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Abstract

Among several heavy metallic elements, arsenic, cadmium and mercury are most toxic in the
environment. These metals are acquired by humans through food and water, which result in
severe health related issues. One of the most toxic metals is arsenic and it is derived from the
natural environment. The main source of arsenic toxicity is due to contamination of drinking
water from natural geological sources rather than from mining, smelting, or agricultural sources.
Another naturally occurring highly toxic heavy metal is cadmium and possesses considerable
toxicity with destructive impact on most organ systems. To date cadmium has no physiological
function in the human body. Mercury is another important toxic metal found in nature and noted
for inducing public health disasters. The current study has been considered to investigate
individual and combined toxic effects in HepG2 hepatocarcinoma and SH-SY5Y neuroblastoma
cell lines as a measure of hepatotoxicity and neurotoxicity, respectively. The aim was achieved
through investigation of individual metals and their combinations on cell density, mitochondrial
membrane potential, adenosine triphosphate levels, reactive oxygen species generation,

glutathione levels and caspase-3/7 activity.

Arsenic displayed gradual, dose-dependent cytotoxicity in both cell lines. In the HepG2 cells, I1Cso
of arsenic was determined as 6.71 mg/L and in the SH-SY5Y cells, ICso of 1.19 mg/L. Arsenic had
minimal effects on HepG2 mitochondrial membrane potential at ICso (~12%). A gradual, tapered
reduction (25% to 62%) was observed in the SH-SY5Y cell line from 0.94 mg/L to 2.78 mg/L. This
decline parallels the reduction in cell density in the SH-SY5Y cell line. Arsenic profoundly
decreased adenosine triphosphate levels at IC75 (9.61 mg/L for HepG2 and 2.78 mg/L for SH-SY5Y
cells) for both cells indicating mitochondrial toxicity. A decline in reactive oxygen species level
was noted for both cells after 24 h incubation with arsenic. The glutathione was reduced by 35%,
64% and 94% in HepG2 cells and 47%, 67% and 96% in SH-SY5Y cells which paralleled the results
obtained for cell density, adenosine triphosphate levels and mitochondrial membrane potential.

Mitochondrial toxicity lead to an increase in caspase-3/7 in both cell lines.



Greater cytotoxicity was displayed in the HepG2 cells after cadmium exposure (ICso = 0.43 mg/L)
than the SH-SY5Y cells (ICso = 1.47 mg/L). The dose dependent mitochondrial depolarization leads
to mitochondrial toxicity and there is a direct correlation to the reduction in cell density.
Cadmium decreased adenosine triphosphate levels when exposed to the ICy5 (0.22 mg/L) by 39%,
by 62% at ICs0(0.43 mg/L) and by 88% at IC75(1.11 mg/L). The trend was similar to that detected
for arsenic, albeit being less toxic. In SH-SY5Y cells, there was complete reduction in adenosine
triphosphate levels as was found by arsenic. A gradual decrease in reactive oxygen species was
noted in both cells after exposure to cadmium. The reduction in glutathione levels related to cell
density as well as mitochondrial membrane potential reduction. The increase in caspase 3/7
activity in SH-SY5Y cells was nearly double that observed in HepG2 cells at the same

concentrations tested indicating apoptosis.

Mercury was more cytotoxic towards SH-SY5Y cells (ICso = 11.99 mg/L) than HepG2 cells (ICso =
26.23 mg/L). Mercury was found to be the least toxic among all three metals tested. Mercury
decreased mitochondrial membrane potential and reactive oxygen species in both cells in a dose
dependent manner. The adenosine triphosphate concentration was almost completely inhibited
in HepG2 cells while a more gradual decrease in the SH-SY5Y cells of 30%, 77% and 99% when
exposed to 1Czs (8.45 mg/L), 1Cso (11.99 mg/L) and ICss (14.36 mg/L) concentrations of mercury,

was noted.

The glutathione reduction in both cell lines was dose dependent, with virtually total inhibition
(99%) of glutathione when treated with the IC75 concentration of mercury. This reduction in
glutathione levels correlates with the reduction in cell density, reduction in adenosine
triphosphate level as well as the loss in mitochondrial membrane potential. Mercury decreased
caspase-3/7 in HepG2 cells from basal level at all concentrations tested. In contrast caspase-3/7
activity was increased by 320%, 181% and 327% in SH-SY5Y cells when exposed to 1Cys (8.45

mg/L), 1Cso (11.99 mg/L) and I1C7s (14.36 mg/L) concentrations of mercury.

After exposure to the IC and EPA mixtures, the reduction in cell density was far greater than that
observed for any of the single metals alone in HepG2 cells, which may imply additive or

synergistic activity. Combinations of metal mixtures displayed greater mitochondrial toxicity than



the metals alone. This was most prominent in the HepG2 cell line. The combination mixtures in
both the cell lines almost completely inhibited adenosine triphosphate levels indicating cell death

from apoptotic to necrotic pathways.

Reactive oxygen species was reduced in a dose dependent manner in both cell lines. The IC
combinations abolished glutathione levels completely in hepatoma and neuronal cells. All the
EPA combinations reduced glutathione levels in a dose dependent manner which paralleled what
was noted for cell density, mitochondrial membrane potential and adenosine triphosphate
levels. An increase in caspase 3/7 activity was noted when the cells were exposed to 4mg/L EPA

mixture concentration with respect to arsenic (505%) indicating additive or synergistic effect.

Understanding how metal mixtures affect health is critical to decide on treatment strategies. The
results indicate the potential mechanistic routes of cytotoxicity incurred by the heavy metals and
their combinations. Cytotoxicity of metal mixtures was more pronounced than when cells were

exposed to individual metals.
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Chapter 1
Literature review

Heavy metals are metallic elements that have a relatively high atomic density (four- to five-times
greater than water) and have the potential to exert toxicity at low concentrations.! Some heavy
metals such as cobalt, copper (Cu), iron (Fe), manganese, molybdenum, and zinc (Zn) are required by
humans at very low concentrations as cofactors for enzymes and to mediate redox reactions.!
However, even these are toxic at higher concentrations.? Some heavy metal oxides, such as arsenic
trioxide (As,03), present with minimal toxicity at low concentrations.? Examples of heavy metals
which are toxic and are not known to have beneficial properties include arsenic (As), cadmium (Cd),

chromium (Cr), lead (Pb), mercury (Hg), silver (Ag), the platinum (Pt)-group elements, and Zn.

Environmental contamination with heavy metals occurs through the air, soil and water. Heavy metals
are generally non-biodegradable and their persistent contamination has been linked to severe health
detriments.* The major route of metal exposure is via food and water, which may occur
simultaneously or sequentially. Heavy metal exposure has been linked to numerous diseases, such
as cancer, hepatotoxicity, nephrotoxicity and neurotoxicity.® The Agency of Toxic Substances and
Disease Registry (ATSDR) has listed As, Cd and Hg among the top eight hazardous contaminants in

site frequency count in their exposure pathway report.®

1.1. Arsenic

1.1.1. Background and exposure sources

Arsenic is a p-block element that is placed in group 15 of the periodic table. In its natural form, it is
mainly found as arsenates (~60%), but may also occur as sulphides, arsenites, arsenides, oxides,
silicates (~20%) and elemental arsenic (~20%).” The main source of human exposure is through food,
air and water. Arsenic may enter the food chain through seafood, fish, algae and cereals. Polluted air
near coal-power generation sites, mining, smelting and water of industrial areas are also common
sources of As-exposure.® Arsenic is colourless, odourless and tasteless, which generally makes it
undetectable.’ Global estimates suggest that 160 million people live in areas where there are

increased levels of As in drinking water due to enriched geological formations.® Although As-toxicity




has been extensively described, humans are still exposed as a result of the agriculture and pesticide
industry use thereof. An example is where fifteen million pounds of As-based pesticides leached into
the soil in New Jersey between 1980 and 1990, which resulted in environmental contamination.!% 12
Extensive use of As in pesticides has further increased the risk of exposure to humans. The United
States Environmental Protection Agency (EPA) has set maximum contaminant levels (MCL) of As to
10 pg/L in drinking water.!®> These limits are not adhered to as As measurements in Argentina

Bangladesh, Chile, China, India, Mexico and USA have been reported to exceed EPA thresholds.41’

1.1.2. Toxicokinetics and toxicodynamics

After oral administration, about 80—90% of a single dose of arsenite or arsenate is absorbed from the
gastrointestinal tract, while airborne As (mostly trivalent arsenic oxide) is deposited in the lungs.*®
Distribution from the lungs is dependent on particle size and chemical form.® After absorption, As
accumulates mainly in the liver, but also in the kidney, heart, neural tissue and lungs.’® The
elimination half-life is approximately three to five days, and a small amount of inorganic As is
excreted in urine.’® Arsenic metabolism involves more than five metabolites, and starts with the
methylation of inorganic As compounds (Figure 1).

Arsenate reductase
Arsenate - Arsenite

asesajuel) |Ayiain

Methylarsonate reductase
Methylarsonous acid - Methylarsonate

asedajued) Ay

Dimethyarsinic acid reductase

Dimethylarsinic acid > Dimethylarsinous acid

Figure 1: Biotransformation of inorganic arsenic in mammalian systems.

Arsenic can cross the blood-brain barrier (BBB), and thus it can enter the central nervous system

(CNS). Arsenic accumulates in the CNS, and undergoes bio-methylation in the brain.?® In the body,




inorganic pentavalent arsenate is converted into trivalent arsenite in the testis, followed by the
kidney, liver, and lungs. Trivalent arsenite generates reactive oxygen species (ROS), and induces
carcinogenesis.?! Arsenic-toxicity may also result in many non-cancerous diseases as a result of
depletion of reduced glutathione (GSH) and binding to sulfhydryl groups of proteins.?? 23 Arsenic-
induced oxidative stress results in the depletion of endogenous antioxidants, such as superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and heme oxygenase-1. Removal
of antioxidants in turn may result in deoxyribonucleic acid (DNA) damage and lipid peroxidation
during oxidative stress.?° Mechanisms of carcinogenicity include inhibition of enzymes implicated in
DNA repair [poly-(Adenosine diphosphate-ribose) polymerase], alteration of DNA-methylation,

oxidative stress, uncontrolled cell proliferation, tumour promotion, and co-carcinogenesis.?* 2

1.1.3. Health risks and treatment options

Long-term exposure to As has been linked to several prominent diseases in humans. Arsenic has been
ranked as the top most hazardous contaminant in site frequency count by the ATSDR.®
Epidemiological studies have shown that arsenite is three times more toxic than arsenate due its high
cellular uptake and accumulation in cells.?® Acute and chronic toxicity of As may result in
hypertension, altered haem metabolism, skin rashes, neuropathy, bone marrow depression,
ischaemia, encephalopathy, hepatomegaly, cirrhosis, proximal tubule degeneration, severe
arteriosclerosis and many types of cancers.?”-?° Gastrointestinal disturbances including nausea,
vomiting, pain and watery diarrhea and may lead to endothelial damage and hypovolemic shock.
Torsade de pointes ventricular arrhythmias, distal symmetric peripheral neuropathy and CNS
encephalopathy may also occur.?° Arsenic has been classified as a class | human carcinogen by the
International Agency of Research on Cancer (IARC)3* and is linked to lung, skin, liver, and bladder
cancers.3! Among As-induced neoplasms, skin cancer is the most frequent, while lung cancer
presents with the highest mortality.3% 33 A longitudinal study in Bangladesh indicated that exposure
to As in well water from 10.1-50 pg/L to 100.1-200 pg/L increased the incidence of dose-dependent
skin lesions from 15.5% to 23.8%.3* Long-term exposure to lower concentrations (<100 pg/L) caused
skin reactions.3* Elevated As-exposure (>100 pg/L) has been associated with increased risk of
cardiovascular disease (CVD), especially ischaemic heart disease.3* 3¢ Chronic exposure to As appears

to be associated with type 2 diabetes mellitus.3” Arsenic-contaminated ground water in Bangladesh




led to one of the largest mass poisonings reported in history3® resulting in arsenicosis.3® This disease
presents as a serious public health problem, especially in developing countries. Pregnant females
chronically exposed to As through drinking water have been found to give birth to infants with a
higher risk of congenital heart anomalies.3® Furthermore, these mothers had an increased risk of
spontaneous abortion, stillbirth and reduced body weight.*® Arsenic exposure through drinking
water has also been associated with a higher risk of cognitive impairment and black foot disease,
leading to gangrene of the extremities.*> 42 Acute toxicity may result in pancytopenia and anemia

within 96 h of exposure.*

An indicator of As poisoning is a prolonged QT interval on electrocardiograms. Urinary As excretion
can be monitored for 24 h to diagnose arsenic poisoning.* Treatment is dependent on removal of
the contaminant, reduction of further exposure and supportive measures.*> Chelation is used to
manage toxicity, for example, through the use of succimer (2,3-dimercaptosuccinic acid) and
dimercaprol.*® In patients with kidney failure, haemodialysis is used to improve outcome. Vitamin
B12 and folic acid administration has been shown to decrease oxidative stress-induced damage of

the heart.*®

1.2. Cadmium

1.2.1. Background and exposure sources

Cadmium is a transition metal and belongs to group 12 (lIB) in the periodic table. Fossil fuel, run-off
from agricultural land and mining sites which contain Cd results in contamination of the
environment.*” Human exposure to Cd mainly occurs through inhalation of cigarette smoke,
ingestion of contaminated food (organ meat, seafood, grains, root crops and leafy vegetables), and
water intake.*® 4 Cadmium also contaminates the environment through smelting, nickel-Cd
batteries, mining and use of fertilizers.>® As Cd is highly water-soluble, it can enter the food-chain
through edible plants which have been irrigated with Cd-contaminated water. The EPA has set the
MCL for Cd to 5 pug/L in drinking water.!3




1.2.2. Toxicokinetics and toxicodynamics

Following absorption, Cd binds to albumin and is transported to the liver, where it promotes the
synthesis of metallothionein, a heavy metal-binding protein. Complexes of Cd and metallothionein
are reabsorbed from the proximal tubules of the nephron, where it accumulates in the cortex of the
kidney and has a half-life of >10 years.! A strong correlation has been found between Cd-induced
kidney toxicity and urine concentrations.>? 3 The half-life of Cd is biphasic, with an initial decrease
in blood levels due to re-distribution. The half-life thus lengthens as elimination takes longer. The

fast-component is 75 to 128 days, while the slow-component may take between 7.4 and 16.0 years.>*

Cadmium exerts its toxicity through oxidative stress, which involves GSH depletion and protein-
bound sulfhydryl groups, resulting in enhanced ROS production, superoxide anion (¢0;-), hydrogen
peroxide (H202) and hydroxyl radicals (¢OH). Cadmium-induced ROS generation leads to lipid
peroxidation and DNA damage.>®> Cadmium chloride (CdCl,) causes DNA damage and apoptosis
through generation of ROS in human liver carcinoma (HepG2) cells.>® Other mechanisms for chronic

toxicity include alteration to serotoninergic and gabaminergic pathways.>®

1.2.3. Health risks and treatment options

Cadmium is ranked seventh on the Priority List of Hazardous Substances by the ATSDR.® Acute toxicity
of Cd can be fatal after ingestion or inhalation, and results in pulmonary oedema, fulminating
hepatitis, hemorrhage and testicular injury. Chronic intoxication may lead to disturbance of
metabolism, osteomalacia, pulmonary disease, obstruction of kidney function, blood pressure
fluctuations, deformations of bones and immune deficiencies.*® >7->% Cadmium is known to have toxic
effects on the renal, cardiovascular and respiratory systems. As one of the key substances involved
in cigarette smoke, it is known to be a major reason for bronchitis. Cadmium affects cell proliferation,
differentiation, and apoptosis. These activities interact with DNA repair mechanism, the generation
of ROS and the induction of apoptosis. Cadmium binds to the mitochondria and can inhibit both
cellular respiration and oxidative phosphorylation at low concentrations. Cadmium exposure may
result in decreased glomerular filtration rate and proteinuria, consisting mainly of albumin.®® Chronic
exposure may cause sleep disorders, headaches and memory loss. Dryness of the throat, choking,

coughing, restlessness, chest pain, nausea and vomiting are common indications of toxicity.?* Severe




complications start with glycosuria and proteinuria, leading to renal and hepatic failure.® Increased
proteinuria in different populations after exposure to Cd has been indicated.®® 62 63 Cardiovascular
and lung damage may also occur.?’ Exposure to Cd also results in headaches, vertigo, olfactory
dysfunction, slowing of vasomotor functioning, peripheral neuropathy, decreased equilibrium and

learning disabilities.®% >

It has been demonstrated that Cd is a possible etiological factor of neurodegenerative diseases, such
as Alzheimer’s disease and Parkinson’s disease.®® ®7 Cadmium accumulation prior to and at birth,
might cause irreversible toxicity in the brain, which in turn leads to altered gene expression.®® The
IARC confirmed on the basis of lung cancer studies, that Cd is a class 1 human carcinogen.®® Cadmium
has also been linked to increased breast cancer risk.”? The liver is a major target organ for Cd toxicity
and hepatotoxicity is dose- and time-dependent, which includes hepatocellular degeneration at
lower concentrations and multifocal necrosis at higher concentrations.”*

Treatment involves limiting exposure, and supportive measures. Chelation therapy with calcium
disodium ethylenediamine tetraacetic acid (CaNaEDTA) 75 mg/kg/day for five days is
recommended.”?> However, carbodithioates including diethyl (De)-, dimethyl (Dm)-, and diisopropyl
(Di)-dithiocarbamates have been found to be more effective than CaNaEDTA in Cd toxicity

management.’?

1.3. Mercury

1.3.1. Background and exposure sources

Mercury is a d-block transition element placed in group 12 of the periodic table. This compound is
present in three forms: organic, inorganic and elemental. Atmospheric contamination with Hg-
vapours is mainly due to volcanic emissions and volatilisation from aquatic sources, degassing from
geological materials and wind-blown dust.”® Burning of fossil fuels, mining and extraction, and the
cement industry are other sources contributing to atmospheric contamination.”® Mercury is used in
industry for thermostats, batteries and switches, dental amalgams, production of caustic soda,
nuclear reactors, as an antifungal agent, a preservative in pharmaceutical products and a solvent for

reactive metals.”> Environmental pollution has resulted from dumping inorganic mercury along the




Amazon River in Brazil, pit working in gold mines in Tanzania, Philippines and Indonesia, Faroe

islands, Peru, New Zealand, Ecuador, Seychelles island and Slovenia.”® 77

Human exposure to Hg is through food (mainly fish and shellfish), environmental contamination,
preventive medical practices, dental amalgams, industrial, occupational and agricultural activities. In
1956, 2 200 people in Japan were afflicted with Minamata disease due to Hg-contaminated fish and

shellfish consumption.”® The EPA has set a MCL of 2 pg/L Hg in drinking water.3

1.3.2. Toxicokinetics and toxicodynamics

Vapors of organic mercury are readily absorbed in the lungs.”® Approximately 95% of orally-ingested
Hg is bioavailable.®0 It is widely distributed due to its lipophilic nature and readily crosses the BBB.2°
The half-life of Hg in blood is 50 days where 50% of the dose is concentrated in the liver and 10% in
CNS.31 Methyl mercury is de-methylated to mercuric (Hg?*) in tissue macrophages, intestinal flora,
and the foetal liver.®2 Approximately 80% of an inhaled dose of elemental Hg is absorbed.?? Once in
the blood, it is oxidized to Hg?* by CAT and H>0; in tissue and blood.?? Seven to fifteen percent of
inorganic Hg ingested is absorbed where it accumulates in kidneys.?* The half-life of inorganic Hg in
blood is 19.7 to 65.6 days.®* It does not readily cross the BBB but its CNS penetration is higher in

children as the BBB is not fully developed.®?

Inorganic divalent mercury, such as mercury chloride (HgCl), can replace the hydrogen atom in
sulphydryl groups of enzymes to form mercaptides. The latter leads to cellular GSH depletion and
inactivation of various enzymes.8> This dysregulation of enzymes results in interruptions of biological
functions which are regulated by sulphydryl compounds, including metabolism, intracellular redox
balances and cell signaling pathways.2® 87 Other mechanisms for Hg-toxicity are oxidative stress,
inhibition or disturbance of enzyme activity, disrupting intracellular calcium balance, altering the

immune system, as well as DNA and protein synthesis inhibition.®

1.3.3. Health risks and treatment options
Mercury is ranked third on the Priority List of Hazardous Substances by the ATSDR.® Mercury

accumulates in the brain, liver and kidneys, which results in neurotoxicity, gastrointestinal toxicity




and nephrotoxicity.®® In cases of acute ingestion, nausea, vomiting, gastroenteritis, colic, abdominal
pain, bloody diarrhoea and renal failure may occur.®> Chronic toxicity may lead to extensive
salivation, tremors of lips and tongue, corrosive damage to the mouth, anorexia and tooth loss. Once
absorbed, Hg concentrates in the proximal tubules of kidneys where it may induce complex nephritis
due to tubular damage and proteinuria.®? Acute toxicity through inhalation usually results in
breathing difficulties, tightness of the chest with associated pain, acute chemical pneumonitis and
bronchiolitis.?® Mercury vapours can easily cross the BBB, and become oxidized to a mercuric form
which accumulates in the cortex and cerebellum.®® Central nervous system toxicity caused by Hg
vapours includes psychotic reactions, delirium, hallucination, loss of memory and cognitive
impairment.®* Methyl mercury also damages the CNS, which is characterized by ataxia, constriction
of the visual fields, dysarthria and loss of hearing.®> Gastrointestinal irritation, abdominal cramps,
and anorexia are initial symptoms of toxicity. Clinical symptoms may include CNS effects like
paresthesia, a tightening sensation around the mouth and lips, numbness, ataxia, difficulty in
swallowing and speaking, vision and hearing loss, fatigue, weakness, neurasthenia, tremors and

spasticity which may lead to a coma.*?

Monitoring of vital organs, oxygen support, or mechanical ventilation is used as first-line treatment.
Thereafter, intravenous fluid is administered to prevent shock.®® As corrosive injury causes upper
airway obstruction and oedema, endoscopic examination should be carried out.”® In the case of
direct contact with Hg, the skin should be washed.* Gastric lavage is recommended after ingestion
because of the corrosive action and perforation potential of inorganic mercury.®* Polyethylene glycol
can be used for whole bowel irrigation to remove residual mercury.®®> Chelating agents such as
penicillamine, and its derivative D-penicillamine, increase urinary excretion of Hg and Pb.
Dimercaprol and its analogues, meso 2,3-dimercaptosuccinic acid (DMSA) and 2,3-dimercapto-1-
propane sulfonic acid are also used alone or in combination with other chelating agents to treat
inorganic mercury toxicity.’® Although the FDA has not approved any chelating agent for methyl
mercury treatment, DMSA is usually used in severe cases. Plasma exchange should be carried out

when the patient’s life is at stack and should be initiated about 24-36 hours after diagnosis.®> °’




1.4. Organ toxicity of heavy metals

Industrial, domestic, agricultural, medical, and technological applications of heavy metals have led
to their wide distribution in the environment, raising concerns over their potential effects on human
health. Their toxicity depends on several factors including the dose, route of exposure, and chemical
form, as well as the age, gender, genetics, and nutritional status of exposed individuals.! Heavy
metals including As, Cd and Hg are considered systemic toxicants that are known to induce multiple
organ damage, even at lower levels of exposure.! The liver is the main target for xenobiotics and
hence it is imperative to study the effects of heavy metals on this organ when ingested orally.”® Most
heavy metals including As, Cd and Hg can cross the BBB and have adverse effects on the brain. The
liver and brain are the main targets of heavy metals since they accumulate at these sites.?® There is
paucity in literature with regards to the combinational toxic effects of As, Cd and Hg in these two

organs.

1.4.1. Hepatotoxicity

Arsenic leads mainly to cancers of the skin, albeit there is epidemiological evidence for liver and
kidney cancers being caused by exposure to As.* It is thought that the mechanism by which these
cancers originate may involve the promotion of oxidative stress by As, in which the antioxidant
capacity of the living organism is overwhelmed by ROS, resulting in molecular damage to proteins,
lipids and most significantly DNA.1® Repeated exposure to doses of 0.01-0.1 mg As per kg per day
has shown symptoms of hepatic injury after oral exposure in humans.'0! After clinical examinations
liver damage has been noted,'? which has been confirmed by blood tests by way of elevated levels
of hepatic enzymes. Histological examination of the livers of individuals repeatedly exposed to As,
has revealed a consistent finding of portal tract fibrosis.'% Longer periods of exposure has resulted

in cirrhosis, which is considered to be a secondary effect of damage to the hepatic blood vessels.0!

Epidemiological and experimental studies have linked occupational exposure to Cd with liver
cancers.'%* The hepatotoxicity has been found to be dose- and time-dependent, with hepatocellular
degeneration at lower concentrations and multifocal necrosis at higher concentrations.”? Initially

chronic exposure to Cd results in glycosuria and proteinuria, and later renal and hepatic failure.®°




As a critical organ for drug metabolism, the liver is a primary target for toxic chemicals. In chronic
poisoning experiments, inorganic Hg was shown to induce severe liver injury as shown by hepatic

morphological changes and apoptosis, as well as having a detrimental effect on hepatic function.®

1.4.2. Neurotoxicity

Arsenic exposure to humans has been linked with various types of cancer and neurological
disorders'% The most common neurological effect of long-term As toxicity is peripheral neuropathy.
This is accompanied by toxic hepatitis as indicated by increased levels of liver enzymes.1°! A possible
correlation between As in drinking water and neurobehavioral alterations in children has been
reported.®” Adolescents from various regions of Taiwan and China exposed to low (0.0017-0.0018
mg/kg per day) levels of As in their drinking water showed a decreased performance in the switching
attention task, while children in the high exposure group (0.0034-0.0042 mg/kg per day) showed a
decreased performance in both the switching attention task and in tests of pattern memory, relative
to unexposed controls.’%” Arsenic exposure at a level of 2 mg/kg per day or more can lead to
encephalopathy, with symptoms of headache, mental confusion, seizures and coma.® Prolonged
exposures to lower levels of As (0.03—0.1 mg/kg per day) are typically characterized by a symmetrical
peripheral neuropathy,'® which in its early stages is characterized by numbness in the hands and
feet, which further develops into a painful sensation of pins-and-needles. Both sensory and motor
nerves are affected and muscle weakness often develops.'!? Studies on patients with As neuropathy
have shown a reduced nerve conducting velocity in their peripheral nerves, as is a typical feature of
axonal degeneration.’! In a similar fashion to other neurodegenerative diseases, As-induced
neurotoxicity causes changes in cytoskeletal protein composition and hyperphosphorylation. These
changes may lead to disorganization of the cytoskeletal structure, which is a potential cause of As-

induced neurotoxicity.'!?

Exposure to Cd also severely affects the function of the nervous system!!® 14 with symptoms
including headache and vertigo, olfactory dysfunction, parkinsonian-like symptoms, slowing of
vasomotor functioning, peripheral neuropathy, decreased equilibrium, decreased ability to
concentrate, and learning disabilities.®* 1> It has been demonstrated in several studies that Cd is a

possible etiological factor of Alzheimer’s disease and Parkinson’s disease.®® ® Cadmium
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accumulation prior to and at birth, might cause irreversible toxicity in the brain, which in turn leads

to altered gene expression.®®

Disruption of attention, fine motor function and verbal memory has been documented in adults who
have a high fish diet and are exposed to low mercury levels.''® Long periods of exposure to low levels
of mercury has led to increased complaints of tiredness, memory disturbance, subclinical finger
tremor, abnormal EEG by computerized analysis and impaired performance in neurobehavioral or
neuropsychological tests by those affected.'’” Mercury can directly induce synuclein fibril formation
in dopaminergic neurons of the substantia nigra leading to Parkinson’s disease.'® People exposed to
methylmercury during its dispersion from Minamata on the coast of the Shiranui sea demonstrated
hypoesthesia, ataxia, dysarthrea and impairment of hearing and visual change, 10 years after the

end of exposure.!8

1.5. Metal mixtures

Human exposure to heavy metals has increased due to their more frequent use in agricultural,
industrial, technological and domestic applications.?> Sources of As, Cd and Hg in the environment
are agricultural, geogenic, pharmaceutical, industrial, atmospheric sources and domestic

effluents.1??

Single-metal exposure rarely occurs whereas co-exposure with metals is the norm.'?% 12! These
metals contaminate the air and water as a result of extensive mining processes.'?? Industrial wastes,
contaminated fish consumption and mining processes are other sources of co-exposure to these
metals. Leaching of inorganic As compounds formerly used in pesticide sprays, from the combustion
of As-containing fossil fuels and from the leaching of mine tailings and smelter runoff contribute to
As-contamination of drinking water.'?> Cadmium occurs naturally, in association with the sulphide
ores of Pb, Zn, and Cu.'?* Industrial sources release Cd-contaminated water which may be used for
irrigation.'?* As plants absorb Cd, it enters the food-chain. Cadmium and Hg-toxicity in Japan has also
resulted from consumption of Cd- and Hg-contaminated fish caught in rivers near industrial plants.1?°
South Africa has coastlines approximately 3 000 km long. Seafood is a good source of nutrition and

recommended as part of a balanced healthy diet. Studies have identified toxic levels of metals like
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As, Cd and Hg in seafood caught in the Langebaan lagoon, Western Cape, and other parts of the
South African coastline.*?® High levels of Cd, Hg and Zn were found in the Buffalo, Keiskamma, Tyume
and Umtata Rivers and in the Sandile and Umtata Dams of South Africa.'?’” Medicinal plant samples
from the Western Cape Province in South Africa were found to contain As and Cd at levels exceeding

those recommended by the WHO.*28

Metal mixture exposure poses serious health risks to humans. The CNS and liver are common targets
for many metals.'?® As the number of possible combinations is infinite, it poses a great challenge for
researchers to address the role of mixed exposure in human health. Understanding how metal
mixtures affect health is critical to enable treatment.'3%-132 Many proteins involved in cell growth,
apoptosis, oxidative stress, and inflammation are modulated by metals.’3% 134 The mixtures can
induce unique protein changes or cytotoxic effects that are not observed after single metal
exposures.’3>13 Furthermore, metals may interact synergistically or antagonistically. Arsenic
neurotoxicity has been found to be increased after mixed exposure to metals.'3° Children who are
exposed to toxic metals may develop cognitive and/or behavioral effects.'® 41 There is clearly a
need to investigate the effects of metal combinations on cellular pathways. The lack of research with
regards to simultaneous exposure to different metals poses an enormous challenge for the scientific
community. This study is designed on HepG2 (hepatic origin) and SH-SH5Y (neuronal origin) cell lines
to study the effects of As, Cd and Hg singly and in combinations to understand the cellular mechanism

leading to toxicity.

1.6. Common mechanisms leading to cytotoxicity

1.6.1. Cytotoxicity

Cytotoxicity testing is one of the major assays employed during the assessment of compounds, which
focus mainly on cell death or some measure of growth/metabolic impairment. This type of testing is
used to evaluate the intrinsic ability of a compound to negatively impact cells.'? Three factors play
a major role in the toxicology of a substance: the dosage, the duration of exposure to the compound,
and the compound’s mechanism of toxicity.'*® At a cellular level, cytotoxicity can be expressed in a
number of ways including: i) reduced or no cellular adhesion, ii) major morphological changes, iii)

decreased growth rates and/or iv) reduced overall viability.14
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1.6.2. Mitochondrial membrane potential

Mitochondria are the powerhouses of cells,’* and produce the highest amount of adenosine
triphosphate (ATP), especially in fasting conditions.'4® Mitochondria are present in almost all
eukaryotic cells; and their main purpose is to produce energy for proper cellular functioning.
Mitochondrial toxicity results in not only depletion of energy stores but also disturbed signaling

pathways.!4

Mitochondria have an outer and inner bilayer separated by an intermembrane space. The inner
mitochondrial membrane contains mitochondrial DNA and enzymes, and is folded to form cristae
which increases the surface area.'*® Transfer of substances through the inner matrix is selective and
protein mediated.?*® 147 The inner membrane contains several protein systems including electron
transport chain complexes, adenine nucleotide translocator and ATP-synthase.'* 47 Mitochondria
can accumulate positively-charged lipophilic molecules, and certain acidic compounds, due to the
alkaline matrix and negative charge of the inner membrane. This explains the selective mitochondrial

toxicity of some compounds.1#®

In mitochondria, ATP is produced from dietary carbohydrates and lipids, which are required for
proper cell function and survival.'!% 148 Oxidative degradation of amino acids, fatty acid and pyruvate
results in production of energy as ATP. In mitochondria, fatty acids from lipolysis and pyruvate from
glycolysis are converted into acetyl-coenzyme A by B-oxidation and pyruvate dehydrogenase,

respectively, under aerobic conditions.!!1 148

Mitochondria generate an electrochemical proton gradient across it’s the inner membrane, also
referred to as the mitochondrial membrane potential (AWm).24> 146 The backflow of protons down
the electrochemical gradient, through the Fo portion of ATP synthase (complex V) into the
mitochondrial matrix, releases energy. The F1 portion uses this released energy for phosphorylation
of adenosine diphosphate (ADP) to ATP by the enzyme, ATP synthase which provides cellular
energy.'#® The ATP is transported across the membrane through ANT in exchange for ADP, so that it
may provide energy for cellular functioning.!*’ The AWm ranges from -200 to -180 mV, and the pH

gradient from -A0.4-0.6 U across the inner mitochondrial membrane. Respiration is inversely linked
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to changes in AWm. High AWm results in decreased respiration and vice versa.'* Mitochondrial
toxicity may result from different points, including uncoupling of electron transport chain by
lipophilic and slightly acidic compounds, disruption of electron shifting to oxygen, changes in redox
cycling, opening of mitochondrial permeability transition pore (MPTP) resulting in oxidative stress or

calcium influx, reduced mitochondrial DNA synthesis and impaired fatty acid oxidation.4°

Mitochondrial toxicity results in oxidative stress, energy depletion, steatosis, cell cycle perturbations
and differentiation leading to cell death.14> 146 Pro-apoptotic factors in the intermembrane space
lead to cell death pathways once mitochondrial leakage occurs (Figure 2).}4” Opening of the MPTP
results in decreased mitochondrial membrane stability. The MPTP complex is located on the outer
and inner membrane of the mitochondria and forms a channel.*® 147 The MPTP is primarily
composed of two proteins in the outer and inner mitochondrial membrane: the voltage-dependent
anion channel (VDAC) and ANT, respectively (Figure 2). The formation of the MPTP complex involves
the association of the peripheral benzodiazepine receptor on the outer membrane, creatinine kinase
in the intermembrane space, hexokinase Il linked to VDAC on the cytosolic portion of outer
membrane, cyclophilin D in the matrix, Bax and Bcl-2.146'47 The reduction in AWm results in
depolarization of the mitochondrial membrane and opens the MPTP.'*’ Many toxic substances
inhibit B-oxidation or mitochondrial respiration, reducing ATP formation and increasing oxidative
stress.'™® Inhibition of respiratory chain protein complexes and enzymes like ATPase may lead to
blockade of respiration.’>® Moderate inhibition may result in cellular dysfunction but in severe cases,

it can result in necrosis with cholestasis and fibrotic outcomes.>°
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Figure 2: Dysfunction of Ca2+ buffering, protein import, loss of mitochondrial membrane potential,

mitochondrial respiration and ATP production. The final result is the loss of the mitochondrial membrane

potential, causing the induction of mitophagy and/or the release of proapoptotic factors from the organelle®>?.

Mitochondria play a key role in the regulation of apoptosis. Mitochondrial dysfunction results in the
loss of AWm, permeability transition, and release of cytochrome c (cyt C) from mitochondria into the

cytosol during the apoptosis induction process.

1.6.3. Adenine di- and triphosphate levels

Mitochondria produce ATP via the electron transport chain (ETC).1>% 53 By-products of the Krebs
cycle, reduced nicotinamide adenine dinucleotide and reduced flavin adenine dinucleotide donate
electrons to the ETC resulting in AWm.*>* The phosphorylation of ADP is done through the action of
ATP synthase.'®* >4 During electron transport, mitochondrial complex | and Il leaks electrons to
oxygen to produce ¢0; radical which is highly reactive, generating *OH and H,0; through enzymatic
conversion.' Within proliferating cells, a low ADP/ATP is expected, as more ADP is converted to ATP
for cellular cycling.?>> As ATP formation is dependent on correct mitochondrial functioning,
alterations may indicate loss of mitochondrial integrity.>> Oxidation reduces ATP levels which

impairs ATP dependent cytoprotective pathways and triggers cell death.'>*
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1.6.4. Reactive oxygen species

Any atom or molecule with an unpaired valence electron(s) is called a free radical. The term ROS
refers to oxygen-centred free radicals.’>® The ROS are the most abundant free radical species in
physiological systems. The increased production of ROS and/or reduced endogenous cellular
antioxidant defenses may lead to oxidative stress.’>” Oxidative stress can result in cellular injury in
various diseases including neurological disease, hepatitis, cancer, arthritis, and can accelerate the

aging process. % 1>

Important ROS species include the singlet oxygen, 0", H,O, and ¢OH. Reactive nitrogen species
(RNS) are nitrogen-centred equivalents of ROS, and include peroxynitrite and nitric oxide. The ¢OH
radical is highly reactive and results in strong oxidisation, leading to DNA damage, protein residue
modification, which results in lipid peroxidation.'®® 61 Various mechanisms may lead to ROS
production, including metabolic activity of the CYP450 system and its reductases, disruption of the
mitochondrial respiratory chain and intracellular oxidases.'®% 163 Formation of ROS is mainly due to

leakage of electrons from respiratory chain complexes | and I, which reacts with oxygen to reduce it

to .02-_146, 148, 150

Excessive or diminished production of ROS may affect cell viability and proliferation.®* Increased
ROS levels may inactivate or alter protein functions and/or peroxidise lipid membranes resulting in
increased permeability, and induce DNA strand breakage or damage.*® At low concentrations, ROS
act as secondary messengers or signaling molecules, activating or inhibiting pathways by altering
cellular redox state or redox-sensitive proteins.’®> For example, ROS has been found to activate
mitogen activated protein kinase (MAPK), which in turn promotes cell proliferation, differentiation,
apoptosis and survival.®®> The concentration of ROS is critical in determining the cellular effect that
is produced.'® Cell damage can vary from slight modifications to severe functional and structural
loss. Oxidation of lipids and membranes form reactive intermediates, referred to as lipid peroxides,

which is a major cause of drug-induced liver injury.16?
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1.6.5. Reduced glutathione levels

Cells have hemostasis mechanisms against the adverse effects of ROS, which include complex
antioxidant compounds and enzymes, such as GSH, SOD, CAT, glutathione reductase (GR) and GSH-
Px.1%6 Reduced glutathione is the most abundant and efficient antioxidant non-protein thiol in
cells.’®’ It can neutralize a state of oxidative stress by i) directly scavenging a free radical by donating
a hydrogen cation and rendering the free radical harmless,%8 ii) eliminating H,0, by acting as a
substrate for GSH-Px,%%” and replenishing the activity of other oxidised antioxidant molecules such

as vitamins E and C.10

Cellular GSH regulates several signaling pathways, including the c-Jun N-terminal kinase pathway
(JNK), which requires a tightly controlled redox status.'6® 170 The c-Jun N-terminal kinase pathway is
activated by exposure of cells to cytokines or environmental stress, indicating that this signaling
pathway may contribute to inflammatory responses. Depletion of the cellular GSH pool causes hyper
induction of JNK activity.”* Many xenobiotics generate reactive metabolites in the liver which are
removed either by detoxification or conjugation to GSH. Reduced glutathione depletion is well
known as a sign of cytotoxicity. Reactive metabolites that are not conjugated to GSH may result in
degradation of hepatic macromolecules and ultimately lead to inflammatory responses.14° 130, 172
Cells become more vulnerable to increasing concentrations of ROS, oxidative by products,

disturbances in metabolism, survival and proliferation pathways after GSH depletion.6?

1.6.6. Cell death and caspase activity

Cell death is a tightly regulated process and may occur via various pathways, including apoptosis,
necrosis, aponecrosis and autophagy.'*® 173 Although these cell death mechanisms are structurally
and functionally different, they have overlapping mediators. There is thus a possibility that the
cytotoxicity of a compound can switch to different mechanisms depending upon which conditions
are met.'’3 Cell death occurs in various stages involving the initiation, the commitment, and finally
cellular decay.'”® A mixture of apoptotic and necrotic processes may frequently appear as the cause
of hepatic cell death.'’* Selective mitochondrial permeability is a common feature in cell death
pathways.’* During this phenomenon, cells accumulate mediators needed for permeabilisation,

resulting in decreased mitochondrial membrane integrity and release of catabolic metabolites

17



required for cell death.'®! Depending on the type of cell death pathway stimulated, necrosis follows
large and sudden permeabilisation of the mitochondria, while apoptosis follows a more gradual,
subtle permeabilisation.'*” Mode of cell death thus depends on the extent of mitochondrial toxicity

and number of mitochondria presenting with open MPTP.146

Apoptosis, also called programmed cell death, is a controlled process that systemically removes
damaged or decayed cells under physiological conditions without serious repercussions, such as
inflammation.'’> Damaged cells are replaced by newer cells when mitogenesis continues at a
constant rate. Various pathologies are linked to deficient or excessive apoptotic events, therefore

well-regulated apoptotic systems are important.'’>

Autophagy and apoptosis play important roles in determining cellular fate, and are involved in
numerous cellular processes such as development, homeostasis, physiological and pathological
mechanisms. Both autophagy and apoptosis are driven by different regulatory and executioner
molecules. Activated caspases remove organelles and other cellular structures by packaging them
into apoptotic bodies.'’® 177 Dying cells that undergo apoptosis have several morphological and
biochemical features. The morphological changes include cell shrinkage, nuclear condensation and
fragmentation, dynamic membrane blebbing and loss of adhesion to neighbors or to the extracellular
matrix.}’® The biochemical changes include chromosomal DNA cleavage into internucleosomal
fragments, phosphatidylserine externalization and a number of intracellular substrate cleavages by

specific proteolysis!’® 180,

The apoptotic-signaling cascade is divided into two major pathways: the extrinsic/death receptor

181 Mitochondria play an important role in the

(DR) pathway and intrinsic/mitochondrial pathway.
intrinsic pathway. The Bcl-2 family of pro-apoptotic proteins facilitates permeabilisation of the
mitochondrial membrane with subsequent release of mitochondrial proteins such as cyt C and
apoptotic protease activating factor-1 (Apaf-1) forming a new complex, together with pro-caspase-9
(apoptosome), which contains an active form of caspase-9.18! This complex recruits effector caspases

like pro-caspase-3 which is cleaved to caspase-3. The activation of caspase-3 is considered a final

step of executor protein formation in the apoptotic cell death sequence, leading to rapid cleavage of
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several structural and functional proteins including signal transduction molecules, cytoskeletal

components and DNA repair enzymes.8?

The DR are cell-surface receptors that bind specific ligands, such as soluble molecules of the tumour
necrosis factor (TNF) family, which are secreted as homotrimers and bind to members of the TNF-
receptor (TNF-R) family, including TNFR-1, Fas/CD95, and TRAIL receptors DR-4 and DR-5. Ligand
binding causes receptor trimerization and subsequent activation.'8% 184 The TNF-Rs possess a death
domain (DD), which recruits other DD-containing proteins, such as TNF-R type 1l-associated death
domain protein (TRADD) and Fas-associated protein with death domain (FADD). These proteins then
bind to initiator caspases-8 and -10, thus enabling homodimerization and subsequent activation of
death-inducing signaling complex (DISC).18187 Following the activation of caspases-8 and -10, the
effector caspases-3, -6, and -7 are cleaved, leading to cellular degradation in the final stage of

apoptosis.'88

Both extrinsic and intrinsic pathways converge at the level of caspase-3 activation and also there is
the possibility of mitochondrial involvement during the course of execution of the extrinsic
pathway.'® Although caspases are the most important in programmed cell death there is the
possibility of apoptotic cell death without activation of caspases. Morphological characteristics of
apoptosis in the absence of caspase activation resembles necrotic cell death more closely than the

classical cascade of apoptosis.t*®

1.7. Aim of the study
The aim of the study was to assess the effect of As, Cd and Hg individually and in combination on the
HepG2 hepatocarcinoma and SH-SY5Y neuroblastoma cell lines as a measure of hepatotoxicity and

neurotoxicity, respectively.
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1.8. Objectives of the study

The objectives of the study were to:

e Determine the effects of As, Cd and Hg individually and in combination on the HepG2 and SH-

SY5Y cell lines by assessing:

Cell density using the sulforhodamine B (SRB) assay.

Mitochondrial membrane potential using the 5,5,’6,6’-tetrachloro-1,1,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) ratiometric assay.

Intracellular ATP levels using chemiluminescence signaling.

Intracellular ROS generation using the dihydrodichlorofluorescein diacetate (H.-DCF-DA)
cleavage assay.

Intracellular GSH concentrations using the monochlorobimane (MCB) adduct formation
assay.

Caspase-3/7 activity using a Acetyl Asp-Glu-Val-Asp-7-amido-4-methyl-coumarin (ac-devd-

amc) fluorometric cleavage assay.

1.9. Project overview

HepG2 SH-SY3Y

Exposure to metal

GSH levels — ROS level £ AWm & ATP level

Apoptosis

Cell viability

Figure 3: Flow diagrammatic representation of the project.
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Chapter 2

Materials and methods

Ethical approval was obtained from the Faculty of Health Sciences Research Ethics Committee (REC)
Ethics Reference No: 463/2016 (Appendix I). All instruments needed for the project were made
available by the Department of Pharmacology at the University of Pretoria. Reagents and their

preparation are provided in Appendix Il.

2.1. Heavy metals

Sodium arsenite (Merck, Germany) was used for As-toxicity determination as it is highly soluble in
water. Sodium arsenate is also the most abundant form of As in nature, and is converted into arsenite
in the body, which is then readily absorbed by cells.19**** Cadmium chloride (Sigma-Aldrich, USA)
was used to induce Cd-toxicity as it is highly soluble in water, and is the most abundant form present
in industrial water sources.'® Mercury chloride (BDH, UK) was used to measure Hg-toxicity due to
its solubility in water, and its frequent appearance in underground water near mining and industrial

areas.1%®

2.2. Cell culture and maintenance

HepG2 (HB-8065) and SH-SY5Y (CRL-2266) cells were originally purchased from the American Tissue
Culture Collection (ATCC). HepG2 and SH-SY5Y cells were cultured in 75 cm? tissue culture flasks in
Dulbecco’s Modified Eagle’s Medium (DMEM) and Eagle’s Minimum Essential Medium
(EMEM)/Ham’s F12 medium, respectively. Medium was supplemented with 10% (v/v) foetal calf
serum (FCS) and 1% (w/v) penicillin/streptomycin. The cells were cultured at 37°C in a humidified
atmosphere of 5% CO.. Medium was changed as required, until cells were 80% confluent. Cells were
washed with phosphate-buffered saline (PBS), and harvested using chemical detachment with
Trypsin/Versene solution. Harvested cells were pelleted by centrifugation at 200 g for 5 min. Cells
were counted using the trypan blue exclusion assay (0.1% w/v), and diluted in 10% FCS-
supplemented medium to 2 x 10° cells/mL and 1 x 10° cells/mL for HepG2 and SH-SY5Y cells,

respectively.

21



2.3. Seeding and exposure of cell lines

An aliquot (100 pL) of HepG2 or SH-SY5Y cells were pipetted into clear (for spectrophotometric
assays) or white (for fluorometric assays) 96-well plates to achieve 2 x 10* cells/well and 1 x 10*
cells/well, respectively. Cells were allowed to attach overnight at 37°C in a humidified incubator.
Cells were exposed to 100 uL medium (negative control), positive control (refer to Sections 2.4 —-2.9),
deionized water/medium mixture (1:4) (vehicle control) or heavy metal solutions (individually or in
combination [inhibitory concentration (IC) and EPA mixtures]) prepared in FCS-free medium for 24
h. The 1Cy0, IC25 and 1C3s metal mixtures were prepared by mixing two fold respective concentrations
of As, Cd and Hg (as calculated in Section 2.4). Blanks (200 pL) consisted of 5% FCS-supplemented

medium to account for sterility and background noise.

2.4. Cytotoxicity

The effect of the selected heavy metals on cell density was determined using the SRB staining assay
as described by Vichai and Kirtikara.'®” The SRB assay is based on the measurement of fixed protein
elements, which correlates to the amount of cells present.'®” Saponin (1%) was used as positive

control.

Treated cells were fixed with 50 pL trichloroacetic acid (TCA, 50%) overnight at 4°C. After fixation,
plates were washed thrice with tap water, dried and stained with 100 pL SRB solution (0.057% w/v
in 1% v/v acetic acid) for 30 min. Excess dye was removed by rinsing plates three times with 100 pL
acetic acid (1% v/v). Bound dye was solubilised in 200 pL Tris-base solution (10 mM, pH 10.5),
followed by 30 min incubation on a shaker at room temperature. Plates were read
spectrophotometrically using a Biotek ELx 800 microplate reader (Biotek Inc, Winooski, USA) at 510
nm (reference wavelength 630 nm). Values were blank-excluded and cell density determined using

the following equation:

Cell density (% relative to negative control) = (absorbance of sample/average absorbance of negative

control) x 100
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Non-linear regression was used to determine the ICy0, IC25 and ICss. All further experimentation was

conducted at these concentrations.

2.5. Mitochondrial membrane potential

Mitochondrial membrane potential was monitored using the JC-1 dye. The JC-1 dye is a lipophilic
cationic dye that enters the mitochondria to form aggregates (emits red light) in cells with normal
mitochondrial function,'®® whereas in cells with mitochondrial dysfunction, the dye forms monomers
(emits green light).1°® The ratio of the red-to-green light can be measured and correlated with a loss
of AWm, which translates to mitochondrial depolarisation.’®® Rotenone (200 nM in-reaction) was

used as positive control.

After treatment, 20 uL JC-1 dye (200 uM, prepared in PBS) was added to cells, which were incubated
for a further 2 h at 37°C. Medium was aspirated and replaced with 100 pL Hanks Buffered Salt
Solution (HBSS). Fluorescence was measured using the H2 Synergy microplate reader (Biotek Inc,
Winooski, USA). Fluorescence was monitored at a monomer excitation wavelength (Aex) and emission
wavelength (Aem) of 485 nm and 525 nm, respectively, while the aggregate form was monitored at

Aex=545 nm and Aem =595 nm. The AWm was determined using the following equations:

Fluorescence ratio = fluorescence read at 485 nm/fluorescence read at 545 nm.
AWm (fold-change relative to negative control) = fluorescent ratio of sample/average fluorescent

ratio of negative control.

2.6. Intracellular adenosine triphosphate levels

The monitoring of the ATP levels may assist in determining bioenergetic fluctuations in cells, which
can lead to inferences related to proliferation, apoptosis and necrosis.’>> The assay uses the
bioluminescent enzyme luciferase to catalyse the formation of light in the presence of ATP and
luciferin. The amount of light can be correlated with the amount of ATP.** Staurosporine (10 uM in-
reaction) and saponin (1% in-reaction) were used as apoptotic and necrotic controls, respectively.
The ATP level was monitored using the ATP Assay Kit MAK135 (Sigma-Aldrich, St Loius, USA)

according to the manufacturer’s protocol (Sigma-Aldrich technical bulletin for ATP Assay kit
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MAK135). After treatment, medium was replaced with 90 uL ATP reagent, and the plate incubated

for 1 min. Luminescence for the ATP assay was read in a H2 Synergy microplate reader (RLUa).

ATP levels (fold-change relative to negative control) = Normalised value of sample/average

normalised value of negative control.

2.7. Reactive oxygen species generation

Intracellular ROS concentrations were measured using the H>-DCF-DA cleavage assay.”?”® Non-
fluorescent H,-DCF-DA enters the cell passively where it is cleaved by esterases to 2',7'-
dichlorodihydrofluorescein. The latter is activated by ROS to release fluorescent dichlorofluorescein
(DCF).2%0 2,2’-Azobis (2-methylpropionamide) dihydrochloride (AAPH) (1 mM in-reaction) was used

as positive control.

After treatment, 20 uL H,-DCF-DA (110 uM, prepared in PBS) was added to cells, which were
incubated for a further 30 min at 37°C. Medium was aspirated and replaced with 100 pL HBSS.
Fluorescence was measured at Aex = 485 nm and Aem = 535 nm. The SRB assay was used to normalise
fluorescent data to cell density. All values were blank-excluded and intracellular ROS concentrations

determined using the following equation:

Normalised value: Fluorescence of well/absorbance of well.
ROS concentration (fold-change relative to negative control) = Normalised value of sample/average

normalised value of negative control.

2.8. Intracellular reduced glutathione concentrations

Intracellular GSH levels were monitored using the (MCB) adduct formation assay.?! The MCB dye
enters the cell passively to bind exclusively to GSH to form a fluorescent GSH-MCB adduct. The
amount of fluorescence can be measured and correlated to the amount of intracellular reduced

GSH.?%! n-Ethylmaleimide (25 pM in-reaction) was used as positive control.
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After treatment, 20 uL MCB (176 uM, prepared in PBS) was added to the cells, which were incubated
for a further 2 h at 37°C. Medium was aspirated and replaced with 100 pL HBSS. Fluorescence was
measured at Aex = 360 nm and Aem = 460 nm. The SRB assay was carried out thereafter to normalize
fluorescent data to cell density. All values were blank-excluded and intracellular GSH level was

determined using the following equation:

Normalised value: Fluorescence of well/absorbance of well.
GSH concentration (fold-change relative to negative control) = Normalised value of sample/average

normalised value of negative control.

2.9. Caspase-3/7 activity

Acetyl Asp-Glu-Val-Asp-7-amido-4-methyl-coumarin (Ac-DEVD-AMC) is a synthetic peptide molecule
which is cleaved to free bound fluorogenic 7-amido-4-coumarin (AMC) by activated caspase-3/7.
Intracellular caspase-3/7 is released from cells by membrane lytic solutions, which are then exposed
to the substrate. Caspase-3/7 is activated by pro-apoptotic pathways, and fluorescence thus

indicates apoptotic cell death.?°2 Camptothecin (40 uM in-reaction) was used as positive control.

After treatment, medium was replaced with 25 pL cold lysis buffer, and plates were incubated for 15
min on ice. After lysis, 100 uL caspase-3/7 substrate buffer containing 10 uM Ac-DEVD-AMC was
added. Plates were incubated for 4 h at 37°C. Fluorescence was measured at Aex = 355 nm and Aem =
460 nm. The plates were further incubated for 16 h at 37°C, and cell density determined in alternative
wells by SRB assay.'®” The SRB data was used to normalize fluorescent data to cell density. All values
were blank-excluded, and caspase-3/7 activity was determined using the following equation:
Normalised value: Fluorescence of well/absorbance of well.

Caspase 3/7 activity (fold-change relative to negative control) = Normalised value of sample/average

normalised value of negative control.

2.10. Statistical analysis
All experiments were carried out in triplicate on at least three separate occasions. Results were

analysed in Microsoft Excel, and statistical analyses performed using GraphPad Prism 5.0. Results are
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expressed as the mean + standard error of the mean (SEM). The ICyo, ICzs, 1Css, ICs0 and 1Cys were
determined using non-linear regression. Differences between samples were determined using the

Kruskall-Wallis test, with Dunn’s post-hoc assessment. The indicator of significance was p<0.05.

26



Chapter 3
Results and discussion

3.1. Arsenic

3.1.1. Cell density

Cell density is a common way by which cytotoxicity of chemical entities is determined. Reduction in
cell density in an abnormal way infers that cytotoxicity has occurred. Controls responded as
expected, with vehicles controls not affecting cell density in comparison to the negative control. The
positive control, saponin, decreased cell density significantly (p<0.05) by 87.7% and 92.8% in HepG2
(Figure 4A) and SH-SY5Y cells (Figure 4B), respectively. There was a negligible difference between the

negative and vehicle controls.
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Figure 4: Cell density in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to negative (untreated), vehicle
(deionized water/medium mixture 1:4) and positive (saponin 1%) controls. Comparison to the negative

control. *** p<0.001.

Arsenic displayed gradual, dose-dependent cytotoxicity in both cell lines. In the HepG2 cell line, As
decreased cell density (p<0.05) at 26 mg/L, with a maximum decrease of 86% at 12 mg/L. The I1Cso of
As was 6.71 mg/L (Table 1). In the SH-SY5Y cell line, As reduced the cell density significantly (p<0.05)
at 21.5 mg/L (Figure 5B), suggesting a higher cytotoxicity in cells of a neural origin. Maximum

reduction in cell density (84%) was seen at a dose of 4 mg/L, with an ICsp of 1.19 mg/L (Table 1).
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Figure 5: Dose-dependent reduction of cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to As for

24 h. Comparison to the negative control. *** p<0.001, ** p<0.01.

Table 1: Inhibitory concentrations of As determined after 24 h exposure in the HepG2 and SH-SY5Y cell lines.

Inhibitory concentration HepG2 + SEM SH-SY5Y * SEM
IC25 (mg/L) 401+1.24 0.94+1.13
ICs0 (mg/L) 6.71+1.14 1.19+£1.09
IC75 (mg/L) 9.61+1.08 2.78+1.11

The effects of As on the HepG2 and SH-SY5Y cell lines were verified by exposing both cell lines to the
IC2s, ICs0 and 1Cys of As. Both cell lines displayed acceptable reduction of cell density as the statistical

calculations would suggest (Figure 6; Table 2).
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Figure 6: Cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to the I1C;s, ICso and IC7s of As for 24

h. Comparison to the negative control. *** p<0.001.
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Table 2: Reduction in cell density (%) after exposure to the IC;s, ICso and ICss of As, Cd and Hg for 24 h in the
HepG2 and SH-SY5Y cell lines.

As Cd Hg
HepG2 SH-SY5Y HepG2 SH-SY5Y HepG2 SH-SY5Y
IC25+ SEM 32+3.95 26 £3.79 27 £2.29 29+492 301162 26x4.69
ICs50 + SEM 46 £ 1.69 54 + 3.86 43 £ 1.68 52+4.14 | 631250 49+4.65
IC75 + SEM 73 +£3.15 73+2.98 67 £2.42 73+£3.48 74+1.74 731248

Metals, such as As, rarely occur in free ionic form, and thus are usually present in nature as oxides,
sulphates, chlorides and other forms. Arsenic toxicity varies with the state in which it occurs; while
some may be beneficial,?®®> most are cytotoxic.?* Although information was available regarding
cytotoxicity in hepatic cell lines, limited information was available for those in neural cells. In the
present study, a 60% reduction was observed at 7.4 and 1.7 mg/L of arsenite in HepG2 and SH-SY5Y
cells, respectively. Previously published data highlights such an equivalent reduction for As,Osat 20
mg/L and arsenite at 25.98 mg/L in HepG2'%? and Chang human hepatocytes, respectively.?%> When
compared to the current results, the difference in type of As salts investigated as well as the cell lines
used, could explain the differences in toxicity noted. However, the 1Cso of As3* in rat heart micro
vessel endothelial (RHMVE) cells was reported as 4.6 mg/L,%% which is similar to that found in the
present study in HepG2 cells (ICsp 6.71 mg/L). It is known that the uptake of As differs in different cell
types, which may be ascribed to different proteins being targeted and are known to be differentially
expressed between cell lines. These differences may also relate to the greater sensitivity in some cell
lines as has been reported for the variance in arsenicals up take into CHO-9 and HepG2 cells (<4% in
CHO-9 and <1% in HepG2 cells).?%” The different oxidation states of As can also result in different
toxicity, as As3*, was found to be taken up by the endothelial cells at rates 6-7 times faster than
As>*,2%6 which may contribute to greater cytotoxicity and genotoxicity.??’ Thus differences in the cell
line and the rate and extent of uptake of different forms of As may explain the high ICso of As>* (45.7
mg/L) in RHMVE cells'® whereas As;Os at the low concentration of 0.2 mg/L was found to reduce cell
viability by 35% in H9c2 myoblasts.??® In an another study, As was shown to induce minimal

cytotoxicity in the SH-SY5Y neuroblastoma cell line in its As3* state.?®®
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3.1.2. Mitochondrial membrane potential

The mitochondrion plays a key role in cell survival. Mitochondrial dysfunction is directly associated
with alterations to mitochondrial membrane potential. The vehicle control had similar effects to the
negative control on AWm whereas the positive control reduced AWm significantly (p < 0.05) by 43%
and 36% in HepG2 and SH-SY5Y cell lines, respectively (Figure 7). Such a reduction is indicative of

mitochondrial depolarization.
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Figure 7: Mitochondrial membrane potential in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the
negative (untreated), vehicle (deionized water/medium mixture 1:4) and positive (Rotenone 200 nM)

controls Comparison to the negative control. *** p<0.001, ** p<0.01

Arsenic had minimal effects (not significant when compared to negative control) on HepG2 AWm at
the 1Cz5 and 1Csp (~12%), with a significant (p<0.05) reduction of 45% at the ICss (Figure 8A). These
results suggest that although mitochondrial toxicity is apparent in the HepG2 cell line, it only occurs
at higher concentrations. Depolarisation may thus be of lesser consequence at lower concentrations.
A gradual, tapered reduction was observed in the SH-SY5Y cell line from the ICz5 to IC75 (25% to 62%)
(Figure 8B). In SH-SY5Y cells, reduction in AWm was not significant at ICs but a significant (p<0.05)
reduction at higher concentrations when compared to the negative control was noted. This decline
parallels the reduction in cell density in the SH-SY5Y cell line, suggesting a greater relation between
the two parameters. SH-SY5Y cell lines are thus more susceptible to mitochondrial toxicity induced
by As. Cytochrome C leaks out prior to AWm depolarization and this loss of AWm is a common feature

of apoptosis and necroptosis.?!® Mitochondrial cytochrome C, which functions as an electron carrier
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in the respiratory chain, translocates to the cytosol in cells, where it induces the activation of DEVD-

specific caspases and results in apoptotic cell death.?!!
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Figure 8: Mitochondrial membrane potential in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure the IC;s,
ICs0 and IC75 of As. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05

From literature it is evident that differential effects of As on cells takes place which is dependent on
their origin and the oxidation state of As. Contrary to the present study, where HepG2 cells were
unaffected by low concentrations of As after 24 h, treatment with 1 mg/L and 3 mg/L As;03
decreased AWm by 34% and 57%, respectively. This has been found to be partially prevented by N-
acetylcysteine pre-treatment, suggesting a free radical-mediated cytotoxic effect.?'? Arsenic (10.4
mg/L) has been reported to induce rapid and significant morphological changes in mitochondria in
erythroleukaemic HEL30 cells, where disruption of internal organization occurred within 30 min.?'3
Exposure of myeloid U937 cells to 10 mg/L As;Os rapidly decreased AWm, possibly through opening
of the MPTP, with subsequent release of cytochrome C and production of ¢0, 24 In Chang human
hepatocytes, NaAsO;-induced apoptosis via dissipation of the AWm, was found to release
cytochrome C from the mitochondria.?!® In the present study, similar concentrations of NaAsO (1.19

mg/L) depolarized SH-SY5Y cells, however, only at high concentrations in HepG2 cells (9.61 mg/L).

3.1.3. Intracellular ATP levels
Adenosine triphosphate level is a measure of cellular growth and toxicity. Within proliferating cells,
a high ATP is expected, as more ADP is converted to ATP for cellular cycling.*>> As ATP formation is

dependent on healthy mitochondrial functioning, alterations may indicate loss of mitochondrial
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integrity.’>> Oxidation reduces ATP levels and impairs ATP-dependent cytoprotective pathways
thereby triggering cell death.?>* All controls delivered expected results. Saponin (necrosis control;
1%) abolished ATP levels in the HepG2 and SH-SY5Y cell lines (Figure 9). Camptothecin (apoptosis
control; 20 uM and 40 uM) reduced ATP levels in the HepG2 (54% and 52%) and SH-SY5Y (89% and
87%) cell lines (Figure 9).
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Figure 9: Intracellular ATP levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the negative
(untreated), vehicle (deionized water/medium mixture 1:4) and positive (Camptothecin; 20 uM and 40 pM,

Saponin 1%) controls. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05

When metals were tested individually, dose dependent reduction in ATP levels was observed in
HepG2 and SH-SY5Y cells. Arsenic decreased ATP at ICys by 68% and at ICso; there was a further
decrease to 77%. An even further decline in ATP was noted at the highest concentration of As tested,
where ATP was reduced by 87% (Figure 10A). The latter is indicative of mitochondrial toxicity in
HepG2 cells. The ATP level was reduced by 98%, 97% and 98% in SH-SY5Y cells when exposed to the

ICzs, ICspand 1Czs concentrations of As (Figure 10B).
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Figure 10: Intracellular ATP levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure the ICys, ICso and 1Cys

of As. Comparison to the negative control. *** p<0.001, * p<0.05

Excessive ATP depletion can switch the mode from apoptotic to necrotic cell death in cells exposed
to oxidants and other agents.?'® 217 |n the wild type mouse embryonic fibroblasts cells, 2 mg/L As203
after 16 h exposure, decreased ATP levels by 30%.28 A similar trend was found in our study and SH-
SY5Y cells were more sensitive to decrease in ATP levels and 0.94 mg/L of As was able to reduce ATP
levels completely by 98% when compared to HepG2 cells in which higher As levels (4.01 mg/L)
reduced ATP levels by 68% (Figure 10A). In both cells, decrease in ATP levels corresponds to
depolarization of mitochondrial toxicity but complete inhibition in ATP levels would suggest necrotic

pathways in SH-SY5Y cells.

Incubation of isolated liver mitochondria with As** decreased ATP production, possibly due to
inhibition of the mitochondrial respiratory chain and MPTP opening.?!® Opening of the MPT pores
leads to unlimited proton movement across the inner membrane results in uncoupling of oxidative
phosphorylation and further worsening of ATP production and ROS generation. Arsenic significantly
increased the outer membrane mitochondrial damage, another phenomenon which results in

cytochrome c release.?!?
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3.1.4. Reactive oxygen species generation

Reactive oxygen species created during oxidative stress, results in cytotoxicity and apoptosis.?2° All
the controls produced the desired results. The vehicle control did not differ significantly from the
negative control. The positive control, however, induced ROS significantly by 133% in both cell

lines tested (Figure 11).
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Figure 11: Reactive oxygen species levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the
negative, vehicle (deionized water/medium mixture 1:4) and positive (AAPH, 1 mM) controls. Comparison to

the negative control: *** p<0.001.

Although mitochondrial depolarisation occurred when cells were exposed to As, ROS generation was
not increased. On the contrary, As decreased ROS levels in HepG2 cells by 28%, 44% and 57%, when
treated with ICys, ICs0 and IC75s concentrations of As, respectively (Figure 12A). In the SH-SY5Y cell line

ROS was reduced by 30%, 45% and 62%, respectively by the corresponding As concentrations (Figure
12B).
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Figure 12: Reactive oxygen species levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the ICys,

ICso and IC7s of As. Comparison to the negative control. *** p<0.001.

Contrary to the current results, As has been found to induce ROS production both in vitro ascites
hepatoma AS-30D cells??> 222 and in vivo Male Dunkin—Hartley guinea pigs.??" 222 The reduction in
ROS levels in the current study could have resulted from biphasic effect on ROS levels or possible
reductive stress from GSH. Cellular oxidative stress and ROS generation have been implicated as the
possible mechanism for the toxicity noted after As;Os treatment in human hepatocellular carcinoma
cells.??3 Sodium arsenate (0.01 to 3 mg/L) was reported to increase cellular oxidative stress in murine
keratinocytes in a dose-dependent manner after 15 min of treatment. This effect was checked by
rotenone, indicating that As induces mitochondria to produce intracellular ROS.?!* However, in U937
cells, Oy production, which was increased in the early stages of apoptosis by As,03, was arrested
by pre-treatment with NAC.?'# Intracellular ROS generation was found to be dose-dependent in

Chang human hepatocytes exposed to As.??®

3.1.5. Reduced glutathione levels

To eliminate the detrimental effects induced by ROS, cells employ cellular mechanisms to eradicate
free oxygen species. Reduced glutathione is such an antioxidant, that reduces cellular ROS, thereby
preventing excessive oxidation.??* All controls delivered expected results, indicating that the assay

worked. Although the vehicle control did not significantly differ from the negative control, the
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positive control reduced GSH significantly (p < 0.05) by 90% and 94% in the HepG2 and SH-SY5Y cell

lines, respectively (Figure 13).
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Figure 13: Glutathione concentration in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to negative
(medium), vehicle (deionized water/medium mixture 1:4) and positive control (n-Ethylmaleimide, 25 uM).

Comparison to the negative control: *** p<0.001.

The GSH was reduced by 35%, 64% and 94% in HepG2 cells, when exposed to the ICys, 1C50 and 1C7s
of As, respectively. These results paralleled those observed for cell density. No reduction in AWm
was noted when cells were treated with 1Czs5 or ICso of As. The latter may explain the mitochondrial
toxicity noted at high As concentrations. Although there was an absence of mitochondrial toxicity at
lower concentrations, a reduction in cell density, ATP and GSH levels was found. A 47%, 67% and 96%
reduction in GSH levels was observed in SH-SY5Y cells exposed to ICzs, ICso and IC7s concentrations
of As. Furthermore, there was a dose dependent reduction in GSH levels (Figure 14), which paralleled

the results obtained for cell density, ATP and AWm.
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Figure 14: Glutathione concentration in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the I1C;s, ICso
and ICss of As. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.

Less than 50% reduction in GSH was observed after 24 h exposure to 0.5 mg/L and 10 mg/L As;0szin
HepG2 cells.’®? In the current study, 5.6 mg/L and 1 mg/L of As reduced GSH levels to 50% in both
HepG2 and SH-SY5Y cells. Time-dependent inhibition of GSH, mediated by the ¢0;, was previously
demonstrated in isolated rat hepatocytes exposed to As;03.22° The level of intracellular GSH in U937
cells was found to decrease in a time-dependent manner after exposure to 9.9 mg/L As;03%!*
Trivalent arsenicals form complexes with thiol-containing molecules such as GSH and cysteine in
vitro,*?® which would explain the decreased levels of GSH. Inorganic arsenites to the thiol groups of
enzymes and proteins, and thereby inhibit important biochemical events which results in
cytotoxicity. Arsenite readily transforms from a (GSH)3-arsenic complex to the dithiol 2,3-

dimercaptosuccinic acid, which has a higher affinity for dithiols than monothiols.??’

3.1.6. Caspase 3/7 activity

The positive control increased caspase 3/7 activity by 2645% and 2369% in HepG2 and SH-SY5Y cells,
respectively, whereas no effect was evident after treatment with the vehicle and negative controls

(Figure 15). An increase in caspase 3/7 activity is indicative of cellular toxicity.
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Figure 15: Caspase-3/7 activity in (A) HepG2 and (B) SH-SY5Y cells after treatment with negative (medium),
vehicle (deionized water/medium mixture 1:4) and positive control (Camptothecin 40 uM) for 24 h.

Comparison to the negative control: *** p<0.001.

Caspase-3/7 increased to 159% when treated with an ICzs concentration of As and 126% with 1Cso
concentration of As. The caspase-3/7 activity in HepG2 cells was further increased to 132% after
exposure to an ICss concentration of As (Figure 16A). Caspase-3/7 activity was increased by 141%,
198% and 144% in SH-SY5Y cells when exposed to ICys, ICso and IC7s concentrations of As showing
biphasic effect (Figure 16B).
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Figure 16: Caspase-3/7 activity in (A) HepG2 and (B) SH-SY5Y cells after treatment after 24 h exposure to the

ICzs, ICso and IC7s of As. Comparison to the negative control. ** p<0.01, * p<0.05.
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In hepatocellular carcinoma cells, the activity of caspase-3/7 was evident at 0.1 mg/L concentration
of As;03 after 24 h exposure.??> Chromatin condensation after 24 h suggest that As,03 caused cell
death via an apoptotic process.?? Sodium arsenite at 3.9 mg/L, was reported to induce apoptosis in
human epidermoid carcinoma A431 cells and EA.hy926 cells after 24 h exposure.??® As;0s.induced
apoptosis is related to ROS production in HepG2 cells, as evident from the increase in the percentage
of apoptotic cells.?'? Apoptotic cells were already detected within 6 h of treatment with 10 mg/L
As;03 and after 12 h 86% of cells were apoptotic. Arsenic trioxide has been reported to induce

apoptosis in U937 cells, by activating p38 and inactivating ERKs.?!°

Both early and late apoptosis, as well as necrosis was induced by NaAsO; after 24 h treatment.
NaAsO; treatment induced apoptosis in a dose dependent manner.?!> The percentage necrotic cells
was only significantly (p<0.05) increased in cells treated with 3.9 mg/L NaAsO. Results obtained from
Western blot analysis has indicated that NaAsO; induced the cleavage of caspase-3 (17-kDa
fragments) and PARP (89-kDa fragments), which are two hallmarks of apoptosis.?*> In Chang human
hepatocytes, a noticeable loss in AWm occurred in cells exposed to NaAsO,. Moreover, a dose-
dependent decrease in the mitochondrial cytochrome C level, with a concomitant increase in the
corresponding cytosolic fraction, was observed when cells were incubated with NaAsO. In addition,
it was noted that NaAsO; increased cleavage of caspase-3 and PARP in a dose-dependent manner.?>
All these changes suggest that the mitochondrial pathway is involved in NaAsOz-induced apoptosis
in Chang human hepatocytes. The elevation of ROS production and MDA levels coincided with the
increase in percentage apoptotic cells, collapse of the AWm, release of cytochrome C, and cleavage
of caspase-3 and PARP.?'> Furthermore, pre-treatment with NAC effectively prevented oxidative
stress as well as inhibited the apoptotic events.?!> Intracellular GSH elevation, instead of GSH
depletion, was observed as the percentage apoptotic cells increased when treated with NaAsO,.2%
The extracellular addition of NAC, the known precursor of GSH and an antioxidant, increased the
level of intracellular GSH. Combined, the results obtained after treating Chang human hepatocytes
with NaAsO,, indicate that the arsenic-induced apoptosis is mainly dependent on the generation of
intracellular ROS, and not on depletion of endogenous intracellular GSH.2*> Although the elevation
of GSH levels was observed when NAC treatment was administrated, the decrease in apoptotic cells

may mainly result from the elimination of intracellular ROS by thiol antioxidants.?!> Mitochondria do
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not appear to be involved in arsenic-induced apoptosis in HepG2 cells*'* which is also evident from
our study. The ICzs and ICso of As did not depolarize AWm in HepG2 cells but reduced cell density and

GSH levels were observed at the same concentrations.

3.2. Cadmium

3.2.1. Cell density

Greater cytotoxicity was noted in the HepG2 (ICsp = 0.43 mg/L; Table 3) cell line than the SH-SY5Y cell
line (ICso = 1.47 mg/L; Table 3). Cell density in the HepG2 cells decreased when treated with Cd at
concentrations >0.25mg/L. The decrease in cell density was dose-dependent, and was 86% when
treated with 2 mg/L Cd (Figure 17A). Cadmium treatment resulted in a dose-dependent decrease in

SH-SY5Y cell density when treated with concentrations 20.5 mg/L (Figure 17B).
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Figure 17: Dose-dependent reduction in cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to Cd
for 24 h. Comparison to the negative control. *** p<0.001, * p<0.05.

Table 3: Inhibitory concentrations of Cd determined after 24 h exposure in the HepG2 and SH-SY5Y cell lines.

Inhibitory concentration HepG2+ SEM SH-SY5Y+ SEM
IC25 (mg/L) 0.22 £2.00 0.68+1.73
ICs0 (mg/L) 0.43+1.40 1.47 +1.34
IC75 (mg/L) 1.11+2.33 2.08+1.16
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The effects of Cd on the HepG2 and SH-SY5Y cell lines were verified by exposing both cell lines to the
ICzs, ICs0 and ICys of Cd. Both cell lines displayed acceptable reduction of cell density as the statistical

calculations would suggest (Figure 18; Table 3).
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Figure 18: Cell density in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the 1C;s, ICso and 1C7s of Cd.

Comparison to the negative control. *** p<0.001.

Slightly higher 1Cso values have been reported by Dehn and colleagues for HepG2 cells treated with
Cd (ICs01.1 - 1.6 mg/L).2* However, both this study and the study by Dehn et al. indicate the cytotoxic
nature of Cd. In other studies the ICso for Cd in HepG2 cells ranged between 0.9 mg/L and 4.7 mg/L.23%
232 This discrepancy may be due to the use of different assays to determine cytotoxicity. Furthermore,
incubation period affects results, with shorter treatment peroids (3 h) resulting in less cytotoxicity
(1Cs0 of 92 mg/L).23%-232 The latter confirms the time-dependent cytotoxic nature of this metal. Also,
the type of cells has an effect on cytotoxicity. Hepatoma AS-30D cells have been found to be more
resilient to Cd, with cytotoxicity only being apparent at concentrations >18 mg/L.233 After 3 h
exposure to Cd, cytotoxicity was observed in glioma cells with an 1Csp of 73 mg/L.%3* Cadmium has
been reported to cause central and peripheral neurotoxicity. This metal induces cellular damage and

lipid peroxidation in neuronal tissue as a result of the generation of free radicals.?3°

3.2.2. Mitochondrial membrane potential
A similar trend was observed for Cd in the HepG2 and SH-SY5Y cell lines. In the HepG2 cell line, a
reduction of 16%, 39% and 74% in the AWm was observed when exposed to the ICzs, ICsp and ICys of

Cd, respectively (Figure 19A). A similar reduction in the AWm was noted when SH-SY5Y cells were
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treated with the same Cd concentrations (Figure 19B). The decrease in AWm noted would suggest

that there is a direct correlation to the reduction in cell density.
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Figure 19: Mitochondrial membrane potential in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure the
ICzs, ICs0 and IC7s of Cd. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.

The oxidation state of Cd allows for variable mitochondrial toxicity. Cadmium has previously been
reported to decrease AWm in both cancerous and non-cancerous hepatic cells.?3¢237 Cadmium
chloride was found to dissipate AWm at concentrations of 18.3 mg/L (which is higher than the

concentrations tested in the present study) in normal human hepatocytes (NHH) as well as SV40-

immortalized human hepatocytes (IHH).23¢

There was a decrease in the percentage of MRC-5 fibroblasts cells to 67% with low AWm in Cd-treated
cells within 8 h when compared to control.?38 Cadmium induced reduction in AWm was only partially
attenuated by inhibiting of mitochondrial ETC and MPTP. It would appear as if mitochondrial
depolarisation is the initial step in the induction of apoptosis by Cd.?38 Cadmium initially binds to the
thiol groups of proteins in the mitochondrial membrane. The interaction has been found to produce

the conformational changes required for activation of cation uptake, and alter AWm with subsequent

ROS production.?33238239
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3.2.3. Intracellular ATP levels

When the cell lines were exposed to Cd for 24 h, the trend was similar to that detected for As, albeit
being less toxic. Cadmium decreased ATP when exposed to the ICz5 by 39% and by 62% at ICso. There
was an even further decline in ATP at the highest concentration of Cd tested, with a reduction of 88%
(Figure 20A). Mitochondrial toxicity was thus initiated by As in HepG2 cells. The reduction in ATP
levels in SH-SY5Y cells was very high and amounted to 93%, 96% and 96% when exposed to ICs, ICso

and IC7s concentrations of Cd, respectively (Figure 20B).
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Figure 20: Intracellular ATP levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure the ICys, ICso and 1Cys

of Cd. Comparison to the negative control. ** p<0.01.

Cadmium (1.8 to 18 mg/L) decreased the ATP levels and enhanced lipid peroxidation (LPO) in rat
hepatocytes.?*? Incubation of isolated mitochondria with 0.001 to 0.01 mg/L Cd increased formazan
production, indicating enhanced membrane permeability to succinate,?*® with associated diminished
mitochondrial ATP. Lipid peroxidation in mitochondria strongly increased only after Cd-exposures
above 0.2 mg/L Cd.?*° Similarly, in hepatocytes treated with Cd, decreases in ATP levels were found
to correspond to increases in LPO stimulation. Even after treatment of hepatocytes with low Cd-
concentrations the integrity of the mitochondrial membranes were disturbed, concomitantly
impairing the hepatocellular energy supply.?>’ Following treatment of HepG2 cells with Cd,
dissipation of AWm as well as, membrane permeability transition (MPT) and basal respiration

stimulation was noted, which was followed by a decrease in ATP levels.?3’
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Cadmium at 0.9 mg/L reduced ATP levels by 25, 50 and 65 % after 24 h exposure of HepG2, 132INI
and HEK293 respectively.?** The different levels of inhibition of ATP levels at the same concentration
of Cd could be due to difference in cell line. A similar trend was noted in our study where Cd reduced
ATP level by 39% and 88% at 0.22 and 1.1 mg/L concentration after 24 h exposure in HepG2 cells
(Figure 20A). Strong ATP levels inhibition was noted in SH-SY5Y cells and Cd decreased ATP levels by
93% at 0.68 (IC25) and may lead to necrotic cell death (Figure 20D). Incubation of isolated hepatocytes

with 1.8-18 mg/L Cd decreased the ATP levels in a time and concentration-dependent manner.?42

3.2.4. Reactive oxygen species

Reactive oxygen species generation was reduced by 11%, 28% and 45%, respectively in HepG2 cells
treated with Cd at the ICys, ICsp and IC7s5 concentrations (Figure 21). A 30%, 49% and 42% reduction
in ROS was noted in SH-SY5Y cells treated with the respective concentrations of Cd (Figure 21). A
gradual decrease in ROS was noted in the HepG2 cells as the concentration of Cd increased (Figure

21A), whereas the reduction appeared to plateau in SH-SY5Y cells (Figure 21B).
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Figure 21: Reactive oxygen species concentrations in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to

the ICzs, ICso and IC7s of Cd. Comparison to the negative control. *** p<0.001, ** p<0.01.

The AIF translocation was blocked when pre-treated with 2.5 mM NAC, suggesting that ROS
production plays an important role in the apoptogenic activity of Cd.23® Although mitochondrial
toxicity is indicative of ROS generation, this was not observed in our study. Cadmium is known to

generate ROS.?33241 However, the reduction in ROS concentrations has also been observed by other
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investigators. Cadmium has been reported to induce a biphasic effect on ROS generation in AS-30D
cells, stimulating production at 18.3 and 92 mg/L after 3 h, however, this decreased after 24h.%33
Although a 2.9-fold increase in ROS was observed after foetal lung fibroblasts were incubated for 3
h with Cd, levels decreased rapidly within 1 h.?43 After 30 min exposure to Cd?*, a significant increase

in ROS levels was noted in PC12 cells, which however, began normalizing after 24 h exposure.??!

3.2.5. Reduced glutathione levels

HepG2 cells exposed to ICys, ICso and IC75 concentrations of Cd, reduced GSH levels by 40%, 60% and
93%, respectively (Figure 22A). In SH-SY5Y cells, a 40%, 56% and 93% reduction in GSH was observed
(Figure 22B). The reduction in GSH levels was noted to be dose dependent in both cell lines and

related to cell density as well as AWm reduction at all concentrations tested.
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Figure 22: Glutathione levels in (A) HepG2 and (B) SH-SY5Y GSH after 24 h treatment with to the ICzs, ICso
and IC7s of Cd. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.

Cadmium-induced depletion of GSH has been found to result in disturbance of the redox balance,
thereby leading to oxidative stress.?** In HepG2 cells and primary rat hepatocytes, Cd decreased GSH
levels and induced cell death, indicating that disruption of cellular GSH is a key element in the
mechanism of Cd-induced liver damage.?*> At 0.5 mg/L, Cd exposure in HepG2 cells incurred a 20%
GSH loss, with an ICso of 1 mg/L.?*> These results support the current findings that low concentrations
of Cd (0.22 mg/L in HepG2 cells; 0.68 mg/L in SH-SY5Y cells) reduce GSH levels (Figure 22). In HaCaT
cells, Cd (2.7, 9.2 and 18.3 mg/L) decreased the GSH/GSSG ratio, which is indicative of oxidative
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stress.?** Cadmium has a high affinity for thiols, including GSH.?*¢ Contrary to the above findings, it
has also been reported that Cd only induces detriments to the GSH/GSSG at high concentrations (110
mg/L in HepG2 cells; 18.3 mg/L in C6 glioma cells).?34 Proteins containing SH-groups, such as GSH,

are known to be oxidized by Cd.?*’

3.2.6.Caspase 3/7 activity

Caspase-3/7 activity in HepG2 cells was increased by 137%, 151% and 130%, respectively when
exposed to 1Cys, ICsp and IC7s concentrations of Cd (Figure 23A). In SH-SY5Y cells, caspase-3/7 activity
was increased by 217%, 284% and 234% when exposed to similar concentrations of Cd (Figure 23B).
The increase in caspase 3/7 activity in SH-SY5Y cells was nearly double that observed in HepG2 cells

at the same concentrations tested.
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Figure 23: Caspase 3/7 activity in (A) HepG2 and (B) SH-SY5Y after exposure to the ICys, ICso and 1C7s of Cd for

24 h. Comparison to the negative control. ** p<0.01, * p<0.05.

Cadmium has been found to induce apoptosis in leukemia and lymphoma cells,?* renal epithelial
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cells,?* proximal tubule cells,?*° lung epithelial cells,?>! as well as the liver,?> testis?>3 and prostate.*?

Caspase-9 is an enzyme that plays a specific role in programmed cell death. This enzyme is known to
be activated after collapse of the mitochondrial membrane potential, formation of the permeability
transition pore, and release of cytochrome C from mitochondria.?>* Caspase-9 has been reported to

be activated in C6 cells after treatment with 0.9-1.8 mg/L CdCl, for 48 h.%>> As Cd was found to
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decrease the mitochondrial membrane potential in C6 cells, it was postulated that it induces

apoptosis via the mitochondrial pathway?>> 2°6 which is also confirmed by our findings.

Fluoresence microscopy of HepG2 cells treated with 3.7 mg/L CdCl; for 24 h showed the typical
morphology of apoptosis (cytoplasmic shrinkage, rounding, and loss of cell-to-cell contact).?3? These
nuclear changes were visualized using Pl and Hoechst 33342 staining.?3? Apoptotic cells were found
to contain condensed nuclear fragments and irregular aggregation of chromatin. Furthermore, some
cells were found to detach from the monolayer and were observed floating in the culture medium.

After 48 h of treatment, cells exhibited characteristic features of necrosis.?32

Apoptosis induced by Cd is generally thought to be mediated by mitochondria and primarily by the
binding of Cd to thiol groups in mitochondrial resulting in mitochondria dysfunction and subsequent
toxicity. The mitochondria derived protein, endonuclease G (Endo G) has been identified as the
potential caspase-independent apoptotic mediator in the human hepatoma cell line, Hep3B.>*’” The
mechanism is said to involve Ca*? and ROS-related alteration of mitochondrial homeostasis with

subsequent release of Endo G and AIF.>7

Cadmium has been demonstrated to inhibit Ca-dependent ATPases in both the nuclei and
endoplasmic reticulum, probably by binding with protein thiol groups.?>® A rise in Ca*?, has been
suggested to cause apoptosis by inducing collapse of the AWM and resulting in oxidative
phosphorylation uncoupling.?>® The Ca*? elevation in hepatocytes treated with Cd may be related to
extracellular Ca entry, whereas the initial Ca*? elevation is proposed to be associated with an
excessive release of Ca from intracellular stores. However, Cd-induced Ca*? elevation was shown to
be attenuated in HL-7702 cells co-incubated with a Ca*? chelator.?>® Therefore, Cd-induced apoptosis
appears to be mediated by the release of Ca*? from intracellular Ca*? storage and not from an influx
of extracellular Ca*2. Cadmium has also been found to cause ER stress in vitro and in vivo and mediate
induction of apoptosis in some tissues.?®% 261 However, no conclusive data is available regarding Cd-

induced ER stress and its relation with hepatocyte apoptosis.2>% 262
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Other authors have demonstrated that Cd induces caspase-independent apoptosis through a
mitochondria-ROS pathway in MRC-5 fibroblasts, providing evidence that mitochondrial ETC and
MPTP play a role in the regulation of caspase-independent cell death triggered by Cd.?*3 After 24 h
treatment with 18.3 mg/L Cd, the apoptosis reached a plateau of ~40.0%. However, pre-treatment
with broad spectrum caspase inhibitor, Z-VAD.fmk, was unable to rescue MRC-5 fibroblasts,
suggesting that Cd might follow a caspase-independent apoptotic pathway.?** Cadmium was found
to induce caspase-independent apoptosis at concentrations between 4.6 to 27.5 mg/L, which was
modulated by ROS scavengers, such as N-acetylcysteine (NAC), mannitol, and tiron. The ROS plays a
crucial role in the apoptogenic activity of Cd. Furthermore, the intracellular H,0, was found to be
elevated 2.9-fold after 3 h of treatment with Cd.?*? Intracellular H,0; levels were found to decrease
within 1 h of incubation.?*? Inhibitors of the mitochondrial electron transport chain (ETC) (oligomycin
A and rotenone for complex | and V, respectively) and mitochondrial permeability transition pore
(MPTP) (cyclosporin A and aristolochic acid), were found to completely or partially abolish ROS

production, AWM depolarization, and apoptotic content initiated by Cd exposure.?*

3.3. Mercury

3.3.1. Cell density

Mercury was more cytotoxic towards SH-SY5Y cells (ICso = 11.99 mg/L; Table 4) than HepG2 cells (ICso
=26.23 mg/L; Table 4). HepG2 cell density decreased after exposure to Hg concentrations 220 mg/L,
with a maximum reduction of 79% observed at 35 mg/L (Figure 24A). In SH-SY5Y cell lines, Hg
decreased cell density significantly (p<0.05) at 25 mg/L Hg (Figure 24B), with a maximum reduction
of 93% observed at 20 mg/L (Figure 24B)
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Figure 24: Dose-dependent reduction of cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to Hg
for 24 h. Comparison to the negative control. *** p<0.001, ** p<0.01.

Table 4: Inhibitory concentrations of Hg determined after 24 h exposure in the HepG2 and SH-SY5Y cell lines.

Inhibitory concentration HepG2 cells+ SEM SH-SY5Y cells
IC25 (mg/L) 2290+1.18 8.45+1.14

ICso (mg/L) 26.23 +1.06 11.99 + 1.08
IC75 (mg/L) 33.04+1.05 14.36 +1.07

The effects of Hg on HepG2 and SH-SY5Y cell lines were verified by exposing both cell lines to the

IC2s, 1Cs0 and 1Cys of this metal. Both cell lines displayed reduction in cell density (Figure 25; Table 4).

(A) (B)

100+

=
o
F

¥¥¥
504 XXX

XX¥
XX¥

Cell density
(Percentage relative to control)

o

Cell density
(Percentage relative to control)
[}

o
1

T T
14 1.0

Log concentration (mg/L) Log concentration (mg/L)

Figure 25: Cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to the ICys, ICso and 1C7s of Hg for 24

h. Comparison to the negative control. *** p<0.001.
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In PC12 adrenal phaeochromocytoma cells, HgCl, was calculated to exhibit an I1Cys of 13.6 mg/mL
after 3 h exposure,?® which is higher than the 1Czs of 8.45 mg/mL obtained in the current study for
the SH-SY5Y cells after 24 h incubation. Mercury (13 mg/L) was reported to reduce the viability of
AS-30D rat hepatoma cells by 90%.232 The reduction in the latter study is higher than was noted in
the current study (79%) and may be ascribed to the difference in cell line. The ICso of Hg was 3.8
mg/L, 12.2 mg/L, 5.4 mg/L and 2.7 mg/L in the HepG2, HEK human embryonic kidney, 1321N1
astrocytoma,?*! and TNBC cell lines,?* respectively. The differences between published and current
ICso’s obtained may be due to type of cells, oxidation- and/or experiment-specific effects that were
different. It is well known that certain cell lines are less affected by HgCl,, such as the PLHC- 1 cell
line, where an ICso of 67.9 mg/L has been reported.?®> The organic form of Hg have been reported to
induce higher cytotoxicity in HepG2 cells, with reduction in cell viability concentrations below 2
mg/L.2%% In comparison, HgzCl> only induced cytotoxicity at levels above 15 mg/L in the same cell line.
The differences noted between organic and inorganic forms of Hg in vitro may explain the differences

noted in the pathology of intoxicated patients.267268

3.3.2. Mitochondrial membrane potential

Mercury decreased AWm in HepG2 cells with a reduction of 29% and 33% for the IC2s and ICs,
followed by a more severe decrease of 60% when treated with the ICss of this compound (Figure
26A). In SH-SY5Y cells the decrease was more gradual (ICas = 20%, 1Cso = 32%, |C75 = 44%) (Figure 26B).

These decreases paralleled that of the cell density reduction observed.
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Figure 26: Mitochondrial membrane potential in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure the

ICzs, ICso and IC7s of Hg. Comparison to the negative control. ** p<0.01, * p<0.05.
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Methyl mercury has been shown to depolarize the mitochondrial membrane in PC12 cells?%® and
astrocytes.?®® The depolarization in the latter cells was induced by lower concentrations of Hg, which
may be ascribed to the organic form of Hg used. Furthermore, MeHg decreased mitochondrial
metabolic function, which was measured by conversion of MTT to formazan at =1 mg/L after 30 mins

of exposure.?’?

In human T-cells, MeHgCl decreased Am. This was accompanied by a decrease in the dimension of
the mitochondria and a loss in cristae architecture.?’* Furthermore, MeHgCl depleted the thiol
reserves in the cell and promoted translocation of cytochrome C from the mitochondria to the
cytosol. It was noted that when T cells were thiol-depleted, there was an increase in apoptosis. A
temporal relationship between the decline in Aym, generation of ROS, and depletion of thiol
reserves was also realised. The profound reduction in Apm and decline in GSH levels occurred within
1 h of treatment. The subsequent further decrease in thiol reserves was linked to the generation of

ROS ultimately leading to activation of death-signaling pathways.?’?

3.3.3. Intracellular ATP levels

The ATP concentration was decreased drastically in HepG2 cells when treated with 1Cy5 (86%) and
ICs50 (90%) concentrations of Hg, being totally abolished (100%) when exposed to IC7s concentrations
thereof (Figure 27A). Although a reduction in ATP levels was noted in SH-SY5Y cells, it was more

gradual (ICas=30%, ICso= 77%, IC75 = 99%; Figure 27B).
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Figure 27: Intracellular ATP levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure the IC3s, ICso and

IC75s of Hg. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.

51



Incubation of synaptosomes with methyl mercury was found to reduce ATP dose-dependently
affecting synaptic neural signalling.?’? In another study, 2.7, 8 and 27 mg/L of Hg reduced ATP levels
in a dose dependent manner and Hg was found to be more potent than Cu at the same
concentrations in inhibiting ATP in the isolated perfused rat liver preparation.?’3 A similar trend was
noted in our study in both HepG2 with 86% and SH-SY5Y cells with 30% reduction in ATP levels at
22.90 and 8.45 mg/L of Hg respectively (Figure 27).

3.3.4. Reactive oxygen species

The ROS was reduced in a dose-dependent manner in both HepG2 and SH-SY5Y cells, when exposed
to Hg (Figure 28). The highest percentage of reduction was achieved, as expected, after treatment
with the ICs5 concentration, which accounted for 51% and 46% reduction in ROS activity in the HepG2

and SH-SY5Y cells, respectively.
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Figure 28: Reactive oxygen species levels in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the ICys,

ICs0 and 1C7s of Hg. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05

Reduced ROS levels have also been described in PC12 and AS-30D cells after exposure to Cd and
Hg.233 263 This reduction was attributed to an almost complete blockage of cellular respiration.?33 263
These results support the current findings, which suggest a biphasic response to heavy metal
exposure. Short incubation periods would appear to increase ROS generation, whereas, during
longer incubation periods the ROS decrease is counteracted, possibly initiating protective

measures.?’!
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3.3.5. Reduced glutathione levels

HepG2 cells exposed to Hg at the ICzs, ICs0 and I1C75 reduced GSH by 28%, 59% and 99%, respectively
(Figure 29A), while in SH-SY5Y cells, a reduction of 44%, 64% and 99% was observed (Figure 29B).
The reduction in both cell lines was dose dependent, with virtually total inhibition (99%) of GSH when
treated with the IC;5 concentration of Hg. This reduction in GSH levels correlates with the reduction

in cell density as well as the loss in Apm.
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Figure 29: Glutathione concentration in (A) HepG2 and (B) SH-SY5Y cells after 24 h exposure to the ICys, ICso
and ICss of Hg. Comparison to the negative control. *** p<0.001, ** p<0.01.

Both GSH and GSSG levels have been found to be decreased in primary rat neonatal astrocytes
exposed to MeHg (>1.2 mg/L) for 6 h.2’4 Similarly in HepG2 cells MeHg (2 mg/L) decreased GSH.25¢

Mercury 8 mg/L reduced GSH levels by 75% in HepG2 cells after 24 h exposure?’> which is higher
than obtained in the current study for the HepG2 cells after 24 h (59% at 26.23 mg/L). Furthermore
Hg has been shown to covalently bind to two GSH molecules causing its excretion from the cells and
thereby further aggravating its toxicity.?’® In human glioma cell line A172 cells, Hg resulted in 34%
reduction in GSH content?’” which is in accordance to our findings in both HepG2 and SH-SY5Y cells
(Figure 29). Mercury in neuroblastoma cells, [Neuro-2A (N-2A)] reduced GSH levels by 50% after 24
h exposure to 1.4 mg/L where as our findings suggested higher levels (8.45 mg/L) were able to reduce
GSH levels by 44% (Figure 29B). This lower toxicity of Hg on GSH levels in our study can be explained

by different cell lines used.
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3.3.6. Caspase 3/7 activity
Mercury decreased caspase-3/7 in HepG2 cells by 85% when treated with both the 1C;s and ICso
concentration thereof (Figure 30A). In contrast caspase-3/7 activity was increased by 320%, 181%

and 327% in SH-SY5Y cells when exposed to ICzs, ICso and 1C7s concentrations of Hg (Figure 30B).
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Figure 30: Caspase-3/7 activity in (A) HepG2 and (B) SH-SY5Y cells after treatment after 24 h exposure to the
ICzs, ICso and IC7s of Hg. Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.

Apoptotic routes of MeHg-induced (2 mg/mL) cell death in HepG2 were investigated by determining
caspase-3, -8 and -9 activities. Although no activation of caspase-8 was observed, caspase-9 activity
increased after 2 h of incubation whereas caspase-3 activity increased immediately and remained
enhanced over the total incubation period of 24 h.?%¢ |n differentiated neuronal WHMES cells, Hg at
very high concentration (81 mg/L) was able to induce caspase-3/72’® where as in our findings;
relatively lower concentration (8.45 mg/L) in SH-SY5Y cells was able to increase activity to 320%

which may have resulted due to difference in cell lines (Figure 30B).

3.4. Heavy metal combinations

3.4.1. Cell density

To assess the effect of combinational cytotoxicity of the heavy metals, two different combinations
were assessed: i) a mixture of the heavy metals at their respective 1Cx’s, IC2s’s and 1Css’s, and ii) a
mixture at the EPA’s MCL ratio for As, Cd and Hg (10:5:2) with As as the reference concentration.

After exposure to the ICy, IC25 and IC3s mixtures, HepG2 cell density was reduced by 93%, 92% and
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96%, respectively (Figure 31A), while SH-SY5Y cells were reduced by 88%, 88% and 91% (Figure 31B).
The reduction in cell density was far greater than that observed for any of the single metals alone,

which may imply that either additive or synergistic activity increases in cytotoxicity occurred.
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Figure 31: Cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to the ICzs, ICso and 1C7s mixtures of
As, Cd and Hg for 24 h. Comparison to the negative control. *** p<0.001.

After exposure to the EPA mixture, HepG2 cell density was reduced by 45% at 0.5 mg/L reference
concentration of As in HepG2 cells (Figure 32A). This is much higher than the single compounds,
where only 3% or no reduction in cell density was noted after treatment with As (1 mg/L), Cd (0.25
mg/L) with 34% reduction and no reduction in cell density with Hg (10 mg/L). The EPA mixture of 4
mg/mL (with respect to As) reduced cell density by 93% (Figure 32A), whereas As alone at same
concentration (4.01 mg/L) reduced cell density by 25% in the HepG2 cell line (Figure 5A). Moreover,
individual Cd (2 mg/L) reduced cell density by 86% (Figure 17A) whereas Hg at 15 mg/L did not reduce
cell density (Figure 24A).

After exposure to the EPA mixture, cell density was reduced by 23% at 0.5 mg/L reference
concentration of As in SH-SY5Y cells (Figure 32B), whereas individual As exposure (1mg/L) reduced
cell density by only 4% (Figure 5A). Cadmium as a single compound (0.25 mg/L) at 0.5 mg/L reference
concentration of As, reduced cell density by 23% (Figure 17B). Mercury alone at a concentration of
2.5 mg/L led to a reduction in cell density of 3% (Figure 24B) showing similar toxicity of As, Cd and

Hg when in EPA mixture and individually. The EPA mixture (4 mg/mL) with respect to reference
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concentration of As, reduced cell density by 93% (Figure 32B), while As alone at the same
concentration of the mixture (4 mg/L) reduced cell density by 84% in the SH-SY5Y cell line (Figure
5B). Moreover, individual Cd (2 mg/L) at 4 mg/L reference concentration of As, reduced cell density
by 73% (Figure 17B) whereas Hg as a single compound, but higher concentration (2.5 mg/L) reduced

cell density by 1% (Figure 24B) which implies antagonism is taking place.
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Figure 32: Dose-dependent reduction of cell density in (A) HepG2 and (B) SH-SY5Y cells after exposure to EPA
mixtures with respect to As for 24 h.Cadmium and Hg concentrations are according to the EPA ratio of As, Cd

and Hg (10:5;2). Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.

3.4.2. Mitochondrial membrane potential

Combinations of metal mixtures displayed greater mitochondrial toxicity than the metals alone
(Figures 33-34). The effects were most prominent in the HepG2 cell line (Figure 33A). The ICy, ICas
and IC3s combinations reduced AWm by 65%, 72% and 93%, respectively, in HepG2 cells. In SH-SY5Y
cells, ICy, 1C25 and 1C35 combinations reduced AWm by 29%, 41% and 64%, respectively. A gradual
reduction in AWm was noted in both cell lines. Given the cell density results, it appears that
mitochondrial toxicity contributes to the effects seen. However, the increased depolarisation up to

the ICss did not alter the level of cell density reduction observed at lower concentrations.
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Figure 33: Mitochondrial membrane potential in (A) HepG2 and (B) SH-SY5Y cells after exposure to the ICy,

IC2s and ICss mixtures of As, Cd and Hg for 24 h. Comparison to the negative control. *** p<0.001, ** p<0.01,
* p<0.05.

The EPA mixture induced a gradual reduction in AWm which was similar in both the hepatoma and
neuronal cell lines. At 4 mg/L EPA mixture (As as reference), AWm was reduced by 78% in the HepG2
cell line (Figure 34A), while As alone at the same concentration (4.01 mg/L) reduced AWm by only
12% (Figure 8A). The highest concentration of Cd tested alone (1.11 mg/L) was found to reduce the
AWm by 75% (Figure 15A) whereas Hg at a concentration of 22.90 mg/L reduced AWm by 29% (Figure
26A). The EPA mixture thus produced an antagonistic effect. In SH-SY5Y cells, the EPA mixture (4
mg/L) reduced the AWm by 93% (Figure 34B), whereas As alone (2.78 mg/L) reduced AWm by 62% in
the SH-SY5Y cell line (Figure 8B). Cadmium alone at a concentration of 2.08 mg/L reduced AWm by
64% (Figure 15B) showing antagonistic effect of EPA mixture. These results are in accordance with

cell density findings and depolarization of mitochondrial potential paralleled reduction in cell density.
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Figure 34 Dose-dependent reduction of AWm in (A) HepG2 and (B) SH-SY5Y cells after exposure to EPA

mixtures with respect to As for 24 h. Cadmium and Hg concentrations are according to the EPA ratio of As,

Cd and Hg (10:5:2). Comparison to the negative control. *** p<0.001, ** p<0.01.

3.4.3. Intracellular ATP levels

A profound decrease of 93% in the ATP concentration was noticed when HepG2 cells were exposed
to the EPA mixture, containing 4 mg/L As (Figure 35A), compared to a 68% reduction when treated
with 4.01 mg/L As only (Figure 10A). In SH-SY5Y cells, ATP levels were decreased by 96% by the EPA
mixture (with respect to As 0.5 mg/L), whereas As alone (0.94 mg/L) reduced ATP level by 97% (Figure
10B). Both the cell lines were very sensitive to the metal mixture, almost completely inhibiting ATP
levels indicating cell death from apoptotic to necrotic pathways. The mixture toxicity in both cell lines

was parallel to cell density and mitochondrial damage.
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Figure 35: Dose-dependent reduction of ATP levels in (A) HepG2 and (B) SH-SY5Y cells after exposure to

EPA mixtures with respect to As for 24 h. Cadmium and Hg concentrations are according to the EPA ratio of

As, Cd and Hg (10:5;2). Comparison to the negative control. *** p<0.001, ** p<0.01, * p<0.05.
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3.4.4. Reactive oxygen species
In HepG2 cells, ROS was reduced by 74%, 84% and 85% at the ICy, IC25 and 1C3s mixture respectively

(Figure 36A). In the SH-SYS5Y cell line, ROS was reduced by 77%, 80% and 81%, respectively (Figure
36B).
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Figure 36: Reactive oxygen species in (A) HepG2 and (B) SH-SY5Y cells after exposure to the ICy, IC2s and ICss

mixtures of As, Cd and Hg for 24 h. Comparison to the negative control. *** p<0.001.

A decrease of 85% in the ROS level was noted after exposure to the EPA mixture at 4 mg/L (As as
reference), while As alone (4.01 mg/L) only reduced the ROS level by 28% in HepG2 cells (Figure 12A).
The EPA combination reduced ROS levels in HepG2 cells (Figure 37A). In SH-SY5Y cells, a decrease of
62% in ROS was noticed when treated with the EPA mixture with respect to As 2 mg/L (Figure 37B),
with As alone (2.78 mg/L) reducing ROS by the same amount (Figure 12B). This reduction in ROS
levels after metal mixture exposure can be explained by biphasic effect of Cd and Hg on different cell
lines as follows. Cadmium has been reported to induce a biphasic effect on ROS generation in AS-
30D cells,?3 foetal lung fibroblasts?*®* PC12 cells,??! increasing ROS initially and then a profound
decrease was noted in these studies after 24 h. Reduced ROS levels have also been described in PC12

and AS-30D cells when exposed to Hg after 24 h exposure.?33:263
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Figure 37: Dose-dependent reduction of ROS levels in (A) HepG2 and (B) SH-SY5Y cells after exposure to

EPA mixtures with respect to As for 24 h.Cadmium and Hg concentrations are according to the EPA ratio of

As, Cd and Hg (10:5;2). Comparison to the negative control. *** p<0.001, * p<0.05.

3.4.5. Reduced glutathione levels

The IC combinations abolished GSH levels completely in hepatoma and neuronal cells (Figure 38). All

the combinations reduced GSH levels when compared to reduction in GSH levels at individual ICzs of

As, Cd and Hg.
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Figure 38: Reduced glutathione levels in (A) HepG2 and (B) SH-SY5Y cells after exposure to the 1Cy, ICy5 and

IC3s mixtures of As, Cd and Hg for 24 h. Comparison to the negative control. * p<0.001.
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A profound decrease of 99% in GSH level was induced by the EPA mixture with respect to As 4 mg/L
(Figure 39A). The As alone at a similar concentration (4.01 mg/L) reduced GSH levels by a third of
that of the mixture (35%) in HepG2 cells. Cadmium alone at 1.11 mg/L completely inhibited GSH
levels which shows similar effects on GSH levels of metals individually and in combination.

In SH-SY5Y cells, the GSH was decreased by 95% by the EPA mixture with respect to As 2 mg/L. The
As alone, albeit at a higher concentration (2.78 mg/L) reduced ROS levels to the same degree as the

mixture (96%) (Figure 39B).
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Figure 39: Dose-dependent reduction of GSH levels in (A) HepG2 and (B) SH-SY5Y cells after exposure to
EPA mixtures with respect to As for 24 h.Cadmium and Hg concentrations are according to the EPA ratio of

As, Cd and Hg (10:5;2). Comparison to the negative control. *** p<0.001.

3.4.6. Caspase 3/7 activity

An increase (172%) in caspase-3/7 activity was noticed when HepG2 cells were treated with the EPA
mixture with respect to As 0.5 mg/L (Figure 40A). An even higher increase in caspase 3/7 activity was
noted when the cells were exposed to 4 mg/L EPA mixture concentration with respect to As (505%)
The As alone at the same concentration (4.01 mg/L) increased caspase-3/7 activity to 159% in HepG2
cells while Cd at 1.11 mg/L increased caspase-3/7 activity by 130%. Mercury at even higher individual
concentrations reduced caspase-3/7 activity below basal levels: all suggesting higher caspase-3/7

activity by EPA mixture combination when compared to individual metals.
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In SH-SY5Y cells, a profound increase (178%) in caspase-3/7 activity was noticed after treatment with
EPA mixture with respect to As 0.5 mg/L, whereas As on its own (0.94 mg/L) increased caspase-3/7
activity by 141%. Cadmium at 0.68 mg/L alone increased caspase-3/7 activity by 217% showing less
increase in caspase-3/7 activity when exposed to metal mixture. At a concentration of 4mg/L EPA
mixture with respect to As, caspase-3/7 activity increased by 361% (Figure 40B). While As alone at
2.78 mg/L increased caspase-3/7 activity by 144% only and Cd on its own (2.08 mg/L) increased

caspase-3/7 activity by 234% showing similar caspase-3/7 activity by EPA mixture and individual

metals.
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Figure 40: Caspase-3/7 activity in (A) HepG2 and (B) SH-SY5Y cells after exposure to EPA mixtures with
respect to As for 24 h.Cadmium and Hg concentrations are according to the EPA ratio of As, Cd and Hg

(10:5;2). Comparison to the negative control. *** p<0.001, ** p<0.01
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Chapter 4
General Discussion

The aim of the study was to assess the effect of As, Cd and Hg individually and in combination on the
HepG2 and SH-SY5Y neuroblastoma cells as a measure of hepatotoxicity and neurotoxicity,
respectively. The aim was achieved through investigation of individual metals and in combination on
cell density, mitochondrial membrane potential, ATP levels, ROS generation, GSH and caspase-3/7

activity.

In every case of the experiments carried out, the pattern of toxicity remained assiduous, deviating
only in certain conditions. Testing controls in each case gave information on the background while

the heavy metal assays and their combination assays gave information on the toxicity.

Arsenic displayed gradual, dose-dependent cytotoxicity in both cell lines. In the HepG2 cells, 1Cso of
As was determined as 6.71 mg/L and in the SH-SY5Y cells, ICso of 1.19 mg/L suggesting a higher
cytotoxicity in cells of a neural origin. Literature suggest similar finding and the 1Cso of As3* in rat

heart micro vessel endothelial (RHMVE) cells was reported as 4.6 mg/L.2%

Arsenic had minimal effects on HepG2 AWm at the ICs and 1Cso (~¥12%), with a significant (p<0.05)
reduction of 45% at the ICss. Depolarisation may thus be of lesser consequence at lower
concentrations in HepG2 cells. In contrary, literature showed depolarization of AWm after treatment
with 1 mg/L and 3 mg/L As,03 by 34% and 57%, respectively.?'> A gradual, tapered reduction was
observed in the SH-SY5Y cell line from the ICys5 to ICs5 (25% to 62%). This decline parallels the
reduction in cell density in the SH-SY5Y cell line, suggesting a greater relation between the two
parameters. Thus SH-SY5Y cells are more susceptible to mitochondrial toxicity induced by As. Arsenic
profoundly decreased ATP at ICas by 68%, ICso by 77% and by 87% at I1Css. The latter is indicative of
mitochondrial toxicity in HepG2 cells. In the literature, a similar trend was noted in the wild type
mouse embryonic fibroblasts cells where 2 mg/L As,03 after 16 h exposure, decreased ATP levels by
30%.%18 The ATP levels were almost completely reduced by 98%, 97% and 98% in SH-SY5Y cells when

exposed to the ICzs, ICso and IC75 concentrations of As indicating necrotic cell death. Although
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mitochondrial depolarisation occurred when cells were exposed to As, ROS generation was not
increased in both cells. On the contrary, As decreased ROS levels in HepG2 cells by 28%, 44% and
57% and in the SH-SY5Y cell line ROS was reduced by 30%, 45% and 62%, respectively by the
corresponding As concentrations suggesting biphasic effect as found in literature. The GSH was
reduced by 35%, 64% and 94% in HepG2 cells, when exposed to the ICzs, ICso and ICys of As,
respectively. Similar findings were found in literature where less than 50% reduction in GSH was
observed after 24 h exposure to 0.5 mg/L and 10 mg/L As,03in HepG2 cells.'®? Although no reduction
in AWm was noted when cells were treated with 1Czs or 1Cso of As but the latter may explain the
mitochondrial toxicity noted at high As concentrations. Although there was an absence of
mitochondrial toxicity at lower concentrations, a reduction in cell density, ATP and GSH levels was
displayed. A 47%, 67% and 96% reduction in GSH levels was observed in SH-SY5Y cells exposed to
IC2s, ICs0 and 1C75 concentrations of As, which paralleled the results obtained for cell density, ATP and
AWm. Caspase-3/7 increased to 159% , 126% and 132% after exposure to 1Czs, 1Cso and ICys
concentration of As respectively. Caspase-3/7 activity was increased by 141%, 198% and 144% in SH-
SY5Y cells when exposed to IC;s, ICso and 1C75 concentrations of As showing biphasic effect in SH-SY5Y
cells. Similar trend was found in literature where Sodium arsenite at 3.9 mg/L, was reported to induce

apoptosis in human epidermoid carcinoma A431 cells and EA.hy926 cells after 24 h exposure.??®

Greater cytotoxicity was noted in the HepG2 cells after Cd exposure (ICso = 0.43 mg/L) than the SH-
SY5Y cells (ICso = 1.47 mg/L) in contrast to As which showed more toxicity towards SH-SY5Y cells.
Slightly higher ICso values have been reported by Dehn and colleagues for HepG2 cells treated with
Cd (ICs01.1 - 1.6 mg/L).2* However, both this study and the study by Dehn et al. indicate the cytotoxic
nature of Cd. In other studies the ICso for Cd in HepG2 cells ranged between 0.9 mg/L and 4.7 mg/L.23%
232 Cadmium was found to be the most toxic among all three metals tested i.e., As, Cd and Hg. In the
HepG2 cell line, a reduction of AWm by 16%, 39% and 74% was noted and similar reduction in the
AWm was displayed when SH-SY5Y cells were treated with 1Czs, ICso and IC75 concentrations of Cd.
The decrease in AWm noted would suggest that there is a direct correlation to the reduction in cell
density. Cadmium has previously been reported to decrease AWm in both cancerous and non-
cancerous hepatic cells.?36237 Cadmium decreased ATP when exposed to the 1Cas by 39%, by 62% at

ICso and by 88% at IC7s. The trend was similar to that detected for As, albeit being less toxic. The
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reduction in ATP levels in SH-SY5Y cells was very high and amounted to 93%, 96% and 96% when
exposed to ICyzs, ICsp and ICys concentrations of Cd, respectively indicating necrotic cell death. In
literature, similar findings were observed with Cd at 0.9 mg/L reduced ATP levels by 25, 50 and 65 %
after 24 h exposure HepG2, 132INI and HEK293 respectively.?*! The different levels of inhibition of
ATP levels at same concentration of Cd could be due to difference in cell line. A gradual decrease in
ROS was noted in the HepG2 cells as the concentration of Cd increased whereas the reduction
appeared to plateau in SH-SY5Y cells. Cadmium has been reported to induce a biphasic effect on ROS
generation in AS-30D cells, stimulating production at 18.3 and 92 mg/L after 3 h, however, this
decreased after 24h.233 The reduction in GSH levels was noted to be dose dependent in both cell lines
and related to cell density as well as AWm reduction at all Cd concentrations tested which is
supported by literature findings.?*> Caspase-3/7 activity in HepG2 cells was increased by 137%, 151%
and 130%, respectively when exposed to ICys, ICso and 1C75 concentrations of Cd. In SH-SY5Y cells,
caspase-3/7 activity was increased by 217%, 284% and 234% when exposed to similar concentrations
of Cd which is found in literature.'*>2>2 The increase in caspase 3/7 activity in SH-SY5Y cells was

nearly double that observed in HepG2 cells at the same concentrations tested indicating apoptosis.

Mercury was more cytotoxic towards SH-SY5Y cells (ICso = 11.99 mg/L) than HepG2 cells (ICso = 26.23
mg/L). Mercury was found to be the least toxic among all three metals tested. Similar toxicity was
found in literature when in PC12 adrenal phaeochromocytoma cells, HgCl, was calculated to exhibit
an ICys of 13.6 mg/mL after 3 h exposure,?%® which is higher than the ICs of 8.45 mg/mL obtained in
the current study for the SH-SY5Y cells after 24 h incubation. Mercury decreased AWm in HepG2 and
SH-SY5Y cells in a dose dependent manner showing mitochondrial toxicity which may lead to
apoptotic cell death. Methyl mercury has been shown to depolarize the mitochondrial membrane in
PC12 cells?®® and astrocytes?®® which is similar to our study. The ATP concentration was almost
completely inhibited in HepG2 cells at all Hg concentrations tested suggesting a necrotic cell death.
Although a reduction in ATP levels was noted in SH-SY5Y cells, it was more gradual (IC25 = 30%, ICso=
77%, 1C75 = 99%) which is also supported by literature.?’2 The ROS was reduced in a dose-dependent
manner in both HepG2 and SH-SY5Y cells, when exposed to Hg which might have resulted due to
biphasic effect (after Initial increase in ROS, there is second phase of decline after 24 h) which is

supported by literature.?332%3  The GSH levels reduction in both cell lines was dose dependent, with
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virtually total inhibition (99%) of GSH when treated with the 1Cs5 concentration of Hg. This reduction
in GSH levels correlates with the reduction in cell density as well as the loss in Aym. Mercury 8 mg/L
reduced GSH levels by 75% in HepG2 cells after 24 h exposure?’> which is similar to our findings.
Mercury decreased caspase-3/7 in HepG2 cells from basal level at all concentrations tested. In
contrast caspase-3/7 activity was increased by 320%, 181% and 327% in SH-SY5Y cells when exposed

to 1Czs, ICso and IC7s concentrations of Hg, supported by literature finding.2’®

Except for their dose dependent nature in causing toxicity, the metals also showed a comparable
similarity in the amount of toxicity caused. A strong deviation is hardly observed when the toxicity
of the three individual metals are independently observed and compared. However, this trend was

not the same when the toxicity of the combination of metal mixtures was tested on each parameter.

After exposure to the ICy, IC25 and IC3s mixtures, cell density was almost completely reduced in both
cell lines. The reduction in cell density was far greater than that observed for any of the single metals
alone, which may imply that combinational activity increases the cytotoxicity. After exposure to the
EPA mixture, cell density was reduced by 45% at 0.5 mg/L reference concentration of As in HepG2
cells. This is a much higher reduction than the single compounds when tested at similar or even
higher concentrations than the EPA mixture. The EPA mixture of 4 mg/mL (with respect to As)
reduced cell density by 93% which is less than individual metal reduction at similar concentrations.
At 0.5 mg/L reference concentration of As in EPA mixture, reduction in cell density was similar to
individual toxicity of As, Cd and Hg in SH-SY5Y cells. A similar trend was noted in SH-SY5Y cells,
whereas higher concentrations of the EPA mixture than that of HepG2 cells occurred, suggesting an
antagonistic effect. Combinations of metal mixtures displayed greater mitochondrial toxicity than
the individual metals alone. The effects were most prominent in the HepG2 cell line. Given the cell
density results, it appears that mitochondrial toxicity contributes to the effects seen. However, the
increased depolarisation up to the ICss did not alter the level of cell density reduction observed at
lower concentrations. Both the cell lines were very sensitive to metal mixture, almost completely
inhibiting ATP levels indicating cell death from apoptotic to necrotic pathways. The toxicity of the

mixture in both cell lines paralleled the cell density and mitochondrial damage noted.
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In HepG2 cells, ROS was reduced by 74%, 84% and 85% at the IC0, IC2s and ICss, respectively. In the
SH-SY5Y cell line, ROS was reduced by 77%, 80% and 81%, respectively. This reduction in ROS levels
after exposure to the metal mixtures can be explained by the biphasic effect of Cd and Hg on different
cell lines; AS-30D cells,?3? foetal lung fibroblasts?*® PC12 cells,??! were an increase in ROS is initially
found followed by a profound decrease after 24 h. The IC combinations abolished GSH levels
completely in hepatoma and neuronal cells. All the EPA combinations reduced GSH levels in dose
dependent manner which is parallel to cell density, Apm and ATP levels. A profound increase (172%)
in caspase-3/7 activity was noticed when HepG2 cells were treated with the EPA mixture with respect
to As 0.5 mg/L. An even higher increase in caspase 3/7 activity was noted when the cells were
exposed to 4mg/L EPA mixture concentration with respect to As (505%) suggesting some

combinational effect.

The effects of two experimental metal mixtures of As, Cd and Hg (EPA mixture and IC mixture) on the
different parameters (cell density, mitochondrial membrane potential, glutathione levels), were
more prominent than those of any individual metal. Understanding how metal mixtures affect health
is critical to determine treatment strategies. Although in vitro experiments shed light on the cellular
pathways leading to cell death after exposure to metal mixtures, further assessment of biological

pathways and their relation to the in vivo environment is needed.
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Chapter 5
Conclusion

This study examined the toxic effects of heavy metals (As, Cd, and Hg) individually and in combination
on HepG2 hepatocarcinoma and SH-SY5Y neuroblastoma cell lines. In conclusion, both single
compounds and metal mixtures have potential for cytotoxicity. Single compounds like As and Hg
showed greater toxicity in cells of neural origin compared to Cd that showed higher toxicity in HepG2
cells. Mitochondrial toxicity and ATP inhibition was significant when cells were exposed to As, Cd and
Hg which is indicative of shifting cell death mechanism from apoptotic to necrotic cell death. Almost
complete inhibition of GSH levels was observed for all three metals and their combinations, showing
marked depletion of antioxidant stores of cells. Caspase-3/7 activity was increased for all the metals
indicating apoptotic cell death pathways except for Hg where it decreased below basal level. Overall,
Cd was found to be the most toxic among all three metals tested while Hg induced toxicity at

relatively higher concentration in both cell lines.

The increased reduction in cell density in the presence of EPA mixture compared to single
compounds suggest that compounds may act upon one another to increase toxic potential of
individual metals. However, reduced cytotoxicity after exposure to higher concentrations of EPA
mixture might be due to an antagonistic effect when compared to these individual metals. It can also
be proposed that apoptotic and necrotic pathways prompted cell death due to mitochondrial
damage and inhibition of ATP levels. A profound increase in caspase-3/7 activity was determined for
EPA mixture indicating apoptotic pathways in both cells. The increased toxicity potential of metal
mixtures warrants the use of in vivo models to fully elucidate toxicity mechanisms and their

interactions which lead to cell death.
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Chapter 6
Limitations of study and recommendations

The first and one of the major limitations is that studies and results were based on a sample of cells
in laboratories. No animal or organ model were used for the experiments. Considering the complex
nature of live biological systems, experiments done under artificial conditions may not give an exact
idea of how the same substance (in this case, heavy metals) may react in a “true” system. Also, a
biological system is associated with a lot of volatile phenomena which may exist in a particular body
type and may hardly show signs in another. Pharmacogenomic properties of a particular organism

also play a hard wired role in processing of foreign materials and were missing in this study.

In @ human body, with such complex organ systems and tissues, experiments one on only two
cancerous cell lines is insufficient to deduce any important details about heavy metals effect on
overall body or organ system. Although it is true that the liver and brain are main target organs of
heavy metals in human; this study gives important points on hepatic and neural cells while totally
ignoring the other cell lines and tissues in the organism system. Also using primary cell lines would

better simulate processes in human body.

Heavy metals were tested after 24 h incubation in our project and results cannot address chronic
toxicity of metals. Most of the heavy metals including As, Cd and Hg have very long half-life in human

and their toxicity occurs after long term exposure.

Only three metals were tested in this study, but there is a possibility of simultaneous exposure to
more heavy metals and at different ratios and concentrations which makes it very difficult to

simulate environmental exposure.

Arsenic, Cd and Hg occur naturally in various organic and in organic forms/states and their toxicity
may differ from each other. Only the most common and prevalent salts were selected but other
abundant forms of these metals might exert toxicity through different mechanism and to a different

extent.

Another limitation was paucity of data that could be used for comparison for our combinations (IC
and EPA mixtures). Only a few studies have been conducted with different combinations; mostly

binary mixtures.
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It is recommended that using an animal model would better help to understand the underlying
toxicity mechanisms. Also, it could be advantageous if both acute and chronic studies are conducted

in animal models and compared to simulate heavy metal toxicity in humans.
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Appendix ll: Reagents and preparation

2,2’-Azobis (2-methylpropionamide) dihydrochloride (AAPH)

2,2’-Azobis (2-methylpropionamide) dihydrochloride was obtained from Sigma-Aldrich (St. Louis,
USA). A 30 mM stock solution was prepared by dissolving 8 mg in 1 mL dimethyl sulfoxide (DMSO),
and storing aliquots at -80°C. Prior to use, the stock solution was diluted to 2 mM with PBS by mixing

50 mL of stock solution with 750 mL PBS.

Adenosine diphosphate reagent
The ADP reagent was prepared by adding 5 puL water to 1 uL ADP Enzyme (Catalog Number
MAK135E).

Adenosine triphosphate reagent

The ATP reagent was prepared by mixing 95 pL of the assay buffer (Catalog Number MAK135A) with
1 pL substrate A (Catalog Number MAK135B), 1 uL co-substrate (Catalog Number MAK135C) and 1
uL ATP enzyme (Catalog Number MAK135D).

Foetal calf serum
Foetal calf serum was procured from PAA (Pasching, Austria) and inactivated for any host serum
complements that might have been present by incubation at 56°C for 45 min. Serum was added to

medium in a ratio of 1:9 to obtain a final concentration of 10% FCS.

Cadmium chloride stock solution (cadmium equivalent to 100 mg/L)
Cadmium chloride was obtained from Sigma-Aldrich (St. Louis, USA) in powder form. Cadmium
chloride (16.32 mg) was dissolved in 100 mL deionized water to make a stock solution equivalent to

cadmium chloride 100 mg/L.

Ham’s F12 medium
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Ham’s F12 medium was obtained from Sigma-Aldrich (St. Louis, USA) in powder form, supplemented
with: 1% non-essential amino acids, 1% L-glutamine. Powder was dissolved in 5 L sterile, deionised
water and sterilised using 0.22 um cellulose acetate filters. The solution was stored at 4°C in 500 mL

bottles after supplementing with 1% penicillin/streptomycin.

Eagle’s Minimum Essential Medium (EMEM)

Powder medium was purchased from Sigma Aldrich (St Louis, USA) and 48 g was dissolved in 5 L
sterile, deionised water. The pH was adjusted to 7.4 by adding 11 g sodium bicarbonate. The solution
was filter sterilized using 0.22 um cellulose acetate filters and stored in 500 mL bottles after adding

1% Penicillin/Streptomycin at 4°C.

5,5,’6,6’-tetrachloro-1,1,3,3’- tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
The JC-1 powder was purchased from Sigma-Aldrich (St Louis, USA). A 1 mM stock solution was
prepared in DMSO and stored at -80°C. The stock solution was diluted to 20 pM in medium to make

a working solution.

Mercury chloride stock solution (mercury equivalent to 100 mg/L)
Mercury chloride was obtained from BDH (Dorset, UK) in powder form. Mercury chloride (13.53 mg)
was dissolved in 100 mL of deionized water to make a stock solution equivalent to mercury chloride

100 mg/L.

Metal mixture stock solution

Stock metal mixture solutions of As, Cd and Hg were made in deionized water representing
concentrations of As, Cd and Hg at 40:20:8 mg/L, respectively. Aliquots of 2 mL, 1 mL and 0.4 mL
from As, Cd and Hg stock solutions were pipetted into a 10 mL volumetric flask, and the volume made
up to 10 mL. The EPA mixture was made according to the EPA MCL ratio of As, Cd and Hg (10:5:2),

with respect to As concentrations of 0.1, 0.5, 1.5, 2 and 4 mg/L.

Monochlorobimane
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Monochlorobimane was purchased from Sigma-Aldrich (St. Louis, USA) in powder form. A 25 mM
stock solution was prepared by dissolving 5 mg in 880 uL DMSO, which was kept at -80°C in 20 pL
aliquots. A 500 uM working solution was prepared by diluting two aliquots in 1.96 mL PBS prior to

use

2’,7’-Dhydrodichlorofluorescene diacetate (H,-DCFDA)

The H,-DCF-DA was purchased from Sigma-Aldrich (St. Louis, USA) in powder form. A 2 mM stock
solution was prepared by dissolving 5 mg DCFDA in 5 mL DMSO. The solution was stored at -20°C. A
20 uM working solution was prepared by adding 40 pL stock solution to 100 pL of medium to obtain

final concentration of 5.7 uM in each well.

Phosphate buffered saline (PBS)
BBL™ FTA hemagglutination buffer was obtained from BD (France) in powder form. A 0.9% solution

was prepared by dissolving 9.23 g per 1 L distilled water. The solution was stored at 4°C.

Penicillin/Streptomycin
Penicillin (10,000 IU) and streptomycin (10 mg/mL) solutions were obtained from BioWhittaker

(Walkersville, USA). Media was fortified with 1% penicillin/streptomycin.

Saponin
Saponin was obtained from Sigma-Aldrich (St. Louis, USA). A 2% solution was prepared by adding 2

g of saponin in 100 mL medium. The solution was stored at 4°C.

Sodium arsenite stock solution (arsenic equivalent to 100 mg/L)
Sodium arsenite was obtained from Merck (Darmstadt, Germany) in powder form. Sodium arsenite
(17.34 mg) was dissolved in 100 mL of deionized water to make a stock solution equivalent to 100

mg/L sodium arsenite.

Trichloroacetic acid
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Trichloroacetic acid was obtained from Merck Chemicals (Darmstadt, Germany). A 50% solution was

prepared in distilled water and kept at room temperature.

Tris-base buffer
Tris-base (10 mM) was prepared by dissolving 2.42 g of Tris base powder in deionized water. The pH

was adjusted with sodium hydroxide to 10.5.

Trypan blue counting solution
Trypan blue was obtained from Sigma-Aldrich (St. Louis, USA) in powder form. Two hundred
milligrams of the powder was dissolved in 50 mL PBS to obtain a 0.4% w/v solution. The solution was

filtered through 0.45 um syringe filters and stored at room temperature.
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