blood plasma and chemistry levels and ultrastructural
analysis with scanning electron microscopy. The blood plasma levels confirmed the
presence of the metals in the blood and the blood chemistry levels revealed that the levels of
certain liver and kidney tests decreased, indicating that the function of these organs were
altered. The histological analysis showed major alterations in the liver and kidney, with minor
changes seen in the pancreas, with no fibrosis seen overall. The ultrastructural analysis of



the tissue revealed that the metals had some effects on the organelles, as well as bio-
accumulated in the organelles investigated. Ultrastructural analysis was also completed on
the coagulation system of the animals using scanning electron microscopy, with the
erythrocytes, platelets and fibrin networks showing some ultrastructural alterations in all the
metal exposed groups.

In the ex vivo model, the ultrastructural, confocal and viscoelastic characteristics of human
blood after exposure to Cd and Cr alone and in combination was evaluated. The heavy
metals affected all the components of the coagulation system, which included an increase in
eryptosis, Annexin-V positive signal, platelet activation and spreading as well as significant
increase in fibrin fibre thickness. The thromboelastography® analysis, although not
statistically significant, indicated that the final clot will probably result in a fragile, less-stable
clot, due to changes mainly to the platelets and fibrin networks.

In conclusion, Cd and Cr alone and in combination had an effect on the blood enzymes and
proteins levels, morphology and ultrastructure of the tissue, thus influencing the function of
the liver and kidneys and to a lesser extent the pancreas. The heavy metals also influenced
the coagulation system, as it led to fragile, less-stable clots which might lead to diverse
cardiovascular diseases.

Keywords: Heavy metals, cadmium, chromium, ultrastructure, microscopy, liver, pancreas,

kidney, coagulation system, electron energy-loss spectroscopy.
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Chapter 1: General introduction

General introduction

No clear definition exists of what a heavy metal is, but density is mostly used as the defining
factor, thus a heavy metal has a density of more than 5g/cm?® (Jarup, 2003). Many heavy
metals are essential for human biological functions as the metals may be structural
elements, stabilizers of biological structures, components of control mechanisms like nerves
and muscles, and of redox systems (Nordberg, et al., 2007). However, some of these
metals, especially at high concentrations, can have toxic, carcinogenic and/or teratogenic
effects in humans. Sources of heavy metal pollution include geogenic, industries, agriculture,
pharmaceutical, domestic effluence and atmospheric. Most heavy metals, for example
arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), and mercury (Hg), occur naturally in
the earth’s crust, but the main environmental and human exposure occurs from
anthropogenic activities, such as mines, foundries, smelters and other metal-based industrial
operations (Al-Attar, 2011; Tchounwou, et al., 2012). In South Africa (SA), with the fifth
largest mining sector in the world, the waste from mines easily enters the water sources
(Kearney, 2012). In 2013, Bester reported that the As and beryllium found in the Marico-
Bosveld, Roodekopjes and Vaalkop dams in the North West province of SA may cause a
health risk for people that consume the fish from those dams (Bester, 2013). Another study
examined the Pb, zinc (Zn), copper (Cu), As, and nickel (Ni) concentrations in the ground
water and soil associated with an old copper mine near Musina, SA. Although levels in the
ground water and soil was below the World Health Organization’s (WHO) limit,
recommendations were that this water should be regularly monitored. The soil was found to
be a health threat and immediate remedial action was recommended (Singo, 2013).
Accumulation of these metals in water sources hold a high risk for people using this water,
whether for drinking, washing, cooking and/or irrigation. Heavy metals can be absorbed
through the skin, orally and/or through inhalation (Awofolu, et al., 2005). The degree of
heavy metal toxicity depends on dose, duration, route of administration and other
physiological factors, especially nutrition (Al-Attar, 2011; Chowdhury, 2009).

This study focussed on the effects of two heavy metals Cd and Cr alone and in combination.
These two metals were selected based on the likelihood of being exposed to them in SA. Cd
was chosen based on the high levels that were found in certain rivers and dams in the
Eastern Cape Province of SA, that can not only affect the aquatic ecosystem but also the
people using this water in the rural communities (Fatoki and Awofolu, 2003). Hexavalent
chromium [Cr(VI)] was chosen based on the high levels of Cr(VI) found in wastewater, due
to mining in the Brits area in the North West Province of SA as well as the high levels of
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Cr(VI) in the air in the eMalahleni (Witbank) and Mpumalanga region of SA (Molokwane, et
al., 2008; Tempelhoff, 2013). These two heavy metals are thus very relevant to SA
specifically, but also worldwide.

In addition, exposure is often not limited to a single heavy metal but to a mixture of different
metals such as a combination of Cd and Cr, as was used in this study. Also, exposure often
occurs at different concentrations of the metals which might be higher than the approved
WHO safety limits, therefore a 1000-fold higher concentrations than the WHO water limits
were used. Toxicity is a function of absorption, distribution, metabolism and excretion.
Organs and cells involved in these processes are often the primary targets of toxicity.
Therefore the aim of this study was to determine the effects of Cd and Cr alone and in
combination on the functioning and cellular structure of the liver, pancreas and kidney tissue,
as well as the blood. The liver, pancreas and kidney were evaluated as the organs are
susceptible to toxicity (Sharma, et al., 2014; Solis-Heredia, et al., 2000; Venter, et al., 2017).
Studies on the rat and human blood was also undertaken to determine the risk for
thrombosis as well as to identify possible markers of cellular damage or function so that
markers of tissue damage as a result of exposure can be identified and eventually can be
used in population-based screening and risk assessment.
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Literature review

2.1 Introduction

The growth in the industrial sector has provided many benefits since its establishment, but
has come with some unfavourable environmental effects. Heavy metals have become
synonymous with industrial pollution due to their toxicological and physiological effects on
the ecosystem, especially those found high on the World Health Organization (WHO) list of
toxic heavy metals (Al-Othman, et al, 2012; W.H.O., 2010). Most of the heavy metal
pollution can be linked to anthropogenic activities, such as mines, foundries, smelters and
other metal-based industrial operations (Al-Attar, 2011; Tchounwou, et al, 2012), with
cigarette smoking being the main non-occupational source of heavy metal pollution (Langéard
and Costa, 2007; Prozialeck and Edwards, 2012). The increase in heavy metal levels in the
water sources directly affects the people in the specific areas that are using the water for
consumption, preparing food, and bathing, as well as the irrigation of crops. Heavy metals
can be absorbed through the skin, orally or through inhalation (Awofolu, et al., 2005; Venter,
et al., 2015). In addition, exposure is not limited to a single heavy metal but a mixture of
different types such as a combination of lead (Pb), cadmium (Cd), chromium (Cr),
manganese (Mn), mercury (Hg) and/or copper (Cu) (Binning and Baird, 2001; Venter, 2015).

In this thesis in vivo and ex vivo models were implemented to test the effects of the heavy
metals Cd and Cr alone and in combination. The effects of Cd and Cr will be discussed
according to several different parameters including the effects on the normal histology and
ultrastructure of the liver, pancreas and kidney tissue and whether the metals bio-
accumulate in these organs. The effects of the metals on the ultrastructural and
viscoelasticity of the clot will also be evaluated. The liver, pancreas and kidney tissue were
chosen as they play a major role in the absorption, distribution and excretion of toxic
compounds, like Cd and Cr (Timbrell, 1999). In the liver, pancreas and kidneys, Cd and Cr
are metabolized differently, but induce similar effects namely oxidative stress that leads to
lipid peroxidation, protein and deoxyribonucleic acid (DNA) damage and apoptosis. These
effects may lead to functional and ultrastructural changes to the tissue and cellular
components of the liver, pancreas and kidney (Timbrell, 1999; Venter, 2015). Alterations to
the carefully controlled coagulation system, which may lead to for example stroke (Zhang, et
al., 2015), will be evaluated as any changes to the ultrastructure and viscoelasticity of clots

can induce major problems.
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Therefore, this chapter includes the sources and physiological effects of Cd and Cr alone
and in combination, in conjunction with the specific effects the metals have on the liver,
pancreas and kidney tissue. This chapter is concluded with the specific aims and objectives
of this study.

2.2 Cadmium

2.2.1 Sources and bio-accumulation of cadmium

Cd is a transition metal that is found in group llb of the periodic table of elements (Cullinane,
et al., 2009). Cd is found in the earth’s crust and generally exists in a divalent cation, for
example CdCl,, and is not biodegradable and will persist in the environment. Cd is usually
found as an impurity in zinc (Zn) and lead (Pb) deposits and is a by-product in the process of
Zn and Pb melting (Bernhoft, 2013; Jomova and Valko, 2011; Prozialeck and Edwards,
2012). Cd is also commercially used in television screens, lasers, batteries, paint pigments,
cosmetics, etc. (Bernhoft, 2013). Humans are typically exposed to Cd either in their
workplace or through contaminated food and water, with cigarette smoking being the major
non-occupational source of Cd exposure (Prozialeck and Edwards, 2012). Depending on the
dose, route of administration and duration of Cd exposure, various organs including the
lungs, liver, kidney and bone can be damaged (Prozialeck and Edwards, 2012). The main
organ that is affected by Cd toxicity is the kidney and will cause generalized dysfunction of
the proximal tubule, which include polyuria, increased urinary excretion of glucose, amino
acids, electrolytes [sodium (Na*), potassium (K*) and calcium (Ca**)] and low molecular
weight proteins (Jomova and Valko, 2011; Prozialeck and Edwards, 2012). After Cd
exposure via inhalation and/or ingestion, it will bind to albumin in the blood and will be
transported to the liver (Fig. 2.1) (Nordberg, 2009).

As the Cd-albumin complex enters the liver, it is separated and the Cd can cause toxicity
(Fig. 2.1). A small amount of Cd is excreted into the bile bound to glutathione (GSH) (Fig.
2.1). The presence of Cd in the liver induces metallothionein (MT) production by hepatocytes
and this causes a gradual increase in the proportion of Cd bound to MT in the liver
(Nordberg, et al., 2007). The binding of Cd to MT buffers hepatocytes from the toxic effect of
Cd. When a hepatocyte contains a considerable amount of the Cd-MT complex, it will be
released into the bloodstream and filter through the renal glomeruli and absorbed in the
proximal renal tubules of the kidney via endocytosis (Fig. 2.1) (Nordberg, 2009; Nordberg, et
al., 2007; Prozialeck and Edwards, 2012). This process is mediated by the ZIP8 transporter.
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After the absorption of Cd into the proximal renal cells, Cd enters the lysosomes and is
released from MT (Nordberg, 2009). The free Cd ions can then cause damage in the
absence of MT. When the renal cells are exposed to Cd for a long period, the unbound Cd
will stimulate new MT production that will bind to Cd and protect the cells (Fig. 2.1)
(Nordberg, 2009). When the Cd concentration increases above the protective ability of the

renal cells, toxic effects are observed (Fig. 2.1).
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Figure 2.1: Basic flow diagram of Cd as it is transported through the body. Key: aa: amino acids; Alb:
albumin;*: Damage (Modified from: Nordberg, 2009; Venter, 2015).
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Recently, Chang, et al. and Edwards and Prozialeck concluded that B-cell injury in the
pancreas may lead to suppression of insulin release and possibly play a role in causing
diabetes (Chang, et al., 2013; Edwards and Prozialeck, 2009). The process in which Cd
causes B-cell injury is summarized in figure 2.2. Cd induces B-cell death through the
mitochondrial-dependent apoptosis pathway, where mitochondrial dysfunction (loss of
mitochondrial membrane potential (MMP), increase in cytochrome c release, and decrease
in Bcl-2 and increase in p53 expression), increased poly (adenosine diphosphate (ADP)-
ribosome) polymerase (PARP) cleavage and activation of caspase-3, -7 and -9 plays a
crucial role in causing apoptosis (Chang, et al., 2013). Chang and his colleagues also
showed that c-jun N-terminal kinase (JNK), part of the mitogen-activated protein kinase
(MAPK) family and plays a role in sequential transduction of biological signals from the cell
membrane to the nucleus, is activated by oxidative stress, which is an important signalling
event in Cd-induced pancreatic 3-cell apoptosis (Fig. 2.2) (Chang, et al., 2013).
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Figure 2.2: Signalling pathways involved in Cd-induced pancreatic B-cell apoptosis (Modified from:
Chang, et al., 2013).

Cd toxicity induces oxidative stress by means of indirect processes, as it is not a Fenton
metal and therefore does not undergo redox cycling. Cd binds intracellular thiols, like GSH
and/or interferes with the actions of various enzymes that protect the cells against oxidative
stress (Prozialeck and Edwards, 2012). These indirect processes are comprised of the
decrease of cellular antioxidants and the production of reactive oxygen species (ROS) by the
mitochondria (Fig. 2.3). Cd toxicity thus increases hydrogen peroxide (H.O,), superoxide
anion (Oz*) and hydroxyl radical (*OH) production and thus increases oxidative stress in the
cell (Fig. 2.3) (Bertin and Averbeck, 2006; Jomova and Valko, 2011). The oxidative stress
caused by Cd toxicity has many effects on the cells, for example damage to proteins and
thus an increase in production of heat shock proteins (HSPs). The HSPs are chaperone
proteins that are activated by hyperthermia and several environmental stresses that include
Cd toxicity. Cd toxicity causes overexpression of certain HSPs, which helps with the repair of
misfolded proteins or eliminates aggregated proteins by the ubiquitin-proteasome system
(Fig. 2.3) (Bertin and Averbeck, 2006).
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Cd-induced oxidative stress also causes DNA damage. DNA is important for normal cellular
functions that include replication, gene expression and protein synthesis. When DNA is
damaged, it can induce cell cycle arrest, mutagenesis, genome instability, cancer and
apoptosis (Fig. 2.3) (Bertin and Averbeck, 2006). Another effect of Cd-induced oxidative
stress is the peroxidation of lipids (Fig. 2.3). Lipid peroxidation may cause cross-linking and
polymerization of membrane components and therefore cause cell membrane modification in
their lipid composition and will thus affect the function and integrity of membranes such as
the mitochondrial membranes (Bertin and Averbeck, 2006).
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Figure 2.3: The biological pathway of Cd toxicity in cells (Venter, 2015).

No mechanism exists to excrete Cd and thus it accumulates in the body, with the largest
amount deposited in the kidneys, liver, pancreas and lungs. Cd has a half-life of 25 years in
the tissue and persists for approximately 75-128 days in erythrocytes. Vitamin C and Vitamin
E supplementation have been shown to reduce the toxic effects of Cd (Bernhoft, 2013;
Jomova and Valko, 2011).

2.3 Chromium

2.3.1 Sources and bio-accumulation of chromium

Cr is one of the most common elements that can be found on earth and exists in a variety of
oxidation states that range from Cr(ll) to Cr(VI) (Jomova and Valko, 2011; Patlolla, et al.,
2009; Yoon, et al., 2007), where only the trivalent [Cr(Ill)] and hexavalent [Cr(VI)] forms are

9
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important in human health (Dayan and Paine, 2001; Langard and Costa, 2007). Human Cr
exposure occurs mainly due to inadequate disposal of waste from industrial companies
involved in processes like, electroplating, steel manufacturing, leather tanning and wood
preservation (Balakrishnan, et al., 2013). Cr is also present in cigarettes and about
0.246mg/kg—14.6mg/kg gets inhaled when smoking (Langard and Costa, 2007). Cr(lll) is an
essential dietary mineral for glucose and lipid metabolism (Quinteros, et al., 2007; Song, et
al., 2012; Valko, et al., 2006). When Cr(lll) becomes deficient in the body, it has been shown
that it can contribute to cardiovascular diseases, metabolic diseases like diabetes, and
infertility. Cr(lll) can be found in small quantities in most fresh food, including bread, meat,
vegetables and drinking water. In the human body, Cr(lll) is unable to cross cell membranes,
as it is not part of the cellular anion transport system and thus is the reason it is less toxic
than Cr(VI) (Jomova and Valko, 2011).

Cr(VI) is highly toxic and carcinogenic at high dosages. Cr(VI) can enter the body via all
three routes of exposure, namely: inhalation, ingestion and/or absorption through the skin.
Humans are exposed to Cr(VI) mainly through occupational exposure, where the airways
and skin are mostly affected, resulting in cellular damage, tumour formation, allergic
dermatitis and skin ulcers, respectively (Jomova and Valko, 2011; Myers, 2012; Quinteros,
et al., 2007). Other effects found in both occupational and non-occupational exposure
include gastrointestinal problems, hypertension, and hepatic and renal failure. Cr(VI)’s high
toxicity and carcinogenic incidence is due to its tetrahedral co-orientation that emulates
biological phosphates and sulphides. This allows Cr(VI) to be readily taken up through
channels for the transfer of the isoelectric and isostructural anions into the cells (Jomova
and Valko, 2011).

After oral exposure to Cr(VI), it is effectively detoxified by the saliva, gastric juices and
intestinal bacteria. If the Cr(VI) reaches the intestines, it will be reduced by the blood and
subsequently the liver. This pathway of exposure will only account for low genotoxicity and
carcinogenicity, except when the Cr(VI) exposure occurs over a long period of time and at
high dosages (Jomova and Valko, 2011). In the cells, the reduction of Cr(VI) reduces the
potentially carcinogenic metal ion (Fig. 2.4). In the erythrocytes, Cr(VI) is depleted to lower
oxidation states, whereafter it forms protein complexes and is unable to leave the cells. The
reduction of Cr(VI) to its lower oxidative states are not without risk, because during the
process various free radicals are formed (Jomova and Valko, 2011). Ascorbate has shown to
be the most effective biological reductant of Cr(VI) in cells as it plays a dual role in Cr(VI)
toxicity. Outside the cells it plays a protective-antioxidant role and inside the cells a pro-
oxidative role (Fig. 2.4). The intracellular reduction of Cr(VI) generates high levels of Cr-DNA
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adducts and mutations that leads to DNA damage (Fig. 2.4). The reduction of Cr(VI) to Cr(lll)
can also be accomplished by non-enzymatic reactions with cysteine and GSH (Fig. 2.5)
(Jomova and Valko, 2011).
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Figure 2.4: Intracellular uptake and DNA damage due to Cr(VI) toxicity. Key: Asc: Ascorbate; GSH:
Glutathione; Cys: Cysteine (Modified from: Jomova and Valko, 2011).

The intermediate oxidative states of Cr, Cr(IV) and Cr(V), also play a part in Cr genotoxicity
and carcinogenicity, either directly or through the Fenton reaction to produce ROS (Fig. 2.5).
In the reduction of Cr(Vl) ROS, like H.O,, singlet oxygen and O, are produced. The
hydrogen peroxide that is formed in the cells is able to react with DNA bases and cause
DNA damage (Jomova and Valko, 2011). Cr toxicity is also linked to single strand DNA
breaks, DNA-DNA interstrand crosslinks, DNA-protein crosslinks, Cr-DNA adducts, oxidative

nucleotide changes and chromosomal changes.
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Figure 2.5: The reduction reactions of Cr(VI) by GSH (Jomova and Valko, 2011).
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Cr toxicity is also involved in the MAPK signal transduction pathway, where nuclear factor
kappa B (NF-kB), activating transcription factor 2 (ATF-2) and p53 play a role in regulating
cellular processes, including apoptosis (Jomova and Valko, 2011).

Cr is excreted from the body in the form of Cr(lll) and is detected in the urine and faeces. It
is only when the liver cells are compromised that Cr(VI) may be excreted in the bile. The
excretion rate of Cr depends on the valence state of the Cr and thus excretion can occur
after a few hours to a few days (Langard and Costa, 2007; Wilbur, et al., 2011).

2.4 Metal combinations

Although Cd and Cr affect the cells through different biochemical pathways, similar end
results are observed. As described above, Cd will deplete protein-bound sulfhydryl groups
and increase the production of ROS such as H;O,, O, and *OH (Bertin and Averbeck,
2006; Stohs and Bagchi, 1995). In the case of Cr, it will enter the redox cycle and will also
increase the production of ROS. The increase in ROS will cause certain alterations, which
include lipid peroxidation, DNA and membrane damage, altered gene expression and
apoptosis or necrosis (Stohs and Bagchi, 1995).

Although limited information is available in the literature on the combined effects of these
metals specifically on the liver, pancreas and kidneys, Jin and colleagues concluded that Cd
and Cr alone and in combination have the ability to induce apoptosis via oxidative and
endoplasmic reticulum (ER) stress (Jin, et al., 2014). These changes are due to the
disturbance in the balance of ROS and antioxidant enzymes; the transcriptional status of
genes related to oxidative- and ER-stress and the activities of caspase-9 and caspase-3 in
liver tissue (Jin, et al., 2014). Histological and ultrastructural evaluations of liver and kidney
tissue revealed that acute Cd and Cr exposure does not cause any major damage, but was
hypothesised that the combination might have the potential to cause functional alterations
when chronically exposed (Venter, 2015). According to this literature, it is still unclear if Cd
and Cr, in combination, will have an antagonistic, additive or synergistic effect on the liver,
pancreas and kidney.
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2.5 Specific organs targeted by heavy metal toxicity

Toxic compounds can cause direct and/or indirect damage to tissue that can lead to cell
death and functional changes. These alterations caused by toxic compounds may be
reversible or irreversible. The ability of the organ or tissue to resist toxicity depends on many
factors including the degree of specialization, reserve functional capacity and ability to repair
the damage (Timbrell, 1999). Thus any organ can be a target for toxic compounds, but there
are many factors that play a role in the targeting of an organ. These factors include: the
blood supply of the specific organ, the presence of a particular enzyme or biochemical
compound, function and/or location of an organ, vulnerability to disruption or degree of
specialization, ability to repair damage, specific uptake systems, ability to metabolize the
toxic compound, balance between toxicity and detoxification systems, and binding to
particular macromolecules (Timbrell, 1999). Thus, factors that influence the absorption,
distribution and excretion of toxic compounds and the physicochemical characteristics of
those compounds can all affect the toxicity to particular target organs (Timbrell, 1999).

2.5.1 The liver as a target of heavy metal toxicity

Normal structure and function of the liver

When observing normal liver histology, the liver mainly consists of hexagonal areas that
constitute the hepatic lobules. In a transverse section of the liver, each lobule consists of
hepatocytes arranged in thin plates that anastomose with one another and form a network
(Singh, 2011). The thin plates are separated by fine vascular sinusoids, the walls of which
consist of fenestrated endothelium and Kupffer cells (Coetzee, et al., 2009b; Kierszenbaum
and Tres, 2012; Singh, 2011; Young, et al., 2006). The sinusoids drain into the central veins
found in the centre of each lobule, which drains into the portal vein that removes the blood
from the liver. Together with the portal vein, a hepatic artery and interlobular bile duct can be
found that forms the portal triad (Singh, 2011).

The hepatocytes are cuboidal in shape, with a round nucleus in the centre of the cell. Rough
ER (rER) and smooth ER (sER), Golgi complex, mitochondria, lysosomes, lipid droplets and
glycogen granules can be found in the cytoplasm of the hepatocyte (Singh, 2011; Young, et
al., 2006). The sinusoidal space allows for absorption of nutrients from digestion as well as
secretion of products into the blood (Young, et al., 2006). Between the sinusoid and
hepatocyte, the space of Disse can be found and is filled with blood plasma that leaked
through the endothelial pores. The microvilli found on the surface of the hepatocytes, extend
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into this space and thus increase the liver cell surface (Coetzee, et al., 2009b; Singh, 2011).
Reticular fibres and lipid forming cells are also found in the space of Disse, with the lipid
storing cells responsible for the production of the reticular fibres in the area (Coetzee, et al.,
2009b). The liver has a variety of functions that includes uptake and distribution of
substances, metabolism of carbohydrates, proteins and lipids, storage of various substances
including glycogen, lipids, vitamins and iron, and detoxification of toxic substances (Coetzee,
et al., 2009b; Moini, 2016b; Singh, 2011).

Liver toxicity

The liver is one of the organs that are the most vulnerable to toxicity due to the following
factors: its rich blood supply and position in the body; large and diverse metabolic capacity,
its extensive role in intermediary metabolism and synthesis and consequently interference
with endogenous metabolic pathways, and the secretion of bile (Timbrell, 1999). The
detection of the alterations to the liver can be determined by enzymes such as alanine
transaminase (ALT), aspartate transaminase (AST) and bilirubin in plasma. When a biopsy
is taken, the histological and ultrastructural alterations can be detected (Timbrell, 1999).

2.5.2 The pancreas as a target of heavy metal toxicity

Normal structure and function of the pancreas

The pancreas consists of two types of glandular tissue namely the exocrine and endocrine
components. The exocrine pancreas makes up the largest part of the organ with the
endocrine pancreas, found as islets, embedded in the exocrine component. The exocrine
pancreas is the largest part of the pancreas and consists of compound tubulo-alveolar
glands with acinus secretory units (Coetzee, et al., 2009b; Singh, 2011). The glandular cells
of the acini are pyramidal-shaped with two zones. The first is found on the basal area of the
cells, and is known as the basal zone. In this zone well-developed rER can be found with
flattened cisternae. The zymogenic zone is the second zone that can be found in the
glandular cells of the acini. The zymogenic zone contains acidophilic zymogen granules that
are the largest secretory granules. The Golgi complex can be found in the supranuclear part
of the cell (Coetzee, et al., 2009b; Singh, 2011). The secretory glands of the exocrine
pancreas produce two types of secretions. The one type is watery and rich in bicarbonate,
which neutralizes the acid contents entering the duodenum from the stomach. The other
type of secretion is thicker and contains many enzymes, including trypsinogen,
chymotrypsinogen, amylase, lipase and the production of these enzymes starts when the
cholecystokinin hormone is released by the endocrine cells of the duodenal mucosa (Singh,

14



Chapter 2: Literature review

2011). The secretions will be released from the acinar cells into the intercalated ducts via the
centro-acinar cells. The centro-acinar cells are flattened cells that line the luminal surface of
the acini. From the intercalated ducts the secretions are released into the interlobular ducts,
lined with simple columnar epithelium, and then pass into the duodenum through the main
pancreatic duct and accessory pancreatic duct (Coetzee, et al., 2009b; Singh, 2011).

The endocrine tissue contains the islets of Langerhans that are scattered in between the
exocrine component as groups of glandular cells. The glandular cells are arranged in cords
of small groups with capillaries which run in between them. The glandular cells can be
divided into three different types of cells, namely the alpha (a)-, beta (B)-, delta (6)- and
pancreatic polypeptide (PP) cells, each with their distinct morphology and function (Coetzee,
et al., 2009b; Rana, 2014; Singh, 2011). The a-cells secrete the hormone glucagon, with the
B-cells, constituting the largest number in the endocrine pancreas, secreting insulin. The &-
cells secrete gastrin and somatostatin. The somatostatin inhibits the secretion of glucagon
by the a-cells (Coetzee, et al., 2009b; Singh, 2011). The PP cells secrete a 36-amino-acid
linear polypeptide of unknown function (Rana, 2014). The granules of the islets of
Langerhans are membrane bound. The a-cell granules are round or oval with high electron
density. The granules of the B-cells are fewer, larger and less electron dense then those of
the a-cells. The &-cells also have round or oval granules, similar to those of the a-cells, but
have a lower electron density (Singh, 2011).

Pancreas toxicity

In recent years the B-cells and thus insulin production and secretion has been studied in the
field of toxicology (Chang, et al., 2013; Lei, et al., 2007; Rana, 2014). When the B-cells of the
pancreas are affected by toxic compounds, it may induce diabetes mellitus. This may be due
to the mitochondria of the B-cells being highly vulnerable to oxidative damage (Chang, et al.,
2013). Studies on the toxicity of Cd have shown that Cd accumulates in the pancreas, and
this influences the production of insulin and may lead to diabetes (Rana, 2014).

2.5.3 The kidney as a target of heavy metal toxicity

Normal structure and function of the kidney

The kidney is a bean-shaped organ that is responsible for urine formation. When a coronal
section is made through the kidney, two distinct areas can be observed, the outer area
termed the cortex and the inner area, the medulla (Moini, 2016c; Singh, 2011). Both the
cortex and medulla contains the functional units of the kidney, the nephrons. The nephron
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can be divided into the renal capsule and proximal and distal convoluted tubules (PCT and
DCT) which are connected by the loop of Henle (Kierszenbaum and Tres, 2012; Singh,
2011). The renal capsule consists mainly of the oval shaped double-walled Bowman’s
capsule that surrounds the anastomosing capillaries of the glomerulus. Bowman’s capsule
consists of two layers: the visceral and parietal layers. The parietal layer, associated with the
connecting tissue stroma, is covered with basal lamina and supported by simple squamous
epithelium that is continuous with the simple cuboidal cells of the PCT (Singh, 2011). The
visceral layer is attached with the glomerular capillaries and is lined with podocytes
(Kierszenbaum and Tres, 2012; Singh, 2011). Between the glomerulus and Bowman’s
capsule, the urinary space or Bowman’s space can be found and is continuous with the PCT
(Kierszenbaum and Tres, 2012; Singh, 2011).

The glomerular capillaries are fenestrated and are surrounded by a thick basal lamina. The
blood enters the glomerulus through the afferent arterioles and exits through the efferent
arterioles and forms the vascular pole of the renal capsule (Kierszenbaum and Tres, 2012;
Singh, 2011). In this region, three types of specialized cells can be found as the ascending
DCT come into contact with the arterioles, and is known as the juxtaglomerular apparatus.
These three cells, juxtaglomerular cells, macula densa and extraglomerular mesangial cells
regulate filtration formation rates and systemic blood pressure (Kierszenbaum and Tres,
2012; Moini, 2016c). The juxtaglomerular cells are modified muscle cells, which secretes
renin necessary for increase in blood pressure. The macula densa is a thickening in the wall
of the DCT, as it comes into contact with the arterioles and acts as chemoreceptors. This
area regulates the sodium chloride content of the filtrate as it enters the DCT (Moini, 2016c;
Singh, 2011). The extraglomerular mesangial cells are found in between the arterioles and
tubule cells and the function of these cells are unknown. It has been speculated that these
cells might be involved in passing signals from the macula densa cells to the juxtaglomerular
cells (Kierszenbaum and Tres, 2012; Moini, 2016c).

The PCT and DCT consist of distinctive cuboidal cells. The nuclei of the cuboidal cells of the
PCT are situated near the base of the cell with a well-developed brush border on the luminal
surface (Kierszenbaum and Tres, 2012; Moini, 2016c). The DCT cuboidal cells are smaller
than the PCT cells, with a minimal amount of microvilli present at the brush border on the
luminal surface of the DCT. The loop of Henle connects the PCT and DCT, and is a U-
shaped tubule that extends into the medulla and returns to the renal cortex and empties into
the collecting duct (Kierszenbaum and Tres, 2012; Moini, 2016c¢).
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Kidney toxicity

The main function of the kidney is to filter waste products and toxins out of the blood while
conserving essential substances like glucose, amino acids and ions (Timbrell, 1999). Kidney
damage occurs due to a variety of reasons. Firstly, the kidneys are target organs for toxicity
due to the high volume of blood that filters through them. Although it only represents 1% of
the body mass, 25% of the cardiac output passes through the kidneys. The reabsorption
capacity of the kidneys, allows for concentrated amounts of foreign compounds in the tubular
fluid that can cause renal tubular necrosis (Timbrell, 1999). The active transport of
compounds by the tubular cells can cause damage to the proximal tubular cells, as the toxic
compounds may accumulate in the cells. Kidney damage can also occur when certain

compounds involved in metabolism is activated and collected in the kidney (Timbrell, 1999).

2.6 Cellular alterations due to metal toxicity

The effects that heavy metals have on cells, translate not only to functional changes, but
also histological and ultrastructural changes. These changes can be divided into three
events namely, primary, secondary and tertiary. In the primary event, the toxic compound
may cause lipid peroxidation, covalent binding to macromolecules, changes in thiol status,
enzyme inhibition and ischaemia (Timbrell, 1999). The toxic compounds may cause several
of these primary events or only one. The secondary events follow on the primary events and
describe the biochemical and structural changes that may occur in the cells after exposure.
Major secondary events include changes in membrane structure and permeability,
alterations in the cytoskeleton, mitochondrial damage, inhibition of mitochondrial function,
depletion of adenosine triphosphate (ATP) and other cofactors, changes in Ca?*
concentration, DNA damage, lysosomal destabilization, stimulation of apoptosis and
alterations to the endoplasmic reticulum (Timbrell, 1999). These events may also feature as
a primary event. Tertiary events are the final, observable changes after exposure to toxic
compounds. Tertiary events include steatosis/fatty change, oedema degradation, blebbing,
apoptosis and necrosis (Timbrell, 1999).

The primary effects of Cd and Cr includes the depletion of GSH, inhibition of antioxidant
enzymes, DNA damage and increase in ROS formation (see Figures 2.1-2.5) (Bertin and
Averbeck, 2006; Jomova and Valko, 2011; Venter, et al., 2017). Major effects of ROS
include lipid peroxidation and oxidative damage, thus one of the first targets of ROS is the
plasma membrane. The plasma membrane which is involved in the movement of substances
in and out of the cell allows for selective communication between intracellular and

extracellular compartments and provides structure and protection to the cells (Coetzee, et
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al., 2009c; Moini, 2016a). The membrane consists of a double layer of phospholipid
molecules and protein molecules that are scattered throughout the membrane, with
cholesterol molecules to stabilize the membrane (Moini, 2016a). Based on the composition
of the plasma membrane and its direct contact with plasma and blood in the liver, pancreas
and kidney, the plasma membrane is vulnerable to the effects of ROS.

Besides the plasma membrane, Cd and Cr also have the ability to cause alterations in the
mitochondria and nucleus. The mitochondrion is a highly compartmentalized organelle, the
main function of which is the production of ATP. The mitochondrion consists of an outer and
inner mitochondrial membrane and between the two membranes, an intermembrane space
can be found. The inner mitochondrial membrane has a series of folds known as cristae,
which encloses the fluid filled matrix. The mitochondria contain DNA, ribonucleic acid (RNA)
and some ribosomes (Kierszenbaum and Tres, 2012; Moini, 2016a). Each cell contains
several hundred mitochondria usually localised in the cytoplasm below the plasma
membrane. The mitochondria produce ROS that is essential for the functioning of several
pathways including cytochrome b5 reductase, monoamine oxidases, dihydroorotate
dehydrogenase, dehydrogenase of a-glycerophosphate, succinate dehydrogenase,
aconitase and a-ketoglutarate dehydrogenase complex. Excessive production of ROS
causes membrane damage, changes to membrane permeability and function (Andreyev, et
al., 2005).

The nucleus is the largest organelle in the cell and serves as the control centre for the cell.
The nucleus consists of three components, the nuclear envelope, chromatin and nucleolus
(Kierszenbaum and Tres, 2012; Moini, 2016a). The nuclear envelope also consists of two
phospholipid membranes that aid in communication and transport between the nucleus and
cytosol of the cell. The chromatin consists of the DNA and protein fibers that will coil up to
form chromosomes during mitosis. The nucleolus is mostly made up of RNA and proteins
and is not surrounded by a membrane. Ribosomes are produced in the nucleolus
(Kierszenbaum and Tres, 2012; Moini, 2016a). Not only are the nuclear membrane, DNA
and protein found in the nucleus sensitive to the effects of ROS, excessive ROS can lead to
irregular chromatin condensation and via apoptosis leads to cell death (Venter, 2015).

2.7 The coagulation system and heavy metal toxicity

The one system that connects all the organs of the body and might also be affected by the
heavy metals is the cardiovascular system. The major cell type found in the blood is the
erythrocytes which are round, biconcave-shaped cells, with no nucleus and other organelles.
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Erythrocytes only consist of a plasma membrane, with its underlining cytoskeleton,
haemoglobin and glycolytic enzymes (Coetzee, et al., 2009a; Kierszenbaum and Tres,
2012).

The erythrocyte plasma membrane is a lipid bilayer and consists of cholesterol and
phospholipids. There are four major phospholipids found in the membrane, namely
phosphatidylcholine and sphingomyelin, found on the outer membrane, while
phosphatidylethanolamine, phosphatidylserine (PS) and the minor phosphoinositide
constituents, are found in the inner membrane layer (Mohandas and Gallagher, 2008).
Several energy-dependent and -independent phospholipid transport proteins have been
identified to generate and maintain phospholipid asymmetry. Flippase moves phospholipids
from the outer to the inner membrane leaflet; floppase does the opposite against the
concentration gradient and is energy-dependant; and scramblase moves lipids in a bi-
directional manner from both the inner and outer membranes and is also energy-dependant
(Mohandas and Gallagher, 2008; Pretorius, et al., 2016b). Other plasma membrane proteins
involved in the maintenance of the structural integrity of the membrane include two
macromolecular complexes, namely ankyrin-based and protein 4.1 R-based. With the
ankyrin complex band 3 and RhAG proteins (found in the lipid bilayer) connect the lipid
bilayer with the cytoskeleton via their cytoplasmic domains with ankyrin. Glycophorin, XK, Rh
and Duffy proteins does the same by connecting the protein 4.1 R with the cytoskeleton
(Mohandas and Gallagher, 2008).

Disruption of the erythrocyte plasma membrane symmetry, in particular the externalisation of
PS, has several functional implications (Mohandas and Gallagher, 2008; Pretorius, et al.,
2016b). The exposure of PS in the outer leaflet of the membrane serves as a signal of
eryptosis and can lead to membrane vesicle formation, microparticle shedding, with
pathological shape changes of the erythrocytes (Pretorius, et al., 2016b). During eryptosis,
the increase in cytosolic Ca®* activates the Ca®*-sensitive K* channels that causes the exit of
potassium chloride (KCl) and result in cell shrinkage (Pretorius, et al., 2016a). Ca** cytosolic
levels can be increased due to oxidative stress generated as described above. The increase
of Ca® can also stimulate sphingomyelinase to form ceramide. Ca** and ceramide then
causes activation of scramblase, which inhibits flippase and causes floppase to translocate
PS to the outer membrane, resulting in externalization of PS (Pretorius, et al., 2016a). The
increase in Ca®* also activates calpain, which degrades the ankyrin R-complex of the
cytoskeleton. This will cause cell shrinkage and cell membrane scrambling and finally
initialise clearing from circulation through removal by macrophages (Pretorius, et al., 2016a;
Pretorius, et al., 2016b).
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Other essential components of the coagulation system include the platelets and fibrin
networks. Generated ROS can also cause the activation of platelets which are cytoplasmic
discoid fragments derived from the megakaryocyte. Platelets also contain no nuclei, but
have a few mitochondria, glycogen and granules (Kierszenbaum and Tres, 2012;
Swanepoel, et al., 2015). There are three types of granules found in the platelet cytoplasm,
namely a-granules, dense granules and lysosomes, each containing their own distinct
constituents that is important for the coagulation cascade (Swanepoel, et al, 2015).
Fibrinogen and fibrin are involved in the last steps in the coagulation pathway. Fibrinogen
has a centrosymmetric, trinodular, s-shaped structure. Fibrinogen is cleaved by thrombin,
during the coagulation, at two N-terminal peptides from the Aa- and BB-chains that results in
the formation of protofibrils and fibrin fibres (Kell and Pretorius, 2016; Swanepoel, et al.,
2015).

As the coagulation system is constantly and tightly regulated, any erythrocyte, platelet and
fibrin fibre alterations can influence the coagulation system (Pretorius, et al., 2013; Van
Rooy, et al., 2015). The coagulation system is important as it is responsible for preventing
blood loss (Smith, 2009). Under normal conditions, the balance between prothrombotic (pro-
coagulation) and antithrombotic (anti-coagulation) factors needs to be tightly monitored, as
an imbalance can lead to pathological thrombi or haemorrhage (Van Rooy, 2015). The
classic coagulation pathway introduced in 1964 focused on the role of the coagulation
factors in thrombus formation and ignored the role of cellular elements in the activation of the
coagulation system. For this reason a new model has been introduced that includes platelets
and tissue factor (TF) - expressing cells. This model is known as the cell-based model of
coagulation and consists of three phases, namely initiation, amplification and propagation
phases that will be explained in detail below (Pérez-Gémez and Bover, 2007; Smith, 2009;
Van Rooy, 2015). In the initiation phase, after the rupture of dysfunction of the vascular
endothelium and the exposure or release of TF (Van Rooy, 2015), on the TF-bearing cell,
activated factor VIl (FVIla) binds to the exposed TF. The TF-FVlla complex can then activate
additional factor VII (FVII) to FVIla to produce more TF-FVlla complexes and a small amount
of factor IX (FIX) and factor X (FX) (Figure 2.6 A (1)). TF-FVlla converts FX to activated FX
(FXa) and together with activated factor V (FVa) and forms a prothrombinase complex,
which cleaves prothrombin (II) and produces a small amount of thrombin (lla) (Figure 2.6 A
(2) and (3)) (Smith, 2009; Swanepoel, et al., 2015).

During the second phase, amplification phase, the small amount of thrombin, generated in
the initiation phase, causes the activation of platelets that have migrated to the injury site
(Figure 2.6 B (1). The activation of platelets causes extreme changes to the platelet
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membrane that leads to shape changes, shuffling of membrane phospholipids, and causes
the release of granular content. Additionally, thrombin cleaves factor Xl (FXI) to activated
FXI (FXla) and in the presence of calcium, cleaves factor V (FV) to activated FV (FVa) on
the platelet surface (Figure 2.6 B (1) and (2)) (Smith, 2009; Swanepoel, et al., 2015).
Thrombin also cleaves one of the plasma proteins, von Willebrand factor (vWWF), of factor VIII
(FVIIl) and subsequently activates FVIII to activated FVIII (FVIlla). The free VWF can
mediate platelet adhesion and aggregation (Figure 2.6 B (3)) (Smith, 2009).

In the final stage, propagation phase, the last amount of thrombin is generated. This final
stage takes place on the surface of the activated platelet that will cause cell-cell interactions
and aggregation of platelets. This phase starts through the activated platelet that releases its
granular content to recruit more platelets to the injury site (Figure 2.6 C (1)). FIX is converted
to FIXa via FXla that was generated during the amplification phase (Figure 2.6 C (2)). FIXa
binds to FVllla to convert FX to FXa on the platelet surface (Figure 2.6 C (3)) (Smith, 2009;
Swanepoel, et al., 2015). FXa rapidly binds to FVa and cleaves prothrombin (FIl) to thrombin
(Flla) (Figure 2.6 C (4)) that leads to the cleavage of fibrinopeptide A from fibrinogen. The
production of thrombin will generate fibrin that will spontaneously polymerize into fibrin
strands, resulting in a complex or meshwork of fibrin fibres (Kell and Pretorius, 2016; Smith,
2009; Swanepoel, et al., 2015).

An equally important process during the coagulation process is fibrinolysis or the breakdown
of the clot through proteolysis (Van Rooy, 2015). The breakdown is achieved by a number of
enzymes of which plasmin plays a major role. Plasmin is formed when plasminogen is
activated via tissue plasminogen activator (tPA). Plasmin is involved in the breakdown of the
fibrin fibres that results in the breakdown of the clot (Van Rooy, 2015). Fibrinolysis is also
controlled by plasminogen activator inhibitor-I (PAI-1) that prevents the premature activation
of plasminogen and thus premature fibrinolysis. Other proteins like a2-antiplasmin and
thrombin activatable factor inhibitor (TAFI) also regulate fibrinolysis (Van Rooy, 2015).

21



Chapter 2: Literature review

A Initiation phase

@ @ TF bearing cell
®
‘e o=

Amplification phase Propagation phase

B . C @ o @
TF bearing cell “5\ B > ®
o;\t S5 8B

- P Activated platelet

Activated platelet

)
% ® ° ® /e
@ wr Uoel s
l @ Release of granule content
® 9 i
Platelet . Recruitment of additional platelets to injury cite

Figure 2.6: Summary of cell-based model for coagulation pathway (see text for more detail and
abbreviations) (Modified from: Smith, 2009; Swanepoel, et al., 2015).

The coagulation system might be influenced by heavy metals such as Cd and Cr, as in
previous studies completed on the coagulation system and in smokers. It was found that
smokers have a higher risk of cardiovascular problems, including being hypocoagulable, i.e.,
an increase in blood clot formation and thrombi formation (Kell and Pretorius, 2015;
Pretorius, et al., 2013; Pretorius, et al., 2010). Cd and Cr are some of the elements found in
cigarettes and might play a role in the altered cardiovascular system through their production
of oxidative stress and inflammation (Dallige, et al., 2002; Fresquez, et al., 2013; Lang and
Lang, 2015; Lupescu, et al., 2012; Pretorius, et al., 2016b; Pretorius, et al., 2014; Sopjani, et
al., 2008). This highlights the possible adverse effects of Cd and Cr on the coagulation
system.
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2.8 Aim and objectives

The aim of this study was to investigate the histological and ultrastructural effects as well as
the cellular bioaccumulation of Cd and Cr alone and in combination on the liver, pancreas
and kidney tissue using a male Sprague-Dawley rat animal model. Furthermore the aim was
to evaluate the effects of these metals on the coagulation system by implementing an ex
vivo blood coagulation model.

Objectives:

1. Implementing the Sprague-Dawley rat animal model exposed to Cd and Cr alone and in
combination over a 28-day experimental period.

2. To determine if exposure to Cd and Cr alone and in combination causes changes in the
weight, plasma levels of Cd and Cr and blood markers of tissue function and toxicity.

3. To determine if Cd and Cr alone and in combination causes changes in the histology of
the liver, pancreas and kidney and/or induces fibrosis.

4. To evaluate the ultrastructural effects of Cd and Cr alone and in combination on the
cellular morphology of the liver, pancreas and kidney.

5. Determine the possible bio-accumulation of Cd and Cr using electron energy-loss
spectrometry.

6. Using an ex vivo model to determine the effect of Cd and Cr alone and in combination
on erythrocytes, platelets and fibrin network morphology, erythrocyte Annexin-V positive

expression and viscoelastic parameters of clot formation.
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Establishment of the Sprague-Dawley rat in vivo model
3.1 Introduction

Animal models are used in various fields of study that include medicine, pharmacology,
genetics and biochemistry (www.understandinganimalresearch.org.uk; Badyal and Desai,
2014). Animal testing has ensured many advances in the field of medicine such as the
discovery and isolation of insulin in 1921 (Gorden, 1997), the antibiotic treatment and
vaccines for leprosy (Badyal and Desai, 2014) and more recently in the initial stages in the
search for a vaccine for the Ebola virus (Sullivan, et al., 2000). Animal testing is based on
the principles of the 3 R’s of animals research, namely replacement, reduction and
refinement (Badyal and Desai, 2014). Replacement, to ensure that animals are not used
where a substitute laboratory-based test could have been used; reduction, to ensure that the
minimal amount of animals are used to still obtain statistically significant results; and
refinement, to make sure that the study will cause as little as possible stress and/or
discomfort to the animals (Vitale, et al., 2015). The choice of animal used is dependent on
many factors such as similarities to humans regarding disease, development, metabolism
and genetics, and includes rats, mice, guinea pigs, hamsters, fish, cats, dogs and monkeys
(Badyal and Desai, 2014).

Humans are continuously exposed to heavy metals as complex mixtures of several metals,
present at different concentrations often in combination with other toxic compounds. The
type, concentration and duration of exposure to these metals can vary. To study these
effects, animal models fulfil an important role, as they are genetically homogenous, of the
same age and maturity and the study is conducted under controlled experimental conditions,
which makes it an ideal model to study these effects of heavy metals alone and in

combination.

In this study the Sprague-Dawley rat animal model was implemented as this model has been
widely used to study toxicity including the effects of heavy metal exposure (Khalil, et al.,
2013; Lee, et al., 2014; Van Der Schoor, 2014) and these include the nephrotoxicity in male
Sprague-Dawley rats after Cd exposure (Lee, et al., 2014) and the ability of extra-virgin olive
oil to reduce Cr-induced toxicity of the spleen (Khalil, et al., 2013). The aim of the research
presented in this chapter is the establishment of a male Sprague-Dawley rat model. The
effects of exposure on rat weight, plasma levels and blood chemistry levels were also
determined.
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3.2 Materials and methods

3.2.1 Sprague-Dawley rat model

Six week old male Sprague-Dawley rats (200-250g) were obtained from the University of
Pretoria Biomedical Research Centre (UPBRC). The animals were housed in conventional
cages complying with the sizes laid down in the SANS 10386:2008 recommendations (South
Africa national standard, 2008). A room temperature of 22°C (x2°C); relative humidity of
50% (+x20%) and a 12 hour light/dark cycle were maintained during the entire study. A total
of 24 rats were used. The rats were housed separately in cages with autoclaved pinewood
shavings as bedding material. White facial tissue paper was added for enrichment according
to standard procedures at the UPBRC. All experimental protocols complied with the
requirements of the University of Pretoria Animal Ethics Committee (AEC) (Animal ethics
number: h009-15). The rats were randomly divided into four groups, as indicated in Table
3.1. A summary of the exposure and analytic techniques used are illustrated in Figure 3.1.
The animals were allowed to acclimatise for 7 days prior to when the project started, that ran
for 28 days after acclimatisation and thus the rats were housed for a total of 35 days

Table 3.1: In vivo experimental design

Groups Number of rats per group
Control 6
Cd 6
Cr 6
Cd and Cr 6
TOTAL 24

3.2.2 Metal administration Cadmium chloride (CdCl,) [Merck (Pty) Ltd, SA] and
potassium dichromate (K.Cr,O;) [Merck (Pty) Ltd, SA] were dissolved in sterile water and
was administered to the rats daily via oral gavage. The control rats only received 0.9%
sodium chloride saline solution that was also administered daily. The rats were exposed to
the metals as indicated in Table 3.2. These concentrations where chosen based on the
World Health Organization’s (WHO) acceptable water limits (mg/{) for Cd and Cr times 1000
(W.H.O, 2011). The period that the rats were exposed to the heavy metals can be correlated
to a human chronic metal exposure. Rats were weighed daily to monitor any weight loss
during the experimental period and this data was statistically analysed.
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Table 3.2: In vivo control and metal dosages

Groups Dosages Days
Control 0.5m¢{ Saline 28
Cd 0.854mg/kg body weight 28
Cr 14.22mg/kg body weight 28
Cd and Cr 0.854mg/kg and 14.22mg/kg body weight 28

3.2.3 Termination and sample collection

The rats were terminated via isoflurane overdose, according to standard methods employed
by the UPBRC. On the day of termination (day 28), 5-10m{ of blood was collected via
cardiac puncture under isoflurane anaesthesia. Blood was collected in heparin tubes to
measure the plasma levels of Cd and Cr in all of the experimental groups, as well as to
determine the levels of the following blood proteins and molecules: total protein (TP), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST),
urea nitrogen (UN), creatinine, total bilirubin (TB) and glucose. The Cd and Cr levels in the
blood samples were quantified with inductively coupled plasma mass spectrometry (ICP-
MS).

Blood was also collected in citrate tubes for scanning electron microscopy analysis. The
liver, pancreas and kidney tissue was harvested and prepared for light- and transmission
electron microscopy, as indicated in Figure 3.1.

3.2.4 Statistical analysis

Statistical analysis on the levels of heavy metals in the blood and blood chemistry analysis
were performed on GraphPad Prism Version 6.01 using 1-way analysis of variance
(ANOVA) and Tukey's multiple comparisons test, where a p-value of <0.05 was considered
significant.
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Figure 3.1: Summary of in vivo model and techniques used in this study.

3.3 Results

3.3.1 Analysis of weight

During the experimental period, the rats were weighed daily. As shown Figure 3.2, there
were no significant changes in weight between the control and metal-exposed animals
(Figures 3.2 and 3.3).
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Figure 3.2: Daily rat weight gain from the first day until day 28 of the experiment. Significant

differences between groups were evaluated at p-value: <0.05
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Figure 3.3: Total average weight of Sprague-Dawley rats exposed to Cd and Cr alone and in

combination. Each group consists of 6 rats exposed for 28 days. Significant differences between

groups were evaluated at p-value: <0.05.

3.3.2 Plasma levels of heavy metals

Plasma levels indicate that the heavy metals Cd and Cr were absorbed (Table 3.3) and
consequently organ exposure has occurred and also confirms that the in vivo model was
successfully implemented. An increase in Cd plasma levels can also be seen in the
combination group compared with the individual metal exposure.

Table 3.3: Administered dosages and blood levels of metals

Group Administered dose Plasma concentrations Plasma concentrations
(na’kq) (Hg/€) (uM)

Mean £ SD Mean £ SD

Cd 696.01 1.872 £0.37 0.010 £ 0.002
Cr 20619.00 1054.52 + 864.59 3.55 + 2.91

3.6 +0.82 and 0.020 + 0.0045 and
Cd and Cr 696.01 and 20619.00

1015.46 £+ 513.97 3.42 +1.73

SD: standard deviation

3.3.3 Blood chemistry analysis

Several identified blood parameters indicating organ damage were measured. The TP levels
in the combination group were significantly lower than that of the group exposed to Cd alone.
Also ALP and creatinine levels in the combination group were significantly lower than the
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control group. Evaluation of the other blood markers for liver damage revealed that although

not statistically significant, TB levels were slightly increased in the exposed groups,

compared to the control. Compared to the control group no increase in ALT, AP, AST levels

was observed (Table 3.4). Levels for markers of pancreatic damage compared to the control

were unchanged.

Table 3.4: Organ specific blood chemistry analysis

TP (a/® UN (mmol/€) Creatinine (umol/€)
Range Mean + SD Range Mean + SD Range Mean + SD
Control 53.9-62.7 58.30 £ 3.65 7.0-8.0 7.55 £ 0.41 24.0-30.0 2717 +2.23
Cd 58.3-61.6 60.18 £1.29 5.9-7.9 7.03+0.78 23.0-26.0 2417 +£1.17
Cr 54.2-58.5 56.28 + 1.63 6.0-9.1 7.68 £ 1.05 22.0-28.0 25.33+2.34
Cd + Cr 52.0-61.3 | 54.30™ + 3.54 6.4-7.6 6.95 + 0.42 21.0-25.0 23.17* £1.83
ALT (U/e ALP (U/e AST (U/e)
Range Mean + SD Range Mean + SD Range Mean £ SD
Control 55-69 61.50 £ 5.58 163—-245 201.67 £ 30.43 82-140 94.67 £ 24.90
Cd 50-66 5717 £6.37 156—-198 183.33 £ 14.79 73-80 77.60 +2.88
Cr 42-64 56.33 £9.03 121-223 165.33 + 38.47 79-245 130.17 £ 58.54
Cd + Cr 52-65 57.67 £5.50 122-165 146.33* £ 18.45 75—-138 110.67+ 26.69
TB (umol/) Glucose (mmol/€)
Range Mean + SD Range Mean + SD
Control 0.3-1.1 0.70 £ 0.30 5.6-8.4 6.85+1.06
Cd 0.6-1.4 0.93+0.28 57-7.5 6.43+0.77
Cr 0.7-1.6 0.97 +£0.33 5.1-8.1 6.38+1.10
Cd + Cr 0.7-1.3 1.02 £ 0.21 5.4-8.2 6.77 £ 0.99

*statistical significance compared to control.

**statistical significance compared to Cd: p-value of <0.05.

SD: Standard deviation

3.4 Discussion

The Sprague-Dawley rat model was utilized in this study as it is an excellent, reliable and

reproducible model for long-term exposure studies (Van Der Schoor, 2014). Rats aged six

weeks at study initiation were used, as at this age the rats are sexually-matured and

represent the beginning of adolescence, where during the period of the study the rats enter

adulthood (Sengupta, 2013). The concentrations chosen for this study was based on the
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WHO acceptable water limits for Cd and Cr times 1000 (W.H.O, 2011) and the period the
rats were exposed to the metals can be correlated to a human chronic metal exposure.

There were no significant changes in the weights of all exposed rat groups throughout the
duration of the study. There was a steady increase in weight comparable to that of the
controls. The blood plasma levels indicate that the study was implemented successfully and
it seems that Cd in combination with the Cr, is processed at a different rate than when
administered alone. Similar results were seen by Arbi and colleagues, where the Cd blood
plasma level was increased in the combination group compared to the individual exposure to
the metal (Arbi, et al., 2017). The blood chemistry markers of the liver, pancreas and kidney
only showed significant changes in a few of the markers. TP, ALP and creatinine levels were
lowered but were only significant for the Cd and Cr combination group compared to the
control. A reduction in ALP levels have been reported for rats treated with CdCl, (El-
Demerdash, et al,, 2001; Rana, et al., 1996). Cd can influence zinc (Zn) either through
replacing membrane associated Zn or by inhibiting the apoptosis and necrosis prevention
properties of Zn (El-Demerdash, et al, 2004; Jacquillet, et al., 2006). Zn is a cofactor
essential for ALP function and with Zn displacement, ALP synthesis and function is
compromised (Suzuki, et al., 2005).

Compared to the control, creatinine levels were significantly lower in the metal combination
group and may indicate renal tubular and glomerular dysfunction, as seen after Cd
exposure, also observed by Asagba and Obi and Babaknejad, et al. (Asagba and Obi, 2004;
Babaknejad, et al., 2015). Several researchers have also reported lower ALP and creatinine
levels after exposure to Cr (Kumar and Kumar, 2013; Kumar, et al., 1984). The TP and
bilirubin levels (although the latter was not significant) were altered and may suggest early
changes in liver and kidney function. Similar results were obtained in the studies of Lakshimi,
et al. and Kumar, et al. whereafter exposure to Cd and Cr, the TP and bilirubin levels were
decreased and increased respectively (Kumar and Kumar, 2013; Lakshmi, et al., 2012). The
blood chemistry results showed no major damage to the liver, pancreas and kidneys,
however, small reductions in TP, creatinine and ALP indicates that some changes has
occurred in the biochemical functioning of the tissue (Venter, et al., 2017) .

3.5 Conclusion

In this study, the in vivo model was established over a period of 28 days and was a highly
reliable model for toxicological analysis throughout the experimental procedure. Exposure to
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Cd and Cr alone and in combination did not result in any significant weight loss and normal
weight gain was seen during the experimental period. Blood levels of each metal were
increased and ALT, AST, UN, TB and glucose levels were unchanged. The significant
changes in the TP, ALP and creatinine levels indicated liver and kidney dysfunction. These
results will be further evaluated with the histological and ultrastructural evaluation of the liver,
pancreas and kidney tissue in the chapters to follow.
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Chapter 4: In vivo model: Light microscopy

Histological changes in liver, pancreas and kidney tissue of Sprague-

Dawley rats exposed to Cd and Cr alone and in combination

4.1 Introduction

In this chapter the effects of the heavy metals cadmium (Cd) and chromium (Cr) alone and in
combination on the liver, pancreas and kidney tissue of male Sprague-Dawley rats were
evaluated. The liver, pancreas and kidney tissue was used, as they each play a major role in
the detoxification of foreign toxins in the body and consequently are vulnerable to the effects
of toxins especially if the detoxification pathways are depleted (Coetzee, et al., 2009d;
Nordberg, 2009; Venter, 2015).

The liver, due to its high blood supply and its diverse metabolic capacity including the
detoxification pathways and the secretion of bile, is prone to cellular damage, which
compromises organ function (Timbrell, 1999). The liver consists mainly of hepatocytes that
are arranged in plates, separated by sinusoidal spaces that extend to the central vein
(Kierszenbaum and Tres, 2012). The endothelium is incomplete and consequently the
hepatocytes are in direct contact with the blood. Metals such as Cd and Cr can induce the
formation of reactive oxygen species (ROS) via various mechanisms and this can cause
cellular damage leading to cell death such as necrosis (Cuypers, et al., 2010; Park, et al.,
2013; Venter, et al, 2015). Characteristic cellular features of necrosis is cell swelling,
vacuolation, karyolysis and loss of cellular content (Venter, 2015). ROS can cause lipid
peroxidation and activation of Kupffer cells with the release of specific inflammatory and
cytotoxic mediators (Koyu, et al., 2006). Likewise the kidney is also involved in detoxification
and both the collecting ducts and the functional unit, the nephron, are targets of toxicity. The
urine blood barrier of the glomeruli and the epithelium of the proximal convoluted tubule
(PCT) are specific targets of toxicity as both play a major role in the filtration system of the
kidneys (Kierszenbaum and Tres, 2012). Not only can ROS induce oxidative damage, but
the ability of metals such as Cd and Cr to inhibit enzyme activity and disrupt functioning of
the urine blood barrier can cause kidney damage (Venter, et al., 2017).

Although the pancreas is not a specific organ associated with detoxification, especially the
endocrine component of the pancreas, it is still sensitive to the effects of toxins. The
pancreas is affected by Cd and Cr reduction of zinc levels in the pancreas and thus altering
the function of the pancreas (El Muayed, et al.,, 2012; Solis-Heredia, et al., 2000). The
pancreas is divided into two parts, the exocrine and endocrine components. The exocrine
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pancreas consists of pancreatic acinar cells. These cells have a pyramidal shape and
contain zymogen granules, Golgi complexes, rough endoplasmic reticulum (rER),
mitochondria and nuclei (Kierszenbaum and Tres, 2012). The zymogen granules can contain
up to 20 different pancreatic enzymes, depending on the diet, and regulates various
functions that include the release of water and bicarbonate ions (Kierszenbaum and Tres,
2012). The endocrine pancreas is mainly involved in insulin production, but also produces
glucagon, gastrin, somatostatin and pancreatic polypeptide. The cells that produce these
enzymes include the a- (glucagon), B- (insulin), &- (gastrin and somatostatin) and PP cells
(pancreatic polypeptide). They are collectively known as the lIslets of Langerhans, that
makes-up only about 2% of the pancreas mass (Liu, et al., 2010; Nachnani, et al., 2010).

In addition to direct cellular injury, fibrosis associated with an excessive accumulation of
extracellular matrix (ECM) proteins, including collagen can also occur (Bataller and Brenner,
2005; Wynn, 2008). The ECM is a non-cellular component of tissue that provides both an
essential physical scaffolding to all cellular components and initiates crucial biochemical and
biomechanical signals that are needed for tissue morphogenesis, differentiation and
homeostasis (Frantz, et al., 2010). The hardening or stiffening of the microenvironment will
cause disruption of the basal membrane, which compromises tissue integrity and
destabilizes cell-cell adhesions (Frantz, et al., 2010). Fibrosis can be initiated in all the
organs and ROS has been implicated in the mechanism of fibrosis (Bataller and Brenner,
2005; Ha and Lee, 2003; Liu, 2006).

In this chapter, the effects of Cd and Cr alone and in combination on the histology of the

liver, pancreas and kidneys were evaluated. Furthermore, picrosirius red (PR) staining was
used to evaluate the presence of possible fibrosis in the tissues by using polarised light.

4.2 Materials and methods

4.2.1 Histological analysis

Liver, pancreas and kidney tissue were collected as described in Chapter 3.

4.2.2 Sample processing

The liver, pancreas and kidney tissue were fixed in 2.5% glutaraldehyde (GA)/formaldehyde
(FA) (1m?f of 25% GA, 1m! of 25% FA, 5mf 0.15M phosphate buffer, pH 7.4, and 3m{ ddH,0)
for an hour and was then rinsed three times in 0.075M phosphate buffer, pH 7.4, for 15
minutes each before the tissue samples were dehydrated in 30%, 50%, 70%, 90% and three
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changes of 100% ethanol. The tissue samples were then left overnight in 100% ethanol. The
next day the liver, pancreas and kidney samples were placed in tert-Butyl alcohol (TBA) for
two days, renewing the TBA three times a day. Subsequently, wax pellets were added to
create a 50:50 mixture. The samples were then placed in an oven at 60°C for two days,
renewing the TBA-wax mixture three times a day. The TBA-wax mixture was followed by a
100% wax solution for 24 hours at 60°C, whereafter the samples were placed in a steel
mould, filled with wax, and a marked grid was placed on top. The moulds with the marked
grids were then placed on a cooling plate to allow the wax to cool and harden. Sections of 3-
5um were made with a Leica RM 2255 wax microtome (Leica Microsystems, Wetzlar,
Germany).

4.2.3 General morphology: Haematoxylin and eosin staining

General tissue morphology was evaluated with haematoxylin and eosin (H&E) staining.
Haematoxylin stains the cell nucleus, ribonucleic acid (RNA)-rich structures present in the
cytoplasm such as the ribosomes and rER (Jacobs, et al., 2006). Eosin, which binds
positively charged protein and collagen, is used as a counter-stain and both the cytoplasm
and collagen stain pink (Coetzee, et al., 2009c).

To evaluate general tissue morphology, slides with the sections were cleared in xylene twice
for ten minutes to remove the paraffin wax. The slides were then placed in a series of
descending ethanol concentrations to rehydrate the tissue. The series started with placing
the slide twice in 100% ethanol for two minutes, then the slides were placed in 90% ethanol
for a minute and then in 70% ethanol for another minute. Before the slides were placed in
the haematoxylin for fifteen minutes they were rinsed in ddH,O for a minute. After the
haematoxylin staining, the slides were then placed into the Scott’s blue buffer solution for
eight minutes, this changes the reddish-purple colour of the haematoxylin into a purple-
bluish colour (Ernst, et al., 2011). The tissue was then rinsed with ddH,O, whereafter it was
counterstained by dipping it in eosin for five times for approximately two seconds each. After
the eosin, the tissue was dipped in a series of ascending ethanol concentrations (70%, 90%
and 100% ethanol) to dehydrate the tissue and ensure that the excess dye is removed.
Finally the slides were dipped in xylene before the coverslip was mounted using Entellan®
mounting medium. The slides were viewed with a Nikon Optiphod transmitted light
microscope (Nikon Instruments Inc., Amsterdam, Netherlands) and Olympus BX63 light
microscope (Olympus, Tokyo, Japan).

The haematoxylin dye solution was prepared by dissolving 1g haematoxylin in 1£ ddH,O to a
final concentration of 0.1%, whereafter 0.2g sodium iodate and 50g potassium aluminium
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sulphate were added and dissolved. Lastly, 1g citric acid and 50g chloral hydrate were
added to the solution and dissolved. To prepare the eosin stain, 2g of eosin powder was
dissolved in 200m¢ of ddH,O. The Scott’s blue buffer solution was prepared by dissolving 2g
potassium-bicarbonate and 20g magnesium-sulphate in 1£ ddH,O.

4.2.4 Fibrosis: Picrosirius red

To determine if the metals induced fibrosis, PR staining of the sections was undertaken. For
this, 0.5g of sirius red dye was dissolved in 500m¢{ of a saturated aqueous solution of picric
acid. Acidified water was used for washing, made by adding 5m? of glacial acetic acid to 1£
of ddH,0. Firstly, the excess paraffin wax was removed, by putting the slides in xylene twice
for 10 minute intervals. The slides were then placed in a series of descending ethanol
concentrations to rehydrate the tissue. The series started with placing the slide in 100%
ethanol twice for two minutes, then the slides were placed in 90% ethanol for a minute and
then in 70% ethanol for another minute. The slides were then rinsed ddH,O for a minute.
The tissue was then stained in haematoxylin, prepared as described above, for fifteen
minutes and then placed into the Scott’s blue buffer solution for eight minutes. The PR
solution was applied for one hour and then the slides were washed twice with acidified
water. The tissue was then dehydrated twice in 100% ethanol and cleared with xylene before
mounting with Entellan® mounting medium (Mitra, et al., 2012). The slides were viewed with
a Nikon Optiphod transmitted light microscope (Nikon Instruments Inc., Amsterdam,
Netherlands) and Olympus BX63 light microscope (Olympus, Tokyo, Japan), using
polarizing light to detect fibrosis.

4.2.5 Analysis of morphological alterations
The degree of damage of the liver, pancreas and kidney was classified according to Table

4.1.

Table 4.1: Morphological alterations criteria (Modified from Brzoska, et al., 2003)

Value Description of damage

- Normal/No alterations

+ Minor alterations
++ Mild alterations
+++ Severe alterations
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4.3 Results

4.3.1 General morphology: Liver

& b

Figure 4.1: Representative light micrographs of control (A and B), Cd (C and D), Cr (E and F) and Cd
and Cr (G and H) exposed liver tissue. Key: White arrows: Sinusoidal dilation; Black arrows: Necrosis
(Scale bars: A, B, D, F and H: 10um; C, E and G: 20um). H&E staining.
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In the liver tissue, necrosis and sinusoidal dilation were evaluated. In the control group, the
normal morphology of the liver was seen with the hepatocytes neatly arranged in plates, with
minor to no sinusoidal dilation present (Fig. 4.1 A and B). In the metal exposed groups, the
incidence of necrosis was prominent [Fig. 4.1 D, F and H (black arrows)] with also an
increase in the sinusoidal spaces in all the metal exposed groups [Fig. 4.1 C, E and G (white
arrows)]. Table 4.2 summarizes these histological changes seen in the liver. Liver exposed
to Cd alone and in combination with Cr showed the greatest degree of damage with both

necrosis and sinusoidal dilation.

Table 4.2: Summary of histological changes in the liver tissue

Group Necrosis Sinusoidal dilation
Control + +
Cd ++ ++
Cr ++ +
Cd and Cr ++ ++

-, none; +, minor, ++, mild, +++, severe.
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4.3.2 Pancreas

Figure 4.2: Representative light micrographs of the exocrine (A, C, E and G) and endocrine pancreas
(B, D, F and H) of control (A and B), Cd (C and D), Cr (E and F) and Cd and Cr (G and H) exposed
pancreatic tissue. Key: Black arrows: Necrosis; I: Islet of Langerhans (Scale bars: A—H: 20pum). H&E

staining.
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The morphology of the exocrine and the endocrine components of the pancreas were
evaluated. The morphology and arrangement of the acinar cells of the exocrine pancreas
and that of the Islets of Langerhans were evaluated. The exocrine pancreas exhibited no
major morphological alterations of the acinar cells, with only minor necrosis being observed
in the Cd and Cr groups (Fig. 4.2 C and E). In the endocrine pancreas, minor to mild
necrosis were seen in the Cd and Cr and combination groups, respectively [Fig. 4.2 D, F and
H (black arrows)]. It was also noticed that the necrosis seen in the metal combination group
was mainly observed at the periphery of the Islets of Langerhans, which is typically where
the a-cells are located [Fig. 4.2 H (black arrows)]. A summary of these effects are presented
in Table 4.3.

Table 4.3: Summary of histological changes in the pancreas tissue

Exocrine pancreas Endocrine pancreas
. . Patency of
.| Acinar pyramidal . .
Group Necrosis acinar Necrosis Vacuoles
shape
lumen

Control - - - - -
Cd + - - + -
Cr + - - + -
Cd and Cr - - - ++ -

-, none; +, minor, ++, mild, +++, severe.
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4.3.3 Kidney

Figure 4.3: Light micrographs of renal tubules (A, C, E and G) and glomeruli (B, D, F and H) of
control (A and B), Cd (C and D), Cr (E and F) and Cd and Cr (G and H) exposed kidney tissue. Key:
Black arrows: Necrosis; White arrows: Diluted glomeruli; G: Glomeruli; PCT: Proximal convoluted
tubule (Scale bars: B and D: 10um; A, C, E-H: 20um). H&E staining.
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In the kidney tissue, due to the important role of these structures the morphology of the renal
tubules and glomeruli were evaluated (Coetzee, et al, 2009d; Nordberg, 2009; Venter,
2015). In figure 4.3 the effects of the heavy metals Cd and Cr alone and in combination on
the PCT (Fig. 4.3 A, C, E and G) and glomeruli can be seen (Fig. 4.3 B, D, F and H). Renal
tubule necrosis was present in the Cd and Cr groups alone [Fig. 4.5 C and D (black arrow)],
with more severe necrosis seen in the combination group [Fig. 4.3 G (black arrows)].
Evaluation of the glomeruli in the control group showed some alterations although overall
morphology was normal (Fig. 4.3 B). The Cd group showed the same trend as seen in the
control group, with only some dilation visible in the glomeruli in the Cr, and Cd and Cr
combination groups respectively [Fig. 4.3 F and H (white arrows), respectively]. In Table 4.4
the effects of the metals on the kidney tissue are summarized.

Table 4.4: Summary of histological changes in the kidney tissue

Proximal convoluted tubules Glomeruli
Group Necrosis Necrosis Dilation Contraction
Control + - + +
Cd ++ - + +
Cr ++ - ++ +
Cd and Cr +++ - ++ +

-, none; +, minor, ++, mild, +++, severe.
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4.3.4 Fibrosis: Liver, pancreas and kidney

']

P —

Figure 4.4: Light micrographs of liver tissue of the control (A and B), Cd (C and D), Cr (E and F) and
Cd and Cr (G and H) groups, where no fibrosis was observed in the metal exposed groups (D, F and
H). Figures A, C, E and G are the bright field micrographs and B, D, F and H are the polarized

micrographs (Scale bars: A—H: 20um). PR staining.
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G . H

Figure 4.5: Light micrographs of the exocrine pancreas of the control (A and B), Cd (C and D), Cr (E
and F) and Cd and Cr (G and H) groups, where no fibrosis was seen in the metal exposed groups (D,
F and H). Figures A, C, E and G are the bright field micrographs and B, D, F and H are the polarized
micrographs (Scale bars: A—H: 20um). PR staining.
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Figure 4.6: Light micrographs of the endocrine pancreas of the control (A and B), Cd (C and D), Cr (E
and F) and Cd and Cr (G and H) groups, with no fibrosis were seen in the metal exposed groups (D, F

and H). Figures A, C, E and G are the bright field micrographs and B, D, F and H are the polarized
micrographs. Key: [: Islet of Langerhans (Scale bars: A—H: 20um). PR staining.
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g

Figure 4.7: Light micrographs of the kidney tissue, incorporating both the renal tubules and glomeruli,
of the control (A and B), Cd (C and D), Cr (E and F) and Cd and Cr (G and H) groups, with no fibrosis
seen in the metal exposed groups (D, F and H). Figures A, C, E and G are the bright field
micrographs and B, D, F and H are the polarized micrographs. Key: G: Glomeruli (Scale bars: A and
B: 10um; C—H: 20um). PR staining.
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Excessive ROS formation has been well studied in increasing the deposition of ECM (Ha
and Lee, 2003). PR stains the ECM red and with polarisation it either has an orange-red or
green-yellow birefringence that indicates the thickness of the collagen fibres present in the
ECM (Arbi, 2015; Rich and Whittaker, 2005). Evaluation of the possible presence of fibrosis
in the liver, pancreas and kidney tissue revealed that after exposure to Cd and Cr alone and
in combination, no increase in fibrosis was observed in any of the tissue sections evaluated
(Fig. 4.4 — 4.7).

4.4 Discussion

The current chapter evaluated the possible changes caused by Cd and Cr heavy metal
toxicity on the morphology of the liver, pancreas and kidney tissue by using light microscopy.
Upon evaluation of the liver control tissue, almost unnoticeable changes were seen and
morphology typical of control liver tissue was observed (Fig. 4.1 A and B). In contrast to the
control group, in the metal exposed groups the occurrence of mild necrosis (black arrows)
and an increase in the sinusoidal spaces (white arrows) (Fig. 4.1 B—H) was observed. These
findings are similar to previously described studies where an increase in necrosis and
sinusoidal dilation after exposure to Cd and Cr alone and in combination were observed
(Mishra and Mohanty, 2008; Venter, 2015; Venter, et al., 2015). In the liver tissue, no
induction of fibrosis was observed (Fig. 4.4). These findings also support, in part, the results
obtained from the blood chemistry analysis (Chapter 3), where significant differences of the
alkaline phosphatase (ALP) levels were seen in only the combination group, that will
decrease the liver functions, as ALP plays a role in the transport of metabolites across cell
membranes in the liver (Giannini, et al., 2005; Venter, et al., 2017). The loss in plasma
membrane function, due to Cd and Cr exposure, also contributes to the reduction in ALP
levels (ElI-Demerdash, et al., 2004; Kumar and Kumar, 2013; Venter, et al., 2017). The
absence of changes in the other blood markers tested does not reflect the observed
histological effects. Therefore the markers usually used are poor indicators of tissue
damage, and therefore in population based studies changes in liver function enzymes will
not be observed and the conclusion that will be made is that no liver damage has occurred.

In the exocrine pancreas the control group had normal acinar cells, with basally located
round nuclei, and zymogen granules that were found at the apical portion of the pancreatic
acinar cells (Fig. 4.2 A). Only the Cd and Cr groups showed minor necrosis of the acinar
cells. This is similar to the findings of Edwards and Prozialeck, where the acinar cells of the
exocrine pancreas showed irregular appearance after exposure to Cd (Edwards and
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Prozialeck, 2009). In contrast, Liu, et al. reported no changes in the morphology of exocrine
cells following exposure to Cr. This can be due to the low levels of Cr (0.5mg/kg/day) given
to the mice in that study, compared to Cr levels used in the current study (14.22mg/kg/day)
(Liu, et al., 2010). The endocrine pancreas showed an increase in necrosis in the metal
exposed groups (Fig. 4.2 D, F and H) compared to the control (Fig. 4.2 B). As for the liver,
Cd and Cr alone and in combination did not induce fibrosis. In a study using streptozotocin-
induced diabetic pregnant rats, exposure to Cd (0.49mg/kg/day) caused changes to the
morphology of the pancreas by causing degeneration, necrosis, and weak degranulation of
the B-cells of the pancreatic islets (Kanter, et al., 2003). In contrast to a study by Liu, et al.,
no changes were observed in the Islets of Langerhans after exposure to Cr (0.5mg/kg/day)
(Liu, et al., 2010), however this may be due to the low dosages used in that study, compared
to Cr levels used in the current study (14.22mg/kg/day). Disruption of the functioning of the
endocrine component of the pancreas can lead to an increase in glucose levels in the blood.
Related to glucose levels found in Chapter 3, no changes in glucose levels were found,
which is in contradiction to the levels of histological damage observed. Minimal literature
exists regarding the effects of Cd and Cr alone on pancreatic tissue (Shimada, et al., 2000)
and, to our knowledge, no literature exists on the effects of Cd and Cr in combination. The
results of the present study showed an increase in damage due to the additive necrotic
effect of Cd and Cr on the Islets of Langerhans. No effect on the exocrine acinar cells was
observed [Fig. 4.2 G and H (black arrows)]. No fibrotic changes were observed in either the
exocrine or endocrine components of the pancreas (Fig. 4.5 and 4.6).

The alterations seen in the kidney tissue showed that there is an increase in necrotic PCT
cells in all the exposed groups [Fig. 4.3 C, E and G (black arrows)]. In terms of the glomeruli,
the Cr and combination groups showed a decrease in the urinary spaces of the renal
corpuscles [Fig. 4.3 F and H (white arrows)], with the control and Cd groups showing some
altered glomeruli, but had overall normal glomerular morphology (Fig. 4.3 B and D). No
fibrotic changes in the kidney tissue were observed (Fig. 4.7). These results correlate with
our previous findings of the PCT, after exposure of chick embryos to Cd and Cr alone and in
combination (430uM and 476uM, respectively) (Venter, 2015). Although the Cd group
showed minimal alterations to the glomeruli in this study, a more pronounced effect was
expected as seen in our previous study, where contraction of the glomeruli was observed
after exposure to Cd alone (Venter, 2015). No changes in UN and creatinine was observed
for rats exposed to Cd and Cr alone, although creatinine levels were decreased for rats
exposed to Cd and Cr in combination. This again raises the concern that blood markers of
tissue damage such as those used to measure liver and kidney damage are poor indicators
of tissue damage as a result of exposure to heavy metals.
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4.5 Conclusion

In conclusion, Cd and Cr and alone an in combination caused tissue necrosis. In the liver
and kidney this was associated with sinusoidal and glomerular dilation respectively. Damage
induced by Cd and Cr was not associated with any significant changes in blood levels of
markers of liver, pancreatic and kidney damage. Only for Cd and Cr in combination, were
associated changes in TP and creatinine levels observed. Poor correlation between
histological damage and blood markers of tissue damage is of concern especially related to
exposed populations.
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Ultrastructural effects and bio-accumulation of Cd and Cr alone and in
combination on Sprague-Dawley rat liver, pancreas and kidney tissue

as well as analysis of the coagulation system

5.1 Introduction

In the liver, pancreas and kidney, cadmium (Cd) and chromium (Cr) are metabolized
differently, but induce similar effects namely oxidative stress that leads to lipid peroxidation,
protein and deoxyribonucleic acid (DNA) damage and apoptosis or necrosis. These effects
may lead to ultrastructural changes to the tissue and cellular components of the liver,
pancreas and kidney that may lead to functional changes in the tissue (Timbrell, 1999;
Venter, 2015; Venter, et al., 2017). Previous studies have shown that Cd and Cr exposure
caused similar ultrastructural effects that include irregular chromatin condensation, swelling
in between the cristae of the mitochondria, membrane alterations of both the nuclei and
mitochondria and dilation of the rough endoplasmic reticulum (rER) (Fu, et al., 2008;
Thophon, et al., 2004; Venter, et al., 2017; Venter, et al., 2015). These metals may also
have effects on the organ-specific organelles or structures, that includes the glomerular
filtration barrier of the kidney and the granules of the Islets of Langerhans (Akesson, et al.,
2014; Kanter, et al., 2003; Prozialeck and Edwards, 2012; Venter, et al., 2017). Therefore, a
brief description of the normal ultrastructure and function of the organelles are given, as well
as the criteria used to evaluate the alterations caused by the heavy metal toxicity.

The cell membrane surrounds all the organelles of the cell and consists of a phospholipid
bilayer that contains proteins which assist in cell-cell recognition and selective transport of
molecules and also acts as a protective barrier (Coetzee, et al., 2009c; Kierszenbaum and
Tres, 2012). Membranous organelles that include the mitochondria, smooth endoplasmic
reticulum (sER) and rER, Golgi complexes and lysosomes are numerous and are widely
distributed in the cytoplasm (Kierszenbaum and Tres, 2012; Young, et al., 2006). The
plasma and nuclear membrane are specific targets of oxidative damage due to the presence
of lipid and proteins.

Nuclei are mostly found in the centre of the cells and consist of a nuclear envelope,
chromatin and nucleolus (Coetzee, et al., 2009c; Kierszenbaum and Tres, 2012). The
nuclear envelope consists of a double membrane, separated by a perinuclear space. The
nuclear envelope is interrupted at random intervals by nuclear pores that allows for
metabolic exchange (Coetzee, et al., 2009c; Kierszenbaum and Tres, 2012). The chromatin

consists of small, dark granules, called nucleosomes, composed of an histone octamer core,
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with about two turns of DNA coiled around it and which plays a crucial role in cell division
(Coetzee, et al., 2009c; Kierszenbaum and Tres, 2012). The nucleolus is the site of
synthesis, processing, and modification of pre-ribosomal ribonucleic acid (rRNA) and initial
pre-ribosomal assembly. The nucleolus also contains several proteins involved in pre-rRNA
processing and shuttling between the nucleolus and the nucleoplasm. Structurally the
nucleolus consists of three major elements, namely fibrillar centre, dense fibrillar component
and granular component (Kierszenbaum and Tres, 2012; Scheer and Hock, 1999). In this
study, the nuclear membrane and chromatin condensation were investigated for membrane
alterations based on the fact that heavy metals can cause lipid peroxidation and thus causes
loss in membrane integrity and DNA damage, respectively (Bertin and Averbeck, 2006).

The main function of the mitochondria is adenosine triphosphate (ATP) synthesis
(Kierszenbaum and Tres, 2012). Mitochondria vary significantly in size and shape in all the
different types of cells, but overall are elongated and always consist of four compartments,
namely the outer and inner membranes, mitochondrial matrix and intermembranous space.
The outer membrane plays a role in the transport of small molecules and converts lipid
substances into usable molecules for the mitochondria. The inner membrane folds into shelf-
like folds called cristae, that project into the mitochondrial matrix (Coetzee, et al., 2009c;
Kierszenbaum and Tres, 2012; Young, et al, 2006). The mitochondrial matrix and
intermembranous space contains enzymes, calcium, magnesium and even DNA and RNA,
which all plays a role in the energy production function of the mitochondria (Coetzee, et al.,
2009c; Young, et al., 2006). The mitochondria were evaluated for possible loss in membrane
integrity and inner matrix swelling in this study, which might indicate that lipid peroxidation
and an increase in fluid in the mitochondria occurred (Bertin and Averbeck, 2006; Thophon,
et al., 2004).

The rER consists of stacks of flattened membranous sacs known as cisternae that are
interconnected. On the membranes of the rER, ribosomes are attached, giving it a “rough”
appearance and assist in the function of the rER: to produce proteins (Coetzee, et al.,
2009c; Kierszenbaum and Tres, 2012). In this chapter the dilation of the rER was evaluated,
which might indicate an increase of water in the cells due to intoxication with harmful
substances like heavy metals (Venter, 2015).

The blood is essential for the distribution of nutrients, metabolites, drugs and toxins to each
organ system as well as the removal of waste products including toxic metabolites. Due to
the close association between the hepatocytes and blood via sinusoidal endothelium, the
urine blood barrier and the contact of the endocrine pancreas via the fenestrated
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endothelium, implies that not only does the blood play an essential role in the distribution of
Cd and Cr, but may also be a specific target of toxicity. One of the main functions of the
coagulation system, to reduce and/or stop excessive blood loss, can thus be altered by the
heavy metals. This system needs to be carefully controlled to ensure that it doesn’t form
clots, which can cause a blockage in the blood vessels (Smith, 2009) and which may move
to an organ and cause tissue damage, as seen when a clot enters the brain and causes a
stroke (Zhang, et al., 2015). The coagulation pathway includes platelets, fibrin networks and
erythrocytes, which all play a major role in clot formation (Pérez-Gémez and Bover, 2007;
Smith, 2009; Van Rooy, 2015). Erythrocytes are the most adaptive cells in the body and thus
can change shape to fit through the small blood vessels and sinuses (Pretorius, et al.,
2016b). In erythrocytes, as with nucleated cells, apoptosis also occurs, but is known as
eryptosis. Eryptosis is characterized by cell shrinkage, blebbing and membrane scrambling,
that can be caused by oxidative stress, hyperosmotic shock, hyperthermia and energy
depletion (Féller, et al., 2008; Lang, et al., 2010; Lang, et al., 2012b; Lang and Qadri, 2012;
Mischitelli, et al., 2016; Pretorius, et al., 2016a; Pretorius, et al., 2014). Changes to the
erythrocytes morphology, platelet activation and fibrin fiber thickness, due to various
substances and illnesses, can cause changes in the coagulation system (Lang and Qadri,
2012; Pretorius, et al., 2016a).

In this chapter the possible ultrastructural changes and bio-accumulation in the liver,
pancreas and kidney tissue of male Sprague-Dawley rats after exposure to Cd and Cr alone
and in combination, as well as the effects of these metals on the coagulation system, were
investigated. As a fundamental component of each organ the effects of Cd and Cr alone and

in combination on blood haemostasis was also determined.

5.2 Materials and methods

5.2.1 Tissue and blood for transmission- and scanning electron microscopy
Tissue samples and blood were collected for transmission- (TEM) and scanning electron
microscopy (SEM), as described in Chapter 3.

5.2.2 Transmission electron microscopy

The liver, pancreas and kidney tissue samples were cut into Tmm? blocks and fixed in 2.5%
glutaraldehyde (GA) and formaldehyde (FA) for 1 hour, rinsed three times in 0.075M sodium
potassium phosphate buffer (pH 7.4) for 15 minutes each before the samples were placed in
the secondary fixative, a 1% osmium tetroxide (OsQO,) solution, for 1 hour. Following fixation,
the tissue samples were rinsed again as described above. The tissues were then dehydrated
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in 30%, 50%, 70%, 90% and three changes of 100% ethanol. The samples were embedded
in epoxy resin and ultra-thin sections (70—100nm) were cut with a diamond knife using an
ultramicrotome. Samples were contrasted with uranyl acetate for 5 minutes followed by 2
minutes of contrasting with lead citrate, after which the samples were allowed to dry for a
few minutes before being examined with the JEOL JEM 2100F TEM (JEOL Ltd., Tokyo,
Japan).

5.2.3 Analysis of ultrastructural alterations

Possible ultrastructural alterations of the liver, pancreas and kidney cellular organelles and
membranes evaluated included disruption of the nuclear and cellular membrane,
condensation of chromatin, disruption of the mitochondrial membrane and swelling of the
mitochondrial inner matrix as well as dilation of the rER. Some tissue specific alterations
were also evaluated. The degree of damage was graded according to Table 5.1. Summaries
of these ultrastructural changes are presented in Tables 5.2-5.4.

Table 5.1: Morphological alterations criteria (Modified from Brzoska, et al., 2003)

Value Description of damage

- Normal/No alterations

+ Minor alterations
++ Mild alterations
+++ Severe alterations

5.2.4 Electron energy-loss spectroscopy

An FEI Tecnai G220 high resolution TEM (FEI, Oregon, USA) equipped with the GIF 2001
energy filter (Gatan, Inc., CA, USA) for electron energy-loss spectroscopy (EELS) and
energy filtered TEM (EFTEM) analyses were used to evaluate the possible bio-accumulation
of Cd and Cr in the liver, pancreas and kidney tissue. EELS spectra [Cd: 403.7eV and Cr:
574eV (Ahn, et al., 1983)] analysis was performed to confirm the presence of the heavy
metals in the tissue, together with the EFTEM colour map, to visually express the exact
position of the metals in the tissue.

The EELS spectra were collected in normal parallel beam TEM mode, without an objective
aperture and employing a GIF entrance aperture of 3mm. This allowed for the use of a large
collection semi-angle, f~100mrad, which greatly improved the jump ratio of the spectra. To
remove the effects of plural scattering and the contribution from low energy plasmon losses,
each spectrum was background-subtracted using a power law line shape. This was followed
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by further deconvoluting the ionization edges using a Log-Fourier iterative process, so as to
remove all other plural scattering contribution. The EFTEM maps were collected using the
Gatan 3 window method with an energy slit width of 20eV. For construction of the Cr map,
the pre-edge 1 and pre-edge 2 energy windows were centred at 545eV and 565eV,
respectively, whereas the post-edge window was centred at 585eV so as to coincide with the
onset of the Cr L, 3 ionization edge at 574eV. The positions of the pre-edge 1 and 2 windows
were based on the background subtraction model obtained from the EELS analyses when
using 2 energy windows. This ensured that only energy loss contributions from the metal
under investigation were mapped. Similarly, for mapping of the energy-loss contributions of
Cd, the pre-edge 1 and 2 windows were placed at 364eV and 384eV, with a post-edge onset
centred at 414eV.

5.2.5 Scanning electron microscopy

SEM was used to study the erythrocyte, platelet and fibrin fibre morphology together with the
fibrin fibre thickness. The morphology of erythrocytes and fibrin networks were studied by
preparing whole blood (WB) and platelet-rich plasma (PRP) respectively (Van Rooy, et al.,
2015). Blood was collected in citrate tubes, as described in Chapter 3, and 10uf WB, with
and without the addition of 5uf human thrombin (20U/m¢{; South African National Blood
Service), were added to 10mm round glass coverslips (Leica SA). The blood was then
centrifuged for 10 minutes at 227xg to obtain the PRP. A 10uf volume of the PRP, with and
without the addition of 5uf human thrombin, was then also placed on 10mm glass coverslips.
The glass coverslips were allowed to dry for about 10-20 minutes, before being placed in
24-well plates that contained 0.075M sodium potassium phosphate buffer (pH 7.4). The
samples were washed for 20 minutes on a shaker to remove any blood proteins that might
interfere with the blood clots (Van Rooy, et al., 2015). The washed samples were then fixed
in 2.5% GA/FA solution for 30 minutes. This was followed by rinsing the samples three times
in phosphate buffer for 3 minutes before secondary fixation in 1% OsO, for 15 minutes. The
samples were washed again three times in phosphate buffer for 3 minutes, before being
dehydrated in 30%, 50%, 70%, 90% and 3 times in 100% ethanol. The SEM sample
preparation was completed by drying the samples in hexamethyldisilazane (HMDS), followed
by mounting and coating by carbon evaporation, and was examined by using the Zeiss
ULTRA Plus FEG-SEM and Zeiss Crossbeam 540 FEG-SEM (Carl Zeiss Microscopy,
Munich, Germany). On the micrographs the thickness of the fibrin fibres was measured to
determine if any changes to size of the major thick and minor thin fibre had occurred
following exposure to heavy metals (Van Rooy, et al., 2015). Fifty random fibres were
measured in the control- and metal-exposed groups SEM micrographs using Imaged
(Version 1.49, Java).
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5.3 Results

5.3.1 Ultrastructural effects of Cd and Cr alone and in combination on the liver

Control

Figure 5.1: TEM micrographs of the control group. Figure A shows the hepatocytes of the liver tissue,
with no damage present. Figure B indicates the slight alterations seen in some of the nuclear
membranes (arrow). Figures C and D show the minimal alterations to the mitochondrial membrane
[Fig. D (arrow)] and intact cristae. Key: G: Glycogen granules; HM: Hepatocyte membrane; M:
Mitochondria; N: Nucleus membrane (Scale bars: A: 5um; B: 1um; C: 500nm; D: 200nm).
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Cadmium

Figure 5.2: TEM micrographs of the Cd experimental group. Figure A is representative of the
hepatocytes in the Cd group, with Figure B indicating the alterations seen with the nuclear
membranes (arrow). Figures C and D represent the mitochondria present in the liver tissue, with the
arrow indicating mitochondrial membrane damage (Fig. D). Key: B: Bile canaliculi; G: Glycogen
granules; HM: Hepatocyte membrane; M: Mitochondria; N: Nucleus (Scale bars: A: 5um; B: 1um; C:
500nm; D: 200nm).
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Chromium

Figure 5.3: TEM micrographs of the Cr experimental groups. Figure A shows the general morphology
of the hepatocyte, with the arrows indicating the dilated rER and Golgi apparatus. Figures C and D
show the inner matrix swelling and membrane changes of the mitochondria. Key: G: Glycogen
granules; HM: Hepatocyte membrane; M: Mitochondria; N: Nucleus (Scale bars: A: 5um; B: 1um; C

and D: 200nm).
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Cadmium and chromium

Figure 5.4: TEM micrographs of the liver tissue of the Cd and Cr exposed group. Figure A shows the
general hepatocyte structure, with Figures B-D showing the nuclear and mitochondrial alterations
(arrows), respectively. Key: G: Glycogen granules; HM: Hepatocyte membrane; M: Mitochondria; N:
Nucleus (Scale bars: A: 5um; B: 1um; C and D: 500nm).
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The typical morphology of normal hepatocytes is presented in the control group (Fig. 5.1),
with many mitochondria and glycogen granules present in the cytoplasm. Only minor
changes to the nuclear and mitochondrial membranes [Fig. 5.1 B and D (arrows),
respectively], were observed. No change to the inner matrix of the mitochondria of the
control liver tissue was observed. (Fig. 5.1 C). For rat liver exposed to Cd (Figure 5.2),
normal hepatocyte structure is still visible although in the cytoplasm some rER dilation is
visible (Figure 5.2 A). The incidence of nuclear- and mitochondrial membrane disruptions are
more prevalent in the Cd exposed groups [Fig. 5.2 B and D (arrows), respectively]. Irregular
chromatin condensation are present in the nuclei (Fig. 5.2 A and B), but no inner matrix
swelling is seen in the mitochondria (Fig. 5.2 C).

In the Cr experimental group (Fig. 5.3), there is an increase in the rER dilation [Fig. 5.3 A
(arrows)]. Outer membrane alterations in the nuclear [Fig. 5.3 B (arrows)], and mitochondrial
membranes were visible in the Cr exposed group [Fig. 5.3 D (arrows)]. The nuclei also
presented with irregular chromatin condensation, with inner matrix swelling visible in the
cristae of the mitochondria [Fig. 5.3 C (arrow)]. Liver tissue from rats exposed to Cd and Cr
showed an increase in nuclear membrane damage and chromatin condensation [Fig. 5.4 A
and B (arrows)]. In this group alterations to the mitochondrial membrane and cristae
alterations [Fig. 5.4 C and D (arrows)] were also observed. The ultrastructural changes
observed in the liver tissue is summarised in Table 5.2.

Table 5.2: Summary of ultrastructural changes in the liver tissue

Cellular Nuclear . Mitochondrial . .
Chromatin Mitochondrial rER
Group membrane membrane ] membrane ] o
] ] ] ] condensation ] ] swelling dilation
disruption disruption disruption
Control - + - + - -
Cd + ++ ++ + - +
Cr - ++ ++ ++ ++ +++
Cd and Cr + +++ +++ ++ ++ ++

-, none; +, minor, ++, mild, +++, severe.
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5.3.2 Ultrastructural effects of Cd and Cr alone and in combination on the
pancreas

Control

Figure 5.5: TEM micrographs of the pancreas tissue from the control group. Figures A, C and E
indicate the exocrine pancreas, with the pancreatic acinar cells (Fig. A), nuclear membrane (Fig C)
and mitochondria (Fig E). Arrows indicate minimal membrane changes in Figures C and E. Figures B,
D and F show the endocrine pancreas, with Figure B indicating the general morphology of the Islets of
Langerhans, Figure D shows rER and B-cells and Figure F the mitochondria. Key: AM: Acinar
membrane; B: B-cells; M: Mitochondria; N: Nucleus; rER: Rough endoplasmic reticulum; Z: Zymogen
granules (Scale bars: A: 5um; B: 10um; C and F: 1um; D: 2um; E: 500nm).
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Cadmium

Figure 5.6: TEM micrographs of the Cd experimental group. Figures A, C and E represent the
alterations seen in the exocrine pancreas, with Figure A showing a pancreatic acinar cell, Figure C
the damaged nuclear membrane (arrow) and damaged mitochondria [Fig. E (arrow)] found in the
pancreatic acinar cells. Figures B, D and F are micrographs of the endocrine pancreas, with Figure B
mostly indicating the B-cells of the endocrine pancreas, Figures D and F show the rER, nuclear and
mitochondrial alterations, respectively. Key: AM: Acinar membrane; B: B-cells; C: Capillary; M:
Mitochondria; N: Nucleus; rER: Rough endoplasmic reticulum; Z: Zymogen granules (Scale bars: A:
5um; B: 20um; C and F: 1um; D: 2um; E: 500nm).
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Chromium

Figure 5.7: TEM micrographs of the Cr experimental group. Figures A, C and E indicate the exocrine
cells. Figure A shows the pancreatic acinar cells, with the arrows indicating rER dilation. Figure C
shows the nuclear membrane alteration (arrow) and Figure E the mitochondrial alteration (arrow).
Figures B, D and F indicate the Islets of Langerhans, with the general morphology shown in Figure B
(arrows indicate dilated rER). In Figure D the nuclear membrane alterations (arrow) are shown with
Figure F indicating the mitochondrial changes (arrow). Key: B: B-cells; C: Capillary: M: Mitochondria;
N: Nucleus; rER: Rough endoplasmic reticulum; Z: Zymogen granules (Scale bars: A: 10um; B: 5um;
C, D: 1um; E, F: 500nm).
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Cadmium and chromium

Figure 5.8: TEM micrographs of the Cd and Cr group. Figures A, C and E indicate the exocrine
pancreas, with Figure A showing the pancreatic acinar cells, with dilated rER visible in the cytoplasm.
Figure C and E indicates the nuclear and mitochondrial alterations (arrows), respectively. In Figures
B, D and F the alterations in the endocrine component are shown, with the white arrows indicating
inner matrix swelling in the mitochondria and the black arrows indicating membrane changes. Key:
AM: Acinar membrane; B: B-cells; C: Capillary; M: Mitochondria; N: Nucleus; rER: Rough endoplasmic
reticulum; Z: Zymogen granules (Scale bars: A: 20um; B: 5um; C-E: 1um; F: 200nm).
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The ultrastructure of the exocrine and endocrine pancreas was evaluated. The exocrine
gland contains the pyramidal shaped, pancreatic acinar cells, with the endocrine gland
containing the Islets of Langerhans. The normal morphology of these regions is presented in
Figure 5.5. Figures 5.5 A, C and E indicate the pancreatic acinar cells, nuclear membrane
and mitochondria, respectively, with minimal alterations (arrows) seen in all examined areas.
The endocrine pancreas (Figures 5.5 B, D and F) showed minimal changes in the rER,
nucleus and mitochondria. In the Cd experimental group (Fig. 5.6), some rER dilation can be
seen in the cytoplasm of the pancreatic acinar cells (Fig. 5.6 A). The nucleus displays both
membrane disruption, as well as irregular chromatin condensation [Fig. 5.6 A and C (arrow)].
In the mitochondria, some membrane and inner matrix swelling were present in almost all
the samples. In terms of the endocrine pancreas, rER cisternae dilation, nuclear membrane

alterations (Fig. 5.6 D) and inner matrix swelling [Fig. 5.6 F (arrows)] were also observed.

Analysis of the Cr experimental group revealed an increase in rER, nuclear and
mitochondrial alterations, with nuclei outer membrane changes [Fig. 5.7 C (arrow)], irregular
chromatin condensation and changes in the mitochondrial membrane [Fig. 5.7 E (black
arrow)] and cristae [Fig. 5.7 E (white arrow)]. rER cisternae dilation (Fig. 5.7 C) were also
seen in almost all samples. The endocrine pancreas (Fig. 5.7 B, D, and F) shows rER
dilation [Fig. 5.7 B (black arrows)] and nuclear membrane alterations seen in Figure 5.7 D
(black arrow). Inner matrix swelling was present in the mitochondria [Fig. 5.7 F (white
arrow)], with minimal membrane changes seen throughout the group.

A slight decrease in the occurrence of the alterations seen in the exocrine pancreas of the
Cd and Cr experimental groups are seen, when compared to the Cr experimental group. All
the organelles of the pancreatic acinar cells still showed some changes that include nuclear
membrane disruptions [Fig. 5.8 C (arrow)], irregular chromatin condensation, mitochondrial
membrane disruption, inner matrix swelling and rER dilation. The endocrine pancreas on the
other hand showed an increase in alterations in the metal combination group, in comparison
with the other groups. There was an increase in occurrence of nuclear outer membrane
changes [Fig. 5.8 D (black arrow)], mitochondrial inner matrix swelling [Fig. 5.8 D and F
(white arrows)] and membrane alterations [Fig. 5.8 F (black arrow)]. The observed effects of

exposure is summarized in Table 5.3
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Table 5.3: Summary of ultrastructural changes in the pancreas tissue

Exocrine pancreas

Cellular Nuclear . Mitochondrial . .
Chromatin Mitochondrial o
Group membrane membrane . membrane . rER dilation
. . . . condensation . . swelling
disruption disruption disruption
Control + + ++ + + -
Cd ++ ++ ++ ++ ++ +
Cr ++ +++ +++ +++ +++ ++
Cd and Cr ++ +4++ ++ ++ + +
Endocrine pancreas
Nuclear . .
Mitochondrial o o-, B-, D-
Group membrane . rER dilation .
. . alterations cell alterations
disruptions
Control + + + -
Cd ++ ++ ++ -
Cr ++ ++ ++ -
Cd and Cr +++ +++ ++ -

-, none; +, minor, ++, mild, +++, severe.
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5.3.3 Ultrastructural effects of Cd and Cr alone and in combination on the
kidney

Control

’

Figure 5.9: TEM micrographs of the kidney tissue from the control animals. Figures A, C and E

indicate the proximal convoluted tubule (PCT), nuclear membrane and mitochondria, respectively.
The glomerular ultrastructure can be seen in Figures B, D and F that indicate the glomeruli, the cells
involved in the filtration system and podocytes and mesangial cells, respectively. Key: AT: Apical
tubulovesicles C: Capillary; E: Endothelial cell; L: Lysosome; Me: Mesangial cell; MV: Microvilli; M:
Mitochondria; N: Nucleus; P: Podocyte; RBC: Red blood cell (Scale bars: A, B and F: 5um; C and D:
1pum; E: 200nm).
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Cadmium

Figure 5.10: TEM micrographs of the Cd experimental group. Figures A, C and E show the cuboidal
epithelial cell of the PCT, nucleus and mitochondria, respectively, with the arrows indicating
membrane damage (Fig. C and E). Figures B, D and F show the glomeruli and all its components that
include the endothelial cells, podocytes, pedicles (Fig. D arrow) and mesangial cell. Key: AT: Apical
tubulovesicles; C: Capillary; E: Endothelial cell; L: Lysosome; Me: Mesangial cell; MV: Microvilli; M:
Mitochondria; N: Nucleus; P: Podocyte; RBC: Red blood cell (Scale bars: A, B and F: 5um; C and D:
1pum; E: 500nm).
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Chromium

Figure 5.11: TEM micrographs of the kidney tissue of the Cr group. Figures A, C and E represents
the alterations seen in the PCT cells, with Figure C (arrows) indicating the nuclear outer membrane
damage and Figure E shows the membrane (black arrow) and cristae damage (white arrow) of the
mitochondria. Figures B, D and F show the glomeruli, where the endothelial cells, podocytes and
mesangial cells alterations are shown. Figures B and D (black arrows) show damage to the pedicles
and the white arrow (Fig. D) shows endothelial damage. Key: AT: Apical tubulovesicles; C: Capillary;
E: Endothelial cell; L: Lysosome; Me: Mesangial cell; MV: Microvilli; M: Mitochondria; N: Nucleus; P:
Podocyte; RBC: Red blood cell (Scale bars: A, B and F: 5um; C and D: 1um; E: 500nm).
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Cadmium and chromium

Figure 5.12: TEM micrographs of the kidney tissue from the combination group. Figure A indicates
the PCT, with Figures C and E showing the alterations seen in the nucleus and mitochondria (arrows),
respectively. Figures B, D and F show the glomeruli and its components, with the altered pedicles and
endothelial cells seen in Figures B (arrow) and D, respectively. Key: AT: Apical tubulovesicles; C:
Capillary; E: Endothelial cell; Me: Mesangial cell; MV: Microvilli; M: Mitochondria; N: Nucleus; P:
Podocyte; RBC: Red blood cell (Scale bars: A, B, D and F: 2um; C and E: 1um).
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Two regions of the kidney were evaluated for cellular damage and these were the PCT and
the glomeruli of the kidney (Tavafi, et al., 2016; Venter, 2015). In the kidney samples of the
control group, minimal alterations were seen in the ultrastructure of the kidney. In a few of
the samples evaluated minimal nuclear outer membrane [Fig. 5.9 C (arrow)] and
mitochondrial membrane changes (Fig. 5.9 E) were observed. No changes were seen in the
PCT cell membrane, rER (Fig. 5.9 A) and mitochondrial cristae (Fig. 5.9 E). The structure of
the components of the glomeruli, the endothelial cells, pedicles, mesangial cells and
podocytes [Fig. 5.9 F (arrows)], were normal or if any alterations were observed these were
minimal (Fig. 5.9 B, D and F). The morphology of the kidney tissue from animals exposed to
Cd showed increased alterations to the organelles of the PCT (Fig. 5.10 A, C and E).
Increased occurrence of irregular chromatin condensation was observed in the nuclei (Fig.
5.10 A and C). Minimal alterations were also seen in the endothelial cells and pedicles of the
glomeruli [Fig. 5.10 B, D (arrow) and F]. No changes were observed in the mesangial cells
and podocytes (Fig. 5.10 A and F).

In all rats exposed to Cr noticeable changes were observed and these were visible in the
outer membrane [Fig. 5.11 C (arrows)] and mitochondrial membrane [Fig. 5.11 E (black
arrow)]. lrregular chromatin condensation was also observed. Minimal alterations were
visible in the PCT cell membrane, rER and mitochondrial cristae [Fig. 5.11 E (white arrow)]
in almost all kidney tissue evaluated. The endothelial cells and pedicles showed minimal
damage in almost all kidney tissue and no changes were seen in the mesangial cells and
podocytes. The kidney tissue of the Cd and Cr group also showed altered nuclear and
mitochondrial structure. Changes included membrane alterations [Fig. 5.12 C and E (black
arrows)], irregular chromatin condensation and inner matrix swelling [Fig. 5.12 E (white
arrow)], respectively. Some cellular membrane and rER changes were also seen in the PCT.
In all tissue samples, changes in the endothelial cells and pedicles were also observed [Fig.
5.12 B, D and F (arrows)]. The observed effects of exposure are summarized in Table 5.4.
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Table 5.4: Summary of ultrastructural changes in the kidney tissue

Proximal convoluted tubule

Cellular

Nuclear

Mitochondrial

Group membrane | membrane M membrane Mo_ndrlal @
- - - - condensation —_— swelling dilation
disruption | disruption |/ disruption
Control - + ++ + - -
Cd + ++ +++ ++ ++ +
Cr ++ +++ +++ +++ +
Cd and Cr + ++ +++ +++ +++ ++
Glomeruli
Endothelial . Podocyte Mesangial
TR Pedicles
Group cells disruption cells cells
disruption gisruption disruption disruption
Control + + - -
Cd + + - -
Cr ++ ++ - -
Cd and Cr ++ ++ - -

-, none; +, minor, ++, mild, +++, severe.
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5.3.4 Intracellular localisation of Cd and Cr

To determine the intracellular localisation of Cd and Cr, EELS was used. Figures 5.13 and
5.14 illustrate how the EELS and EFTEM results were generated when analysing the liver,
pancreas and kidney tissue of all the groups for the presence of Cd and Cr. Figures 5.13 and
5.14 A show examples of the Cd and Cr edges that were used in the EELS analysis,
respectively, where Figures 5.13 and 5.14 B-D show the Cd and Cr in the organelles of the
kidney and liver, respectively, at each specific edge that was analysed, with the final Cd and
Cr colour map seen in Figures 5.13 and 5.14 E, with Cd in red and Cr in yellow.

Pre-Esige 2

3 Post-Edge .
3 x> : . S A o)

Figure 5.13: EELS and EFTEM micrographs of Cd exposed kidney tissue. Figure A shows the Cd
edge that was used in the EELS analysis, with Figures B-D indicating the pre- and post-edge
micrographs of Cd in the glomeruli of the kidney at each specific edge that was analysed. Figure E
indicates the final Cd map, with the Cd in red (Scale bars: B, C, D and E: 1um).
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Figure 5.14: EELS and EFTEM micrographs of Cr exposed liver tissue. Figure A shows the Cr edge
that was used in the EELS analysis, with Figures B—D indicating the pre- and post-edge micrographs
of C of the liver at each specific edge that was analysed. Figure E indicates the final Cr map, with the
Crin yellow (Scale bars: B, C, D and E: 1um).

75



Chapter 5: In vivo model: TEM, EELS and SEM

Figure: 5.15: EFTEM micrographs of the liver tissue of the control (A and B), Cd (C and D), Cr (E and
F) and Cd and Cr (G and H). Figure A, C, E and G indicates the zero loss images of the colour maps
in Figure B, D, F and H, with Cd in red and Cr in yellow. Key: N: Nucleus; M: Mitochondria (Scale
Bars: A-H: 1um).
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Figure 5.16: EFTEM micrographs of the exocrine pancreas of the control (A and B), Cd (C and D),
Cr (E and F) and Cd and Cr (G and H). Figure A, C, E and G indicates the zero loss images of the
colour maps in Figure B, D, F and H, with Cd in red and Cr in yellow. Key: N: Nucleus; M:
Mitochondria; rER: Rough endoplasmic reticulum; Z: Zymogen granules (Scale Bars: A—H: 1um).
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Figure 5.17: EFTEM micrographs of the endocrine pancreas of the control (A and B), Cd (C and D),
Cr (E and F) and Cd and Cr (G and H). Figure A, C, E and G indicates the zero loss images of the
colour maps in Figure B, D, F and H, with Cd in red and Cr in yellow. Key: 3: B-cells; N: Nucleus; M:
Mitochondria; rER: Rough endoplasmic reticulum (Scale Bars: A—F: 1um and G and H: 0.5um).
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Figure 5.18: EFTEM micrographs of the PCT of the kidney of the control (A and B), Cd (C and D), Cr
(E and F) and Cd and Cr (G and H). Figure A, C, E and G indicates the zero loss images of the colour
maps in Figure B, D, F and H, with Cd in red and Cr in yellow. Key: N: Nucleus; M: Mitochondria; C:
Capillary; E: Endothelial cell; Me: Mesangial cell; P: Podocyte; RBC: Red blood cell (Scale Bars: A—H:
1um).
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Figure 5.19: EFTEM micrographs of the glomeruli of the kidney of the control (A and B), Cd (C and
D), Cr (E and F) and Cd and Cr (G and H). Figure A, C, E and G indicates the zero loss images of the
colour maps in Figure B, D, E and H, with Cd in red and Cr in yellow. Key: N: Nucleus; M:
Mitochondria; C: Capillary; E: Endothelial cell; P: Podocyte; RBC: Red blood cell (Scale Bars: A-H:
1pm).
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Evaluation of the tissue with EELS and EFTEM, identified the bio-accumulation of Cd and Cr
in the liver, pancreas and kidney, as can be seen in Figures 5.15 — 5.19, even though only
minimal energy-loss signals were obtained in both the Cd and Cr groups, alone and in
combination. The analysis of the control group showed a noisy signal that does not bio-
accumulate specifically in any organelle (Fig. 5.15 — 5.19 B). With the Cd exposed groups,
the EFTEM analysis revealed that Cd bio-accumulates not only in the organelles, but also on
the membranes of the organelles (Fig. 5.15 — 5.19 D). Cr on the other hand mostly bio-
accumulates on the membranes of the organelles (Fig. 5.15 — 5.19 F). This trend is also
seen in the Cd and Cr group EFTEM analysis (Fig. 5.15 - 5.19 H).

5.3.5 Effects of Cd and Cr alone and in combination on blood haemostasis

Erythrocyte morphology

Figure 5.20: SEM micrographs of erythrocytes prepared from WB. In the control group (Fig. A) the
normal erythrocyte concave morphology is visible, with leptocytes present in the Cr group (Fig, C) and
echinocytes present in the Cd and metal combination groups, respectively (Fig. B and D) (Scale bars:

1um).
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Figure 5.21: SEM micrographs of erythrocytes prepared from WB with added thrombin. Figure A

represents the control group, with Figure B-D indicating the Cd, Cr and metal combination groups,
respectively. Green arrows: Normal erythrocyte morphology; Red arrows: Variations in erythrocyte
morphology (Scale bars: A: 2um; B, C and D: 1um).
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Platelet morphology

Figure 5.22: SEM micrographs of platelets prepared from PRP. Figure A is representative of the
control group with the white arrows indicating pseudopodia. Figures B-D indicate the Cd, Cr and
metal combination groups respectively, with the arrows indicating pseudopodia (Scale bars: 200nm).
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Fibrin fibre morphology

Figure 5.23: SEM of fibrin networks prepared from PRP with added thrombin. Figure A indicates the
control group with thick major fibres and thin minor fibers. Figures B-D show the Cd, Cr and Cd and
Cr groups, respectively. Black arrows: Thick major fibres. White arrows: Thin minor fibres. Red
arrows: Bending, less taut fibres. Green arrow: Sticky mass of fibrin fibres (Scale bars: A—D: 200nm).

Due to unforeseen circumstances on the day of termination, blood was obtained from only
one animal in the Cr group for SEM analysis. Therefore, although we commented on the
results of the Cr group, these results are not representative of this group. In Figure 5.20 and
5.21 A, normal erythrocyte morphology can be seen, with minimal altered erythrocytes [Fig.
5.21 A (red arrow)] present in the control group. A variety of erythrocyte morphologies were
present in the Cd, Cr and combination groups, including leptocytes (Fig. 5.20 and 5.21 C),
echinocytes [Fig. 5.20 B and D and Fig. 5.21 B-D (red arrows)] and with the occasional
spherocyte present in the blood. These erythrocyte morphologies were also observed in WB
to which thrombin was added to induce clot formation. In the control blood the predominant
erythrocyte type was the typical normal biconcave erythrocyte morphology with a few
echinocytes being present. A thin regularly arranged fibrin network was present. In the blood
of rats exposed to Cd the number of echinocytes had increased and the fibrin network is
denser. Similar erythrocyte morphologies were observed in the Cr-exposed group although
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the fibrin network was less dense. In the Cd and Cr combination group all erythrocytes had
abnormal morphology and regions of erythrocyte clumping were observed while the fibrin
network appeared sparse, although denser in some areas.

Platelet morphology in PRP was then evaluated. In Figure 5.22 A and C, the control and Cr
groups, respectively, minimal changes to platelet shape and pseudopodia (arrows) were
observed. Figure 5.22 B and D show an increase in activation in the Cd and metal
combination groups (arrows). With the addition of thrombin to PRP, clot formation occurs
and the characteristics of the fibrin network can be described and the thickness of the fibres
can be measured. Figure 5.23 B and D shows less taut or bent fibres (red arrows) and
dense net-like appearance of fibres (green arrow), with Figure 5.23 A and C showing mostly
taut fibres, with a variety of thin and thick fibrin fibres (white and black arrows).
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Figure 5.24: The method that was used to obtain the fibrin fibre measurements. Figure A shows a
representative micrograph used for measurements, with Figure B an enlargement of an area to show
how fiber lengths were measured. Figure C shows tabulated data of the measured fibrin fibres (Scale
bar: 200nm).
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Figure 5.25: Fibrin fibore measurements of the controls and heavy metal groups. *Statistical

significant, p-value: <0.05; **Not representative of entire group.

Figure 5.24 indicates the method used for the measurement of the fibrin networks using the

Imaged software. For the control and each experimental group, five random micrographs

were selected and in each ten fibres were measured. Therefore in all groups except the Cr

group, a total of 300 measurements per group were taken. Figure 5.25 shows the results

obtained from the measurements of the fibrin fibre thickness, with the combination of Cd and

Cr was significantly thicker compared to the control, as well as to the single metal groups. In

Table 5.5 a summary of the effects of the metals on erythrocyte, platelet and fibrin fibre

morphologies are provided.

Table 5.5: Summary of SEM analysis on erythrocytes, platelets and fibrin networks

Erythrocytes
wWB WB+T
G Altered erythrocyte Altered erythrocyte Qhange_s due_to
roups interaction with
morphology morphology fibrin fibres
Control + + +
Cd ++ ++ +
Cr + ++ -
Cd + Cr ++ ++ ++
Platelets Fibrin network
PRP PRP+T
Groups Altered platelet Altered fibre Dense net-like
morphology morphology appearance present
Control + + +
Cd ++ + ++
Cr + + +
Cd + Cr ++ ++ ++

-, none; +, minimal; ++, mild; +++, severe.
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5.4 Discussion

The increase in heavy metal exposure is of great concern and the effects on the
environment, animals and humans should be constantly evaluated (Al-Attar, 2011). Heavy
metals, such as Cd and Cr, have the potential to alter cellular functions by catalysing the
formation of radicals, inhibition of antioxidant enzymes and binding to antioxidant elements
such as glutathione (GSH) that leads to oxidative stress. This results in increased lipid
peroxidation, protein and DNA damage and apoptosis, that can lead to associated diseases
such as hepatic necroinflammation, non-alcoholic steatohepatitis, fibroplasias, renal fibrosis
and failure, and cancer (Bertin and Averbeck, 2006; Garcia-Nino and Pedraza-Chaverri,
2014; Jin, et al., 2014; Khlifi, et al., 2013; Sarkar, et al., 2013; Thévenod and Lee, 2015;
Venter, et al., 2015).

Due to the high lipid content, membranous organelles are specific targets of damage.
Therefore in all tissue the presence of cellular and mitochondrial membrane structure
disruption was evaluated. Mitochondria act as osmometers in the cells and the mitochondrial
swelling seen reflects the entry of solutions and water into the mitochondrial matrix
(Thophon, et al., 2004; Venter, 2015). The dilation of the rER can also be caused by the
increase of water in the cells (Thophon, et al., 2004; Venter, 2015). These effects may be
due to changes in membrane permeability, either as a result of lipid and/or protein damage.
Therefore the presence of mitochondrial inner matrix swelling and rER dilation was also
evaluated.

In all experimental groups, some ultrastructural changes to the nucleus, mitochondria and
rER were observed. In the combination group alterations to these organelles were
increased, which indicate that the metals have a synergistic toxic effects where each metals
different intracellular targets results in accumulative toxicity. Organ-specific changes were
also seen in the components of the glomerular filtration barrier namely the pedicles and
endothelial cells. Small amounts of the metals were found in the liver, pancreas and kidney
tissue with the EELS and EFTEM analysis. Cd accumulated in the nucleus and
mitochondria, where Cr was primarily found at the membranes of the nucleus, mitochondria
and rER. Following a similar trend, the organ specific organelles also showed that Cd was
found in the granules of the B-cells and zymogen granules of the acinar cells of the
pancreas, with Cr accumulating on the membranes of these granules. The ultrastructural
and bio-accumulation of the metals further confirms the morphological alterations seen in the
histological analysis in Chapter 4.
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Reactive oxygen species (ROS) are generated in several organelles including the ER and
mitochondria. This occurs during normal cellular metabolism such as oxidative protein
folding and mitochondrial respiration and this process is tightly regulated. ROS levels are
regulated by the presence of antioxidant enzymes such as catalase, superoxide dismutase
and glutathione peroxidase as well as antioxidant elements such as GSH and dietary
antioxidants such as vitamins E and C. Cd and Cr toxicity affects certain components of the
cellular antioxidant system and when in combination, these effects are accumulative (Venter,
etal., 2017).

Cd does not catalyse the Fenton reaction but binds intracellular thiols, like GSH and/or
inhibits the activity of antioxidant enzymes such as catalase (Prozialeck and Edwards,
2012). Consequently levels of hydrogen peroxide (H>O.), superoxide anion (Oz*) and
hydroxyl radical («OH) are increased (Bertin and Averbeck, 2006; Jomova and Valko, 2011).
ROS cause lipid membrane peroxidation as well as protein and DNA damage.
Consequences of protein damage and lipid peroxidation are changes in membrane function
and stability (Bertin and Averbeck, 2006). This is associated with changes in the morphology
of membranous organelles such as the mitochondria as well as plasma and nuclear
membranes. Cd was found to accumulate in the mitochondria and nuclei and in these
intracellular compartments, Cd can bind membrane and DNA associated proteins thereby
altering membrane integrity and function as well as DNA repair mechanisms (Bertin and
Averbeck, 2006). This in turn can lead to cell cycle arrest, apoptosis, genome instability, and
mutagenesis eventually leading to cancer (Bertin and Averbeck, 2006).

The biochemical pathway of Cr firstly involves the reduction of hexavalent Cr [Cr(VI)] to less
toxic trivalent Cr [Cr(lll)]. This is mediated by antioxidant elements like ascorbate, one of the
most effective biological reductant of Cr(VI), and non-enzymatic reactions with cysteine and
GSH. This reduction of Cr(VI) to Cr(lll) comes with a price as it generates high levels of
Cr-DNA adducts and mutations that leads to DNA damage (Jomova and Valko, 2011). This
would affect the structure and function of both genomic and mitochondrial DNA. In addition,
a tightly-regulated process of ROS formation occurs in the mitochondria and the ER. The
accumulation of Cr, which is a catalyst of the Fenton reaction, will cause ROS homeostasis
to be disrupted, resulting in increased lipid membrane peroxidation and altered protein
processing, eventually leading to apoptosis. Cr toxicity also affects the mitogen-activated
protein kinase (MAPK) signal transduction pathway, where nuclear factor kappa B (NF-kB),
activating transcription factor 2 (ATF-2) and p53 plays a role in regulating cellular processes,
including apoptosis (Jomova and Valko, 2011; Venter, et al., 2017).
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In a previous in ovo study in our laboratory, we found that increasing concentrations of Cd
and Cr caused increased organelle damage associated with the accumulation of Cd and Cr
in the nuclei and mitochondria of the liver and kidney (Venter, 2015). Madejczyk, et al.,
undertook a time-based study and found that with a single intraperitoneal injection there was
accumulation of Cd and Cr in the liver. With time, metal levels decreased but ROS and
cellular damage increased. This was associated with changes in the expression of genes
associated with oxidative stress, metabolism, DNA damage, cell cycle and inflammatory
responses (Madejczyk, et al., 2015). The present chapter clearly shows that Cd and Cr
accumulate in specific compartments such as the mitochondria, rER, nucleus and
membranes directly involved with these processes (Venter, et al., 2017).

The blood is an important component of the organs evaluated. Hepatocytes are in direct
contact with the blood due to the presence of sinusoidal endothelium; fenestrated
endothelium is part of the capillary tuft of the glomeruli as well as the endocrine part of the
pancreas. In the coagulation system, the erythrocytes, platelets and fibrin fibres showed
some ultrastructural alterations after exposure to Cd and Cr alone and in combination.
Alterations in the morphology of erythrocytes were more prevalent in the metal-exposed
groups than in the control group. Altered erythrocytes can occur in a variety of different
erythrocyte shapes, that include, spherocytes (swollen, spherical erythrocytes), echinocytes
(erythrocytes with regularly spaced short projections or spicules), knizocytes (elevated or
elongated pinched area in the centre of the erythrocytes) and leptocytes (flattened
erythrocytes) (Crosby, 1952; Swanepoel and Pretorius, 2012). The majority of altered
erythrocyte morphologies observed in this study were echinocytes and leptocytes. These
type of shape changes occur due to oxidative stress, generated by both Cd and Cr as
described above (Lupescu, et al., 2012; Sopjani, et al., 2008). The lifespan of an erythrocyte
is approximately 120 days, which is partly governed by its ability to maintain its biconcave
shape. With altered erythrocyte morphologies, as seen in this study, its lifespan is reduced
and these erythrocytes are either removed by phagocytosis or destroyed by haemolysis in
the spleen (Kierszenbaum and Tres, 2012; Young, et al., 2006).

The oxidative stress produced by the heavy metals Cd and Cr not only influence the
erythrocyte morphology, but also play a role in the activation of the platelets and thus also
influence the fibrin fibre morphology. This is due to the fact that platelets are involved in fibrin
formation and tautness, thus the bent fibres seen in the fibrin networks of the Cd and metal
combination groups might be due to the platelet functional changes or lack of thrombin
production as ROS has been shown to induce platelet activation (Van Rooy, et al., 2015).
Another possibility might be that due to the functional changes of the liver after exposure to
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Cd and Cr alone and in combination, fibrinogen, which is synthesized in the liver, is also
affected and thus causes changes in the fibrin production (Tennent, et al., 2007). The
significant increase in fibre thickness in the combination group will further contribute to
altered erythrocyte morphology and clot formation, as it might cause a reduction in the lysis
of the clots (Swanepoel, et al., 2016b).

5.5 Conclusion

Exposure to Cd and Cr alone and in combination causes changes in the ultrastructure of
several organelles of the liver, pancreas and kidney tissue of the experimental animals.
Metal bio-accumulation was observed in the nucleus, mitochondria and rER of the liver,
pancreas and kidney, as well as in the B-cell granules and zymogen granules of the
pancreas. The erythrocytes, platelets and fibrin network formation were also adversely
affected by Cd and Cr alone and in combination in the blood. The consequence of exposure
can be organ dysfunction and possibly the development of diseases such as diabetes,
cancer and stroke (Lang, et al., 2012a; Pretorius, et al., 2015; Venter, et al., 2017).
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Effect of Cd and Cr alone and in combination on the human coagulation

system using an ex vivoblood model

6.1 Introduction

Haemostasis is important to ensure the recovery of injured blood vessels and to prevent
excessive blood loss. Furthermore, haemostasis must be carefully controlled to prevent the
formation of occlusive thrombi in blood vessels (Smith, 2009) that may lead to, for example,
stroke (Zhang, et al., 2015). The classic coagulation pathway excludes the importance of
cellular components in the coagulation system and thus a new cell-based model has been
introduced that includes platelets and tissue factor expressing cells. The phases of the cell-
based coagulation pathway include initiation, amplification and propagation, which contribute
to the formation of the clot, with platelets playing a crucial role in this process (Pérez-Gémez
and Bover, 2007; Smith, 2009; Van Rooy, 2015). Platelets are involved in the release of
certain factors and enzymes that contribute to clot formation and the tautness of the fibrin
fibres (Pérez-Gomez and Bover, 2007; Van Rooy, 2015). The formed thrombus consists of
platelets, fibrin fibres and erythrocytes that determine the structure and integrity of the clot.

Erythrocytes undergo eryptosis, and characteristic features of this process are cell
membrane shrinkage as well as blebbing and membrane scrambling (Féller, et al., 2008;
Lang, et al, 2010; Lang, et al., 2012b; Lang and Qadri, 2012; Mischitelli, et al., 2016;
Pretorius, et al., 2016a; Pretorius, et al., 2014). During clot formation erythrocytes assist in
bringing platelets to the surface of an injured vessel wall and binding inflammatory mediators
to surface receptors (Pretorius and Kell, 2014). Other cells that are involved in clot formation
are the leukocytes consisting of neutrophils, monocytes, lymphocytes, basophils and
eosinophils (Gorbet and Sefton, 2004), of which only the neutrophils and monocytes play a
major role in the inflammatory response of the body. The function of leukocytes during
coagulation include changes in the expression of membrane receptors, release of
inflammatory mediators, releases of oxidants like hydrogen peroxide (H>O,) and superoxide
anion (O2*) and when leukocytes associate with platelets it may lead to mutual activation
and protection from inhibitors (Gorbet and Sefton, 2004).

Platelets and the fibrin network play an important role in the formation and stability of
haemostasis. Platelet activation induces shape changes and aggregation that also leads to
fibrin formation. Fibrin formation is the final step in blood coagulation and is necessary for
clot stability. Fibrin formation is catalysed by thrombin, as it converts fibrinogen to fibrin
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(Swanepoel, et al., 2015; Van Rooy and Pretorius, 2015). Changes to the morphology of
erythrocytes, platelet activation and fibrin fibre thickness, caused by exposure to various
substances, like smoking, heavy metals, carbon monoxide, sulfur dioxide and certain
diseases may alter the haemostatic process leading to the formation of pathological thrombi
(Ambrose and Barua, 2004; Hoek, et al., 2001; Lang, et al., 2012a; Pretorius, et al., 2015;
Pretorius, et al., 2014; Swanepoel, et al., 2016a; Van Rooy and Pretorius, 2015).

Environmental exposure to heavy metals via water, food and air pollution due to agriculture,
mining, transport and related operations as well as cigarette smoking, a major non-
occupational source of metals such as cadmium (Cd) and chrome (Cr), are increasing
(Langard and Costa, 2007; Prozialeck and Edwards, 2012). These heavy metals have the
potential to adversely affect blood haemostasis especially of people living close to high-risk
areas (Venter, 2015). Exposure is usually not to a single metal but as a mixture of metals
(Venter, 2015). Therefore, the aim of this chapter was to determine, using an ex vivo blood
coagulation model, the effects of Cd and Cr alone and in combination on the morphology of
erythrocytes, platelet activation and fibrin fibre thickness.

6.2 Materials and methods

6.2.1 Ex vivo model

Human blood was collected from six healthy, consenting donors by a trained phlebotomist
(Health Sciences Research Ethics Committee number: 111/2016). Healthy male individuals
over the age of 18 years, who were non-smokers, not taking chronic medication, and who
did not have any inflammatory conditions were permitted to participate in the study.

6.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to study the erythrocyte, platelet and fibrin
fibre morphology as described in Chapter 5. The micrographs of fibrin networks were used to
analyse fibrin fibre thickness as described in Chapter 5. For morphological analysis whole
blood (WB) and platelet-rich plasma (PRP) was used (Van Rooy, et al., 2015). Human blood
was collected in citrate tubes and 900t of WB was transferred into an Eppendorf tube and
exposed to 100uf of 48mg/t cadmium chloride (CdCl,) [Merck (Pty) Ltd, SA] and/or 1450mg/{
potassium dichromate (K.Cr,O-) [Merck (Pty) Ltd, SA]. The metal concentrations were made
up in isotonic phosphate buffered saline (isoPBS; pH 7.4). The final osmolality of all
solutions were less than 300mOsm to ensure any observed effects were directly due to
metal toxicity. The final exposure concentrations were 4.8mg/f for Cd (26uM) and 145mg/¢
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for (985uM) for Cr(VI) (W.H.O, 2011). These concentrations where chosen based on the
World Health Organization (WHQO) acceptable water limits (mg/f) for Cd and Cr times 1000
(W.H.O, 2011). Both Cd and Cr are at ratios that are representative of these established
limits. By using a 1000 times higher concentration and short exposure times, specific cellular
targets can be identified which later can be evaluated in models of chronic exposure. The
control blood was exposed to isoPBS.

The whole blood was exposed for 10 minutes, before 10uf of WB was placed on a 10mm
coverslip (Leica SA), with and without the addition of 5uf of human thrombin (20U/m¢{; South
African National Blood Service). The WB was then centrifuged at 227xg for 10 minutes to
obtain PRP; whereafter 10ut of the PRP was placed on coverslips, with and without 5uf of
thrombin. All coverslips were further processed and the blood was analysed as described in
Chapter 5.

6.2.3 Confocal laser scanning microscopy

The confocal laser scanning microscopy (CLSM) was used to detect phosphatidylserine
(PS), a marker of eryptosis, on the erythrocyte membrane. The blood was collected in citrate
tubes and exposed to isoPBS and the metals, as described above. Melittin (GenScript, New
Jersey, USA), an apoptosis-inducing peptide was used as the positive control (Han, et al.,
2009; Park and Lee, 2010; Park, et al., 2010). Erythrocytes were exposed to Melittin for four
hours. The blood was then centrifuged at 145xg for ten minutes at room temperature to
isolate the erythrocytes. The supernatant was removed and the remaining erythrocyte pellet
was washed twice with 0.075M PBS (pH 7.4) for 3 minutes. The blood was then washed with
the Annexin-V binding buffer (BioLegend, 422201) also for 3 minutes. A volume of 5uf of the
Annexin-V probe (BioLegend, 640906) was added to the binding buffer and incubated at
room temperature, protected from light, for 90 minutes. After incubation the samples were
washed again as described with the phosphate and binding buffers, to remove any unbound
antibodies. Of the prepared sample, 10uf was mounted on a glass slide and mounted with a
coverslip (Leica SA). The sample was viewed with the Zeiss LSM 880 confocal laser
scanning microscope in Airyscan mode (Carl Zeiss Microscopy, Munich, Germany).

To visualize the erythrocytes, two different lasers were used with different filters and beam
splitters, to allow the overlaying of the respective images to show which erythrocytes have a
PS flip present on the membrane. For the auto-fluorescence of all the cells present on the
slide, the 405nm 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 405nm laser was used together with the 465nm-505nm band pass (BP) and
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525nm long pass (LP) filters and the 488nm/405nm beam splitters. These settings showed
that all the erythrocytes present on the slide has 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 (excitation
wavelength: 494nm and emission wavelength: 518nm), the 488nm laser was used with the
420nm-480nm/495nm-550nm BP filters and the 488nm/405nm beam splitters, and showed
a green fluorescence, indicating the presence of a PS flip on the erythrocyte membranes.

6.2.4 Viscoelastic analysis

TEG® is an analytic method by which the viscoelastic changes that occur during coagulation
and fibrinolysis are measured. The results from the blood samples are generated by the
TEG® through a rotating pin, which constantly measures the resistance of the forming clot on
the pin, that indicates a number of characteristics of the coagulation system such as the
speed and strength of clot formation (Larsen, et al., 2010; Shin and Kim, 2015; Wiinberg, et
al., 2005). The results are displayed as a graph that gives various measurements of the
parameters that are listed in Table 6.1. For this part of the study, blood was collected in
citrate tubes and exposed, as described above, after which 340uf of the WB was placed in a
cup of the TEG® (TEG® 5000 computer-controlled device, Haemoscope Crop., Niles, IL,
USA), together with 20uf of 0.2M calcium chloride (CaCly) to activate the coagulation
process (Van Rooy, et al., 2015). The process was allowed to run until maximal amplitude
(MA) was reached, since only the rate and strength of clot formation was relevant to this
study.
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Table 6.1: TEG® parameters typically generated for whole blood (modified from: Kell and Pretorius, 2016)

Thromboplastic parameters

Description

R: Reaction time

Time of latency from start of test to initial fibrin formation (amplitude of

2mm); i.e. initiation time

K: Kinetics

Time taken to achieve a certain level of clot strength (amplitude of

20mm); i.e. amplification

Angle: Slope between the traces
represented by R and K

The angle measures the speed at which fibrin build up and cross linking
takes place, hence assesses the rate of clot formation; i.e. thrombin

burst

MA: Maximal amplitude

Maximum strength/stiffness of clot. Reflects the ultimate strength of the
fibrin clot, i.e. overall stability of the clot

MRTG: Maximum rate of thrombus
generation

The maximum velocity of clot growth observed or maximum rate of
thrombus generation using G, where G is the elastic modulus strength
of the thrombus in dynes per cm®

TMRTG: Time to maximum rate of
thrombus generation

The time interval observed before the maximum speed of the clot
growth

TTG: Total thrombus generation

6.2.5 Statistical analysis

The clot strength: the amount of total resistance (to movement of the
cup and pin) generated during clot formation. This is the total area
under the velocity curve during clot growth, representing the amount of
clot strength generated during clot growth

Statistical analysis of the SEM fibrin fibre thickness and TEG® parameters were performed

on GraphPad Prism Version 6.01 using one-way analysis of variance (ANOVA) and Tukey’s

multiple comparisons test, where a p-value of <0.05 was considered to be significant.
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6.3 Results

6.3.1 Effects of Cd and Cr alone and in combination of blood haemostasis:

Erythrocyte morphology

Figure 6.1: Representative SEM micrographs of erythrocytes of the control and metal exposed
groups. Figure A (control) shows the normal concaved morphology of an erythrocyte, with Figures B
(Cd), C (Cr), and D (Cd and Cr) showing the changes that occurred after metal exposure (Scale bars:
1um).
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Figure 6.2: Representative SEM micrographs of WB with thrombin of the control and metal exposed
groups. Figures A (control), B (Cd), C (Cr) and D (Cd and Cr) indicate the erythrocyte and fibrin fibre
interactions. Key: White arrow: Normal erythrocytes; Red arrow: Variations in erythrocyte
morphology; Blue arrows: Interactions between erythrocytes and fibrin fibres (Scale bars: B and C:
1um; A and D: 2um).
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6.3.2 Effects of Cd and Cr alone and in combination of blood haemostasis:

Platelet morphology

Figure 6.3: Representative SEM micrographs of platelets from the control and metal groups. Figure A
shows a typical control platelet with pseudopodia and Figures B (Cd), C (Cr) and D (Cd and Cr),
indicating both pseudopodia and membrane spreading. Key: White arrows: Pseudopodia; Black

arrows: Membrane spreading (Scale bars: 200nm).
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6.3.3 Effects of Cd and Cr alone and in combination of blood haemostasis:

Fibrin network morphology

Figure 6.4: Representative SEM micrographs of the fibrin networks of the control and metal groups.
Figure A (control) shows a combination of thick and thin fibres, with Figures B (Cd), C (Cr) and D (Cd
and Cr) indicating the changes observed after metal exposure. Key: White arrow: Major thick fibre;
Red arrow: Minor thin fibre; Blue arrow: Bent/loose fibre (Scale bars: A and D: 100nm; B and C:

200nm).
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The effects of Cd and Cr alone and in combination as a single, acute exposure were
evaluated. The effects on erythrocytes, platelets and fibrin network formation were
evaluated. In Figure 6.1 A normal erythrocyte morphology is seen, with minimal eryptotic
erythrocytes present in the control group. A variety of erythrocyte morphologies were present
in the Cd, Cr, and Cd and Cr groups, including spherocytes (Fig. 6.1 B and C), echinocytes
and knizocytes (Fig. 6.1 B, C and D respectively). Figure 6.2 illustrates the effects of the
metals on the entire coagulation system, which shows the interactions between the
erythrocytes and fibrin fibres. Figure 6.2 A shows the normal erythrocyte morphology with
minimal fibre interaction. The erythrocyte morphology of the metal groups shows an increase
in changes, e.g. spherocytes, echinocytes and knizocytes, in conjunction with the changes
that occurred with the interactions between the erythrocytes and fibrin fibres [Fig. 6.2 B, C
and D (blue arrows)].

Figure 6.3 A is representative of the control group, with minimal platelet shape changes and
pseudopodia (white arrows). Minor activation is expected as contact activation will occur with
the preparation of the sample. Figures 6.3 B (Cd), C (Cr) and D (Cd and Cr) show activated
platelets in all the metal exposed groups, with pseudopodia (white arrows) and platelet
spreading (black arrows). There also appeared to be an increase in the occurrence of
membrane alterations, i.e. granular appearing membranes, visible in the experimental
groups. The fibrin networks generated by these platelets were then evaluated. In Figure 6.4
A, mostly taut, straight fibres, with a combination of thin and thick fibrin fibres, typically of a
control fibrin network (red and white arrows) were observed. For Cd and Cr alone and in
combination (Fig. 6.4 B, C and D) fibres were less taut or bent (blue arrows). Table 6.2
summarises the effects of the metals on the coagulation system.
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Table 6.2: Summary of SEM analysis on erythrocytes, platelets and fibrin networks

Erythrocytes

wB

WB+T

Changes due to

Groups Altered erythrocyte Membrane Altered erythrocyte Interaction with
morphology disruption morphology L
fibrin fibres
Control ++ + ++ +
Cd +++ ++ +++ ++
Cr +++ + +++ ++
Cd + Cr +++ + +++ ++
Platelets Fibrin network
PRP PRP+T
Groups Altered platelet Membrane Altered fibre Dense net-like
morphology disruption morphology appearance present
Control ++ + + +
Cd ++++ ++ ++ +
Cr ++++ ++ ++ +
Cd + Cr ++++ +++ ++ ++

+, no or minimal change occurred; ++, some cell or fibre changes were visible; +++, most cells or fibres were altered;

++++, all cells or fibres were altered. WB+T: Whole blood with thrombin; PRP+T: Platelet rich plasma with thrombin.
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6.3.4 Fibrin fibre measurements
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Figure 6.5: Fibrin fibre diameter measurements. *Statistically significant compared to Cd; p-value of
<0.05.

The thickness of the fibres were also quantified (Fig. 6.5). Fibres generated following

exposure to Cd were not statically different from the control while the fibres from the Cr as
well as the Cd and Cr groups were significantly thicker than the Cd exposed group (Fig. 6.5).
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6.3.5 Evaluation of the presence of phosphatidylserine on the erythrocyte membranes

Figure 6.6: CLSM micrographs of the negative control (A—C) and positive control exposed to Melittin (D—F). Figures A and D showing the auto-fluorescence

of the erythrocytes, B and E indicating the Annexin-V signal obtained and C and F showing the overlay images (Scale bars: 5um).
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Figure 6.7: PS exposure evaluation of erythrocytes after exposure to the heavy metals Cd and Cr

alone and in combination using the CLSM. Figures A—F indicate the Annexin-V positive erythrocytes
after exposure to Cd (A and B), Cr (C and D) and Cd and Cr (E and F) (Scale bars: 5um).
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Using Melittin as a positive control, the ability of Cd and Cr alone and in combination was
evaluated. In the negative control group, minimal, but expected, positive Annexin-V signal
was obtained (Fig. 6.6 A—C). The positive control's (Fig. 6.6 D—F) Annexin-V positive signal
was noticeably higher than the signal that was obtained in the negative control and metal
exposed groups. Figures 6.7 A—F are examples of the type of Annexin-V positive signal that
was obtained in all the metal exposed groups. PS flip positive cells were scattered
throughout the samples. The occurrence of the Annexin-V PS exposure signals seemed to
be slightly increased in the metal combination groups, than in the Cd and Cr groups alone.
The Annexin-V signal was present mainly in the spherocytes and not the echinocytes (Fig.

6.7 A—F, green fluorescence).

6.3.6  Evaluation of the viscoelasticity of the blood

Cr

Cd and Cr

Figure 6.8: Representative viscoelastic traces of the control and metal groups.
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Figure 6.9: The effects of Cd and Cr alone and in combination on the viscoelastic parameters.
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Table 6.3: Summary of the effects of Cd and Cr alone and in combination on the viscoelastic

parameters
Normal
Parameter Control Cd
ranges
Range Mean £ SD Range Mean £ SD
R (min) 9-27 6.50-11.70 8.83 +1.89 7.10-12.30 9.62+1.96
K (min) 2-9 2.60-4.50 3.73+£0.82 2.80-5.80 3.97 +1.10
Angle (deg) 22-58 27.40-57.00 42.42 +11.11 33.50-46.80 4.20 + 8.61
MA (mm) 4464 42.30-57.31 47.35 +5.46 41.70-51.10 45.72 + 3.26
MRTG
9 0-10 2.56-12.06 453 +£3.72 2.10-7.71 3.61+£1.80
(Dynes/cm?/s)
TMRTG (min) 5-23 8.08-15.67 12.14 £2.58 10.00-18.50 12.71 £ 3.36
TTG (Dynes/s®) | 251-1014 | 366.56—674.67 | 460.49 + 112.92 | 357.43-524.22 | 424.43 +58.02
Normal
Parameter Cr Cd and Cr
- ranges
Range Mean £ SD Range Mean £ SD
R (min) 9-27 8.50-13.20 10.30 £1.77 6.40-13.10 9.98 +2.49
K (min) 2-9 3.50-4.90 4.35 + 0.63 4.20-7.10 50+1.10
Angle (deg) 22-58 34.70-46.80 40.10 £ 5.34 20.60-42.50 31.70 + 8.46
MA (mm) 4464 38.70-48.90 42.72 + 3.61 37.10-47.50 42.52 + 3.67
MRTG
2 0-10 2.42-3.54 2.78 £ 0.42 2.18-2.75 2.45 +0.20
(Dynes/cm®/s)
TMRTG (min) 5-23 10.00-16.33 12.93 £2.48 9.67-16.75 13.10 £ 2.84
TTG (Dynes/s‘) 251-1014 | 317.12-481.22 | 377.76 £ 58.26 | 296.51-453.38 | 373.94 + 55.84

*statistical significance: p-value of <0.05. SD: Standard deviation
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Figure 6.8 shows representative traces of all the groups from which the r-time, k-time, angle
and MA was determined. Table 6.3 shows a summary of the control and metal exposed
group’s viscoelastic profiles after exposure to Cd and Cr alone and in combination (mean *
SD). No statistical significant difference in any of the parameters measured with the TEG®
could be detected between the control group and metal exposed groups (Table 6.3) using
the one-way ANOVA and Tukey’s multiple comparisons test. Although no statistical
significance was obtained, there was a visible trend in all the parameters of the metal groups
(Fig. 6.9). The R and K values had a slight increase and the angle and MA values decreased
with the metal exposed groups. The velocity curve (v-curve) results, namely the MRTG,
TMRTG and TTG, further confirms the trend seen with a decrease in the MRTG and TTG,
correlating to the angle and MA results and the TMRTG confirming the R value results.

6.4 Discussion

As shown in Chapter 5, exposure of the coagulation system to Cd and Cr alone and in
combination causes alterations to the morphology of erythrocyte, platelet morphology as well
as fibrin fibres. Findings in animal studies do not always correlate with effects in humans. In
the present study the effect of a single exposure to Cd and Cr alone and in combination on
human blood was evaluated. The purpose of this was to further investigate the effect of
these metals in a relevant cellular model and to identify specific markers that can be used to
identify and quantify the effects of exposure. To achieve this, the ultrastructure of
erythrocytes, platelets and fibrin networks were evaluated, as well as Annexin-V positive
erythrocytes were identified and viscoelastic parameters of clot formation were quantified.
Ultrastructural changes were noted in all the metal-exposed groups (Fig. 6.1-6.4), with
regards to the different components of the coagulation system evaluated. Some of these
changes were also seen in the rat study representing chronic exposure (Chapter 5). The
control group showed typical erythrocyte, platelet and fibrin fibre morphology (Fig. 6.1-6.4),
with minimal changes as expected.

The variety in erythrocyte morphology, due to eryptosis, might be due to the increase in
influx of calcium (Ca®*) into the erythrocytes, activation of the Ca*/potassium (K*) channels
and adenosine triphosphate (ATP) depletion that are initiated by the oxidative stress and
inflammation caused by the Cd and Cr (Lupescu, et al., 2012; Pretorius, et al., 2016b;
Pretorius, et al., 2014; Sopjani, et al., 2008). Cd and Cr cause oxidative stress in the cells
through different biochemical pathways, but with similar end results. Cd depletes protein-
bound sulfhydryl groups and increase the production of reactive oxygen species (ROS) such
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as H,O, and O+ and hydroxyl radical (Bertin and Averbeck, 2006; Stohs and Bagchi, 1995).
In the case of Cr, it enters the redox cycle and also increases the production of ROS. The
increase in ROS will cause an increase in oxidative stress that alters erythrocyte membrane
fluidity and integrity making erythrocytes more fragile and less osmotic-resistant (Husain and
Mahmood, 2017; Stohs and Bagchi, 1995). The increase in cytosolic Ca®** will activate
scramblase, in the erythrocytes, which inhibits flippase that in turn causes floppase to
translocate PS to the outside, resulting in the PS flip and membrane scrambling (Fig. 6.10).
Besides the Ca®" that activates scramblase, it also affects the sensitive Ca®*/K* channels
which causes K to exit the cells together with water and thus causing cell shrinkage (Fig.
6.10) (Lupescu, et al., 2012; Pretorius, et al., 2016b; Sopjani, et al., 2008). Ca?* entering the
cells can also lead to the activation of calpain, a cysteine endopeptidase that degrades
membrane proteins, leading to membrane blebbing (Fig. 6.10) (Pretorius, et al., 2014).
Energy depletion, also initiated by an increase in cytosolic Ca*, can also contribute to
eryptosis. Interestingly only a few erythrocytes were positive for Annexin-V, which indicates
that possibly other cellular mechanisms are involved.
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Figure 6.10: Summary of erythrocyte pathology (Modified from: Pretorius E, et al., 2016b).

These alterations to the biochemical pathways of the erythrocyte membrane, account for
some of the morphological changes that were visible in all the metal groups. These
ultrastructural results, together with the results from the CLSM, that indicated that the
Annexin-V positive signals were mainly found on the spherocytic erythrocytes, are
contradictory to the results obtained in studies done by Lupescu, et al. in 2012 and Sopjani,
et al. in 2008, where they found that Cd and Cr causes erythrocyte shrinkage (Lupescu, et
al., 2012; Sopjani, et al., 2008).

Since Lang and colleagues coined the term “eryptosis” in 2005 (Lang, et al., 2005), a lot of
research has been done on only the biochemical aspect of suicide erythrocyte death and
from this biochemical research, eryptosis has been characterized by cell membrane
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shrinkage, blebbing and scrambling (Féller, et al., 2008; Lang, et al., 2010; Lang, et al.,
2012b; Lang and Qadri, 2012; Mischitelli, et al., 2016). It is only recently that a closer look at
the erythrocytes ultrastructural morphology has been taken (Pretorius, et al, 2016a;
Pretorius, et al., 2016b; Swanepoel and Pretorius, 2012), but still no research has been done
on the ultrastructural morphological changes that occur during eryptosis. This was confirmed
by a Google Scholar literature search with the keywords, “Eryptosis, ultrastructure,
morphology, and confocal”, that included articles from 2000 to 2017. Thus, future studies
need to focus on both the biochemical and biophysical aspects of eryptosis.

The increase in platelet activation, associated with pseudopodia and membrane spreading,
was observed in the metal-exposed groups and that may cause a decrease in taut fibres and
thus an increase in loose or bent fibres. Oxidative stress and inflammation is known to cause
unnecessary platelet activation that can result in the formation of pathological thrombi
(Freedman, 2008; Van Rooy, et al, 2015; Van Rooy and Pretorius, 2015). With the
activation of platelets, agonists involved in the formation and stability of clot are released and
include adenosine diphosphate (ADP), serotonin, thrombin and thromboxane A, (Freedman,
2008; Van Rooy and Pretorius, 2015).

Platelets also play a crucial role in fibrin formation and tautness, thus the bent fibres seen in
the fibrin networks of the metal groups might be due to the platelet functional changes or a
lack of thrombin production (Van Rooy, et al, 2015). The significant increase in fibre
thickness in the metal groups will further contribute to the alterations of the erythrocytes and
clot formation, as it might cause a reduction in the lysis of the clots (Swanepoel, et al.,
2016b). The alteration in fibre thickness can be due to the transition of the fibres a-helices
into B-sheets and protein aggregation, as suggested in the article by Kell and Pretorius
(2016). Fibrin fibres consist of a combination of a-helices, B-sheets and turns, loops and
random coils which contributes to the normal structure and function of the fibrin fibres (Kell
and Pretorius, 2016).

TEG® is widely used in trauma care to evaluate whole blood coagulation (Bolliger, et al.,
2012). In a recent analysis of pulmonary emboli by Lehnert, et al. (2017) the mean values of
TEG® were within normal ranges. Likewise in the present study, acute exposure to Cd and
Cr alone and in combination provided TEG® results within the normal range (Table 6.3).
However, evaluation of the viscoelastic traces and graphs, Cd and Cr alone and in
combination (Figures 6.8 and 6.9) indicated that these heavy metals cause minor, although
not statistically significant, changes to the measured parameters. The trend seen in the
viscoelastic results indicate that the R value increased slightly, thus resulting in delayed
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fibrin formation. Fibrin formation is catalysed by the enzyme thrombin, from fibrinogen and
stabilized by thrombin-catalysed factor XIII (FXIII) (Kell and Pretorius, 2016). Both these
components depend on the presence of Ca®*, as Ca®* assists in the formation of FXIIl and
thrombin (Swanepoel, et al., 2015). In the present model Cd and Cr may compete with Ca®*
binding and consequently alter blood coagulation. Ca** depletion is known to occur after
heavy metal exposure (Timbrell, 1999). The trend of increased K time indicates that the
initial clot formation, after initiation, proceeds quickly. This correlates with the activated
platelets seen in SEM analysis (Fig. 6.2). The decrease in both the angle and MA values
indicates that the fibrin build up is slower due to the reduction in fibrin cross-linking, which
results in a fragile, less-stable clot. The clot strength is also decreased as the platelet-
fibrinogen interactions are decreased (Fig. 6.9 and Table 6.3). Again this correlates with the
SEM results, as the fibres appear less taut (Fig. 6.3). The v-curve results support the
above-mention trends seen in the results. The TMRTG shows that the total clot formation,
thus from start to maximum clot formation, will also take longer and correlates with the
increased initial clot formation time seen in the R value. The decrease in the thrombus
generation (MRTG) and clot strength (TTG) also indicates that the clot will form slower and
be weaker. This fragile clot may cause problems in the cardiovascular system, as these
weak clots may detach and cause a blockage in an artery or vein, leading to thrombosis.

Cigarette smoking has been shown to increase fibrin fibre thickness and platelet activation
and cause erythrocyte alterations (Armani, et al., 2009; Pretorius, et al., 2013; Pretorius, et
al., 2010). A complex mixture of more than 4000 components has been identified in
mainstream cigarette smoke, this includes heavy metals such as Cd and Cr, and the present
study clearly shows that Cd and Cr contributes to this effect (Dalllige, et al., 2002; Fresquez,
et al., 2013). Likewise exposure to these metals in water and polluted air can also contribute
to increased risk for thrombosis. Although this ex vivo study investigated the effect of a 1000
times that of a single acute dosage, this study clearly identifies the blood as a target of
toxicity prior to metabolism in the liver and excretion by the kidneys. Furthermore,
accumulative effects of low levels of each metal as part of complex mixtures may also
adversely affect blood coagulation. Evaluation of the morphology of blood components may
be an important technique, although not quantifiable, that can be used to identify early
morphological changes prior to the identification of altered coagulation using standard
clinical methods. However, lifestyle as well as the presence of existing disease must also be
taken into account.
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6.5 Conclusion

Exposure of blood to a single acute dosage of 1000 times the WHO water limits of Cd and
Cr alone and in combination revealed that these metals altered the morphology of
erythrocytes and activated platelets, which resulted in altered clot formation. Altered
erythrocyte morphology was associated with eryptosis and some erythrocytes had a positive
Annexin-V signal, indicating that the PS flip occurred. Compared to Cd, the fibre thickness
was increased for Cr alone and in the combination group. TEG® analysis, although not
statistically significant, indicated that the final clot is possibly more fragile and less stable,
increasing the risk of associated disease.
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Concluding discussion

The growth in the industrial sector has provided many benefits since its establishment, but
has come with some unfavourable environmental effects. Heavy metals have become
synonymous with industrial pollution due to their toxicological and physiological effects on
the ecosystem (Al-Othman, et al., 2012). This is especially true in South Africa, a country
that has a thriving industrial sector and not always the means to correctly dispose of toxic
materials, like heavy metals, which then enters the air and water supplies (Venter, et al.,
2017). People living in these areas are the most affected and exposure is not limited to a
single metal but usually combinations and at different concentrations (Awofolu, et al., 2005;
Venter, et al., 2015). Two identified metals that hold potential risk in the South African
context is cadmium (Cd) and chromium (Cr) (Venter, et al., 2017) and the effects of these
metals alone and in combination were investigated in this study, using an in vivo rat and ex

vivo human blood coagulation model.

The in vivo model is widely used for human toxicology, pharmacology, reproduction and
behavioural studies (Van Der Schoor, 2014) and thus was an ideal model to use in this
study. The in vivo model was successfully implemented, in the current study, over a period
of 28 days where male Sprague-Dawley rats received daily dosages of Cd and Cr alone and
in combination at a 1000 times that of the World Health Organizations (WHO) acceptable
water limits for these heavy metals (W.H.O, 2011). This was confirmed with the presence of
the heavy metals in the blood plasma. As indicated in Chapter 3, there was no sudden loss
in the weight of the rats during the study, but the rats had a steady increase in weight similar
to the controls during the experimental period. The blood chemistry analysis revealed that
after exposure to Cd and Cr alone and in combination, the levels of certain liver and kidney
tests decreased, indicating that the function of these organs were altered but no organ
damage had occurred.

In contrast, histological analysis revealed that the liver and kidney tissue showed more
severe changes to the tissue structure, with necrosis, sinusoidal and glomerular dilation
seen in almost all metal exposed groups. In all the metal groups the pancreas had only
minor tissue damage. No tissue fibrosis was present in any of the organs examined.
Ultrastructural analysis with transmission electron microscopy (TEM) the liver, pancreas and
kidney tissue revealed irregular chromatin condensation, swelling in between the cristae of
the mitochondria, membrane alterations of both the nuclei and mitochondria and rough
endoplasmic reticulum (rER) dilation. Organ specific damage revealed alterations to the
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glomerular filtration barrier of the kidney and in the pancreas the granules of the Islets of
Langerhans. The effect of Cd and Cr in combination was increased either due to exposure to
higher total metal concentrations or due to a synergistic effect because each metal has
different cellular targets. Using electron energy-loss spectroscopy (EELS) and energy filtered
TEM (EFTEM) analysis it was found that the Cd accumulated in the nucleus and
mitochondria, where Cr was primarily found at the membranes of the nucleus, mitochondria

and rER. These sites of accumulation were the same for the liver, pancreas and kidney.

The blood is responsible for the distribution of the absorbed metals but is also an essential
functional component of the liver, pancreas and the kidney. The effects of Cd and Cr alone
and in combination on erythrocytes, platelets and coagulation were determined using
scanning electron microscopy (SEM). Exposure to Cd and Cr alone and in combination
altered the structure of erythrocytes and platelets. In addition following coagulation the
structure of the formed fibrin network was also altered and changes in the fibre thickness
was significantly increased compared to the control.

Using human blood, the above effects were further investigated. The ex vivo model was
used to analyse the ultrastructural, confocal and viscoelastic characteristics of human whole
blood and plasma after exposure to a single dose of Cd and Cr alone and in combination.
The ultrastructural analyses were completed by analysing the same components of the
coagulation system that were evaluated in the in vivo study, with the addition of
thromboelastography® (TEG®) that were used to evaluate the effects of Cd and Cr alone and
in combination on viscoelastic characteristics of human whole blood and plasma, as well as
the presence of PS flip on the membranes of the erythrocytes using confocal laser scanning
microscopy (CLSM). The aim of this was to determine if the measurement of these
parameters can be used to evaluate risk in an exposed population. Findings were that Cd
and Cr alone and in combination caused morphological changes to erythrocytes, platelets
and fibrin fibres. In addition eryptosis was associated with Annexin-V positive signal. The
TEG® analysis, although not statistically significant, indicated that the final clot will probably
result in a fragile, less-stable clot, due to changes mainly to the platelets and fibrin networks.

In conclusion, Cd and Cr alone and in combination adversely affected liver, pancreas and
kidney morphology as well as rat and human erythrocyte morphology, platelet activation and
the structure of the fibrin networks, indicating organ damage as well as altered viscoelastic
characteristics of the blood. The observed effects did not translate into large changes to the
blood chemistry parameters. This is of concern as populations exposed to these metals will
have tissue damage and the coagulability of their blood will be altered increasing the risk of
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associated diseases. Measurement of blood levels of each metal will provide some
information on probable risk. However, as an individual is usually exposed to complex
mixtures it is difficult to identify the specific metals for which testing will be undertaken.
Traditional blood markers are poor indicators of the extent of liver, pancreas and kidney
damage observed in the present study. More sensitive methods for identifying tissue

damage will be an important area of future research.

The research reported in this thesis, will contribute to the pool of knowledge regarding the
adverse effects of heavy metals on the organ structure and function as well as the
components of the coagulation system. The exposed erythrocytes and platelets showed
altered morphology and the hallmarks of eryptosis, although the number of erythrocytes that
were positive for Annexin-V was few. This implies that although changes to the morphology
of erythrocytes were observed, Annexin-V quantification using flow cytometry will provide a
poor indication of toxicity due to exposure, especially taking into account the high
concentrations of Cd and Cr used in this study. Expression of Annexin-V, by erythrocytes
may be dependent on exposure time and metal concentration and effect of these parameters
need to be evaluated in a population based study. Also, the CLSM analysis revealed that
there is a lack of information on the ultrastructural morphological changes that occur during
the eryptotic process and more extensive research needs to be conducted on the sequence
of erythrocyte cell death.

A limitation of the study was the amount of blood needed from each animal for biochemical
analysis as well as for the coagulation studies. In some instances (for the Cr group
specifically), it was not possible to obtain enough blood for the coagulation studies, and
therefor the results obtained for that part of the in vivo model are not representative of that
specific experimental group. For future research perspectives, the number of animals per
group can be increase to ensure enough samples for all analytic techniques. Also for more
accurate conclusions about fibrinolysis, the permeability of the fibrin networks can be
evaluated, as done in a study by Leonidakis and colleagues where they combined two
techniques namely, confocal microscopy and fiber extraction algorithm and turbidity
measurements to evaluate the permeability of a fibrin network (Leonidakis, et al., 2017).
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Excessive agriculture, transport and mining often lead to the contamination of valuable water resources. Communities using this
water for drinking, washing, bathing and the irrigation of crops are continuously being exposed to these heavy metals. The most
vulnerable is the developing fetus. Cadmium (Cd) and chrome (Cr) were identified as two of the most prevalent heavy metal water
contaminants in South Africa. In this study, chicken embryos at the stage of early organogenesis were exposed to a single dosage of
0.430 wM physiological dosage (PD) and 430 uM (x1000 PD) CdCl,, as well as 0.476 uM (PD) and 746 uM (x1000 PD)
K>Cr,05. At day 14, when all organ systems were completely developed, the embryos were terminated and the effect of these metals
on liver tissue and cellular morphology was determined with light- and transmission electron microscopy (TEM). The intracellular
localization of these metals was determined using electron energy-loss spectroscopy (EELS). With light microscopy, the PD of both
Cd and Cr had no effect on liver tissue or cellular morphology. At x1000 PD both Cd and Cr caused sinusoid dilation and tissue
necrosis. With TEM analysis, Cd exposed hepatocytes presented with irregular chromatin condensation, ruptured cellular
membranes and damaged or absent organelles. In contrast Cr caused only slight mitochondrial damage. EELS revealed the bio-

accumulation of Cd and Cr along the cristae of the mitochondria and chromatin of the nuclei.

Keywords: Cadmium, chromium, liver, mitochondria, electron energy-loss spectroscopy.

Introduction

Many heavy metals are essential for human biological
functions and occur as structural elements, stabilizers of
biological structures, components of control mechanisms
like nerves and muscles, as well as components of redox
systems.['! However, some heavy metals, especially at high
concentrations, can have toxic, carcinogenic and/or tera-
togenic effects. The main anthropogenic sources of human
exposure to heavy metals are through agriculture, trans-
port, mining and related operations. These activities are
also the main sources of increased environmental heavy
metal levels.”

Communities living in these regions that use contami-
nated water are the most vulnerable, especially children
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and pregnant woman, with the developing fetus being at
risk. This water is used for drinking, preparing food, and
bathing, as well as the irrigation of crops. Heavy metals
are absorbed through the skin, by inhalation or orally
and the degree of heavy metal toxicity depends on the
dose, duration, route of administration and other physio-
logical factors, especially nutrition.¥ In the USA there is
a lack of international standards for safe threshold levels
for cadmium (Cd) especially related to pregnancy.! Like-
wise no information is available for other metals such as
chromium (Cr) found in South Africa. The high rate of cel-
lular division and differentiation of embryological cells
and tissue makes the fetus highly vulnerable to the toxic
effects of heavy metals.!”!

In South Africa the mining sector is estimated to be the
fifth largest in the world and the largest reserve of manga-
nese and platinum group metals worldwide is found within
the country. South Africa also has one of the largest
reserves of gold, diamond, chromium ore and vanadium.[®
When heavy metals from these mines are not correctly dis-
posed of, heavy metal pollution is the consequential result.
Several studies have shown that levels of these metals,
especially chromium, lead, zinc, titanium, manganese,
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strontium, copper and tin, are increased in various water
sources.”:*]

In the current study, two heavy metals, Cd and Cr, were
identified based on the risk of exposure in South Africa
during pregnancy.” ' In addition, both metals cross the
placenta and the liver has been found to be a major site of
Cd and Cr bio-accumulation.["> ¥ The effect of these met-
als on the embryological cellular structure of the liver was
evaluated using an in ovo chick model. In conjunction with
the histological and ultrastructural evaluation, electron
energy-loss spectroscopy (EELS) was used to analyse the
possible presence and location of the heavy metals in the
liver tissue.

Materials and methods

Obtaining fertilized eggs

Ethical clearance for the use of chicken embryos for exper-
imental purposes was obtained from the Animal Ethics
Committee (AEC) of the University of Pretoria (h006-13),
South Africa. Fertilized broiler hatching eggs were
obtained from a local farmer in the Bronkhorstspruit dis-
trict in Gauteng, South Africa. A total number of 75 eggs
were used (15 eggs per group) and the eggs were incubated
at 37°C for two days before exposure.

Exposure

On the third embryonic day, a hole was drilled into the
blunt end (air chamber) of the egg under aseptic condi-
tions. The relevant concentrations of the control and
experimental groups were injected into the eggs through
the air sac onto the chorioallantoic membrane (CAM)
using a calibrated micropipette. The four experimental
groups were exposed to different concentrations of the two
heavy metals used in this study as indicated in Table 1.
The heavy metals were administered as CdCl, [Merck
(Pty) Ltd, South Africa] and K,Cr,0O5 [Merck (Pty) Ltd,
South Africa] at physiological dose (PD), x1000 PD dis-
solved in sterile water.

The Cd and Cr concentrations were calculated accord-
ing to the human physiological dose (Cd: 30 pg!'™ and Cr:
284.28 g%y and subsequently downscaled to be at the
physiologically appropriate concentration for the
embryos. After the heavy metal administration, the holes

Table 1. Control and experimental group dosages.

Group Exposure (WM metal ion)
Control ddH,0O

CdPD 0.430 M

Cd x1000 PD 430 uM

CrPD 0.476 uM

Cr x1000 PD 476 pM

were sealed with paraffin wax and were then returned to
the incubator for 11 days.

Termination

On day 14, the embryos were terminated, liver tissue har-
vested and cut into 1 mm® for transmission electron
microscopy with the remainder of the sample processed
for light microscopy.

Light microscopy tissue processing

The liver samples were fixed in a 2.5% glutaraldehyde
(GA)/formaldehyde (FA) in 0.075M sodium phosphate
(NasPO,) buffer (pH = 7.4) solution and dehydrated in
30%, 50%, 70%, 90% and three changes of 100% ethanol.
The samples were cleared with xylene (Sigma-Aldrich,
South Africa), embedded in paraffin wax (Sigma-Aldrich)
and 3-5 pm sections were made with a Leica RM 2255
wax microtome (Leica Biosystems GmbH Nussloch, Ger-
many). Tissue sections were stained with haematoxylin
and eosin (H&E) to evaluate general tissue morphology
with a Nikon Optiphod transmitted light microscope
(New York, NY, USA). Three samples were randomly
selected from each group for light microscopy analysis.

Transmission electron microscopy tissue processing

The liver samples were fixed in 2.5% GA/FA in 0.075M
PO, buffer (pH = 7.4), rinsed three times in 0.075M POy,
buffer before it was placed in the secondary fixative, 1%
osmium tetroxide solution for 1 h. Following secondary
fixation, the samples were rinsed again as described above.
The samples were then dehydrated in 30%, 50%, 70%,
90% and three changes of 100% ethanol. All reagents were
obtained from Sigma-Aldrich, South Africa. The samples
were embedded in EMbed resin (SPI supplies, West Ches-
ter, PA, USA) and ultra-thin sections (70-100 nm) were
cut with a diamond knife using an ultramicrotome (Leica
Biosystems GmbH). Samples were then contrasted with
uranyl acetate and lead citrate, after which they were
examined with a JEOL transmission electron microscope
(TEM) (JEM 2100F, Tokyo, Japan). Three samples were
randomly selected from each group for TEM analysis.

Electron energy-loss spectroscopy measurements

The Tecnai F20 high resolution TEM (200 kV, FEI, Hills-
boro, OR, USA) equipped with the GIF 2001 energy filter
for electron energy-loss spectroscopy (EELS) and electron
spectral imaging (ESI) analyses was used to evaluate +60
nm thick liver sections. When an unidentified electron-
dense granule or cluster of electron-dense granules was
observed in the tissue with TEM, the EELS was used to
determine if these clusters contained the heavy metals
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under investigation. The results were displayed as an
EELS spectrum, confirming the presence of the heavy met-
als in the sample. Together with the ESI color map of the
specific area analyzed, the exact position of the metals in
the sample was visually expressed.

Due to the low energy-loss signals of the different met-
als, the EELS spectra were collected in normal parallel
beam TEM mode, without an objective aperture and
employing a GIF entrance aperture of 3 mm. This allowed
for the use of a large collection semi-angle, 8 ~ 100 mrad,
which greatly improved the signal-to-noise ratio of the
spectra. To remove the effects of plural scattering and the
contribution from low energy plasmon losses, each spec-
trum was background subtracted using a power law line-
shape. This was followed by further deconvoluting the ion-
ization edges using a Log-Fourier iterative process, as to
remove all other plural scattering contribution.

The ESI maps were collected using the Gatan 3 window
method with an energy slit width of 20eV. For

Control

CdPD

CrPD

Venter et al.

construction of the Cr map, the pre-edge 1 and pre-edge 2
energy windows were centered at 515 and 550 eV, respec-
tively, whereas the post-edge window was centered at
583 eV so as to coincide with the onset of the Cr L, 5 ioni-
zation edge at 573 eV. The positions of the pre-edge 1 and
2 windows were based on the background subtraction
model obtained from the EELS analyses when using 2
energy windows. This ensured that only energy loss contri-
butions from the metal under investigation were mapped.
Similarly, for mapping of the energy-loss contributions of
Cd, the pre-edge 1 and 2 windows were placed at 374 and
394 eV, with a post-edge onset centered at 414 eV.

Results

In Figures 1A and B the normal embryonic histology of
the liver can be seen with multi-cellular layered plates
of hepatocytes (white arrows), and normally spaced

ad 0001X PO [oued

ad 000X 10

Fig. 1. Light microscopy micrographs of the liver tissue of the different experimental groups. A and B: control group. C and D: Cd
PD and Cd x 1000 PD groups, E and F: Cr PD and Cr x1000 PD groups. Black arrows indicate sinusoid dilation, white arrows in
Figure A and B indicate the normal histology of the hepatocytes, whereas in Figures C-F the white arrows indicate cells undergoing

necrosis (Scale bars: 10 wm).
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sinusoids (black arrows). Figures 1C and D are repre-
sentative of embryos exposed to the PD of Cd and
x1000 PD respectively. Minimal sinusoidal dilation is
visible in the Cd PD group (indicated in Figure 1C),
with a noticeable increase in sinusoidal dilation in the
Cd x1000 PD group (Fig. 1D) (black arrows). Some
necrosis is also visible in both Cd concentration groups
indicated by the white arrows in Figures 1C and 1D.
This was not observed in the control group. The same
pattern can be seen in the groups exposed to Cr as indi-
cated in Figures 1E and 1F, but with less severity. In

Control

both Figures 1E and 1F the black arrows indicate sinu-
soidal dilation and the white arrows indicate necrosis
of the hepatocytes.

Representative TEM micrographs of the liver tissue
from the control and Cd experimental groups are shown in
Figure 2. A hepatocyte, typical of the control samples, is
shown in Figures 2A and 2B with normal cellular [Fig. 2A
(black arrows)] and nuclear double membranes and evenly
dispersed chromatin [Fig. 2A (white arrow)]. The mito-
chondria displayed a typical round or oval shape, with a
double membrane that surrounds the cristae of the mito-

CdPD

Cd x1000 PD

Fig. 2. Transmission electron micrographs of the hepatocytes and mitochondria of the liver tissue from the control and the different
Cd concentration groups. Figure A: control, C: Cd PD and E: Cd x1000 PD. White arrows indicate the nuclei of the hepatocytes
and the black arrows indicate the cellular membranes. Figures B, D and F indicate the mitochondrial morphology (black arrows) of
the control (B), Cd PD (D) and Cd x1000 PD (F) groups (Scale bars: A,Cand E=5 pm; Band D =2 pm; F =1 pm).
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chondria [Fig. 2B (black arrow)]. In Figures 2C and 2D
the hepatocytes of the Cd PD group revealed no significant
variations compared to the control (Fig. 2A), with evenly
dispersed nuclear chromatin, no mitochondrial damage
[Fig. 2D (black arrow)] and intact nuclear [Fig. 2C (white
arrows)] and cellular membranes [Fig. 2C (black arrows)].
Figures 2E and 2F are representative of the Cd x 1000 PD
group where major alterations can be seen compared to
the control group.

Figure 2E reveals major disruption of the typical hepa-
tocyte morphology with irregular chromatin condensation
[Fig. 2E (white arrow)], a ruptured cellular membrane
[Fig. 2E (black arrow)] and damaged or absent organelles,
as seen in Figure 2F that indicates an extensively damaged
mitochondria (black arrow). Further evaluation with ESI
micrographs identified the bio-accumulation of Cd in the
nuclei of the hepatocytes (Fig. 3E). Figure 3A shows
the Cd edge that was used in the EELS analysis, with
Figures 3B-3D indicating the ESI micrographs of Cd in
the nucleus of the hepatocyte at each specific edge that was
analyzed. Figure 3E indicates the final Cd map, with the
Cd in white.

In Figure 4, liver tissue from the Cr-exposed groups is
shown and again compared to the same control micro-
graph as shown in Figure 2. The hepatocyte [Fig. 4C
(black arrow)] and nuclear morphology [Fig. 4C (white
arrow)] in the Cr PD group revealed no alterations, but

Venter et al.

the mitochondria [Fig. 4D (black arrow)] showed minimal
mitochondrial inner matrix swelling. The Cr x1000 PD
group, shown in Figures 4E and 4F, respectively, are com-
parable to that of the control as little to no damage is
observed with evenly spaced chromatin and intact cellular
[Fig. 4E (black arrow)] and nuclear [Fig. 4E (white
arrow)] membranes. Only slight damage to the mitochon-
drial membrane was observed [Fig. 4F (black arrows)].
EELS analysis of the mitochondria revealed the presence
of Cr associated with the cristae as indicated in Figure SE.
Figure 5A shows the specific edges used in the EELS anal-
ysis, with Figures 5B—D indicating the ESI micrographs
of Cr in the mitochondria of the hepatocyte at each specific
edge that was analyzed. Figure 5E indicates the final Cr
map, with the Cr in white.

Discussion

The primary effect of heavy metal toxicity is oxidative
stress that causes reactive oxygen species (ROS), which
affects essential functions of the membranes through lipid
peroxidation, DNA oxidation and formation of protein
aggregates.!”) In addition, heavy metals such as Cd and
Cr may also have an effect on antioxidant elements such
as glutathione reductase, glutathione peroxidase, superox-
ide dismutase and catalase.' Damage and loss of

e-x 1043
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Fig. 3. EELS and ESI micrographs of liver tissue exposed to Cd x 1000 PD. Figure A shows the Cd edge that was used in the EELS
analysis, with Figures B-D indicating the ESI micrographs of Cd in the nucleus of the hepatocyte at each specific edge that was ana-
lyzed. Figure E indicates the final Cd map, with the Cd in white (Scale bars: B, C, D and E: 1 pm).
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CrPD Control

Crx1000 PD

Fig. 4. Transmission electron micrographs of the hepatocytes and mitochondria of the liver tissue of the control and different Cr
experimental groups. Figure A: control, C: Cr PD and E: Cr x1000 PD. The white arrows indicate the nuclei of the hepatocytes and
the black arrows indicate cellular membranes. Figures B, D and F indicate the mitochondrial morphology (black arrows) of the con-
trol, Cr PD and Cr x 1000 PD groups respectively (Scale bars: Aand C =5 pm; B,Dand E=2 pm; F =1 pm).

essential function and/or depletion of antioxidant ele-
ments can lead to apoptosis and necrosis.['”!

In this study, the effects of Cd and Cr on liver tissue
were examined using light microscopy and TEM. Com-
pared to the control, Cd and Cr at PD and x1000 PD
caused sinusoidal dilation and necrosis. Jihen et al.
reported sinusoidal dilation and necrosis in rat liver tissue
after Cd exposure.'” Acharya et al. evaluated the effects
of Cr on rats and found that Cr caused an increase in sinu-
soidal space, vacuolation and necrosis in the liver tissue of

these animals.”® These studies differ in the animal model,
dosage and concentrations of the metals used, however it
is clear from this study that in the in ovo model, Cd and Cr
are absorbed and cause significant hepatic damage in the
developing embryo.

Evaluation of hepatocyte morphology at an ultrastruc-
tural level revealed no observable differences between the
PD groups compared to the controls, and hepatocytes in
both groups had evenly dispersed chromatin and no
nuclear or cellular membrane damage. In contrast, in the
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Fig. 5. EELS and ESI micrographs of liver tissue exposed to Cr x 1000 PD. Figure A shows the specific edges used in the EELS anal-
ysis, with Figures B-D indicating the ESI micrographs of Cr in the mitochondria of the hepatocyte at each specific edge that was ana-
lyzed. Figure E indicates the final Cr map, with the Cr in white (Scale bars: B, C, D and E: 0.5 pm).

x 1000 PD groups, especially in the Cd x1000 PD group,
severe cellular damage was observed. Damage to the cell
membrane, irregular chromatin condensation and mito-
chondrial damage was observed.

In 2000, Karmakar et al. investigated the effects of Cd
exposure on the liver tissue of male Balb/c mice using light
microscopy and TEM. The mice were exposed for 7, 14
and 21 days. At day 21, light microscopy revealed altered
tissue morphology of the liver. Further TEM analysis
revealed changes in the nuclei and mitochondria of the
hepatocytes.*"! Similar structural changes in the morphol-
ogy of liver tissue were found in mice exposed to Cr. In
this study, Wang and colleagues, exposed mice to Cr and
found that Cr can induce dose- and time-dependent DNA
damage, hepatic oxidative stress and apoptosis in the
hepatocytes.!*

Increased levels of ROS cause lipid peroxidation that
results in changes in increased membrane fluidity, which
brings about the efflux of cytoplasmic solutes and loss of
membrane-protein activity.l'”’ Extensive lipid peroxida-
tion causes total loss of membrane integrity, as observed
in the Cd x1000 PD group. In addition to oxidative dam-
age, ROS can cause the carboxylation of protein, and inef-
fective proteosomal degradation can lead to the formation
and accumulation of high molecular mass aggregates.!'”’

At equimolar concentrations, the ultrastructural effects of
Cr were less than that of Cd; where for Cr the cell and
nuclear membranes appeared to be intact, although some
mitochondrial damage was observed. The reason for the
more severe cellular damage observed in the Cd group
may be due to the fact that Cr is naturally found in the
body and is easily converted to a less toxic form by existing
biochemical pathways.l'?*>* Cd, on the other hand, is
not naturally found in the body and thus the body needs to
produce metallothionein to restrict the toxicity of Cd. Dur-
ing the production of metallothionein, Cd can damage the
tissue, which may lead to altered liver and kidney
functions.['*25-26]

EELS analysis revealed bio-accumulation of the Cd and
Cr in the nuclei and mitochondria of the hepatocytes. In
two studies done by Lui and Kottke in 2003, the authors
also found Cd and Cr present in the deposits of electron-
dense granules in the nuclei and cell membranes of root
cells after exposure to Cr for 1, 3 and 6 days and to Cd for
9 days.””?®! Chemical quantification of Cd and Cr has
shown that these metals accumulate in cells.'***! In con-
trast, EELS analysis identifies the intracellular sites of bio-
accumulation and these specific sites are the nucleus and
mitochondria as shown in Figures 3E and 5E for Cd and
Cr respectively. Very little Cd is present in the cytoplasm
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compared to that present in the nucleus. In the nucleus, Cd
is present in the nuclear membrane and is also found with
the chromatin. The effect of Cd on nuclear DNA is indi-
rect, and increased oxidative stress is the result of Cd bind-
ing DNA amino bases and proteins, which can lead to
direct DNA strand breaks and/or epigenetic changes.*”)

Membrane-associated mitochondrial complexes I and
IIT are the major sites of intracellular ROS formation.
Within the mitochondrial electron transport chain of com-
plex I are several redox centers that can react with molecu-
lar oxygen, leading to the formation of the superoxide
anion. This superoxide anion is released into the mito-
chondrial matrix and transformed into hydrogen peroxide
either spontaneously or via manganese superoxide dismu-
tase. The superoxide anion formed by complex III is also
converted to hydrogen peroxide by Cu/Zn-dependent
superoxide dismutase. The formation of water from hydro-
gen peroxide is catalyzed by catalase or glutathione peroxi-
dase, or scavenged by mitochondrial thioredoxin,
glutaredoxin as well as cytochrome ¢.*! In the presence of
excess reduced transition metals Fenton transformation
occurs, which catalyzes the conversion of hydrogen perox-
ide to highly reactive hydroxyl ion and causes extensive
damage to DNA, proteins and lipids. Both Cd and Cr
were found to have accumulated very specifically along
the cristae of the mitochondria as shown in Figure SE for
Cr. Associated along this membrane is complex I and III,
the site where the superoxide anion is formed. Whether Cd
and Cr directly bind to these proteins found in the cristae
is unknown and is an important area of further research.

Conclusion

In conclusion Cd and Cr bio-accumulates in the mitochon-
dria and nucleus of hepatocytes. At these sites both metals
can cause DNA base modification, changes in cellular
homeostasis and increased lipid peroxidation. The conse-
quence of lipid peroxidation and DNA damage namely
membrane damage and DNA condensation was observed
for Cd while only mitochondria associated damage was
observed for Cr.
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Abstract

Heavy metal pollution has increased in the last decades. Water sources are contaminated and
human exposure is often long term exposure to variable amounts of different metals. In this study,
male Sprague-Dawley rats were exposed via oral gavage for 28 days to cadmium (Cd) and chro-
mium (Cr), alone and in combination at concentrations 1000 times the human World Health
Organizations acceptable water limits. Rat equivalent dosages were used. Blood markers of liver
and kidney function were measured, changes to cellular morphology was determined with trans-
mission electron microscopy and the intracellular metal localisation was determined with the
electron energy-loss spectroscopy and energy filtered transmission electron microscopy analysis.
Both Cd and Cr caused changes to the nuclear and mitochondrial membranes and irregular chro-
matin condensation of hepatocytes. Cr exposure caused dilation of the rough endoplasmic
reticulum (rER). The combination caused nuclear and mitochondrial membrane damage as well as
irregular chromatin condensation. In the kidney tissue, Cd caused irregular chromatin condensation
in the cells of the proximal convoluted tubule (PCT). Cr caused changes to the outer nuclear and
mitochondrial membrane and chromatin structure. The combination group caused membrane dam-
age, irregular chromatin condensation and rER changes in the PCT. All the metal groups showed
damage to the endothelial cells and pedicles, but not to the mesangial cells. Cd and Cr bio-
accumulation was observed in the nucleus, mitochondria and rER of the liver and kidney and
therefore are responsible for the cellular observed damage that can cause functional changes to

the tissues and organs.

KEYWORDS
chronic effects, environmental toxicity, heavy metals

2011; Tchounwou, Yedjou, Patlolla, & Sutton, 2012), with cigarette

The growth in the industrial sector has provided many benefits since
its establishment, but has come with some unfavourable environmental
effects. Heavy metals have become synonymous with industrial pollu-
tion due to their toxicological and physiological effects on the ecosys-
tem (Al-Othman, Ali, & Naushad, 2012). Most of the heavy metal
pollution can be linked to anthropogenic activities, such as mines, foun-

dries, smelters, and other metal-based industrial operations (Al-Attar,

smoking being the main nonoccupational source of heavy metal pollu-
tion (Langard & Costa, 2007; Prozialeck & Edwards 2012). The increase
in heavy metal levels in the water sources, directly affects the people
in the affected areas that are using the water for consumption, prepar-
ing food, and bathing, as well as the irrigation of crops. Heavy metals
can be absorbed through the skin, orally, or through inhalation
(Awofolu, Mbolekwa, Mtshemla, & Fatoki, 2005; Venter, Oberholzer,
Taute, Cummings, & Bester, 2015). The degree of heavy metal toxicity
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depends on dose, duration, route of administration, and other physio-
logical factors, especially nutrition (Al-Attar, 2011; Chowdhury, 2009).
In addition, exposure is not limited to a single heavy metal but a mix-
ture of different types such as a combination of cadmium (Cd),
chromium (Cr), Mercury (Hg), and/or Copper (Cu) (Venter & Oberholzer
2015).

In this study, the heavy metals Cd and Cr were focused on based
on the likelihood of being exposed to them in South Africa. South
Africa is known for its thriving mining sector which include manganese,
platinum, gold, diamond, chromium and vanadium mines, of which the
waste can cause heavy metal pollution, if not discarded correctly. This
is unfortunately seen in areas in the Gauteng and Western Cape prov-
inces in South Africa (Malan, Mdller, Cyster, Raitt, & Aalbers, 2015;
Venter et al., 2015). Both these metals can, depending on the route of
exposure, effect the lungs, liver, kidneys, cardiovascular, and skeletal
systems and may lead to cancer (Jomova & Valko, 2011; Langéard &
Costa, 2007; Prozialeck & Edwards, 2012). Only the liver and kidneys
were focused on in this study, as these organs play a major role in the
absorption, distribution, and excretion of toxic compounds, like Cd and
Cr (Timbrell, 1999). In the liver and kidney, Cd and Cr are metabolized
differently, but induce similar effects namely oxidative stress that leads
to lipid peroxidation, protein and DNA damage and apoptosis. These
effects may lead to functional and ultrastructural changes to the tissue
and cellular components of the liver and kidney (Timbrell, 1999; Venter
& Oberholzer, 2015).

The aim of this study was to investigate the possible changes and
bio-accumulation in the liver and kidney tissue of male Sprague-

Dawley rats after exposure to Cd and Cr alone and in combination.

2 | MATERIALS AND METHODS

2.1 | Spraque-Dawley rat model

Six-week-old male Spraque-Dawley rats (200-250 g) were obtained
from the University of Pretoria Biomedical Research Centre (UPBRC).
A room temperature of 22°C (+2°C); relative humidity of 50% (+20%)
and a 12 h light/dark cycle were maintained during the entire study. All
experimental protocols complied with the requirements of the Univer-
sity of Pretoria Animal Ethics Committee (Animal ethics number:
HO009-15). Twenty four rats were randomly divided into four groups,
containing 6 rats each. The animals were allowed to acclimatise for

7 days prior to exposure for 28 days.

2.2 | Metal administration

Cadmium chloride (CdCl,) [Merck (Pty), South Africa] and potassium
dichromate (K,Cr,O5) [Merck (Pty), South Africa] were dissolved in
sterile water and was administered to the rats via oral gavage. The con-
trol rats only received saline and the daily dosages were as indicated in
Table 1. Selected concentrations were 1000 times the World Health
Organizations (WHO) acceptable water limits (ug/L) for Cd and Cr
(WHO, 2011). The metal dosage (ug/L) for an average person of
60.7 kg, drinking 1.4 L of water per day was calculated and converted
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TABLE 1 In vivo control and metal dosages
Groups Dosages Days
Control 0.5 mL saline 28
Cd 0.854 mg/kg body weight 28
Cr 14.22 mg/kg body weight 28
Cd and Cr 0.854 mg/kg and 14.22 mg/kg body weight 28

using the dose equation of Reagan-Shaw et al. (2008) (Bartram &
Howard, 2003; WHO, 2011). The dosages were adjusted weekly
according to average weekly weight of the rats. The dosage and dura-

tion of exposure represents chronic metal exposure in humans.

2.3 | Termination

The rats were terminated via isoflurane overdose, according to stand-
ard methods employed by the UPBRC. The liver and kidneys were har-
vested and processed for transmission electron microscopy (TEM) and
electron energy-loss spectroscopy analysis (EELS).

2.4 | Blood collection

Approximately 5 mL volume of blood was collected on the day of ter-
mination (day 28) via cardiac puncture under isoflurane anaesthesia.
The blood was then collected in a citrate tube, and the levels of the fol-
lowing were determined: total serum protein (TP), alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase
(AST), urea nitrogen (UN), creatinine, and total bilirubin (TB).

2.5 | Statistical analysis

Statistical analysis on the blood chemistry analysis were performed on
GraphPad Prism Version 6.01 using 1-way ANOVA and Tukey's multi-
ple comparisons test, where a p value of <.05 was considered

significant.

2.6 | Transmission electron microscopy analysis

The liver and kidney tissue samples were cut into 1 mm® blocks and
fixed in 2.5% glutaraldehyde (GA) and formaldehyde (FA) for 1 h, rinsed
three times in 0.075M sodium potassium phosphate buffer (pH = 7.4)
for 15 min each before the samples were placed in the secondary fixa-
tive, a 1% osmium tetroxide solution, for 1 h. Following fixation, the tis-
sue samples were rinsed again as described above. The tissues were
then dehydrated in 30, 50, 70, 90% and three changes of 100% etha-
nol. The samples were embedded in resin and ultrathin sections (70-
100 nm) were cut with a diamond knife using an ultramicrotome. Sam-
ples were contrasted with uranyl acetate for 5 min followed by 2 min
of contrasting with lead citrate, after which the samples were allowed
to dry for a few minutes before being examined with the JEOL TEM
(JEM 2100F).
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TABLE 2 Organ specific blood chemistry analysis

TP (g/L) UN (mmol/L) Creatinine (umol/L)
Range Mean = SD Range Mean+ SD Range Mean = SD
Control 53.9-62.7 58.30 * 3.65 7.0-8.0 7.55 = 041 24-30 27.17 * 2.23
Cd 58.3-61.6 60.18 + 1.29 59-7.9 7.03 = 0.78 23-26 2417 = 1.17
Cr 54.2-58.5 56.28 + 1.63 6.0-9.1 7.68 = 1.05 22-28 25.33 + 2.34
Cd and Cr 52.0-61.3 54.30° + 3.54 64-7.6 6.95 + 0.42 21-25 23.17% = 1.83
ALT (U/L) ALP (U/L) AST (U/L)
Range Mean = SD Range Mean+ SD Range Mean = SD
Control 55-69 61.50 *= 5.58 163-245 201.67 *+ 30.43 82-140 94.67 = 24.90
Cd 50-66 57.17 * 6.37 156-198 183.33 = 14.79 73-80 77.60 * 2.88
Cr 42-64 56.33 = 9.03 121-223 165.33 + 38.47 79-245 130.17 + 58.54
Cd & Cr 52-65 57.67 = 5.50 122-165 146.33* + 18.45 75-138 110.67 * 26.69
TB (umol/L)
Range Mean = SD
Control 0.3-11 0.70 = 0.30
Cd 0.6-1.4 0.93 = 0.28
Cr 0.7-1.6 0.97 = 0.33
Cd and Cr 0.7-1.3 1.02 = 0.21

SD: standard deviation.
Statistical significance compared to control.
bStatistical significance compared to Cd: p value of <.05.

2.7 | Electron energy-loss spectroscopy analysis

An FEI Tecnai G220 high resolution TEM (FEI, Oregon, USA) equipped
with the GIF 2001 energy filter (Gatan, Inc., CA, USA) for EELS and
energy filtered transmission electron microscopy (EFTEM) analyses
were used to evaluate the possible bioaccumulation of Cd and Cr in
the liver and kidney tissue. EELS spectra [Cd: 403.7 eV and Cr: 574 eV
(Ahn, Krivanek, Burgner, Disko, & Swann, 1983)] analysis was done to
confirm the presence of the heavy metals in the tissue, together with
the EFTEM colour map, to visually express the exact position of the
metals in the tissue.

The EELS spectra were collected in normal parallel beam TEM
mode, without an objective aperture and employing a GIF entrance
aperture of 3 mm. This allowed for the use of a large collection semi-
angle, § ~ 100 mrad, which greatly improved the jump ratio of the spec-
tra. To remove the effects of plural scattering and the contribution from
low energy plasmon losses, each spectrum was background subtracted
using a power law line shape. This was followed by further deconvolut-
ing the ionization edges using a Log-Fourier iterative process, as to
remove all other plural scattering contribution. The EFTEM maps were
collected using the Gatan 3 window method with an energy slit width of
20 eV. For construction of the Cr map, the pre-edge 1 and pre-edge 2
energy windows were centred at 545 and 565 eV, respectively, whereas
the post-edge window was centred at 585 eV so as to coincide with the
onset of the Cr L, 3 ionization edge at 574 eV. The positions of the pre-
edge 1 and 2 windows were based on the background subtraction

model obtained from the EELS analyses when using 2 energy windows.
This ensured that only energy loss contributions from the metal under
investigation were mapped. Similarly, for mapping of the energy-loss
contributions of Cd, the pre-edge 1 and 2 windows were placed at 364
and 384 eV, with a post-edge onset centred at 414 eV.

3 | RESULTS

In a rat model representing chronic oral exposure to Cd and Cr alone
and in combination at 1000 times the WHO limit the effects of expo-

sure on blood parameters and tissue ultrastructure was evaluated.

3.1 | Blood chemistry test

The TP levels in the combination group were significantly lower than
that of the group exposed to Cd alone. The levels of ALP and creati-
nine in the combination group were significantly lower than the control
group. The bilirubin levels, although not statistically significant, showed
a slight increase in the exposed groups, compared to the control. Com-
pared to the controls no increases in ALT, AP, or AST were observed
(Table 2).

3.2 | Transmission electron microscopy

With TEM, the following ultrastructural features associated with tissue

damage were sought and this included cellular, nuclear and
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FIGURE 1 TEM micrographs of the hepatocytes of the liver tissue
in the control (a and b), Cd (c and d), Cr (e and f), and Cd and Cr (g
and h) groups. Black arrows indicate membrane alterations and white
arrows indicate rER dilation. Key: B: Bile canaliculi G: Glycogen
granules; HM: Hepatocyte membrane; M: Mitochondria; N: Nucleus
(scale bars: ac, e, g: 5 um; b, d, f, h: 1 um)

mitochondrial membrane disruption, irregular chromatin condensation,
mitochondrial inner membrane swelling, and rough endoplasmic reticu-
lum (rER) dilation. For the kidney this included the ultrastructural of the
endothelial cells, pedicles, podocytes and mesangial cells.

In Figure 1, the hepatocytes and nuclear ultrastructure of these
cells are presented. Normal hepatocyte morphology was observed in
all control samples (Figure 1A). Only minimal alterations to the nuclear
[Figure 1B (arrow)] and mitochondrial membranes [Figure 2B (arrow)],
were observed in all the control rats. No inner matrix alterations were

seen in the mitochondria of the control liver tissue (Figure 2A). The
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hepatocytes of the Cd exposed group showed the presence of nuclear
and mitochondrial membrane disruptions that were more prevalent
than in the control group [Figure 1D (arrow) and 2D, respectively].
Irregular chromatin condensation is present in the nuclei (Figure 1C),
but no inner matrix swelling is seen in the mitochondria (Figure 2C). In
the Cr experimental group, nuclear outer membrane [Figure 1F
(arrows)] and mitochondrial membrane alterations were visible (Figure
2F), accompanied by irregular chromatin condensation in the nuclei
(Figure 1E) and inner matrix swelling present in the cristae of the mito-
chondria [Figure 2E (arrow)]. There was also a noteworthy increase in

FIGURE 2 TEM micrographs of the mitochondria of the liver
tissue of the control (a and b), Cd (c and d), Cr (e and f), and Cd
and Cr (g and h) groups. Black arrows indicate membrane
alterations, with the white arrow that indicates inner matrix
swelling. Key: G: Glycogen granules; M: Mitochondria; N: Nucleus
(scale bars: a, c, g, h: 500 nm; b, d, e, f: 200 nm)
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FIGURE 3 TEM micrographs of the kidney tissue of the control
group. (a, ¢ and e) indicate the PCT, nuclear membrane and
mitochondria, respectively. The glomeruli ultrastructure can be
seen in (b, d), and f. Key: AT: Apical tubulovesicles C: Capillary; E:
Endothelial cell; L: Lysosome; Me: Mesangial cell; MV: Microvilli;
M: Mitochondria; N: Nucleus; P: Podocyte; RBC: Red blood cell
(scale bars: a, b, and f: 5 um; c and d: 1 um; e: 500 nm)

the dilation of the rER [Figure 1E (arrows)]. In the combination group
an increase in both nuclear membrane [Figure 1H (arrows)] and chro-
matin condensation alterations were noted (Figure 1G). The metal com-
bination group also revealed changes to the mitochondrial membranes
and cristae [Figure 2G and H (arrows)].

The two main areas of the kidney involved in toxicity and filtration
were evaluated. Firstly the proximal convoluted tubule (PCT) was ana-
lysed, as it is the part of the kidney most likely to show any changes
that occurred in the kidney tubules (Tavafi et al., 2016). The second
area of the kidney analysed was the glomeruli. The glomeruli will show
any changes in the filtration system of the kidney. In the control group,
minimal changes were seen in a few of the rats analysed, with negligi-
ble nuclear outer membrane alterations [Figure 3C (arrow)] as well as
mitochondrial membrane changes (Figure 3E). No changes were seen
in the PCT cell membrane, rER (Figure 3A) and mitochondrial cristae
(Figure 3E) as would be expected for the control samples. The compo-
nents of the glomeruli: endothelial cells (involved in the filtration sys-
tem), pedicles, mesangial cells, and podocytes, all showed minimal to

no alterations in the control group (Figure 3B, D, and F). Changes in
the organelles of the PCT of the Cd exposed group (Figure 4C, E) were
more prevalent than in the control group, with a noteworthy increase
in the occurrence of irregular chromatin condensation seen in the
nucleus (Figure 4A). Minimal alterations were also seen in the endothe-
lial cells and pedicles of the glomeruli [Figure 4B and D (arrow)]. No
changes were noted in the mesangial cells and podocytes (Figure 4F).
In the Cr experimental group, changes were seen in the outer
membrane [Figure 5C (arrows)] and chromatin of the nucleus (Figure
5A), as well as in the mitochondrial membranes [Figure 5E (black
arrow)]. Minimal alterations were visible in the PCT cell membrane, rER
(Figure 5A) and mitochondrial cristae [Figure 5E (white arrow)] in
almost all the animals in this group. The endothelial cells [Figure 5D
(white arrows)] and pedicles [Figure 3B and D (black arrows)] showed
minimal damage in almost all the rats, with no changes seen in the mes-
angial cells (Figure 5F) and podocytes. The kidney tissue of the

FIGURE 4 TEM micrographs of the kidney tissue of the Cd
experimental group. (a, ¢, and e) indicate the PCT cuboidal
epithelial cell, nucleus, and mitochondria, respectively, with the
arrows indicating membrane changes. (b, d, and f) shows the
glomeruli and all its components, with the arrow in d indicating the
pedicles. Key: AT: Apical tubulovesicles; C: Capillary; E: Endothelial
cell; L: Lysosome; Me: Mesangial cell; MV: Microvilli; M:
Mitochondria; N: Nucleus; P: Podocyte; RBC: Red blood cell (scale
bars: a, b, and f: 5 um; c and d: 1 um; e: 500 nm)
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FIGURE 5 TEM micrographs of the kidney tissue of the Cr group.
(a, ¢, and e) represents the alterations seen in the PCT cells, with ¢
(arrows) indicating changes in the outer membrane of the nucleus
and (e) shows changes in the membrane (black arrow) and cristae
(white arrow). (b, d and f) show the glomeruli, where endothelial
cells, podocytes and mesangial cells alterations are shown. In (b
and d) the black arrows show damage to the pedicels and the
white arrow (d) indicates endothelial cell damage. Key: AT: Apical
tubulovesicles; C: Capillary; E: Endothelial cell; L: Lysosome; Me:
Mesangial cell; MV: Microvilli; M: Mitochondria; N: Nucleus; P:
Podocyte; RBC: Red blood cell (scale bars: a, b and F: 5um; ¢ and
d: 1um; E: 500nm)

combination of Cd and Cr group also showed changes in the nucleus
and mitochondria, with membrane alterations [Figure 6C and E (black
arrows)] and irregular chromatin condensation (Figure 6A) and inner
matrix swelling [Figure 6E (white arrow)]. Some cellular membrane and
rER changes were also seen in the PCT (Figure 6A). The endothelial
cells and pedicles also showed alterations in almost all the experimental
rats [Figure 6B (arrow) and D], with no changes seen in the mesangial
cells (Figure 6F).

3.3 | Electron energy-loss spectroscopy

Figures 7 and 8 are examples of how the EELS and EFTEM results
were generated when analyzing the liver and kidney samples of all the
experimental groups.
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3.4 | Energy filtered transmission electron microscopy

Further evaluation of the tissue with EELS and EFTEM, identified that
Cd and Cr bio-accumulates in the liver and kidney, as can be seen in
Figures 9 and 10, even though only minimal energy-loss signals were
obtained in both the Cd and Cr groups, alone and in combination.
Figures 7 and 8 A show examples of the Cd and Cr edges that
were used in the EELS analysis, respectively, where Figures 7 and 8 B-
D show the Cd and Cr in the organelles of the kidney and liver, respec-
tively, at each specific edge that was analysed, with the final Cd and Cr
colour map seen in Figures 7 and 8E, with Cd in red and Cr in yellow.
In Figures 9 and 10, the EFTEM micrographs are shown of the liver
and kidney tissue, respectively. The analysis of the control group
showed a noisy signal that does not bio-accumulate specifically in any
organelle (Figures 9 and 10A,B). With the Cd exposed groups, the
EFTEM analysis revealed that Cd bioaccumulates not only in the organ-
elles, but also on the membranes of the organelles (Figures 9 and 10C,

D, respectively). Cr on the other hand mostly bio-accumulates on the

FIGURE 6 TEM micrographs of kidney tissue of the Cd and Cr
group. (a) indicates the PCT, with (c) and (e) showing the
alterations seen in the nucleus and mitochondria (arrows),
respectively. (b, d, and f) show the glomeruli and components. Key:
C: Capillary; E: Endothelial cell; Me: Mesangial cell; MV: Microvilli;
M: Mitochondria; N: Nucleus; P: Podocyte (scale bars: a, b, d, and
f: 2 um; c and e: 1 pum)
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FIGURE 7 EELS and EFTEM micrographs of Cd exposed kidney tissue. (a) shows the Cd edge that was used in the EELS analysis, with (b-
d) indicating the pre- and post-edge micrographs of Cd in the glomeruli of the kidney at each specific edge that was analyzed. (e) indicates
the final Cd map, with the Cd in red (scale bars: b, c, d, and e: 1 um) [Color figure can be viewed at wileyonlinelibrary.com]

membranes of the organelles (Figures 9 and 10E, F). This trend of spe-
cific localisation was also seen in the Cd and Cr group with EFTEM

analysis (Figures 9 and 10G, H).

4 | DISCUSSION

The increase in heavy metal exposure is of great concern and the effects
on the environment, animals and humans should be constantly evaluated
(Al-Attar, 2011). Heavy metals, such as Cd and Cr, have the potential to
alter cellular functions by catalyzing the formation of radicals, inhibition
of antioxidant enzymes and binding to antioxidant elements such as glu-
tathione (GSH) this leads to oxidative stress. This results in increased lipid
peroxidation, protein, and DNA damage and apoptosis, that can lead to
associated diseases such as hepatic necroinflammation, nonalcoholic
steatohepatitis, fibroplasias, renal fibrosis and failure, and cancer (Bertin
& Averbeck, 2006; Garcia-Nino & Pedraza-Chaverri 2014; Jin et al.,
2014; Khlifi et al., 2013; Sarkar, Ravindran, & Krishnamurthy, 2013;
Thévenod & Lee 2015; Timbrell, 1999; Venter & Oberholzer, 2015).
Many studies have investigated the effect of Cd or Cr adminis-

tered either as a single dosage or as several smaller dosages over a

period of several days. Although these studies identify the toxicity of
these metals, the relevance of dosage related to actual human expo-
sure is unknown. In the present study, metal dosages were selected to
identify the effect of a 1,000 times human exposure limit on liver and
kidney function and structure using a rat model. Very rarely is exposure
to a single metal but rather complex mixtures of metals in varying con-
centrations and therefore this is a first of a series of studies we wish to
undertake to evaluate the toxicity of metal combinations.

Blood markers of liver and kidney damage were not raised, indicat-
ing normal liver and kidney function. TP, ALP, and creatinine levels
were reduced but were only significant for the Cd and Cr combination
group compared to the control. A reduction in ALP levels have been
reported for rats treated with CdCl, (EI-Demerdash, Yousef, & Elag-
amy, 2001; El-Demerdash, Yousef, Kedwany, & Baghdadi, 2004; Rana,
Singh, & Verma, 1996). Cd can influence zinc either through replacing
membrane associated zinc or inhibiting apoptosis and necrosis preven-
tion properties of zinc (El-Demerdash et al., 2004; Jacquillet et al.,
2006). Zinc is a cofactor essential for ALP function and with zinc dis-
placement ALP synthesis and function is compromised (Suzuki et al.,
2005). Compared to the control, creatinine levels were significantly

lower in the metal combination group and may indicate renal tubular
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FIGURE 8 EELS and EFTEM micrographs of Cr exposed liver tissue. (a) shows the Cr edge that was used in the EELS analysis, with (Cd in
the glomeruli of the kidney at each) indicating the pre- and postedge micrographs of (c) of the liver at each specific edge that was analyzed.
(r) indicates the final Cr map, with the Cr in yellow (scale bars: b, ¢, d, and e 1 um) [Color figure can be viewed at wileyonlinelibrary.com]

dysfunction (Asagha & Obi 2004; Babaknejad, Moshtaghie,
Shahanipour, & Bahrami, 2015). Several researchers have also reported
lower ALP and creatinine levels after exposed to Cr (Kumar & Kumar,
2013; Kumar, Rana, & Prakash, 1984). The TP and bilirubin levels
(although the latter was not significant) were altered and may suggest
early changes in liver and kidney function. Similar results were obtained
in the studies of Lakshimi et al., and Kumar et al., where after exposure
to Cd and Cr, the TP and bilirubin levels were decreased and increased,
respectively (Kumar, Rani, Reddy, & Reddy, 2013; Lakshmi et al., 2012).
The blood chemistry results show no major damage to the liver or kid-
neys. However, small reductions in TP, creatinine and ALP indicates
that some changes in the tissue biochemical functioning has occurred.
The morphological changes and bio-accumulation of Cd and Cr
alone and in combination in the liver and kidneys of male Sprague-
Dawley rats was then analysed. Minor ultrastructural changes were
found in nucleus, mitochondria and rER of all the experimental groups.
Organ specific changes were also seen in the components of the glo-
merular filtration barrier namely the pedicles and endothelial cells.
Small amounts of the metals were found in the liver and kidney tissue

with the EELS and EFTEM analysis. The Cd accumulated in the nucleus
and mitochondria, where Cr was primarily found at the membranes of
the nucleus, mitochondria, and rER.

Reactive oxygen species (ROS) is generated in several organelles
including the endoplasmic reticulum and mitochondria. This occurs dur-
ing normal cellular metabolism such as oxidative protein folding and
mitochondrial respiration and this process is tightly regulated. ROS lev-
els are regulated by the presence of antioxidant enzymes such as cata-
lase, superoxide dismutase and glutathione peroxidase as well as
antioxidant elements such as GSH and dietary antioxidants such as
vitamins E and C. Cd and Cr toxicity affects certain components of the
cellular antioxidant system and when in combination these effects are
accumulative.

Cd does not catalyse the Fenton reaction but binds intracellular
thiols, like GSH and/or inhibits the activity of antioxidant enzymes
such as catalase (Prozialeck & Edwards, 2012). Consequently levels of
hydrogen peroxide (H,O,), superoxide anion (O,°) and hydroxyl radical
(*OH) are increased (Bertin & Averbeck, 2006; Jomova & Valko, 2011).
These ROS cause lipid membrane peroxidation as well as protein and
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FIGURE 9 EFTEM micrographs of the liver tissue of the control (a
and b), Cd (c and d), Cr (e and f) and Cd and Cr (g and h). (a, c, e,
and g) indicates the zero loss images of the colour maps in (b, d, e,
and h), with Cd in red and Cr in yellow. Key: N: Nucleus; M:
Mitochondria (scale bars: a-h: 1 um) [Color figure can be viewed at
wileyonlinelibrary.com]

DNA damage. A consequence of protein damage and lipid peroxidation
are changes in membrane function and stability (Bertin & Averbeck,
2006). This is associated with changes in the morphology of membra-
nous organelles such as the mitochondria as well as plasma and nuclear
membranes. Cd was found to accumulate in the mitochondria and
nuclei and in these intracellular compartments, Cd can bind membrane
and DNA associated proteins thereby altering membrane integrity and

function as well as DNA repair mechanisms (Bertin & Averbeck, 2006).

This in turn can lead to cell cycle arrest, apoptosis, genome instability,
mutagenesis eventually leading to cancer.

The biochemical pathway of Cr firstly involves the reduction of
hexavalent Cr [Cr(VI)] to less toxic trivalent Cr [Cr(Ill)]. This is mediated
by antioxidant elements like ascorbate, one of the most effective bio-
logical reductant of Cr(VI), and nonenzymatic reactions with cysteine
and GSH. This reduction of Cr(VI) to Cr(lll) comes with a price as it gen-
erates high levels of Cr-DNA adducts and mutations that leads to DNA

FIGURE 10 EFTEM micrographs of the kidney tissue of the
control (a and b), Cd (c and d), Cr (e and f), and Cd and Cr (g and
h). (a, ¢, e, and g) indicates the zero loss images of the colour maps
in (b, d, e, and h), with Cd in red and Cr in yellow. Key: N: Nucleus;
M: Mitochondria; C: Capillary; E: Endothelial cell; P: Podocyte;
RBC: Red blood cell (scale bars: a-h: 1 um) [Color figure can be
viewed at wileyonlinelibrary.com]
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damage (Jomova & Valko, 2011). This would affect the structure and
function of both genomic and mitochondrial DNA. In addition a tightly
regulated process of ROS formation occurs in the mitochondria and
the endoplasmic reticulum. The accumulation of Cr which is catalyst of
the Fenton reaction with cause ROS homeostasis to be disrupted,
resulting in increased lipid membrane peroxidation, altered protein
processing eventually leading to apoptosis. Cr toxicity also affects the
mitogen-activated protein kinases (MAPK) signal transduction pathway,
where nuclear factor kappa B (NF-«B), activating transcription factor 2
(ATF-2) and p53 plays a role in regulating cellular processes, including
apoptosis (Jomova & Valko, 2011).

In a previous in ovo study by the authors, we found that increasing
concentrations of Cd and Cr caused increased organelle damage associ-
ated with the accumulation of Cd and Cr in the nuclei and mitochon-
dria of the liver and kidney (Venter & Oberholzer, 2015). Madejczyk
et al., undertook a time based study and found that with a single intra-
peritoneal injection there was accumulation of Cd and Cr in the liver.
With time metal levels decreased but ROS and cellular damage
increased. This was associated with changes in the expression of genes
associated with oxidative stress, metabolism, DNA damage, cell cycle
and inflammatory responses (Madejczyk et al., 2015). The present
study clearly shows that Cd and Cr accumulate in specific compart-
ments such as the mitochondria, rER, nucleus and membranes directly

involved with these processes.

5 | CONCLUSION

In conclusion, exposure to Cd and Cr alone and in combination at levels
that do not increase markers of liver or kidney damage however these
metals were found to cause changes in the ultrastructure of several
organelles of the liver and kidney. Metal bioaccumulation was observed
in the nucleus, mitochondria and rER of the liver and kidney. At these
sites the metals can induce DNA- and protein damage and lipid peroxi-
dation which can cause functional changes in tissue and organ function.
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Abstract

Background/Aims: Heavy metal pollution is increasing in the environment, contaminating
water, food and air supplies. This can be linked to many anthropogenic activities. Heavy metals
are absorbed through the skin, inhalation and/or orally. Irrespective of the manner of heavy
metal entry in the body, the blood circulatory system is potentially the first to be affected
following exposure and adverse effects on blood coagulation can lead to associated thrombotic
disease. Although the plasma levels and the effects of cadmium (Cd) and chromium (Cr) on
erythrocytes and lymphocytes have been described, the environmental exposure to heavy
metals are not limited to a single metal and often involves metal mixtures, with each metal
having different rates of absorption, different cellular, tissue, and organ targets. Therefore
the aim of this study is to investigate the effects of the heavy metals Cd and Cr alone and
whether Cr synergistically increases the effect of Cd on physiological important processes
such as blood coagulation. Methods: Human blood was exposed to the heavy metals ex vivo,
and thereafter morphological analysis was performed with scanning electron- and confocal
laser scanning microscopy (CLSM) in conjunction with thromboelastography®. Results: The
erythrocytes, platelets and fibrin networks presented with ultrastructural changes, including
varied erythrocytes morphologies, activated platelets and significantly thicker fibrin fibres in
the metal-exposed groups. CLSM analysis revealed the presence of phosphatidylserine on the
outer surface of the membranes of the spherocytic erythrocytes exposed to Cd and Cr alone
and in combination. The viscoelastic analysis revealed only a trend that indicates that clots
that will form after heavy metal exposure, will likely be fragile and unstable especially for Cd
and Cr in combination. Conclusion: This study identified the blood as an important target

system of Cd and Cr toxicity. © 2017 The Author(s)
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Introduction

Haemostasis is important to ensure the recovery of injured blood vessels and to
prevent excessive blood loss and this process is tightly regulated to prevent the formation
of occlusive thrombi in blood vessels [1], that may lead to for example stroke [2]. The classic
coagulation pathway introduced in 1964 focused on the role of the coagulation factors
in thrombus formation, and ignored the role of cellular elements in the activation of the
coagulation system and for this reason a new model that includes platelets and tissue factor
expressing cells known as the cell-based model of coagulation was introduced. The phases of
the cell-based coagulation pathway include initiation, amplification and propagation, which
contribute to the formation of the clot, with platelets playing a crucial role in this process [1,
3, 4]. Platelets are involved in the release of certain factors and enzymes that contribute to
clot formation and the tautness of the fibrin fibres [3, 4]. The formed thrombus consists of
platelets, fibrin fibres and erythrocytes that determine the structure and integrity of the clot.

Apoptosis is well described for nucleated cells, but recently this process of programmed
cell death has also been described for enucleate cells such as erythrocytes and platelets.
In erythrocytes this process is known as eryptosis [5-11]. Characteristic features of this
process are cell membrane shrinkage as well as blebbing and membrane scrambling [11].
During clot formation erythrocytes assist in bringing platelets to the surface of an injured
vessel wall and binding inflammatory mediators to surface receptors [12]. Other cells that
are involved in clot formation are the leukocytes that comprise of neutrophils, monocytes,
lymphocytes, basophils and eosinophils [13], of which only the neutrophils and monocytes
play a major role in the inflammatory response of the body. Leukocytes functions during
coagulation include: changes in the expression of membrane receptors, release inflammatory
mediators, releases oxidants like hydrogen peroxide (H,0,) and superoxide anion (0,¢) and
when leucocytes associate with platelets it may lead to mutual activation and protection
form inhibitors [13].

Platelets and the fibrin network play an important role in the formation and stability
of haemostasis. Platelet activation induces shape changes and aggregation that also leads to
fibrin formation. Fibrin formation is the final step in blood coagulation and is necessary for
clot stability. Fibrin formation is catalysed by thrombin, as it converts fibrinogen to fibrin
[14, 15]. Changes to the morphology of erythrocytes, platelet activation and fibrin fibre
thickness, caused by exposure to various substances, like smoking, heavy metals, carbon
monoxide, sulfur dioxide and the presence of certain disease conditions, may alter the
haemostatic process leading to the formation of pathological thrombi [11, 14, 16-20].

Environmental exposure to heavy metals via water, food and air pollution due to
agriculture, mining, transport and related operations as well as cigarette smoking, a major
non-occupational source of metals such as cadmium (Cd) and chromium, (Cr), are increasing
[21-23]. These heavy metals have the potential to adversely affect blood homeostasis
especially of those living close to high-risk areas [24]. Exposure is usually not to a single
metal but as a mixture of metals [24]. Therefore the aim of this study was to determine, using
and ex vivo blood model, the effects of Cd and Cr alone and in combination on the morphology
of erythrocytes, platelet activation and fibrin fibre thickness, by using scanning electron
microscopy (SEM), confocal laser scanning microscopy (CLSM) and thromboelastography®
(TEG®).

Materials and Methods

Ex vivo model

Human blood was collected from six healthy consenting donors by a trained phlebotomist (Health
Sciences Research Ethics Committee number: 111/2016). The inclusion criteria were: Healthy male
individuals over the age of 18 years, non-smokers, that are not taking chronic medication and do not have
inflammatory conditions.
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Scanning electron microscopy

SEM was used to study the erythrocyte, platelet and fibrin fibre morphology. The micrographs of fibrin
networks were used to analyse fibrin fibre thickness. For morphological analysis whole blood (WB) and
platelet-rich plasma (PRP) was used [25]. Human blood was collected in citrate tubes and 900pu# of WB was
placed in an Eppendorf tube and exposed to 100p¢ of 48mg/# cadmium chloride (CdCl,) [Merck (Pty) Ltd,
South Africa] and/or 1450mg/¢ potassium dichromate (K,Cr,0,) [Merck (Pty) Ltd, South Africa]. The metal
concentrations were made up in isotonic phosphate buffered saline (pH=7.4) (isoPBS). The final osmolality
of all solutions were less than 300mOsm to ensure any observed effects were directly due to metal toxicity.
The final exposure concentrations were 4.8mg/¢ for Cd (26puM) and 145mg/¥¢ for (985uM) for Cr(VI) [26].
These concentrations where chosen based on the World Health Organization (WHO) acceptable water
limits (mg/¢) for Cd and Cr times 1000 [26]. Both Cd and Cr are at ratios that are representative of these
established limits. By using a 1000x higher concentration and short exposure times, specific cellular targets
can be identified which later can be evaluated in models of chronic exposure. The control blood was exposed
to isoPBS.

The WB was exposed for 10 minutes, before 10p# of WB was placed on a 10mm coverslip (LeicaSA),
with and without the addition of 5p# of human thrombin (20U/m#; South African National Blood Service).
The WB was then centrifuged at 227xg for 10 minutes to obtain PRP; where after 10pf of the PRP was
placed on coverslips, with and without 5uf of thrombin. The cover slips were placed in 24-well plates
that contained 0.075M sodium potassium phosphate buffer solution (PBS) (pH=7.4). The samples were
washed for 20 minutes on a shaker to remove any blood proteins that might be trapped within the blood
clots [25]. The washed samples were fixed in 2.5% glutaraldehyde and formaldehyde for 30 minutes. This
was followed by rinsing of the samples, three times in PBS for 3 minutes, before secondary fixation in 1%
osmium tetroxide (0s0,) for 15 minutes. The samples were washed again as described above, where after it
was serially dehydrated in 30%, 50%, 70%, 90% and 3 times in 100% ethanol. The SEM sample preparation
was completed by drying the samples in hexamethyldisilazane (HMDS), followed by mounting and coating
with carbon, and examining using the Zeiss Crossbeam 540 FEG-SEM and Zeiss Ultra Plus FEG-SEM (Carl
Zeiss Microscopy, Munich, Germany). The thickness of the fibrin fibres was measured on the micrographs
using Image] (Version 1.49, Java) [25]. Fifty random fibres were measured per volunteer in the control- and
metal exposed groups.

Confocal laser scanning microscopy

The CLSM was used to detect phosphatidylserine (PS) on the erythrocyte membrane indicating that
eryptosis is taking place. Annexin V was used to mark PS on the surface of the membrane. The blood was
collected in citrate tubes and the control were ones again only exposed to isoPBS and for the metal groups
were exposed to the metals dissolved in isoPBS, as described above. The positive control was Melittin
(GenScript, New Jersey, USA), an apoptosis inducing peptide [27-29], to which the blood was exposed for
four hours. The blood was then centrifuged at 145xg’s for ten minutes at room temperature to collect the
erythrocytes. The supernatant was removed and the remaining erythrocyte pellet was washed twice with
PBS for 3 minutes. The blood was then washed with the Annexin V binding buffer (BioLegend, 422201)
also for 3 minutes. 5pf of the Annexin V probe (BioLegend, 640906) was added to the binding buffer and
incubated at room temperature, protected from light, for 90 minutes. After incubation the samples were
washed again as described with the phosphate- and binding buffers, to remove any unbound antibodies.
10p# of the prepared sample was mounted on a glass slide and covered with a coverslip (LeicaSA). The
sample was viewed with the Zeiss LSM 880 confocal laser scanning microscope in Airyscan mode (Carl Zeiss
Microscopy, Munich, Germany).

To visualize the erythrocytes, two different lasers were used with different filters and beam splitters,
to allow the overlaying of the respective images to show which erythrocytes have a PS flip present on the
membrane. For the auto-fluorescence of all the cells present on the slide, the 405nm 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 405nm laser was used together with the 465nm-505nm band pass (BP)
and 525nm long pass (LP) filters and the 488nm/405nm beam splitters. These settings showed that all the
erythrocytes present on the slide has 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 (excitation wavelength: 494nm and emission wavelength: 518nm), the 488nm laser was
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used with the 420nm-480nm/495nm-550nm BP filters and the 488nm/405nm beam splitters, and showed
a green fluorescence, indicating the presence of a PS flip on the erythrocyte membranes.

Viscoelastic analysis

TEG® is an analytic method by which the viscoelastic changes that occur during coagulation and
fibrinolysis are measured. The results from the blood samples are generated by the TEG® through a rotating
pin, which constantly measures the resistance of the forming clot on the pin, that indicates a number of
characteristics of the coagulation system such as the speed and strength of clot formation [30-32]. The
results are displayed as a graph that gives various measurements of the parameters that are listed in Table
1. For this study, blood was collected in citrate tubes and exposed, as described above, where after 340p¢ of
the WB was placed in a cup of the TEG® (TEG® 5000 computer-controlled device, Haemoscope Crop., Niles,
IL, USA), together with 20uf of 0.2M calcium chloride (CaCl,) to activate the coagulation process [25]. The
process was allowed to run until MA was reached, since only the rate and strength of clot formation was
relevant to this study.

Table 1. TEG parameters typically generated for whole blood (modified from: [33])

Thromboplastic parameters Description

Time of latency from start of test to initial fibrin formation (amplitude of 2 mm); i.e.
R: Reaction time
initiation time
Time taken to achieve a certain level of clot strength (amplitude of 20 mm); i.e.
K: Kinetics
amplification

o angle: Alpha angle (slope

1291

between the traces represented

by R and K)

MA: Maximal amplitude

MRTG: Maximum rate of

thrombus generation

TMRTG: Time to maximum rate
of thrombus generation
TTG: Total thrombus

generation

The angle measures the speed at which fibrin build up and cross linking takes place,

hence assesses the rate of clot formation; i.e. thrombin burst

Maximum strength/stiffness of clot. Reflects the ultimate strength of the fibrin clot,
i.e. overall stability of the clot
The maximum velocity of clot growth observed or maximum rate of thrombus
generation using G, where G is the elastic modulus strength of the thrombus in dynes

per cm-2
The time interval observed before the maximum speed of the clot growth

The clot strength: the amount of total resistance (to movement of the cup and pin)
generated during clot formation. This is the total area under the velocity curve during

clot growth, representing the amount of clot strength generated during clot growth

Statistical analysis

Statistical analysis of the SEM fibrin fibre thickness and TEG® parameters were performed on GraphPad
Prism Version 6.01 using one-way ANOVA and Tukey’s multiple comparisons test, where a p-value of < 0.05

was considered to be significant.

Results

Scanning electron microscopy
Fig. 1 represents the erythrocytes identified in the various groups. In Fig. 1A normal

erythrocyte morphology is seen, with minimal eryptotic erythrocytes, the predominant
morphology observed in the control group. A variety of erythrocyte morphologies were
present in the Cd, Cr and Cd and Cr groups, including spherocytes (Fig. 1B), echinocytes
and knizocytes (Fig. 1C and D respectively). Fig. 2 represents the platelets seen in the
various groups included in this study. Fig. 2A shows normal platelets with minimal changes
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Fig. 1. Representative scanning elec-
tron micrographs of erythrocytes of
the control and metal exposed groups.
Fig.s A (control) shows the normal
concaved morphology of an erythro-
cyte, with Fig.s B (Cd), C (Cr), and D
(Cd and Cr) showing the changes that
occurred after metal exposure (Scale
bars: 1um).

Fig. 2. Representative scanning elec-
tron micrographs of platelets from
the control and metal groups. Fig. A
shows a typical control platelet with
pseudopodia and Fig.s B (Cd), C (Cr)
and D (Cd and Cr), indicating both
pseudopodia and membrane spread-
ing. White arrows: Pseudopodia;
Black arrows: Membrane spreading
(Scale bars: 200nm).

to platelet shape and pseudopodia (white arrows). Minor activation is expected as contact
activation will occur during sample preparation. Fig. 2B (Cd), C (Cr) and D (Cd and Cr) show
activated platelets in all the metal exposed groups, with pseudopodia (white arrows) and
platelet spreading (black arrows). There also appears to be an increase in the occurrence
of membrane alterations, i.e. granular appearing membranes, visible in the experimental
groups. Fig. 3 shows representative fibrin networks obtained in each group. In Fig. 3A a
typical control fibrin network can be seen, with mostly taut, straight fibres and a combination
of thin and thick fibrin fibres (red and white arrows). Figures 3B, C and D show abnormal
fibrin networks that are less taut or bent fibres (blue arrows). Fig. 4 illustrates the effects
of the metals on the entire coagulation system, which shows the interactions between the
erythrocytes and fibrin fibres. Fig. 4A shows the normal erythrocyte morphology with minimal
fibre interaction. With exposure to metals, erythrocyte morphology is altered with increased
formation of spherocytes, echinocytes and knizocytes and associated interaction between
the erythrocytes and fibrin fibres [Fig. 4B, C and D (blue arrows)]. Table 2 summarises the
effects of the metals on the coagulation system.

Fig. 5 shows the results obtained from the measurement of the fibrin fibre thickness.
The fibres in the group exposed to Cr alone and Cd and Cr in combination are statistically
thicker than the Cd fibrin fibres, but are similar in thickness compared to the control group.
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Fig. 3. Representative scanning electron
micrograph of the fibrin networks of the
control and metal groups. Fig. A (control)
shows a combination of thick and thin fi-
bres, with Fig.s B (Cd), C (Cr) and D (Cd
and Cr) indicating the changes observed
after metal exposure. White arrow: Major
thick fibre; Red arrow: minor thin fibre;
Blue arrow: Bend/loose fibre (Scale bars:
A and D: 100nm; B and C: 200nm).

Fig. 4. Representative scanning electron
micrographs of WB with thrombin of the
control and metal exposed groups. Fig.s A
(control), B (Cd), C (Cr) and D (Cd and Cr)
indicate the erythrocyte and fibrin fibre
interactions. White arrow: Normal eryth-
rocytes; Red arrow: Variations in eryth-
rocyte morphology; Blue arrows: Inter-
actions between erythrocytes and fibrin
fibres (Scale bars: B and C: 1pm; A and D:
2pum).

Table 2. Summary of SEM analysis on erythrocytes, platelets and fibrin networks; +, no or minimal change

occurred; ++, some cell or fibre changes were visible; +++, most cells or fibres were altered; ++++, all cells or
fibres were altered. WB+T: Whole blood with thrombin; PRP+T: Platelet rich plasma with thrombin

Erythrocytes Platelets Fibrin network
WB WB+T PRP PRP+T
Changes
Dense net-
Altered Altered due to Altered
Membrane Membrane  Altered fibre like
Groups erythrocyte erythrocyte interaction platelet
disruption disruption ~ morphology appearance
morphology morphology with morphology
present
fibrin fibres
Control ++ + ++ + ++ + + +
Cd +++ ++ +++ ++ ++++ ++ ++ +
Cr +++ + +++ ++ ++++ ++ ++ +
Cd+Cr +++ + +++ ++ ++++ +++ ++ ++

Confocal laser scanning microscopy

In the negative control group, minimal positive Annexin V signal was obtained (Fig.
6 A-C). In the positive control, containing erythrocytes exposed to Mellitin (Fig. 6 D-F), an
Annexin V positive signal was observed. Figures 7 A-F are examples of the type of Annexin V
positive signal that was obtained in all the metal exposed groups. PS flip positive cells were
scattered throughout the samples. The occurrence of the Annexin V PS flip positive cells
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Fig. 5. Fibrin fibre diameter measurements. *Sta-
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Fig. 6. Confocal laser scanning micrographs of the negative control (A-C) and positive control (D-F). Fig.s A
and D showing the auto-fluorescence of the erythrocytes, B and D indicating the Annexin V signal obtained
and C and F showing the overlay images (Scale bars: 5um).

appears to be slightly increased in the metal combination groups, compared to the Cd and Cr
groups. The Annexin V positive erythrocytes are mainly present in the spherocytes and not
echinocytes (Fig. 7 A-F, green fluorescence).

Viscoelasticity

Fig. 8 shows representative traces of all the groups from which the r-time, k-time, a angle
and MA was determined. Table 3 is a summary of the control and metal exposed group’s
viscoelastic profiles after exposure to Cd and Cr alone and in combination (mean * standard
deviation). No statistical significant difference in any of the parameters measured with TEG®
could be found between the control group and metal exposed groups (Table 3) using the
one-way ANOVA and Tukey’s multiple comparisons test. Although no statistical significates
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Fig. 7. PS exposure evaluation of erythrocytes
after exposure to the heavy metals Cd and Cr
alone and in combination using the confocal la-
ser scanning microscope. Fig.s A - F indicate the
Annexin V positive erythrocytes after exposure
to Cd (A and B), Cr (C and D) and Cd and Cr (E
and F) (Scale bars: 5um).

were obtained, there was a visible trend
in all the parameters of the metal groups.

The R and K values had a slight
increase and the a angle and MA values
decreased with the metal exposed
groups. The velocity curve (v-curve)
results, namely the MRTG, TMRTG and
TTG, further confirms the trend seen
with a decrease in the MRTG and TTG,
correlating to the a angle and MA results
and the TMRTG confirming the R value
results.

Discussion

Blood is an important component
involved in the distribution of heavy
metals like Cd and Cr to organs such
as the liver and kidneys which are
common sites of damage [24]. During
this process of distribution these metals
can adversely affect blood homeostasis,
altering the structure and functioning
of the cellular component of blood that
includes the erythrocytes, platelets
and the fibrin networks. In this study,
an ex vivo model was used to evaluate
the effects of Cd and Cr alone and in Fi9- 8- Representative viscoelastic traces of the control
combination. Exposure concentrations 2ndmetalgroups.
of Cd was similar to that used by Sopjani
et al. where exposure of a packed erythrocyte volume to 27.3uM for 48 hours caused 25%
erythrocyte PS exposure and 5% haemolysis [34]. In the present study, WB was exposed
to 26uM Cd for 10 minutes. Lupescu et al. exposed 0.4% haematocrit erythrocytes to
20uM Cr(VI) for 48hrs [35]. Erythrocyte haemolysis was 1% and PS exposure was 15%.
WB haematocrit for healthy males is 42% [36] and therefore using WB, exposure to 200uM
Cr(VI) would theoretically provide the same results. In the present study erythrocytes in WB
were exposed to 5 fold higher Cr(VI) concentration’s for only 10 minutes. PS exposure and
associated changes in Ca* and erythrocyte morphology, after exposure to Cd and Cr alone
and in combination, may adversely affect blood coagulation parameters. The focus of this
a study is to determine the effect of blood coagulation providing an indication of possible
thrombotic risk following exposure.

Cd and Cr alone and in combination caused ultrastructural changes (Fig. 1-4), to
erythrocyte, platelet and fibrin fibre morphology (Fig. 1-4) compared to the controls. The
increase in platelet activation, seen with the presence of pseudopodia and membrane

. Control
I:l Cd

I:I Cr

I:I Cd and Cr
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Table 3. Summary of the effects of Cd and Cr alone and in combination on the viscoelastic parameters; *sta-
tistical significance: p-value of <0.05. SD: Standard deviation

Normal

Parameter Control Cd Cr Cd and Cr
ranges
Range Mean + SD Range Mean + SD Range Mean + SD Range Mean + SD
10.30 +
R (min) 9-27 6.50-11.70 8.83+1.89 7.10-12.30 9.62 +1.96 8.50-13.20 177 6.40-13.10 9.98 £2.49
K (min) 2-9 2.60-4.50 3.73£0.82 2.80-5.80 397 +1.10 3.50-4.90 4.35+0.63 4.20-7.10 5.0+1.10
4242 £ 44.20 £ 40.10 £ 31.70 £
aangle (deg) 22-58 27.40-57.00 33.50-46.80 34.70-46.80 20.60-42.50
1111 8.61 5.34 8.46
45.72 42.72 4252
MA (mm) 44-64 42.30-57.31 4735546  41.70-51.10 38.70-48.90 37.10-47.50
3.26 3.61 3.67
MRTG
0-10 2.56-12.06 4.53+3.72 2.10-7.71 3.61+1.80 2.42-3.54 2.78 £0.42 2.18-2.75 2.45£0.20
(Dynes/cm2/s)
10.00 +
1271+ 1293 + 13.10
TMRTG (min) 5-23 8.08-15.67 12.14+2.58  10.00-18.50 163 9.67-16.75
3.36 2.48 2.84
3
G 25 366.56- 460.49 357.43- 424.43 + 317.12- 377.76 = 296.51- 37394+
TT 1-
674. 1129 524. 58.0 481. 58.2 453. 55.8
(Dynes/s?) 1014
67 2 22 2 22 6 38 4

spreading, were seen in the metal exposed groups that may cause a decrease in taut fibres
and thus an increase in loose or bended fibres. Oxidative stress and inflammation is known to
cause platelet activation that can cause pathological thrombi [14, 25, 37]. With the activation
of platelets, agonists involved in the formation and stability of clot are released and include
adenosine diphosphate (ADP), serotonin, thrombin and thromboxane A, [14, 37]. Platelets
also play a crucial role in fibrin formation and tautness, thus the bent fibres seen in the
fibrin networks of the metal groups might be due to the platelet functional changes or lack
of thrombin production [25]. The significant increase in fibre thickness in the metal groups
will further contribute to the alterations of the erythrocytes and clot formation, as it might
cause a reduction in the lysis of the clots [38]. The alteration in fiber thickness can be due to
the transition of the fibers a-helices into 3-sheets and protein aggregation [33]. Fibrin fibres
consist of an combination of a-helices, $-sheets and turns, loops and random coils which
contributes to the normal structure and function of the fibrin fibres [33].

Cd and Cr alone and in combination caused changes in erythrocyte morphology and
this was associated with increased expression of Annexin V. Cd and Cr cause oxidative stress
in the cells via different biochemical pathways. Cd binds sulfhydryl groups of proteins and
glutathione (GSH) and especially GSH depletion results in increased production of reactive
oxygen species (ROS) such as hydrogen peroxide, superoxide anion and hydroxyl radical [39-
42]. Cr in contrast enters the redox cycle and acts as a catalyst of the Fenton reaction involv-
ing H,0,, leading to an increase in ROS production and alters erythrocyte membrane fluid-
ity and integrity making erythrocytes more fragile and less osmotic resistant [40, 43]. Gao
et al. observed following exposure of erythrocytes to increasing concentration of betulinic
acid, erythrocyte morphology changed from normal, to a mixture of normal, early discocyte-
echinocytes (biconcave disk to star-shape), discocyte-stomatocytes (biconcave disk to cup-
shape), echinocytes, echinocytes with vesicles, spherocytes and a few stomatocytes [44].
Likewise, a mixture of erythrocyte morphologies was observed in the present study. Low An-
nexin-V binding was associated with echinocytes (erythrocytes with regularly spaced short
projections or spicules) and knizocytes (elevated or elongated pinched area in the centre of
the erythrocytes), with regular peripheral Annexin V signal associated with the spherocytes
(swollen, spherical erythrocytes). Ultrastructural results, together with the results from
CLSM, that indicated that the Annexin V positive signals were mainly found on the sphero-
cytic erythrocytes exposed to Cd and Cr in combination. Lupescu et al. reported that erythro-
cytes exposed to 54.5uM for 48 hours observed that only 40% erythrocytes bound Annexin
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V. Likewise, Sopjani et al. 20uM
Cr(VI) for 48 hours resulted in
positive in 12% erythrocytes
staining positive for Annexin V
[34, 35].

The Annexin V signals
seen in this study might be
due to the increase in influx
of Ca?" into the erythrocytes,
activation of the Ca?/K*
channels and ATP depletion
that are initiated by oxidative [
stress caused by the Cr and to
lessor degree Cd [11, 34, 35, Exit o K
45]. The increase in cytosolic
Ca?* will activate scramblase Hy perpolarization i
in the erythrocytes, which of membrane activation of CI-
inhibits flippase that in turn channels I
causes floppase to translocate
PS to the outside, resulting
in the PS flip and membrane
scrambling (Fig. 9). Besides the

Cdand Cr
exposure

Oxidative stress
and Inflammation

TCa?* entering
cells

Activation of Activation of CaZ*
Calpain sensitive K- channels

i

Loss of KCI

Ca?* that activates scramblase, Loss of H,0

v
it also affects the sensitive [ Membrane J [—+—] [ Cell membrane ]
, blebbin Cell shrink cambli
Ca**/K* channels which causes ¢ i — erEiling

KCl exiting the cells together
with water and thus causing Fig. 9. Summary of erythrocyte pathology (Modified from: [46]).
cell shrinkage (Fig. 9) [34, 35,

45]. Ca** entering the cells can

also lead to the activation of Calpain, a cysteine endopeptidase that degrades membrane
proteins, leading to membrane blebbing (Fig. 9) [11]. Energy depletion also initiated by
an increase in cytosolic Ca** and can also contribute to eryptosis. Although both Cd and Cr
both have different mechanisms of toxicity, the consequence thereof is similar resulting in
eryptosis, which is increased due to a concentration effect when erythrocytes are exposed to
Cd and Cr in combination.

TEG®is widely used in trauma care to evaluate whole blood coagulation [47]. In a recent
study by Lehnert et al. [48], analysis of acute pulmonary embolisms, the mean values of
TEG® were within normal ranges. Likewise in the present study acute exposure to Cd and Cr
alone and in combination provides TEG® results within the normal range (Table 3). However
evaluation of the viscoelastic traces Cd and Cr alone and in combination (Fig. 8) indicates
that these heavy metals cause minor although no statistically significant changes to the
measured parameters. The trend seen in the viscoelastic results indicate that the R value
slightly increased, thus resulting in a delayed fibrin formation. Fibrin formation is catalysed
by the enzyme thrombin from fibrinogen and stabilized by thrombin-catalysed factor XIII
(FXIII) [33]. Both these components depend on the presence of calcium, as calcium is a co-
factor in the formation of FXIII and thrombin and it is known that heavy metals deplete
calcium levels [15, 49]. The increased trend seen in K time indicates that the initial clot
formation, after it starts forming is rapid. This correlates with the activated platelets seen
with SEM analysis (Fig. 2). The decrease in both the a angle and MA values indicates that the
fibrin build up is slower due to the reduction in fibrin cross-linking, which results in a fragile,
less-stable clot. The clot strength is also decreased as the platelet-fibrinogen interactions are
decreased (Table 3) which also correlates with the SEM results, as the fibres appear to be
less taut (Fig. 3). This is further supported by the v-curve data. The TMRTG shows that the
total clot formation, from start to maximum clot formation takes longer and correlates with
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the longer time for initial clot formation as observed with increased R value. The decrease in
MRTG and TTG also indicates that clot formation will be slower and weaker. This fragile clot
may cause problems in the cardiovascular system, as these weak clots may detach and cause
a blockage in an artery or vein leading to thrombosis.

Cigarette smoking has been shown to increase fibrin fibre thickness and platelet
activation and cause erythrocyte alterations [50-52]. Cigarette smoke is a complex mixture
of more than 4000 components that has been identified in mainstream cigarette smoke, this
includes heavy metals such as Cd and Cr and the present study clearly shows that Cd and Cr
contributes to this effect [53, 54]. Likewise exposure to these metals in water and polluted air
can also contribute to increased risk for thrombosis. Although this ex vivo study investigated
the effect of a 1000 times of a single acute dosage, this study clearly identifies the blood as a
target of toxicity prior to metabolism in the liver and excretion by the kidneys. Furthermore,
accumulative effects of low levels of each metal as part of complex mixtures may also
adversely affect blood coagulation. Evaluation of the morphology of blood components may
be an important technique that can be used to identify early morphological changes prior to
the identification of altered coagulation using standard clinical methods.

Conclusion

Cd and Cr alone and in combination causes increased platelet activation, abnormal
fibrin network formation and Annexin V positive signal. The TEG® analysis, although not
statistically significant, indicated that the final clot will probably result in a fragile and less
stable clot. This study identifies the blood as an important target system of Cd and Cr toxicity.
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Effects of chronic exposure to mercury and cadmium alone and in combination
on the coagulation system of Sprague-Dawley rats
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ABSTRACT

Water contamination with heavy metals may adversely affect our health. High metal levels lead to
changes in blood coagulation processes, increasing the risk for cardiovascular disease. Exposure is
not limited to a single metal but usually involves a mixture of metals. In this study 24 male
Sprague-Dawley rats were exposed to cadmium (Cd) and mercury (Hg), alone and in combination,
for 28 days at dosages equivalent to 1000 times the World Health Organization water limits.
Scanning electron microscopy analysis revealed that both metals caused platelet activation. Cd
significantly increased fibrin fibers thickness and caused aggregation and formation of dense
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matted deposits (DMDs). Hg reduced fibrin network formation. In the combination group, Hg
appeared to augment the effect of Cd, and the presence of extensive DMDs or aggregates
between the fibers, with no changes to the actual fibrin thickness, was observed.

Introduction

Increasing contamination of water, food, and air
with metals due to increased industrialization,
mining, transport, and other related activities has
a negative impact on the health of those living in
highly industrialized areas. Most susceptible popu-
lations include those working in or living close to
mines and those using water from these areas for
drinking, washing, and agricultural purposes.
Heavy metals are absorbed through the skin by
inhalation and/or orally and can have toxic, carci-
nogenic, mutagenic, and/or teratogenic
effects [1,2].

The World Health Organization (WHO) has iden-
tified 10 chemicals of major public health concern and
these include cadmium (Cd) and mercury (Hg) [3].
The contribution of these metals to the development
of noncommunicable diseases such as cardiovascular
disease (CVD) is unknown. Although dietary factors
play an important role, metals found in pollution and
cigarette smoke that induce the formation of reactive
oxygen species (ROS) may increase the risk for the
development of disease. Little is known about how
exposure to heavy metals, especially as part of

mixtures in contaminated water, contributes to the
development of CVD.

Environmental exposure usually involves a mixture
of different metals at different concentrations, as levels
of heavy metals in the environment often fluctuate and
total exposure time differs between individuals. In
addition, possible synergism between metals can
enhance toxicity. The concentration of metals admi-
nistered in animal studies is based on previously
reported dosages and subsequently the observed
effects are difficult to extrapolate to the possible con-
sequence of human environmental exposure. In the
present study, Sprague-Dawley rats were exposed to
metal concentrations 1000 times the WHO limits for
each metal, alone and in combination. A concentra-
tion of 1000 times the WHO limits was selected in
order to identify specific targets and possible risk
markers associated with the development of CVD. A
28-day, daily exposure period was selected as epide-
miological studies have shown that long-term expo-
sure to heavy metals is required to observe adverse
health effects. Considering that every day in a rat
would be approximately 34.8 human days [4], the
exposure period is therefore approximately equivalent
to a 3-year chronic human exposure.
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Several individual metals such as iron (Fe) and
zinc (Zn) have been shown to have procoagulative
effects [5] and Fe has been shown to alter the
structure of fibrin networks [6]. The oxidation of
Fe has been shown to inhibit Fe-induced blood
coagulation [7], which implies that metal pollu-
tants, as found in the environment, may have an
adverse effect on cardiovascular health.

Studies on fibrin and thrombus formation provide
physiologically relevant information about the pos-
sible risk for thrombosis-associated diseases and a
correlation has been found between in vitro and
clinical studies [8,9]. Fibrin formed from patients
with different diseases has been shown to have a
wide variety of morphologies and diameters, and an
idea has recently been developed on the contribution
of fibrin to amyloidogenesis — the process of amyloid
formation in which proteins change their conforma-
tion and aggregate to form fibrils, playing an
important role in disease pathogenesis [10].

Therefore, the aim of this study was to investi-
gate the effect of chronic exposure to Cd and Hg
on the coagulation system of Sprague-Dawley rats
at dosages of 1000 times the WHO limits for each
metal, alone and in combination.

Materials and methods

Implementation of the Sprague-Dawley rat
model

Twenty-four male Sprague-Dawley rats (250-300 g)
were used in this study and maintained at the
University of Pretoria’s Biomedical Research Centre
(UPBRC). These rats were provided with irradiated
commercial Epol rat pellets and municipal water ad
libitum. All experimental protocols complied with the
requirements of the University of Pretoria’s Animal
Ethics Committee (ethical clearance number: HO07-
15). The animals were housed in conventional cages
complying with the sizes laid out in the SANS
10386:2008 recommendations. A room temperature
of 22°C (£2°C), relative humidity of 50% (+20%), and
a 12-hour light-dark cycle were maintained during
the entire study. Animals were allowed to acclimatize
for 7 days prior to the project commencement, which
was conducted over the following 28 days and the
animals were therefore housed for a total period of
35 days.

Administration of test compounds

Cadmium chloride (CdCl,) [Merck (Pty) Ltd,
South Africa] and mercury chloride (HgCl,)
[Merck (Pty) Ltd., South Africa] were dissolved
in sterile water and administered daily to the rats
via oral gavage. The control group received saline
via the same route. Weekly dosages were adjusted
based on the changes in the mass of the rats. The
dosage given to the rats was calculated from the
WHO water limits for consumption by a-60 kg
human consuming 1.4 L water per day [11]. The
conversion of human dosages to rat dosages was
calculated according to the method of Reagan-
Shaw et al. in 2008 [12] and represented a concen-
tration £1000 times WHO levels (Table 1).

Termination

The rats were terminated via isoflurane overdose,
according to standard methods employed by the
UPBRC.

Blood collection

On the day of termination (day 28), approximately 5
ml blood was collected in citrate tubes via cardiac
puncture under isoflurane anesthesia for ultrastruc-
tural analysis. Another 3-5 ml (maximum volume)
was collected in heparin tubes for measurement of
plasma levels of Cd and Hg in all of the experimental
groups. The Cd and Hg levels in the blood samples
were quantified with inductively coupled plasma mass
spectrometry (ICP-MS).

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis was
performed to study the morphology of platelets and
fibrin networks as well as fibrin fiber thickness. Blood
was centrifuged for 10 minutes at 300xg to obtain
platelet-rich plasma (PRP). A volume of 10 ul of the
PRP, with and without the addition of 5 ul of human
thrombin, was placed on a 10-mm round glass cover-
slip. The glass coverslips were left to dry for 10 minutes
and placed in 24 well plates to which 0.075 M phos-
phate buffer solution (pH 7.4) was added. The samples
were washed for 20 minutes on a shaker to remove any
blood proteins. The washed samples were then fixed in



a 2.5% glutaraldehyde/formaldehyde solution for 30
minutes. This was followed by rinsing the samples
three times in buffer for 3 minutes before secondary
fixation in 1% osmium tetroxide (OsO,) for 15 min-
utes. The samples were washed again three times as
described above. The samples were then dehydrated in
30%, 50%, 70%, 90%, and 3 times in 100% ethanol.
The SEM sample preparation was completed by dry-
ing the samples in hexamethyldisilazane, followed by
mounting and coating with carbon and viewing using
a ZEISS Crossbeam 540 FEG-SEM.

The thickness of the fibrin fibers was measured
to determine any alterations to the normal major
(thick) and minor (thin) fiber arrangement of the
network [12]. Fifty fibers were randomly chosen
and measured on the SEM micrographs using
Image] (Version 1.49, Java).

Statistical analysis

Statistical analysis on both the plasma levels of
heavy metals and fibrin fiber thickness was per-
formed on GraphPad Prism Version 6.01 using
one-way analysis of variance (ANOVA) and
Tukey’s multiple comparisons test, where a
p-value of <0.05 was considered significant.

Results

Both Hg and Cd were absorbed into the blood of the
rat, and plasma levels of the metals on the day of
termination are presented in Table 2. The molar con-
centrations of Hg were 10-fold higher than that of Cd,
administered alone or in combination. Total metal
concentration was equivalent to the sum of the metal
concentrations of the Hg and Cd groups.

Scanning electron microscopy

Figure la-d is a representative of platelets in the
control and exposed groups. In the control group
(Figure 1la), round/oval platelets with some

Table 1. Rat dosage, groups and exposure time.
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pseudopodia were visible as indicated by arrows.
Pseudopodia, change in platelet shape, and spread-
ing indicate platelet activation, but is not expected
in the control groups and is merely an artifact of
contact activation during sample preparation [13].
Platelet activation can be seen in all the metal-
exposed groups (arrows in Figure 1b-d), with an
increase in activation; relevant to the amount of
pseudopodia and platelet spreading, seen in the Cd
(Figure 1b) and Hg (Figure 1c) and Cd and Hg
groups (Figure 1d). Platelet-platelet interactions
(Figure 1c) and spontaneous fibrin fiber formation
(Figure 1d) are also indicative of increased activa-
tion and consequently thrombotic potential of the
exposed groups.

Evaluation of the fibrin network in the control
group (Figure 2a) revealed a typical fibrin net-
work structure, with individual fibers of varying
thickness in some cases overlapping to form a
meshwork. As expected the fibrin fibers of the
control group consisted of both thick, major
fibers and thin, minor fibers [14]. Fibrin fibers
in the Cd group (Figure 2b) appear denser as
compared to the control and formed areas of
fused fibers as indicated by the arrows. The Hg
group had little or no fiber formation, the most
in samples being shown in Figure 2c, where
thick fibers (thick arrow) and thin fibers (thin
arrow) are seen in a sparse network. The com-
bination group (Figure 2d-f) revealed denser
and more aggregated fibers as compared to the
control and has areas where the fibers appear
tused (Figure 2d, dashed arrow). A low magni-
fication image is included to show the dense
matted deposits (DMDs) present between the
fibrin fibers of the combination group
(Figure 2e, arrow head), and a higher magnifica-
tion of the deposits (Figure 2f) shows a more
detailed structure. The fibrin fiber thickness
measurements for all the groups revealed that
only the Cd group fibrin fibers had a statistically
significant increase in fiber thickness as

Groups WHO limit (mg/L) (WHO, 2011) Dosages (mg/kg rat weight) Rats per group Days
Control - 0.5 mL saline 6 28
cd 0.003 0.696 6 28
Hg 0.006 1.148 6 28
Cd and Hg - 0.696 and 1.148 6 28
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Table 2. Administered dosages and blood levels of metals.

Group Administered dose (ug/kg) Plasma concentrations (pg/l) + SD Plasma concentrations (uM)
cd 696.01 1.872 + 0.15 0.017 £+ 0.0034

Hg 1147.50 35.41 £ 2.60 0.177 £ 0.0032

Cd* + Hg 696.01 11.75 + 6.05 0.025 + 0.0055

Cd + Hg* 1147.50 33.20 + 3.57 0.166 + 0.044

*Indicates individual metal concentration as measured in the combination group.

compared to the control and the other two
experimental groups (p-value <0.05). These
results are presented in Figure 3.

Discussion

In this study rats were exposed to Cd and Hg alone
and in combination to levels £1000 times the WHO
safety guidelines for drinking water. Many studies
have been undertaken to determine the tissue and
organ toxicity of a single dosage of Cd and Hg [15-
18]. These models represent acute exposure and
provide very little information on longer exposure
times to Cd and Hg alone or in combination.
Limited information is available in literature on the
plasma levels of rats after exposure to these metals and
how these levels correlate to human populations. Rat
plasma levels of Cd following exposure to 1000 times

the WHO safety limits for Cd were 1.872 + 0.37 ug/L
(Table 2). Smokers are a population that are exposed
to chronic levels of Cd. In the Egyptian population,
blood Cd levels were 1.37 + 0.45 pg/L for nonsmokers
and increased to 2.67 + 1.21 pg/L in smokers [19].
Likewise in a Canadian population, a level of 0.21 pg/L
for nonsmokers was increased to 1.64 pg/L in smokers
[20]. Therefore, in the present study, the blood results
represent chronic exposure to Cd.

Raised Cd blood levels are associated with an
increase in CVD and associated mortality such as
atherosclerosis and consequent thrombosis [21,22].
Hecht et al. in 2016 reported a positive association
between Cd biomarkers and CVD [23]. Cd alone was
found to have similar effects to cigarette smoke, pri-
marily targeting the endothelium of the vascular sys-
tem, causing inflammation, impaired nitric oxide
production, decreased endothelium migration, as

Figure 1. SEM micrographs of platelets prepared from PRP. A representative of the (a) control group with the arrows indicating
pseudopodia, (b) Cd group with pseudopodia and platelet spreading indicated by the thick and thin arrows, respectively, (c)
platelets from the Hg exposed group where pseudopodia (thick arrow) and platelet spreading (thin arrow) are also present, and (d)
combination group where the presence of many pseudopodia can be seen (thick arrows). (Scale bars: 200 nm).
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Figure 2. SEM micrographs of fibrin networks prepared from PRP with added thrombin from the control (a), Cd (b), Hg (c), and
combination (d—f) groups. A regular network of fibrin fibers representative of the control group (a, large arrow indicating thick,
major fibers and thin arrow indicating thin, minor fibers). In Cd (b) the fibers are aggregated to form dense fused areas (dashed
arrows). The Hg group (c) had fewer fibrin fibers formed, with both thick (thick arrow) and thin (thin arrow) fibers present. In the
combination group (d), the fibers formed dense aggregated areas (dashed arrow) and dense matted deposits (DMDs) were observed
and indicated in (e) (arrow head) at low magnification and a different area on higher magnification in (f). (Scale bars = 200 nm).
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Figure 3. Average fibrin thickness (nm) of the control and
metal exposed groups. Fibrin thickness was measured for at
least 30 different fibers in each metal group and represented as
an average + SEM. *Represents significant differences com-
pared to control, p-value <0.05.

well as cell death. Key to this effect was the formation
of ROS that caused changes to endothelial structure
and function; platelet activation triggers the activation
of the coagulation cascade. Smooth muscle cell pro-
liferation, migration, or death can also occur further
exacerbating the activation of the coagulation cascade
[24]. All these factors contribute to the development
of pathological thrombi that, according to the Society
of Thrombosis and Hemostasis, are responsible for
the 25% of deaths that occur worldwide every
year [25].

Plasma Hg levels differ between populations,
and an average of 3.08 = 1.55 pg/L for a Korean
male college population (n = 43) [26] and 4.6 £ 3.0
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ug/L for a large population of Korean males (n =
4283) [27] was reported. In an Egyptian popula-
tion, Hg levels were 4.4-12.1 ug/L [19], and in a
South African population 0.1-8.82 pg/L [28]. In a
study by ROllin et al. (2009), levels in South
African rural women were 0.18-0.82 pg/L and for
women living in mining areas the levels were 0.28-
1.25 ug/L [28]. In contrast, in regions of the world
where small-scale gold mining occurs, blood Hg
levels were raised and increased from 16.6 + 10.7
pg/L to 102.0 = 55.8 pg/L for different mining
areas in Ghana. Biomonitoring levels reported by
Baeuml et al. in 2011 [29] found that the highest
median Hg blood levels were found in Indonesia-
Sulawesi and Zimbabwe and reported median
levels were 11.1 pug/L and 10.2 ug/L, respectively,
while the maximum Hg blood levels were 429 and
186 pg/L and were reported for Indonesia-
Kalimantan and Indonesia-Saluwesi, respectively.
In South Africa, informal small-scale gold mining
occurs and no reported data could be found
regarding Hg levels in this population. An increase
in cardiovascular events has been reported in peo-
ple exposed to 0.05 uM Hg, equivalent to 10.29 pg/
L Hg. In the present study rat blood levels of 35.41
+ 2.60 ug/L represent the upper range of Hg expo-
sure which is associated with cardiovascular risk.

Gomez et al. (2007) have reported an increased
mortality among miners from the Almadén region
of Spain exposed to Hg due to circulatory disease,
specifically hypertension and CVD [30]. Sources of
Hg contamination within these communities include
water contamination due to gold mining and Hg
leaching due to deforestation as well as the consump-
tion of fish in which Hg has bioaccumulated.

Platelet changes consistent with activation were
observed in this study [13,31]. The degree of acti-
vation was evaluated based on the amount of
pseudopodia stemming from the platelet body,
platelet—platelet interactions, as well as the amount
of platelet spreading, relative to the control. These
changes in platelet shape and membrane charac-
teristics affect the formed thrombus, and have also
been linked to inflammation [13]. Lateral aggrega-
tion as observed in the Cd exposed group results
in denser fiber networks which are often asso-
ciated with a reduction of clot permeability to
fibrinolytic factors and subsequently inhibits or
prolongs clot lysis [32-34].

Cd is also a major component in cigarette
smoke. Pretorius et al. (2010) showed that the
fibrin fiber networks prepared from the plasma
of smokers had a net-like appearance in some
areas, as well as areas where thick matted masses
(DMDs) were present, and that these changes
occurred immediately and not only over an
extended period of time [35]. The authors describe
DMD formation to be most likely due to the gen-
eration of oxidative stress, specifically free radicals
such as ROS. Oxidation has been shown to alter
fibrin formation and degradation [36-38].

A study by Roitman et al. (2004) showed that
10% oxidized fibrinogen is able to moderately
activate the intrinsic pathway while inhibiting the
extrinsic pathway of coagulation, and a 20% oxida-
tion would inhibit both, resulting in a decrease of
thrombin formation and a decrease in the clotting
rate [39].

Fibrinogen has been identified as the primary
oxidized protein in the plasma of smokers. The
most common alteration is the formation of two 3-
nitrotyrosine, which increases fibrin polymeriza-
tion and turbidity while fibrin clot lysis is reduced.
The identified viscoelastic properties that occur as
a result of this oxidation are increased stiffness and
viscosity with the formation of increased fiber
clusters [40]. The findings of this study were there-
fore similar to previous literature, in that com-
pared to the control, the thickness of the Cd
fibrin fibers was increased suggesting that Cd,
which is also a major component of cigarette
smoke, has a pro-fibrotic effect on the coagulation
system.

Little is known about the effect of Hg on fibrin
network formation. S-nitrosoglutathione (GSNO)
plays an important role in vascular homeostasis by
inhibiting platelet activation and aggregation and
fibrinogen binding to platelets. Akhter et al. (2002)
reported that GSNO reduced the initial rate of
polymerization [41]. Bateman et al. (2012)
observed that GSNO alters the secondary structure
of fibrinogen where low dosages generate coarse
networks with thicker fibers while higher dosages
induce abnormal fibrin networks with the forma-
tion of fibrin aggregates [42].

Hg can cleave the S-NO bond of GSNO
resulting in increased NO levels. Vadseth et al.
(2004) reported that exposure of fibrinogen to



nitrating oxidants caused rapid clot formation
and cross-linking, while in contrast exposure to
non-nitrating oxidants reduced rate of clot for-
mation and increased permeation [43]. Shacter
et al. (1995) showed that oxidative modification
by Hg inhibits thrombin catalyzed clot forma-
tion [44]. In vitro HgCl oxidization of fibrinogen
results in the formation of methionine sulfoxide
residues with decreased fibrin polymerization
and reduced final turbidity. The clot that forms
has decreased stiffness and viscosity although
there is an increase in fiber density, decreased
fiber diameter and pore size. Becatti et al. (2014)
reported that carbonylation of purified human
fibrinogen by 2,2’-azobis(2-amidinopropane)
dihydrochloride (AAPH) that generates physio-
logically relevant hydroxyl radicals is responsible
for a decrease in thrombin-induced clot forma-
tion due to an increase in protein carbonylation
with the most susceptible amino acids being
methionine and cysteine [45].

In the present study the Hg group had little or no
fiber formation and a sparse fibrin network had
formed. An extensive review of the literature leads to
the conclusion that Hg-mediated depletion of GSNO
did not lead to the formation of a denser fibrin net-
work but the observed effect is rather as a direct result
of ROS accumulation either due to direct Hg binding
to GSH and/or Hg-mediated inhibition of the antiox-
idant pathways. Inflammatory sources of ROS can also
contribute to this effect.

The structure and function of fibrin are important
in the fibrinolytic process [46]. Cd and Hg have
different effects where Cd forms a dense, more rigid
fibrin network with thicker fibrin fibers while that of
Hg appears more fragile. During fibrinolysis fibrin
plays a double role acting as a cofactor and a substrate
to plasmin. As a result, altered fibrin structure has an
altered susceptibility to fibrinolysis [46-48] and these
alterations can have significant physiological implica-
tions. Clots that are resistant to fibrinolysis are prone
to thrombosis whereas fragile clots are more suscep-
tible to fibrinolysis and consequent bleeding [49-51].
Thinner fibers would therefore have a slower rate of
tissue plasminogen activator (t-PA)-mediated plas-
min generation than thicker fibers, resulting in a
reduced fibrinolytic activity of the system and there-
fore a greater resistance to fibrinolysis. For a given
amount of fibrinogen, clots produced by thicker fibers
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are loosely woven, with fewer fibers while clots com-
posed of thinner fibers have more fibers that are more
closely packed [46,47]. An initial fibrin scaffold is
formed followed by further branching and elongation
of the fibrin fibers, as well as the addition of new fibers
over time, resulting in different fibrin thickness
throughout the sample [46]. Therefore, the overall
structure of the clot, rather than the thickness of
individual fibers, determines the fibrinolytic activity
on the clot system [47,52].

For Cd and Hg in combination the sum of the two
effects is expected. Instead in the combination group
the fibrin network was denser with more aggregated
fibers and areas of fiber fusion. It appears that Hg
enhances via the possible oxidation of methionine
residues Met”®, Met*®’, and Met"’® and the nitration
of Tyr** and Tyr**’. A possible mechanism is that
Hg causes the oxidation of methionine residues,
which alters the tertiary structure of fibrinogen, and
consequently the tyrosine residues become more sus-
ceptible to Cd-induced nitration [53]. In addition,
increased NO levels due to Hg cleave of the S-NO
bond of GSNO increase levels of NO causing further
nitration of the Tyr residues, resulting in the forma-
tion of a denser more thrombotic clot phenotype
with increased risk for CVD.

Conclusion

The heavy metals Cd and Hg alone and in combi-
nation caused platelet activation. Exposure to Cd
results in a fibrin network with a more thrombotic
morphology. In contrast, Hg appeared to inhibit
fibrin network formation. In the combination
group, Hg appeared to enhance the effect of Cd,
and the presence of extensive DMDs or aggregates
between the fibers, with no changes to the actual
fibrin thickness, was observed. In conclusion,
chronic exposure to metals at relevant dosages
especially as part of mixtures has profound effects
on the fibrin fiber network formation and conse-
quently has serious health implications, especially
related to the development of CVD.
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