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Abstract

In vitro testing includes both cell-based and cell-free systems that can be used to detect
toxicity induced by xenobiotics. In vitro methods are especially useful in rapidly gathering
intelligence regarding the toxicity of compounds for which none is available such as new
chemical entities developed in the pharmaceutical industry. In addition to this, in vitro
investigations are invaluable in providing information concerning mechanisms of toxicity of
xenobiotics. This type of toxicity testing has gained popularity among the research and
development community because of a number of advantages such as scalability to high
throughput screening, cost-effectiveness and predictive power. Hepatotoxicity is one of the
major causes of drug attrition and the high cost associated with drug development poses a
heavy burden on the development of new chemical entities. Early detection of hepatotoxic
agents by in vitro methods will improve lead optimisation and decrease the cost of drug
development and reduce drug-induced liver injury. Literature highlights the need for a cell-
based in vitro model that is capable of assessing multiple toxicity parameters, which
assesses a wider scope of toxicity and would be able to detect subtle types of

hepatotoxicity.

The present study was aimed at developing an in vitro procedure capable of mechanistically
profiling the effects of known hepatotoxin dichlorodiphenyl trichloroethane (DDT) and its
metabolites, dichlorodiphenyl dichloroethylene (DDE) and dichlorodiphenyl dichloroethane
(DDD) on an established liver-derived cell line, HepG2, by evaluating several different
aspects of cellular function using a number of simultaneous in vitro assays on a single 96
well microplate. Examined parameters have been suggested by the European Medicines
Agency and include: cell viability, phase | metabolism, oxidative stress, mitochondrial
toxicity and mode of cell death (apoptosis vs. necrosis). To further assess whether the
developed method was capable of detecting hepatoprotection, the effect of the known

hepatoprotectant, N-acetylcysteine, was determined.

Viability decreased in a dose-dependent manner yielding 1Cso values of 54 uM, 64 uM and

44 uM for DDT, DDE and DDD, respectively. Evaluation of phase | metabolism showed that
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cytochrome P4501A1 activity was dose-dependently induced. Test compounds decreased
levels of reactive oxygen species, and significantly hyperpolarised the mitochondrial
membrane potential. Assessment of the mode of cell death revealed a significant elevation
of caspase-3 activity, with DDD proving to be most potent. DDT alone induced dose-

dependent loss of membrane integrity.

These results suggest that the tested compounds produce apoptotic death likely due to
mitochondrial toxicity with subsequent caspase-3 activation and apoptotic cell death. The
developed in vitro assay method reduces the time it would take to assess the tested
parameters separately, produces results from multiple endpoints that broadens the scope
of toxicity compared to single-endpoint methods. In addition to this the method provides
results that are truly comparable as all of the assays utilise the same batch of cells and are
conducted on the same plate under the exact same conditions, which eliminates a
considerable amount of variability that would be unavoidable otherwise. The present study
laid a solid foundation for further development of this method by highlighting the

unforeseen shortcomings that can be adjusted to improve scalability and predictive power.

Keywords: Apoptosis, CYP1A1, DDD, DDE, DDT, hepatotoxicity, mechanistic profiling,

mitochondrial hyperpolarisation, necrosis, organochlorine, reactive oxygen species.
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The relationship between drug metabolism and toxicity. Toxicity may occur through accumulation of
parent drug or via metabolic activation, through formation of a chemically reactive metabolite,
which, if not detoxified, can effect covalent modification of biological macromolecules. The identity
of the target macromolecule and the functional consequence of its modification will dictate the

resulting toxicological response.
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Cooperation between various antioxidant enzymes and cofactors. SOD — superoxide dismutase, CAT
— catalase, GSH — glutathione, GSSG — glutathione disulfide, GSH-Px — glutathione peroxidase, GR —
glutathione reductase, y-GCS — y-glutamylcysteine synthase, GS — glutamine synthase, G-6-PD —

glucose-6-phosphate dehydrogenase.

Figure 1.3. 15

[llustration of the two routes of metabolism of DDT to produce either DDE or DDD, showing the

structure of each of the test compounds utilised in this study.

Figure 2.1. 22

Diagram illustrating the scope of toxicity that the chosen parameters are expected to evaluate. As
the concentration of test compound increases one would expect to see different cellular responses
in an attempt to restore homeostasis. Initially, cells should respond by trying to eliminate
xenobiotics through metabolic inactivation (Phase | metabolism). At higher concentrations ROS
generation may occur, originating from either mitochondria or from CYP activity. If the mitochondria
are affected, they may release factors that will initiate apoptotic death via caspase-3. On the other
hand, excessive ROS may result in deactivating caspase activity and lipid peroxidation, which will
lead to cell death by necrosis. The degree of toxicity can then be assessed utilising an assay that
enumerates viable cells. EROD - ethoxyresorufin-O-deethylase, JC-1 - 5,5',6,6'-tetrachloro-1,1',3,3'-

tetraethylbenzimidazolylcarbocyanine iodide, DCFDA - 2'7'-dichlorofluorescein diacetate.
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Figure 2.2. 26

Diagram illustrating the plate setup. Plates were divided into six duplicate column sets, one for each
of the six different assays to be performed and into eight rows, for the blanks, controls and various

concentrations of test compound. Only one compound was tested on a single plate.

Figure 3.1. 33

Histogram density plots of the observed viability data of HepG2 cells exposed to DDT demonstrating
the distributions of the collected data. The control group is a good example of a normal distribution.
The observations did not always follow a normal distribution, especially in the lower ranges of

viability. X-axis represents observed values and Y-axis, the count.

Figure 3.2. 34

Histogram density plots of the observed viability data of HepG2 cells exposed to DDE demonstrating
the distributions of the collected data. The results do not follow a normal distribution. X-axis

represents observed values and Y-axis, the count.

Figure 3.3. 34

Histogram density plots of the observed viability data of HepG2 cells exposed to DDD demonstrating
the distributions of the collected data. Data is non-normal as indicated with distinct multiple peaks

instead of a single peak. X-axis represents observed values and Y-axis, the count.

Figure 3.4. 37

Fitted dose-response curves of viability of HepG2 cells after DDT, DDE and DDD treatment (mean *
SEM). Dark green curves represent the test compounds alone and light green curves, cells pre-
treated with NAC. Curves were obtained by fitting viability results to a four-parameter Hill equation
with variable slope and the following constraints: top = 100 and bottom = 0. Graphs are plotted on

semi-logarithmic axes. Dashed horizontal lines represents Y = 50%. # = p < 0.001, treatment with test
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compound alone compared to controls. $ = p < 0.05, $$ = p < 0.01, $$S = p < 0.001, pre-treatment

with NAC compared to treatment with test compound alone.

Figure 4.1. 47

Scatterplot of EROD assay optimisation for fluorescence substrate concentration. Following 24 h
incubation, after seeding, wells were exposed to different concentrations of 7-ER, ranging from 0.5 -
1000 nM, for 1 h and monitored fluorometrically at Ae, = 520, Aem = 595nm. The green line
represents blank wells and the red line wells with untreated cells. The dashed vertical line indicates
X = 150 nM and the Y-axis represents relative fluorescence intensity (RFl). Values differed

significantly from blanks at all points along the graph with p < 0.01.

Figure 4.2. 48

Boxplot of EROD assay with the addition or absence of the cofactor NADPH. To induced CYP1A1l
activity, cells were exposed to 100 WM omeprazole (except controls) for 24 h before performing the
EROD assay. Groups represented on the X-axis were exposed to O, 100 and 150 nM 7-ER for 1 h and
fluorometrically monitored at Aex = 520, Aem = 595nm. Red boxplots represent wells that received
7-ER only, while green boxplots represent those that received 7-ER as well as 100 nM NADPH. Y-axis

represents relative fluorescence intensity (RFI), ** indicates p < 0.01, *** indicates p < 0.001.

Figure 4.3. 50

Histogram density plots of the observed CYP1A1 data of HepG2 cells exposed to DDT demonstrating
the distributions of the collected data, prior to the removal of outliers detected by Grubb's test. The

X-axis represents observed values and the Y-axis the count or density.

Figure 4.4. 51

Histogram density plots of the observed CYP1A1l data of HepG2 cells exposed to DDT after the
removal of outliers detected by Grubb's test. The X-axis represents observed values and the Y-axis

the count or density.
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Figure 4.5. 54

Graphical representation of CYP1A1 induction in HepG2 cells exposed to DDT (A), DDE (B) and DDD
(C) mean + SEM. *** indicates p < 0.0001 and the dashed horizontal line Y = 100%.

Figure 4.6. 55

CYP1A1 induction in HepG2 cells exposed to DDT (A), DDE (B) and DDD (C) after 1 h pre-treatment
with NAC. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, compared to

corresponding dose with no pre-treatment. Dashed horizontal lines show Y = 100%.

Figure 5.1. 67

Generation of H,0, in HepG2 cells following 3 h exposure to vehicle control vs. AAPH (150 uM) using
DCFDA as ROS probe (mean +SEM) as detected by fluorometry.*** = p < 0.001.

Figure 5.2. 69

Generation of H,0, in HepG2 cells following 3 h exposure to vehicle control vs. AAPH (150 uM) using
DCFDA as ROS probe (mean SEM) as detected by flow cytometry. *** = p < 0.001.

Figure 5.3. 70

Fluorometric detection (endpoint) of H,0, in HepG2 cells following 3 h exposure to DDT (A), DDE (B)
and DDD (C) (mean £SEM). * indicates p < 0.05 and ** p < 0.01 as determined by Mann-Whitney
tests. Graphs (D), (E) and (F) illustrate the corresponding flow cytometry results of DDT, DDE and

DDD, respectively. Dashed horizontal lines represent control values.

Figure 5.4. 71

Raw data (no data manipulation) from three independent experiments showing H,0, generation in
HepG2 cells following exposure to various concentrations of DDT (A), DDE (B) and DDD (C) over a 14
h incubation period (mean +SEM). Dashed vertical lines represent x = 3 h, which is the incubation

period used in all other experiments. RFI = relative fluorescence intensity. AAPH (150 uM) alone

Xi
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induced significant (p < 0.001) ROS generation from 2 h onwards. All test compounds at all tested

concentrations showed no significant difference from the negative control values for the same time.

Figure 5.5. 72

Generation of H,0, in HepG2 cells following 3 h exposure to DDT, DDE and DDD (mean +SEM), with
(light green bars) or without (dark green bars) 1 h NAC pre-treatment. No significant differences

were detected between the groups.

Figure 6.1. 77

[llustration of the electron transport chain and ATP-synthase embedded in the inner mitochondrial
membrane. Electrons enter the system via reduced nicotinamide adenosine dinucleotide (NADH)
and reduced flavin adenosine dinucleotide (FADH,). As electrons are transferred from one
respiratory complex to the next, H+ ions are driven from the mitochondrial cytosol into the
intermembrane space. O, is the final electron receptor, which is reduced to H,0. ATP-synthase is
coupled to this system by the backflow of H+ through the proton channel of ATP-synthase, an

ATPase that works in backwards, forming ATP from ADP and inorganic phosphate.

Figure 6.2. 81

Changes in Ay, detected by JC-1 in HepG2 cells following 1 h exposure to vehicle control vs.
Tamoxifen (150 uM) (mean +SEM). Tamoxifen caused significant hyperpolarisation of the membrane

potential with p < 0.001 (Student’s t-test).

Figure 6.3. 83

Changes in Ay, in HepG2 cells following a 1 h exposure to various concentrations of DDT, DDE and
DDD (mean = SEM) relative to untreated controls. *** = p < 0.001 as determined by Students t-tests

and Mann-Whitney tests. Dashed horizontal lines represent Y = 100%.

xii
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Figure 6.4. 84

Changes in Ay, in HepG2 cells following a 1 h exposure to various concentrations of DDT, DDE and
DDD relative to untreated controls. Dark green bars represent cells exposed to test compounds
alone and light green bars those with a 1 h pre-treatment with NAC (mean + SEM). * = p < 0.05, ** =
p < 0.01 and *** = p < 0.001 as determined by Mann-Whitney tests. Dashed horizontal lines
represent Y = 100%.

Figure 7.1. 94

Active caspase-3 in HepG2 cells following 6 h exposure to Control vs. Staurosporine (11 M) (mean

+SEM). Staurosporine significantly induced caspase-3 activity with p < 0.001 (***).

Figure 7.2. 96

Caspase-3 activity in HepG2 cells following 6 h exposure to DDT (A), DDE (B) and DDD (C) (mean
+SEM). Caspase-3 activity was used as a measure of cell death by apoptosis. Graphs (D), (E) and (F)
represent the Pl staining of cells exposed to DDT, DDE and DDD, respectively. Propidium iodide was
used as a measure of membrane integrity and cell death by necrosis. Dashed horizontal lines
represent untreated control values. Results are given as mean + SEM. ** indicates p < 0.01 and *** p

< 0.001 as determined by Mann-Whitney and Student's t-tests, where applicable.

Figure 7.3. 99

Propidium iodide staining as a measure of membrane integrity in HepG2 cells following treatment

with 0.5% (v/v) Triton X-100 (TX-100) (mean +SEM). *** = p < 0.001.

Figure 7.4. 101

Caspase-3 activity in HepG2 cells following 6 h exposure to DDT (A), DDE (B) and DDD (C) (mean
+SEM). Graphs (D), (E) and (F) represent the Pl staining of cells exposed to DDT, DDE and DDD,
respectively. Caspase-3 activity and propidium iodide were used as a measure of cell death by
apoptosis and necrosis, respectively. Dashed horizontal lines represent Control values. Results are

given as mean + SEM. * indicates p < 0.05, ** indicates p < 0.01 and *** p < 0.001 as determined by
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Mann-Whitney and Student's t-tests, where applicable. Light green bars represent 1 h pre-treatment

with NAC as opposed to dark green bars, which received no pre-treatment.

Figure 8.1. 108

[llustration of the three dimensional structure of DDT demonstrating the two aromatic rings, which

are not within the same plane.

Figure 8.2. 111

Hypothetical mechanism of the acute toxicity of DDT, DDE and DDD in HepG2 cells after 24 h
exposure to 5 - 150 uM of test compound. At high toxin concentrations (> 50 uM), the test
compounds inhibit ATP synthase either directly or through some unknown mechanism(s). In turn,
this elevates Ay, resulting in opening of the mPTP and Cyt C release. In the cytosol, Cyt C associates
with Apaf-1 and pro-caspase 9 to form the apoptosome, which in turn activates Cas-3, leading to cell
death by apoptosis. mPTP = mitochondrial permeability transition pore; Apaf-1 = apoptotic protease

activating factor-1; A, = mitochondrial membrane potential.
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Chapter 1: Literature review

1.1. Introduction

A significant advance in the field of early medicine was Paracelsus’ recognition that all
compounds have the capacity to be poisonous depending upon dosage. This has made
toxicity testing a necessary and critical industry practice to identify and define safety
thresholds for all new potential chemotherapeutics (Niles et al., 2009). As there are a
number of ways in which a substance can induce toxicity in an organism, there are a number
of toxicities that can be tested for with any given substance. Within the scope of life
sciences, toxicity generally refers to cellular toxicity that may result from a number of
adverse alterations at a sub-cellular level. This type of toxicity is usually related to an organ
or tissue type such as the kidney, brain, heart and liver. Apart from direct xenobiotic
cytotoxicity, cardiotoxicity may also be the result of alterations in contractility or ventricular
arrhythmias (Gwathmey et al.,, 2009; Mandenius et al., 2011). Of these, drug-induced
ventricular arrhythmias have received the most attention of late, especially from regulatory
authorities (Mandenius et al., 2011). The reason for this is QT-interval prolongation, which
is associated with the potentially fatal arrhythmia known as torsades de pointes (Liu et al.,

2011).

Other types of toxicity that are not due to cytotoxicity but rather perturbed signalling
between systems within an organism as a whole include developmental toxicity, endocrine
toxicity and allergenicity. In addition to these, there is also genotoxicity, which is related to
genetic mutations and cancer. Collectively, the afore-mentioned serves to demonstrate the
fragility of homeostasis and how easily it can be disrupted by the introduction of

xenobiotics.
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1.2. Safety evaluation

Considerable time, effort and expenses are spent on safety evaluation of pharmaceuticals in
development. Pharmaceutical safety evaluation includes pre-clinical testing, clinical safety
assessment and post-marketing safety evaluation. Pre-clinical testing involves both in vitro
and in vivo safety assessment. The usual sequence of testing involves: in vitro, in vivo animal
testing (rodent + non-rodent), clinical safety evaluation (Phase | - lll trials) and finally post-
marketing safety evaluation (adverse event reporting etc.). At the one end of the spectrum,
clinical and post-marketing safety evaluations provide ‘true’ toxicity data that may be
difficult to explain, whereas in vitro testing that may lack predictive power provides very
specific (mechanistic) toxicological information. This illustrates why all of the afore-
mentioned areas of safety evaluation are necessary to provide comprehensive information

regarding the safety of a particular compound.

In vitro toxicology simply describes a field of endeavour that applies technologies inclusive
of isolated organs, isolated tissues, cell culture, biochemistry, and chemistry to the study of
toxic or adverse reactions to xenobiotics. This type of safety assessment is used principally
for two reasons: 1) to generate more comprehensive toxicological profiles of a compound
and 2) for screening purposes. In vitro methods are invaluable in providing mechanistic
information on toxicological findings for both in experimental animals and in humans and
they are also of potential use for studying local or tissue and target specific effects
(Eisenbrand et al., 2002). Cell-based approaches to toxicity testing generally involves
cytotoxicity testing using one of the many assays that are prevalent in literature such as the
neutral red uptake, dimethylthiazol diphenyltetrazolium (MTT), sulforhodamine B and
lactate dehydrogenase (LDH) leakage assays, to name a few. As with any assay, each have

advantages and disadvantages but all of them are relatively easy and fast to perform.

One area of toxicology in particular for which whole cell cultures are required is
cardiotoxicity, the reason being that intact cells are necessary for researchers to study and
detect xenobiotic-induced arrhythmias. Evaluating cardiotoxicity in vitro is made difficult for

a number of reasons. There is significant interspecies variation and the lack of predictive
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power prevents data derived from animal models being directly extrapolated to humans.
This is further complicated by the fact that human cardiomyocytes are very difficult to
obtain and highly differentiated with extremely low proliferative capacity and rapid loss of
phenotypical characteristics in culture. Apart from the normal cytotoxicity testing, screening
assays in cardiotoxicity also include electrophysiological measurements of action potentials
of the cultured cells, from which the potential of a compound to induce arrhythmias is

deduced (Mandenius et al., 2011).

Cytotoxicity testing has proven to be accurate in predicting lethal human blood
concentrations (Ekwall et al., 1998). Realising that cytotoxicity testing alone has limited
potential in detecting some subtle types of toxicity, researchers have developed cell-based
strategies that examine more than one endpoint (Flynn and Ferguson, 2008; Wu et al.,
2009). Flynn and Ferguson (2008) tested the predictive power of their method and found
good correlation with in vivo data, which is promising for this type of "expanded"
cytotoxicity testing. However, some of the parameters were not very specific with regards
to the endpoint that was examined. For example, rhodamine 123 was used to assess both
mitochondrial effects and P-glycoprotein function in the same cell sample. The question
arises that should a change be detected in this sample, would that be the result of
mitochondria or P-glycoprotein function being affected? Although the advantages of a
multiparametric cell-based model are obvious, minor oversights, such as the example given,

and limited scalability have restricted the use of these techniques for screening purposes.

Apart from cytotoxicity, in vitro testing is also capable of examining the effects that
xenobiotics may have on specific biochemical / signalling pathways at a sub-cellular level,
which may be a difficult proposition in vivo, especially when human tissues are involved.
Recently, commercially available molecular toxicology screening technology has made it
possible to screen xenobiotics for affects they may have on up to 45 molecular pathways in
microplate format (Panas et al.,, 2011). This type of advancement is responsible for the
growing significance of in vitro testing in safety assessment. Furthermore, because this type
of testing is likely to be scalable to high-throughput screening, it may greatly enhance
current understanding of molecular toxicology provided that enough classes of toxic

compounds are screened and data deposited in appropriate databases.
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Databases form a fundamental part of another technique that has gained popularity in
toxicology over the last decade or two - in silico computational toxicology. Quantitative
structure-activity relationship (QSAR) models generate equations by statistically identifying
molecular descriptors and/or sub-structural molecular attributes that are correlated with
toxicity (Kruhlak et al., 2007). This type of toxicity prediction is especially useful when no
previous toxicological information is available with regards to a particular molecule or to
gather some initial information while proper toxicity testing is underway. In the
pharmaceutical industry, computational toxicology is used as a sentinel tool for the early
assessment of the toxicological potential of candidate molecules in lead selection and drug

discovery (Pearl et al., 2001).

1.3. The burden of hepatotoxicity on the pharmaceutical industry

More than 600 drugs have been associated with hepatotoxicity. The clinical picture is
diverse, even for the same drug when given to different patients. The manifestations range
from mild, asymptomatic changes in serum transaminases, which occur at a relatively high
frequency with a number of drugs, to fulminant hepatic failure, which although rare, is

potentially life threatening and may necessitate a liver transplant (Park et al., 2005).

From a pharmaceutical viewpoint toxicology plays a major role during early drug
development, from the initial pre-clinical development of lead compounds through to the
late clinical evaluation (phase lll trials). Between 1992 and 2002, 43%, 25%, and 35% of
drugs undergoing Phase |, Il, and Il studies, respectively, were terminated due to the
development of mostly hepatic injury (Schuster et al., 2005). Also, the most common cause
of drug attrition is drug-induced liver injury and between 1992 and 2002, 27% of market
withdrawals in the United States and the European Union were due to hepatotoxicity
(Lasser et al., 2002; Schuster et al., 2005). The pharmaceutical industry spends more than
USS 20 billion on drug discovery and development per year, with approximately one fifth of
this amount is being used in initial screening assays and toxicity testing. To alleviate this

financial burden, knowledge concerning the early events in drug-induced toxicity is required
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to aid in the decision-making processes during the development of new therapeutic agents
(Hakimelahi and Kodarahmi, 2005). It is desirable to detect toxicity as early as possible,
preferably during the pre-clinical phase, which will aid lead optimisation and subsequently
increase the successful output of the entire process. Boosting the output from drug
development programs is a necessity as there is a global need for faster drug development
and nowhere is this more urgent than in the pharmaceutical field of antibiotics. Resistance
to currently available antibiotics is rising and the arsenal of drugs seems to be shrinking as
the development of novel antibiotics is not able to keep up with the increasing rate of
microbial resistance (Livermore, 2004; Finch and Hunter, 2006; Baiden et al., 2010). Market
withdrawals due to hepatotoxicity of antibiotics like Temafloxacin and Trovafloxacin (Peters,

2005) are only contributing to the problem.

Toxicity testing during preclinical drug development is intended to identify target tissues
and then assess potential risks prior to introduction of new molecular entities into the
human population. The standard regimen is testing at different doses in at least two species
of animals, one rodent (rats or mice) and one non-rodent (dogs, nonhuman primates,
minipigs or rabbits) for at least two weeks of repeated dosing. Although experience has
shown that this regimen “works” most of the time, in many cases hepatotoxicity is detected
later in animal toxicity studies or clinical trials (Ballet, 1997). However, animal testing is
financially burdensome and because hundreds of compounds are synthesized each year, the
cost of animal testing, which may exceed several million dollars to test a single substance

for safety assessment, needs to be reduced (Davila et al., 1998).

1.4. Hepatotoxicity

The clinical patterns of hepatotoxicity are hepatocellular damage, cholestasis, a mixed
hepatocellular and cholestatic injury, and steatosis (Abboud and Kaplowitz, 2007). Clinical
signs relate back to the underlying molecular mechanisms, which can be invoked in
hepatocyte injury induced by a xenobiotic itself or by any of its metabolites, leading to cell

death by necrosis or apoptosis.
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The critical synthetic, metabolic, and detoxifying functions of the liver partly explain its
unique vulnerability to injury by xenobiotics (Hardisty and Brix, 2005; Gomez-Lechon et al.,
2010a). Liver injury can manifest in various ways, with the two main types of injury being
cytotoxicity and cholestasis. The former refers to the death of hepatocytes following loss of
cellular homeostasis mainly due to damage to cellular organelles such as mitochondria.
After the ingestion of sufficient amounts of an intrinsic hepatotoxin the afore-mentioned
damage on a cellular level may then lead to liver injuries such as zonal hepatocellular
necrosis (Tsui, 2003). Cholestatic injury involves reduced formation or secretion of bile.
Most cases of drug-induced cholestatic injury result from a drug- or metabolite-mediated
inhibition of hepatobiliary transporters located in the plasma membranes of hepatocytes

(Pauli-Magnus and Meier, 2006).

Intrinsic hepatotoxins exert toxic effects in all individuals in a predictable, dose-related
manner either directly (active intrinsic hepatotoxins) or following biotransformation (latent
intrinsic hepatotoxins)(Castell et al., 1997). Examples of direct intrinsic hepatotoxins include:
carbon tetrachloride (cytotoxic) and paraquat (cholestatic), whereas latent intrinsic

hepatotoxins include: acetaminophen (cytotoxic) and steroids (cholestatic) (Tsui, 2003).

Unpredictable compound-induced liver damage is termed idiosyncratic hepatotoxicity and is
not dose related. This type of liver injury is mostly attributed to host hypersensitivity and/or
aberrant metabolism. It is usually a result of host genotype that results in either toxic
metabolites or prolonged host exposure due to slow drug/xenobiotic metabolism (Tsui,
2003; Pauli-Magnus and Meier, 2006). ldiosyncratic reactions, which are qualitatively
different from a drug’s pharmacologic activity, are often immunologically mediated and
have a host-dependent component (Peters, 2005). Symptoms may take weeks or months to
manifest and is often characteristic of hypersensitivity-type reactions including eosinophilia
and rash, such as seen with an amoxicillin-clavulinate hepatotoxic reaction. Idiosyncratic

liver injury has been reported for the drugs Isoniazid and Troglitazone (Peters, 2005).

1.5. Molecular mechanisms of hepatotoxicity
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1.5.1. Metabolic activation

The biotransformation of lipophilic compounds into hydrophilic derivatives, that are more
readily excreted, is one of the physiological roles of the liver (Park et al., 2005). There are
two phases of metabolism. Phase | metabolism involves the cytochrome P450 enzymes
(CYP), which are responsible for the functionalisation of xenobiotic compounds (lyer and
Sinz, 1999). This is accomplished by the introduction of polar and reactive groups into the
specific compound through various reactions which include hydroxylation, oxygenation,
dealkylation and epoxidation (Guengerich, 2001). Phase | metabolism is aimed at preparing
the compound for phase Il metabolism by making the molecule more polar and chemically
reactive. Phase Il metabolism is focused on the conjugation of the phase | metabolites to
polar, charged molecules such as glutathione, sulphate, glycine and glucuronic acid. These
reactions are catalysed by transferases like glutathione-S-transferase and render the phase |
metabolite more polar and therefore biologically inactive as it cannot easily cross cell
membranes. This polarity also aids in the elimination of the compound from the body

through renal excretion (Jakoby and Ziegler, 1990).

Although xenobiotic metabolism is aimed at detoxification, some xenobiotics can undergo
biotransformation to metabolites that have intrinsic chemical reactivity towards cellular
macromolecules. A number of enzymes, and in particular CYPs, can generate reactive
metabolites, even from inert substances (loannides and Lewis, 2004; Park et al., 2005). The
identity of the susceptible cellular macromolecules, and the physiological consequence of its
covalent modification, will dictate the resulting toxicological response. Toxic responses may

include carcinogenicity, cell death or hypersensitivity (Figure 1.1).
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Figure 1.1. The relationship between drug metabolism and toxicity. Toxicity may occur through
accumulation of parent drug or via metabolic activation, through formation of a chemically reactive
metabolite, which, if not detoxified, can effect covalent modification of biological macromolecules. The
identity of the target macromolecule and the functional consequence of its modification will dictate the

resulting toxicological response (Park et al., 2005).

A classic example of hepatotoxicity as a result of metabolic activation is acetaminophen
(paracetamol) toxicity. At therapeutic doses, acetaminophen is well tolerated. However, at
higher doses it can induce acute hepatotoxicity. This is due to the formation of the reactive
metabolite  N-acetyl-p-benzoquinone-imine, which depletes cellular antioxidants
(glutathione) and results in cell death by necrosis (James et al., 2003; Marzullo, 2005).
Troglitazone, an antidiabetic drug, was withdrawn from the market due to idiosyncratic
hepatotoxicity. It was found that metabolic activation of Troglitazone in patient populations
with specific gene polimorphisms was responsible for the idiosyncratic hepatotoxicity of the

drug (lkeda, 2011).

Hepatotoxicity due to metabolic activation of drugs is prevalent enough that metabolite
profiling in hepatic preparations from experimental species and humans has become a
routine task which has been incorporated into drug discovery and development processes.

Furthermore, the data constitutes an important section in regulatory filing to eliminate
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hepatotoxic metabolites at an early stage of drug development (Kalgutkar and Soglia, 2005;

Park et al., 2005).

1.5.2. Mitochondrial toxicity

Mitochondria are present in almost all eukaryotic cells, their chief function being energy
production for the benefit of the cell. Malfunctioning mitochondria present a hazard to any
cell, not only due to depletion of energy stores but also because of disturbed signalling
pathways (Wallace and Starkov, 2000). Mitochondria generate energy by actively producing
an electrochemical proton gradient across the inner membrane of the mitochondrion,
termed the mitochondrial membrane potential. The backflow of protons down the
electrochemical gradient, from the intermembrane space into the mitochondrial cytosol is
used to drive the enzyme ATP synthase and thus the synthesis of molecules that provide

cellular energy.

Xenobiotics can affect hepatic mitochondria either directly or indirectly. Direct interaction
may occur in one of two ways: either by inhibiting the production of the required
electrochemical gradient or through its dissipation (Wallace and Starkov, 2000). Changes in
this electrochemical gradient will manifest as either mitochondrial hyperpolarisation
(steeper gradient) or depolarisation (loss of gradient). Examples of xenobiotics that affect
mitochondria directly are diclofenac (Masubuchi et al., 2002) and phenobarbital (Santos et
al., 2008). Diclofenac has been shown to inhibit enzymes involved in the mitochondrial
electron transport chain, causing depolarisation of the mitochondrial inner membrane by

acting as an uncoupler (Moreno-Sanchez et al., 1999).

Xenobiotics can also affect mitochondria indirectly through cytosolic ca* signalling. A
number of researchers have established that mitochondria act as intracellular ‘Ca** buffers’,
which eliminates excess cytosolic ca* through active transport via a ruthenium red-
sensitive uniporter (Parekh, 2003; Duchen, 2004). Furthermore, it has been demonstrated
that mitochondrial Ca®"concentrations influence mitochondrial respiration rate by directly

modulating the activity of the various enzymes involved in the electron transport chain
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(Brini, 2003). The latter implies that any xenobiotic affecting intracellular Ca®'
concentrations/signalling may possibly disturb mitochondrial respiration and thus adversely

affect a cells energy homeostasis.

In recent years, considerable attention has been paid to mitochondria regarding both
apoptotic and necrotic cell death because of the role of mitochondria in electrolyte
homeostasis in cells (e.g. acting as 'Ca** buffers') and the myriad of proteins present inside
the mitochondrial cytosol, one of which is cytochrome C (Cyt C). Disturbances in cellular
electrolyte balance may lead to cellular swelling and necrotic death, whereas release of cyt
C into the cytosol may trigger a signalling cascade leading to apoptotic death through

caspase activation (Silva and Couthino, 2010).

1.5.3. Oxidative stress

Any atom/molecule with an unpaired valence electron(s) is referred to as a free radical. The
widely used term reactive oxygen species (ROS) refers not only to oxygen-centred free
radicals but also to other non-radical but reactive oxygen-centred molecules (Halliwell and
Gutteridge, 2007). Under certain conditions the production of ROS is enhanced and/or the
levels or activity of endogenous cellular antioxidant defences are reduced. The resulting
state, which is characterized by a disturbance in the balance between ROS production, ROS
removal, and repair of damaged complex molecules, is called oxidative stress (Cederbaum et
al., 2009). Oxidative stress has been implicated as a major cause of cellular injury in a variety
of clinical abnormalities including cancer, neurological diseases, arthritis, and hepatitis and

is also thought to accelerate the aging process (Droge, 2002; Wang and Weinman, 2006).

The major types of ROS in cells are superoxide anion (¢0,’), singlet oxygen, hydrogen
peroxide (H,0,) and hydroxyl radicals (¢OH). The nitrogen-centred equivalents of ROS are
referred to as reactive nitrogen species or RNS, which include molecules such as nitric oxide

and peroxynitrite. The ¢OH radical is potentially the most reactive of the afore-mentioned

10
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molecules because of its very strong oxidising potential (Powers and Jackson, 2006). This
high reactivity also makes it likely to react very close to its site of generation causing DNA
damage, initiating lipid peroxidation or causing protein residue modification (Zhang et al.,
2010). In order to generate *OH in a biological environment, H,0, has to react with

transition metals such as Fe** or Cu®" (Zhao et al., 2005) in the Fenton reaction where:
H,0, + Fe**/Cu®*> Fe*"/Cu® + OH + «OH

H,0, is generated from nearly all sources of oxidative stress and has the ability to diffuse
freely in and out of cells and tissues (Barbouti et al., 2002). Therefore, one way of probing
for potentially damaging ROS generation would be to determine H,0, generation, which is

required for the formation of *OH in biological systems (Powers and Jackson, 2006).

Two major sources of ROS in cells are the mitochondria and CYPs. The main type of ROS
produced by mitochondria is ¢O,. The major contributor of mitochondrial O, is the
respiratory complex lll, where it is believed that O, present within the lipid bilayer of the
inner mitochondrial membrane is reduced by the ubisemiquinone radical to form ¢0O,. A
portion of the ¢0O, produced is then converted into H,O, by mitochondrial superoxide
dismutase (SOD) (Jezek and Hlavata, 2005). With regards to CYPs, ROS generation is the
result of uncoupling of the redox cycle between the haem active site and nicotinamide
adenine dinucleotide phosphate (NADPH), which causes the release of O, and H,0,. This
type of event is highly substrate-specific and has been associated with tight binding of the

substrate to the specific CYP catalytic site (Schlezinger et al., 2006).

To protect against the adverse effects of ROS, cells possess a complex machinery of
antioxidant compounds and enzymes, which include glutathione (GSH), SOD, catalase (CAT),
glutathione peroxidase (GSH-Px) and glutathione reductase (GR) (Polaniak et al., 2010).

Figure 1.2 depicts the interaction between the various components of this machinery.
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Figure 1.2. Cooperation between various antioxidant enzymes and cofactors. SOD - superoxide

dismutase, CAT - catalase, GSH - glutathione, GSSG - glutathione disulfide, GSH-Px - glutathione
peroxidase, GR - glutathione reductase, y-GCS - y-glutamylcysteine synthase, GS - glutamine synthase,

G-6-PD - glucose-6-phosphate dehydrogenase (Polaniak et al., 2010).

Glutathione (GSH), a tripeptide, is the most abundant non-protein thiol in cells (Meister and

Anderson, 1983). It can counteract a state of oxidative stress in a number of ways:

® |t can react directly with a radical by donating a hydrogen cation, thus eliminating

the unpaired valence electron and rendering the free radical harmless (Yu, 1994)

e |t serves as a substrate for GSH-Px to eliminate generated H,0, (Meister and

Anderson, 1983)

® |t has the ability to reduce other oxidised antioxidant molecules such as vitamins E

and C, replenishing their activity (Powers and Jackson, 2006)
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Apart from excessive free radical generation, oxidative stress may also be induced by
xenobiotics or their metabolites that diminish the cellular antioxidant capacity. This is done
by inhibiting enzymes involved in generating endogenous antioxidant molecules (like GR) or
depleting these endogenous antioxidant molecules (e.g. GSH), or other molecules required
to generate endogenous antioxidant molecules (e.g. NADPH) (Figure 1.2). An example of a
xenobiotic that is able to elicit this type of response is valproic acid, which is known to

deplete cellular GSH content (Kiang et al., 2011).

1.6. Need for improved cell-based hepatotoxicity screening

In light of the fact that hepatotoxicity is a major cause of drug attrition and drug
development requires toxicity testing, evaluation of potential hepatotoxic effects represents

a crucial step in the development of new drugs.

Human in vitro cellular models are valuable tools in understanding the molecular and
cellular processes of drug-induced liver injury (Gomez-Lechon et al., 2010a). The Multicentre
Evaluation of In vitro Cytotoxicity program (MEIC) conducted a study in 29 different
laboratories, where 50 reference chemicals were tested using 61 different in vitro
cytotoxicity tests. The study concluded that in vitro cytotoxicity testing predicted the acute,
lethal human blood concentrations just as well as mouse and rat LDsgs (Ekwall et al., 1998).
This demonstrates the potential of in vitro toxicity testing for reducing not only animal
testing but also for reduction of post-commercialisation drug attrition due to hepatotoxicity.
Furthermore, in vitro testing has the advantage over in vivo testing in being faster, more
cost-effective and requiring less test material. These advantages show the vital and growing
role in vitro testing is playing during early drug development, especially in light of the three

R’s of animal testing: replacement, reduction and refinement.
Gomez-Lechon et al. (2010a) stated: "Current cytotoxicity assessments have been limited by
their inability to measure multiple mechanistic parameters that capture a wide spectrum of

potential cytopathological changes. By examining the effects on a hepatocyte-specific
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metabolism, it is possible to discover whether relevant hepatic functions are altered by the
presence of a xenobiotic. However by addressing this issue, the development of robust in
vitro-based multiparametric screening assays covering a wider spectrum of key effects will
heighten the predictive capacity for human hepatotoxicity, and accelerate the drug
development process”. There is thus clearly a need for the development of a
multiparametric hepatotoxicity screening model that assesses a wider spectrum of toxicity
towards hepatic cells. The screening of multiple toxicity parameters should better reflect

human in vivo hepatotoxicity and provide earlier safety assessment.

1.7. Model hepatotoxin

Dichlorodiphenyl trichloroethane (DDT) was originally synthesized in 1874 and put into use
as an insecticide only in 1939. It was initially used by allied forces in the Second World War
as vector control against malaria and was subsequently made available for commercial use
in 1945 (World Health Orginisation, 1979). DDT was the most extensively used insecticide
across the world until the 1960’s and has been credited with the eradication of malaria from

the USA and Europe (Attaran and Maharaj, 2001).

In order to be eliminated from the body, DDT has to be dechlorinated and oxidised by CYPs
to intermediate metabolites such as dichlorodiphenyl dichloroethylene (DDE) and
dichlorodiphenyl dichloroethane (DDD). DDE is a non-biodegradable and a highly fat-soluble
molecule that accumulates in the adipose tissue of the organism. DDD on the other hand is
biodegradable and with further metabolism it is converted intro bis(p-chlorophenyl)acetic
acid (DDA), a water soluble molecule that is excreted in bile, faeces and urine (Klaassen et

al., 2001) (Figure 1.3).
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Figure 1.3. lllustration of the two routes of metabolism of DDT to produce either DDE or DDD,

showing the structure of each of the test compounds utilised in this study (Chen et al., 2009).

Studies have shown that DDT exposure increases the microsomal content and activity of CYP
2B1 and CYP 3A2 in liver tissue by enzyme induction (Klaunig and Ruch, 1987; Flodstrom et
al., 1990; Harada et al., 2006). DDT partially exerts its anti-androgenic effects on the body by
up-regulating the activity of, amongst others, these two enzymes (You et al., 1999; Harada
et al., 2006). DDT has also been linked to increased oxidative stress by depleting cellular
glutathione (GSH) content in vitro (Dehn et al., 2005). It has been speculated that the
depletion of GSH by DDT may be due to disruption of GSH regulation in the cell (Dehn et al.,
2005) and that there is a possible interaction between CYP induction and reduced GSH
levels, which may lead to an increase in the generation of ROS (Bagchi et al., 1993; Bagchi et
al., 1995) and depletion of cellular GSH stores. One of the major DDT metabolites, DDE, has
also been shown to increase CYP activity, specifically the activities of CYP 2A1, CYP 2B1, CYP
2C11 and CYP 3A1 (You et al., 1999).

Animal studies in rats have demonstrated that a single DDT dosage of 24 mg/kg body weight
significantly increases relative liver weight (RLW) although a single dosage of 12 mg/kg body

weight has no effect on RLW, (Kostka et al., 1996). However, repeated dosages of 12 mg/kg
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body weight do increase RLW (Kostka et al., 1999). Histological examination revealed a high
prevalence of cytoplasmic vacuolization and inflammatory infiltration, which is attributed to
centrolobullar zonal necrosis whereas an increase in RLW is attributed to a regenerative
liver response. Zonal necrosis was found to up-regulate both mitoses and DNA synthesis
resulting in hepatomegaly. It is well known that cell proliferation plays a crucial role in the
initiation of carcinogenesis in the liver (Butterworth et al.,, 1992) and DDT has therefore
been regarded as a hepatocarcinogen (Kostka et al., 1999; Sukata et al., 2002). DDT-induced

liver toxicity is well documented.

DDT follows a similar mechanism of hepatotoxicity as some well-known hepatotoxic drugs in
that biotransformation of DDT yields two major metabolites, DDE and DDD, which are also
known hepatotoxins. Acetaminophen has long been established as a hepatotoxin at
excessive dosages and also yields toxic metabolites after biotransformation (Ray et al.,
1999; Ray et al., 2001). Another possible route of toxicity is that the process of DDT
biotransformation may produce non-drug related reactive molecules that could result in
hepatotoxicity, similar in mechanism to that of Isoniazid (Weisiger, 2010). The afore-
mentioned similarities indicate that DDT was a suitable candidate for inducing toxicity in the
present study. In addition, DDT as well as its two metabolites, DDE and DDD, are all

commercially available as standards.

1.8. Hepatoprotective agent

N-acetylcysteine (NAC) is a thiol that is used in the clinical setting to treat drug toxicity and
disease-associated oxidative stress. It is probably best known for its use during
acetaminophen overdose but has also been used in the treatment of HIV/AIDS, cystic
fibrosis and chronic obstructive pulmonary disease (Smilkstein et al., 1991; Atkuri et al.,
2007). NAC is also used to alleviate some of the adverse effects associated with anti-cancer
therapies such as doxorubicin, cyclophosphamide and phosphamide (De Flora et al., 2001).
The reason that NAC is used to counter a state of oxidative stress is two-fold. Not only is
NAC able to scavenge free radicals itself by donating a hydrogen cation, but it is also able to

replenish and maintain intracellular levels of glutathione by providing the necessary cysteine
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for GSH synthesis (De Flora et al., 2001; Carageorgiou et al., 2004; Oh and Lima, 2006; Atkuri
et al., 2007).

In the present study NAC, was utilised to assess how a widely used hepatoprotectant may
affect the toxicity parameters measured during the study. Due to its antioxidant activities
(Wang et al., 2000), authors have described NAC as being able to inhibit oxidative stress
(Park et al., 2002; Reliene et al., 2004). Since DDT has been speculated to deplete
intracellular GSH (Bagchi et al., 1993; Bagchi et al., 1995) it was postulated that NAC may be

able to alleviate DDT-induced toxicity.

1.9. Research topic

Literature highlights the significance of hepatotoxicity in both drug development and
attrition, which directs current research in this field towards early, accurate detection of
hepatotoxicity, preferably during the pre-clinical stages of drug development. Literature also
demonstrates how hepatotoxicity may come about through a number of different
mechanisms. The diversity of processes that may lead to hepatotoxicity complicates cell-
based in vitro detection using an assay that evaluates only a single endpoint. For this reason,
there exists room for the development of a cell-based in vitro technique that assesses
multiple endpoints in an attempt to detect subtle hepatotoxicity that an assay evaluating a

single endpoint (such as the conventional cytotoxicity assay) may fail to detect.
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1.10. Aims of the study

IL.

1.11.

IL.

II1.

IV.

Develop an in vitro procedure capable of mechanistically profiling the effects of a
model hepatotoxin on hepatocytes in culture by evaluating several different aspects
of cellular function using a number of simultaneous in vitro assays on a single 96 well

microplate.

To determine whether the model can detect hepatoprotective effects of NAC on

hepatocytes exposed to a known hepatotoxin.

Study objectives

Assess a number of intracellular assays that test different aspects of toxin responses
thereby allowing mechanistic profiling of the effect of a toxic compound on cultured

hepatocytes.

Optimisation of the assays for compatibility with the proposed microplate assay

method.

Stagger the hepatotoxicity assays in such a way that it allows simultaneous

multiplexing of the selected assays using a single 96 well microplate.

Determine whether the method provides acceptable sensitivity and mechanistic data

when testing a known hepatotoxin.

Assess whether the developed assay method can detect the hepatoprotective effect
on cultured hepatocytes pre-loaded with a known protective agent prior to

hepatotoxin exposure.
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Chapter 2: In Vitro Procedure

2.1. Introduction

2.1.1. Background

The use of in vitro methods/models has increased greatly in order to reduce the use of
animal testing models (Davila et al., 1998). Many hepatic in vitro test systems have been
developed in the past including isolated perfused organs, tissue slices, cell
culture/suspensions, isolated organelles/membranes/enzymes, invertebrates and non-living

systems (Silber et al., 1994).

Primary human hepatocytes are considered the “gold standard” in the pharmaceutical
industry for rapid evaluation of new chemical entities for both liver-related pharmacokinetic
and toxicity liabilities (Hewitt et al., 2003). However, there are some drawbacks in using
primary cultures. Most cryopreserved human hepatocyte preparations do not attach to the
culture plate surface, thereby limiting their survival time (usually less than 24 h) (Flynn and
Ferguson, 2008). Also, primary hepatocytes lose normal hepatocyte characteristics and
functions, a few days after explantation, making them unsuitable for longer term studies
(Katsura et al., 2002). Furthermore, the availability of freshly plated human hepatocytes can
be sporadic and different donors need to be used between temporarily separated batches
of experiments (Flynn and Ferguson, 2008), leading to large donor-to-donor variability (Reid

et al., 2009).

The HepG2 hepatocarcinoma perpetual cell line has been widely used by many researchers
for more than a decade in various in vitro models focusing on hepatotoxicity (Castell et al.,
1997; Sahu, 2003; Dambach et al., 2005; Farkas and Tannenbaum, 2005; Baudoin et al.,
2007; Gomez-Lechon et al., 2010b; Swift et al., 2010). Amongst others, the HepG2 cell line

was chosen as one of the cell lines used in the LIINTOP project. This project is aimed at
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establishing experimental in vitro models and protocols for testing hepatic metabolism and
toxicity of molecules of pharmacological interest. This model also strives to replace animal
experimentation with alternative models in the drug development process (Gomez-Lechon

et al., 2010b).

HepG2 cells display most of the genotypic and phenotypic features of normal liver cells
(Sassa et al., 1987) preserving many of the normal functions of human liver cells. These
include aldehyde dehydrogenase regulation (Marselos et al., 1987), high drug metabolising
capacity (Dashti et al., 1984; Knowles et al., 1980), a functional glutathione system (Dierickx,
1987) and CYP subfamilies 1, 2 and 3, which are the major classes involved in drug and

xenobiotic metabolism (Alexandre et al., 1999; Westerink and Schoonen, 2007).

2.1.2. Hepatotoxic endpoints

There are a substantial number of endpoints that can be considered in hepatotoxicity
studies. Scrutiny of relevant literature indicated that the toxicity endpoints suggested by
“The non-clinical guideline on drug-induced hepatotoxicity” assembled by the European
Medicines Evaluation Agency (EMEA) (Committee for medicinal products for human use,
2008) were the most appropriate. The parameters suggested by the EMEA together with the

parameters that were tested in the present study are listed in Table 2.1.

In the present study one major substitution was made to the list of parameters suggested by
the EMEA. “Loss of critical macromolecules/small molecular scavengers” was substituted
with “CYP1A1 induction” (Table 2.1). ROS generation, which was already part of the panel of
tests suggested by the EMEA, and cellular glutathione concentration, which would be a
measure of “Loss of critical macromolecules/small molecular scavengers”, evaluate the
oxidative state of cells. To avoid duplication (two assays that assess oxidative status; ROS
generation and GSH depletion), CYP1A1 was included in the panel of tests used in the
present study. The broad xenobiotic selectivity of CYPs (Park et al., 2005) increases the

possibility to detect toxicity that may induce subtle adverse effects. Also, in HepG2 cells the
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levels of CYP1A1, 1A2, 2B6 and 3A4 correlate well with primary cultures (Westerwink and
Schoonen, 2007).

Table 2.1. Parameters of cellular physiology that are suggested by the EMEA and those that were

examined in the present study.

Suggested by the EMEA Examined in present study

Loss of membrane integrity Loss of membrane integrity
Apoptosis induction Apoptosis induction

Loss of critical macromolecules/small molecular scavengers CYP1A1 induction

Increased ROS generation Increased ROS generation
Mitochondrial effects Mitochondrial effects
Anti-proliferative effects Cell viability

2.1.3. Scope of toxicity

The toxicological parameters evaluated in the present study are graphically represented in
Figure 2.1. Examining these parameters provides a good overview of the toxic response of
the cells to the test compound. In an initial toxic response, cells (especially liver-derived
cells) attempt to eliminate a xenobiotic through metabolic inactivation by especially CYPs, as
these enzymes allow cells to adapt to changes in their chemical environment (Denison and
Whitlock, 1995; Delescluse et al., 2000). The focus in this study was on CYP1A1 as it is
rapidly and highly induced by a wide range of substances (Whitlock, 1999; Ma, 2001),

thereby increasing the chance of detecting an initial toxic response.

Another toxic response is the generation of ROS, which may originate either from the
mitochondria (Liu et al., 2002) or from CYP activity (Schlezinger et al., 2006). ROS generation
may induce a state of oxidative stress within the cell, which can disrupt homeostasis and in

this way lead to cell death. Mitochondria are not only a source of ROS but may also be a
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target for ROS under certain conditions, during which ROS mediates the release of
cytochrome c from the mitochondrial intermembrane space. In turn, cytochrome c triggers
caspase activation, leading to apoptosis (Simon et al., 2000). However, if ROS generation
produces excessive levels of radicals, these radicals may inactivate caspase activity, which
could then favour necrosis as the mode of cell death (Samali et al., 1999; Prabhakaran et al.,

2004).

Quantifying apoptotic and necrotic death provides valuable information regarding the
mechanism of cell death. Furthermore, cell viability provides an indication of the

concentration at which the test compound induces cell death.

Scope of toxic responses

Normal cell function

=y

Mitochondrial b tential
itochondrial membrane potentia Eicasshio ROS DCFDA
DCFDA | tlevated ROS

Caspase-3 || Caspase-3 activation Loss of plasma Propidium
activity (irreversible) membrane integrity || iodide
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Figure 2.1. Diagram illustrating the scope of toxicity that the chosen parameters are expected to
evaluate. As the concentration of test compound increases one would expect to see different cellular
responses in an attempt to restore homeostasis. Initially, cells should respond by trying to eliminate
xenobiotics through metabolic inactivation (Phase | metabolism). At higher concentrations ROS
generation may occur, originating from either mitochondria or from CYP activity. If the mitochondria are
affected, they may release factors that will initiate apoptotic death via caspase-3. On the other hand,
excessive ROS may result in deactivating caspase activity and lipid peroxidation, which leads to cell
death by necrosis. The degree of toxicity can then be assessed utilising an assay that enumerates viable
cells. EROD - ethoxyresorufin-O-deethylase, JC-1 - 5,5’,6,6'-tetrachloro-1,1',3,3"-

tetraethylbenzimidazolylcarbocyanine iodide, DCFDA - 2'7'-dichlorofluorescein diacetate.
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2.2. Methods

2.2.1. Propagation of Cells

Ethical approval for performing the work on a commercially available cell line was obtained
from the Faculty of Health Sciences Research Ethics Committee (Annexure A). Cells were
propagated in a CO, tissue culture incubator (Binder C150, USA) in EMEM containing non-
essential amino acids and fortified with 10% FCS. Cells were grown in 75 cm? culture flasks
and medium changed every 2-3 days, as required, until confluent before being harvested
with trypsin-/versine and split 1:6. All experiments were performed on cells between

passages 20 - 26.

2.2.2. Cell harvest

Propagation medium was discarded and the cell culture flask rinsed with sterile PBS to wash
off excess FCS. This was followed by the addition of 2 ml of trypsin/versene and incubated
for 5 - 7 min at 37°C. The suspension of detached cells was transferred to a sterile 15 ml
tube, filled with EMEM containing 10% FCS to inactivate the trypsin/versene and then
centrifuged at 200 g for 5 min. The supernatant was discarded and the cell pellet
resuspended in 1 ml cell culture medium supplemented with 10% FCS. The suspension was

mixed thoroughly with an autopipette to obtain a homogenous single-cell suspension.

2.2.3. Cell counting

A homogenous single-cell suspension was diluted 1:9 into Trypan blue counting solution.
The mixture was immediately loaded onto a haemocytometer and a minimum of 200 cells
were counted using a Reichert Jung MicroStar 110 microscope at 400x magnification. Trypan

blue, a membrane impermeable dye, was used to improve assay consistency by eliminating
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non-viable cells from the cell count by staining their cytoplasm blue. Dilutions of the cell
suspension in EMEM (10% FCS) were then made to achieve the correct viable cell density

required for the experiments.

2.2.4. Microplate setup

The microplate was set up as illustrated in Figure 2.2. The columns of each plate were
divided to give 6 duplicate columns of 8 wells each. Each set of 16 wells was used to
perform one of six in vitro assays. Additionally, each plate was divided into 8 rows spanning
all 12 columns. Blanks, positive and negative controls and 5 different concentrations of each
test compound (5, 10, 50, 100 and 150 uM) were allocated to each row. This setup allowed
each assay to be performed in duplicate on each plate for each of the controls/test
compound concentrations/blanks. Nine individual experiments were conducted, 6 for each
of the test compounds (18 plates; 12 observations per parameter per compound) and 3 for
each of the compounds in combination with NAC pre-treatment (9 plates; 6 observations
per parameter per compound). Negative controls were exposed to vehicle solvent (0.5%
DMSO) alone. Positive controls used were compounds different from the test compounds

that demonstrate a predictable effect on each specific assay.

2.2.5. Test staggering

Depending on the plate row number, cells were exposed to either negative control (0.5%
DMSO v/v), positive control (150 uM) or test compound at concentrations of 5, 10, 50, 100
and 150 uM (Figure 2.2). All procedures were carried out under sterile conditions and all

incubations took place in a 5% CO; incubator at 37°C.
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The times of treatment (test staggering) are provided in Table 2.2. The starting time of a
specific assay (described individually in each relevant chapter) were different since the time

to complete assays (exposure + incubation times), varied. The time lines were as follows:

Table 2.2. A summary of the timing followed to perform the six in vitro toxicity assays on a single

microplate. Columns refer to those shown in Figure 2.2.

Time Procedure *Columns
-24 h Expose for Viability + CYP + Necrosis determination A-F

-6 h Expose for Apoptosis determination K-L

-4 h ROS assay dye loading G-H

-3h Wash + Expose for ROS determination G-H

-2 h Add Viability + CYP assay dyes A-B; C-D
-1.5h Mitochondria assay dye loading I-J

-1h Wash + Expose for Mitochondria determination -]

-15 min Add Necrosis assay dye E-F

-5 min Wash Viability + Necrosis assays A-B; E-F
0 Determine values for CYP + Necrosis + ROS + C-J

Mitochondria assays

+5 min Lyse cells for Apoptosis assay K-L
+20 min Add Apoptosis assay dye K-L
+ overnight Determine values for Viability +Apoptosis assays A-B; K-L

*Columns refer to those shown in Figure 2.2.
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Figure 2.2. Diagram illustrating the plate setup. Plates were divided into six duplicate column sets,
one for each of the six different assays to be performed and into eight rows, for the blanks, controls and

various concentrations of test compound. Only one compound was tested on a single plate.

Initially cells (2x10* cells/well) were seeded into all wells (except for blank wells) and

incubated for 48 h, to allow for proper cell adhesion.

-24 h: Cells in wells subjected to viability, CYP activity, and necrosis assays were exposed

to control or test compounds.
-6h: After further 18 h of incubation, which was 6 h prior to the endpoints of the

viability, CYP activity and necrosis determination, wells for determination of

apoptosis were exposed to control or test compounds.
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-4 h: After further 2 h incubation, cells in wells for ROS determination were loaded with

2’, 7’-dichlorofluoresceindiacetate for 1 h.

-3 h: Wells for ROS determination were washed to remove excess dye and the control

or test compounds added.

-2 h: Following a further one hour incubation, the dyes for only the cell viability and

CYP determinations were added to the wells and incubation continued.

-1.5h:  After further 30 min incubation, wells used to determine possible mitochondrial

toxicity were loaded with the relevant fluorescent dye.

-1h: Following further 30 min incubation, cells in wells loaded for mitochondrial
toxicity determination were washed to remove the excess dye and the control or

test compounds added.

-15 min: After further 45 min incubation, propidium iodide was added to the wells, in

which necrosis was to be determined, and incubated for 10 min.

-5min: Wells used for necrosis and viability determination were rapidly washed.

Time 0: At 24 h after the initial control or test compound exposure, the following
parameters were determined fluorometrically: CYP activity, necrosis, ROS and
mitochondrial toxicity effects.

+5 min-> +20 min: Cells in wells used for determination of apoptosis were lysed on ice for
15 min followed by the addition of apoptosis assay substrate and incubation

overnight.

+18 h: Fluorescence for the apoptosis assay was determined and the dye used for the

viability assay was then eluted and the absorbance measured.
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All wash steps were performed as follows:
® Aspirate well contents and discard
® Slowly add 200 pl of sterile PBS so as not to disturb the cell monolayer

® Aspirate well contents and discard

The entire procedure i.e. from seeding of the cells to obtaining the results took

approximately 90 h (=4 days).

When evaluating the possible hepatoprotective effects of NAC against test compound
toxicity, the same procedure as described above was followed, except that the cells were
pre-treated with NAC (100 pg/ml or approximately 620 nM) for 1 h (Souza et al., 2004),

prior to addition of the test compound for each assay.
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Chapter 3: In Vitro Cytotoxicity

3.1. Background

Cytotoxicity testing is one of the major assays applied during in vitro toxin assessment,
which focuses mainly on cell death or some measure of growth impairment. This type of
testing is designed to evaluate the intrinsic ability of a compound to kill cells (Ferro & Doyle,
2001). Apart from dosage, two other factors play a major role in the toxicology of an entity:
the duration of exposure to a compound and the compound’s mechanism of toxicity (Riss &
Moravec, 2004). At a cellular level, in vitro toxicity can manifest in a number of ways

including (Horvath, 1980):

1. diminished cellular adhesion

2. dramatic morphological changes
3. adecrease in replication rate or
4,

a reduction in overall viability

Many different assays have been developed to determine in vitro toxicity such as
quantifying cell death/survival by assessing plasma membrane integrity, cell enumeration by
total protein content and enumerating viable cells through assessing certain vital functions.
Popular assays that are widely used are the total cellular protein assay (sulforhodamine B),
the neutral-red uptake assay, the LDH leakage assay, and the tetrazolium dye assays

(Murakami, 2000).

The best known of the tetrazolium assays is probably the MTT assay for mammalian cells in
which 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazolium
salt is reduced by the mitochondria of viable cells to insoluble, purple formazan crystals.
Although this is one of the most prevalent viability assays, its weakness lies in yielding false
positives in the presence of a number of compounds including albumin and antioxidants

such as ascorbic acid, cysteine and glutathione (Funk et al., 2007).
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The neutral red uptake (NRU) assay is also widely used to determine cell viability. Neutral
red, a supravital (non-toxic) dye, relies on the principle of dye accumulation in the

lysosomes and Golgi apparatus of viable, uninjured cells and has the following advantages:

1. it does not rely on a reduction reaction to determine viability, excluding
susceptibility to making type | errors (false positives) in the presence of antioxidants
or other reductive agents

2. itis cost-effective

3. itis quick

4. isreported to be more sensitive to changes in cell viability of hepatocyte cultures as
compared to total protein content determination and the LDH leakage assay (Fotakis

and Timbrell, 2006)

In this chapter the effects of DDT, DDE and DDD on hepatocyte viability are presented. Initial
cytotoxicity testing was performed in order to establish a concentration range that would be
used throughout the study. The concentration range that was selected covered a wide
toxicity range, from merely affecting cell function to complete loss of cellular function and
viability. This was done in order to assess the incremental effects of the test compounds on
different parameters at different levels of toxicity, which may shed light on the optimal

concentration range that can be utilised with the procedure developed in the present study.

3.2. Methods

3.2.1. Experimental design

After a 48 h incubation period (to allow cells to adhere to the wells), cells were exposed to
DDT, DDE and DDD at concentrations of 5, 10, 50, 100 and 150 uM. Tamoxifen (150uM),
which is known to induce cell death through apoptosis in HepG2 cells (Guo et al., 2010), was
used as positive control. DMSO (0.5%) was included as vehicle control. After exposure, cells

were incubated for 24 h at 37°C until performing the viability assay. To assess the possible
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hepatoprotective effects of NAC, three additional experiments were conducted, which
included an additional 1 h pre-treatment with 620 nM NAC, prior to test compound

exposure.

3.2.2. Viability assay

Exposure medium was aspirated and replaced with 100 ul EMEM containing 100 ug/ml
Neutral red dye. Cells were incubated with the dye for 2 h at 37°C, after which medium was
discarded and cells were washed with PBS (200 ). Plates were dried overnight at 40°C and
the accumulated dye dissolved by adding 100 ul of Neutral red elution buffer to each well
and incubated at room temperature on an orbital shaker for 40 min (Fotakis and Timbrell,
2006). The amount of dye accumulated by the cells in each well was quantified by
measuring the absorbance at 540 nm with a reference wavelength of 630 nm (Biotek XL

plate reader).

3.2.3. Statistical analyses

Six experiments were carried out in duplicate (n = 12) to assess viability response. All
observed results were standardised to percentage of control values. Quality of the collected
data was assessed by plotting the distributions for the tested concentration of each tested
compound. Grubb's test was performed to remove outliers, after which a Shapiro-Francia
test was used to assess normality based on a discrete number. Depending on the normality
of the data, student's t-tests (parametric) or Mann-Whitney U-tests (non-parametric) were
performed across the respective concentration ranges to determine whether the different
concentrations had any statistically significant influence on HepG2 viability. Three additional
experiments were carried out in duplicate to assess the possible effects that NAC may have
on the initially observed toxicity. These results were also standardised to percentage of

control but no preliminary tests (Grubb's and Shapiro-Francia) were performed. Due to the
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small sample size (n = 6), no outliers were removed and normality of the data could not be
established. Therefore, all NAC results were analysed using Mann-Whitney tests. The 50%
Inhibitory concentrations (ICsg) were determined by fitting a Hill equation with variable
slope to the observed data. Analyses were performed using GraphPad Prism 5.0
(www.graphpad.com) and the freeware package, R 2.12.1 (www.r-project.org). All reported

results are given as mean * standard error of the mean (SEM), unless stated otherwise.

3.3. Results

Normality testing revealed non-normal distributions, especially for the higher
concentrations of the tested compounds. The different distributions for DDT, DDE and DDD
are illustrated in Figures 3.1, 3.2 and 3.3, respectively. Non-normality of some distributions
was confirmed with the Shapiro-Francia test (Table 3.1). The Shapiro-Francia test is based
on hypothesis testing: the null hypothesis states that the collected data originates from a
normal distribution, if the p-value drops below the chosen alpha level, the null hypothesis is
rejected and the data assumed to originate from a non-normal distribution. Concentrations
between 50 uM and 150 uM for DDT and DDD and 100 uM for DDE were found to be
significantly non-normal. The Control group in the DDT data set is an example of a perfectly

normally distributed data set with p = 1.00 (Figure 3.1A).

DDT did not have any significant influence on viability up to concentrations of 10 uM but did
produce slight cellular proliferation with enumeration results being 105.4 + 3.5% and 103.4
+ 3.8% for concentrations of 5 uM and 10 uM, respectively (Figure 3.4). Higher
concentrations resulted in significant (p < 0.001) decreases in viability. Concentrations of 50,
100 and 150 uM DDT induced 54.3 + 3.7%, 74.5 + 4.8% and 74.4 + 3.8% losses in viability,
respectively (Figure 3.4). The Hill equation fitted the observed DDT results well with a
coefficient of determination (r?) of 0.86, meaning that 86% of the variance observed in the
results can be accounted for by the fitted model (Figure 3.4). From the fitted equation it was
deduced that DDT has an ICso value of 54 + 1 uM after 24 h exposure, if a cell density of
2x10* cells/well is used (Table 3.2).
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NAC pre-treatment did not alleviate but rather aggravated DDT toxicity, decreasing the 1Csq
to 40 £ 1 uM, after 24 h exposure (Table 3.2 and Figure 3.4). Compared to DDT exposure
alone, NAC pre-treatment significantly decreased the viability at low concentrations of 5 uM

(p <0.05) and 10 uM (p < 0.01) (Figure 3.4).
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Figure 3.1. Histogram density plots of the observed viability data of HepG2 cells exposed to DDT

demonstrating the distributions of the collected data. The control group is a good example of a nhormal
distribution. The observations did not always follow a normal distribution, especially in the higher ranges

of viability. X-axis represents observed values and Y-axis, the count.
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Figure 3.2. Histogram density plots of the observed viability data of HepG2 cells exposed to DDE

demonstrating the distributions of the collected data. The results do not follow a normal distribution. X-

axis represents observed values and Y-axis, the count.
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Figure 3.3. Histogram density plots of the observed viability data of HepG2 cells exposed to DDD

demonstrating the distributions of the collected data. Data is non-normal as indicated with distinct

multiple peaks instead of a single peak. X-axis represents observed values and Y-axis, the count.
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Similar to the parent molecule, DDE produced a dose-dependent decrease in viability.
Concentrations up to 10 puM did not produce any significant fluctuations in viability.
However, unlike DDT, it caused a slight decrease in viability at the 5 uM and 10 pM
concentrations, yielding 97.4 + 1.5% and 97.5 + 2.5% viability, respectively (Figure 3.4).
Concentrations between 50 pM and 150uM produced significant deviation from the control
mean (p < 0.001). A 50 uM concentration of DDE caused a 37.1 + 2.0% decrease in viability,
while 100 and 150 uM lowered cell viability by 73.1 + 3.3% and 82.6 + 2.0% respectively
(Figure 3.4). At a cell density of 2x10" cells/well, DDE demonstrated an ICso of 64 + 1 um (rz
= 0.95) after 24 h exposure (Table 3.2 and Figure 3.4).

Again, NAC pre-treatment did not alleviate the toxicity of the test compound, decreasing the
ICso to 58 £ 1 uM, after 24 h exposure (Table 3.2 and Figure 3.4). When compared to DDE
exposure alone, NAC pre-treatment significantly (p < 0.05) decreased the viability at

concentrations of 10 uM and 50 uM (Figure 3.4).

Table 3.1. Shapiro-Francia test results for normality of the observed data. Values given in

the table are p-values and instances where p < 0.05 are not normally distributed (*).

Concentration DDT DDE DDD
Control 1.00 0.91 0.54
5um 0.22 0.39 0.23
10um 0.33 0.12 0.64
50uMm 0.02* 0.33 0.02*
io0um 0.02* 0.03* 0.01*
150puM 0.02* 0.24 0.01*
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Table 3.2. ICs0 values (+SEM) of cells with/without NAC pre-treatment prior to test

compound exposure.

Test compound No pre-treatment (LM) NAC pre-treatment (M)
DDT 54+1 40+1
DDE 64+1 58+1
DDD 44 + 1 33+1

Similar to DDT and DDE, DDD also produced a dose-dependent decrease in HepG2 viability.
DDD did not significantly affect HepG2 viability up to concentrations of 10 uM, with 5 uM
and 10 uM concentrations yielding viabilities of 99.1 + 2.1% and 99.0 + 2.3%, respectively.
However, concentrations of > 50 uM induced significant (p < 0.001) decreases in viability
(Figure 3.4). The Hill equation fitted the observed data well (# = 0.91). From this analysis,
DDD showed an ICsg of 44 + 1 uM after 24 h exposure (Figure 3.4).

NAC pre-treatment produced results similar to those observed with DDT and DDE by not
alleviating the toxicity of the test compound at low test compound concentrations. The ICso
was decreased to 33 + 1 uM, after 24 h exposure (Table 3.2 and Figure 3.4). Compared to
DDD exposure alone, NAC pre-treatment significantly (p < 0.001) decreased the viability at a

concentration of 50 UM (Figure 3.4).
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Figure 3.4. Fitted dose-response curves of viability of HepG2 cells after DDT, DDE and DDD
treatment (mean + SEM). Dark green curves represent the test compounds alone and light green curves,
cells pre-treated with NAC. Curves were obtained by fitting viability results to a four-parameter Hill
equation with variable slope and the following constraints: top = 100 and bottom = 0. Graphs are plotted
on semi-logarithmic axes. Dashed horizontal lines represents Y = 50%. # = p < 0.001, treatment with test
compound alone compared to controls. $ = p < 0.05, $$ = p < 0.01, $$$ = p < 0.001, pre-treatment with

NAC compared to treatment with test compound alone.
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3.4. Discussion

Figures 3.1 - 3.3 present the data distribution plots of the observed data for the different
concentrations of DDT, DDE and DDD, respectively. In an ideal situation these curves would
resemble a bell-shaped curve. Rather than describing the endpoint, these curves are good
for describing the observed data itself and provide guidance for subsequent statistical
manipulation. Noticeable from the graphs of some of the data are more than one peak. This
is indicative of more than one population being present in a particular set of data. For
example, these curves are very closely related to histograms obtained from flow cytometry.
If the X-axis of a histogram represents size and the Y-axis count or density, a mixture of
oocytes and spermatozoa will present as two distinct populations in terms of size. In the
same way, the curves presented here show the number of observations made at a particular
value, which in this case would be a % of control value. However, unlike flow cytometry,

increasing the number of repetitions would eventually produce a perfect bell-shaped curve.

More than one population indicates variability between experiments. In this way these
curves can be interpreted as a measure of the robustness of an assay. However, care should
be taken when interpreting these curves as multiple populations may also be the result of
outliers. For this reason, outliers identified by the Grubb’s test were removed prior to
testing for normality (Shapiro-Francia test). Data collected for the three test compounds
indicates a trend in that higher concentrations (50 - 150 uM) of all three test compounds
demonstrated multiple peaks. This was confirmed with the Shapiro-Francia test (Table 3.1),
where most of the 50 - 150 uM data sets proved to be significantly non-normal. The
multiple populations that are observed here may have been the result of differences
between the preparation of batches of NR dye, buffers or test compounds or differences
between cell passages, incubation times, instrument conditions etc. These results should
not be considered definitive as the SEMs are also indicative of reproducibility. Also, mean
values obtained from the pooled individual assay results yielded good dose-response curves
with r# values > 0.86, which is acceptable considering it is a non-linear fit. This means that

the maximum amount of variability that could not be attributed for was 14% in the case of
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DDT, whereas it was 5% and 9% for DDE and DDD, respectively. Taken collectively, the
above-mentioned indicates that the NRU assay yielded reproducible results but has its

limitations.

With regards to the effects of the test compounds on cell viability, high concentrations of
the test compounds were necessary to significantly decrease cell viability after 24 h of
exposure. Significant cytotoxicity was only evident at concentrations above 10 UM with ICsg
values of 40 - 60 WM. Medina-Diaz & Elizondo (2005), who studied the effects of DDT on
HepG2 viability, also reported the onset of toxicity at concentrations higher than 10 uM.
Results suggest that DDT (but not DDE or DDD) may induce cellular proliferation at sub-toxic
concentrations. Although not significant, exposure to 5 UM DDT resulted in a 5% increase in
cell number when compared to the control. A possible explanation for this can be found in
the work of Kiyosawa et al. (2008), who demonstrated the up-regulation of the cell
proliferation—related genes Ccnbl, Ccnb2, Ccnd1, Stmnl, and Mdm2 in the livers of rats
exposed to DDT. These authors concluded that up-regulation of these genes were facilitated
by activation of the constitutive androgen receptor by DDT, which also resulted in the up-
regulation of CYP3A4. As the exposure period was only 24 h, it is possible that a longer
incubation time could increase proliferation significantly. Cellular proliferation induced by
DDT has also been reported in MCF-7 cells (breast adenocarcinoma) (Diel et al. 2002).
Surprisingly, this proliferative effect decreased at a concentration of 10 uM DDT, which, in
the present study, was found to be the concentration that did not adversely affect cell
viability. Diel et al. (2002) suggested that the decrease in proliferation might be due to the
onset of toxicity at these concentrations. Rat mammary gland proliferation induced by DDT

has also been reported in vivo (Upalla et al., 2005).

In contradiction to the results from the present study, Delescluse et al. (1998) observed no
toxicity in HepG2 cells exposed to DDT at concentrations as high as 100 uM of DDT. Dehn et
al. (2005) reported an I1Csg of 1 mM for DDT in HepG2 cells, which is approximately 20 times
greater than the value determined in the present study (54 uM). This difference could

possibly be attributed to the ten-fold difference in cell density used between the two
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studies: 2x10° cells/well (Dehn et al., 2005) vs. 2x10* cells/well, as well as the vehicle
solvent concentration. In the present study the vehicle solvent, DMSO, did not exceed a
final concentration of 0.5% (v/v) compared to a 2.5% (v/v) concentration in the study by
Dehn et al. (2005). It has been reported that the addition of DMSO to culture medium
improves the cell viability of isolated primary hepatocytes (Banic et al., 2011), which may

also contribute to the difference in IC5g values between the two studies.

The ICsq values reported for DDT in other hepatocyte cell cultures such as primary
hepatocytes and HaCaT cells (rat liver) were 250 uM and 70 uM, respectively (Delescluse et
al. 1998). These ICso values and that reported in the present study suggest that different
hepatocyte cultures may not necessarily respond in the same way to DDT (and other test
compounds for that matter). Primary cell cultures are considered the 'gold standard' but as
already mentioned, there are many drawbacks in terms of feasibility and predictability when

utilising these hepatocytes.

At the highest concentration tested (150 uM) of all three test compounds some cells
remained viable. This could demonstrate the resilience of hepatocytes but may also be a
drawback of the assay that was employed; in that complete cell death was not achieved.
Some of the NR dye did bind to the well surface, mimicking cell numbers. However, because
the relevant blanks were included in the assay setup, this should have compensated for any
non-specific staining. Nonetheless, the assay yielded good dose-response curves (Figure 3.4)
and the results were reproducible (average coefficient of variation < 10), demonstrating the

reliability of the NRU assay.

Noticeable from Figure 3.4 is the difference in slope of the dose-response curves of the test
compounds alone compared to those of the cells that were pre-treated with NAC. When
considering the ICsg values, NAC pre-treatment did not protect against toxicity induced by
any of the three test compounds. Rather, it seemed to exacerbate it. On examination of the

dose-response curves this exacerbating effect can be seen at concentrations of 5 - 50 uM of
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all three test compounds. However, at higher concentrations (100 -150 uM), NAC pre-
treatment appeared to have alleviated some of the toxicity induced by the three test
compounds. Exactly how this may have happened is not obvious but these results suggest
that different aspects of cellular physiology are involved. On the one hand, lower
concentrations (5 - 10 uM) of the test compounds may appear non-toxic due to some
cellular response that allows the cells to cope with the xenobiotics. This crucial response
may be counteracted by NAC, which will then decrease the resistance of the cells to the

exogenous stressor, causing the loss of cell viability observed at these concentrations.

On the other hand, above some threshold concentration the cells may not be able to
counteract the effect of the test compounds, resulting in cell death. NAC may be able to
counteract this mechanism of toxicity, which would alleviate some of the toxicity seen
above this threshold concentration, as observed for concentrations of 100 - 150 uM of all
three test compounds. No literature was found to compare/support any of the NAC pre-

treatment results observed in the present study.
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Chapter 4: Phase | metabolism

4.1. Background

Humans are constantly exposed to many different chemicals. A large percentage of these
are hydrophobic in nature and would accumulate in the body if not converted to water-
soluble derivatives that can be excreted via the kidneys (Delescluse et al., 2000). The CYPs
are a superfamily of hemethiolate enzymes, of which over 2000 individual members are
currently known. It has been established that many of these CYPs play major roles in the
metabolism of drugs and other xenobiotics. In humans and in other mammalian species,
CYPs of the families 1, 2 and 3 are primarily associated with Phase | metabolism of
exogenous compounds (Lewis, 2003). Phase | metabolism is responsible for the
functionalisation of xenobiotic compounds (lyer and Sinz, 1999). This is accomplished either
by the introduction of polar and reactive groups through processes such as hydroxylation,
oxygenation and epoxydation, or through the modification of existing groups on the specific
compound through processes such as dealkylation and dechlorination (Guengerich, 2001;
Westerink and Schoonen, 2007). Phase | metabolism is aimed at preparing the compound
for and facilitating Phase Il metabolism by making the molecule more chemically reactive.
Whilst Phase | reactions generally result in a more polar metabolite, it is the conjugation
reactions (e.g. glucuronidation and sulphonation) that result in marked increases in water

solubility, which facilitate renal excretion (Westerink and Schoonen, 2007).

Some of the CYP enzymes are substrate inducible, which allows the cell to adapt to changes
in its chemical environment (Denison and Whitlock, 1995; Delescluse et al., 2000). The
CYP1A subfamily of enzymes consists of only two members, CYP1A1 and CYP1A2, both of
which are involved in oxidative metabolism of exogenous chemicals such as polycyclic
aromatic hydrocarbons (PAHs), aromatic amines and heterocyclic amines, to name a few
(Fujii-Kuriyama et al., 1992). CYP1A2 accounts for approximately 13% of the total
cytochrome P450 content in the liver (Shimada et al., 1994) whereas CYP1A1 is expressed at
low levels in the liver (Nakamura et al., 2005) but is highly inducible (Morel et al., 1999;
Vrzal et al.,, 2009). Although CYP1A1l and CYP1A2 have many inducers in common, the
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difference between them lies in their tissue expression. When host animals are treated with
the relevant inducers, CYP1A1 is not only expressed in liver tissue, but also in many extra-
hepatic tissues such as lung, skin and kidney, whereas the expression of CYP1A2 is

essentially limited to liver tissue (Fujii-Kuriyama et al., 1992).

The ubiquitous form of CYP1A, one of the most studied CYP enzymes due to its involvement
in generating reactive metabolites as a result of xenobiotic metabolism, has been implicated
in both cytotoxicity and cancer induction. CYP1A1 can be induced by various environmental
factors, such as smoking, dioxin exposure as well as the ingestion of charred meat
(Nakamura et al., 2005). A good example demonstrating CYP1A's role in toxicity would be
the oxygenation of polycyclic aromatic hydrocarbons, originating from combustion,
including cigarette smoke, to generate arene oxides. These are chemically reactive
electrophiles capable of covalently binding different cellular components, such as DNA,
which gives rise to their tumorigenic effect (Whitlock, 1999). The cancer-promoting role of
CYP1A1l is probably best illustrated in the review of bezo(a)pyrene carcinogenicity
(Androutsopoulis et al.,2009). Apart from its apparent role in cancer, an increase in CYP1A1l
activity (similar to CYP2E1 (Chen and Cederbaum, 1998) and CYP3A4 (Perret and Pompon,
1998)), has been shown to release H,0, during its catalytic cycles (Morel et al., 1999), which
may lead to oxidative stress and result in cell death. Due to its possible implication in both
short and long-term toxicity, assessing CYP1A1l activity would be beneficial to any study
evaluating potential hepatotoxicity as the liver is the major detoxifying organ of the body,
implicating a major role in Phase | metabolism and, as such, it would be prone to toxic insult

from a CYP1A1 inducing agent, which may generate reactive radicals in more than one way.

The best cell type for studying the detoxification and activation processes of compounds are
hepatocytes (Westerink and Schoonen, 2007). There are many different techniques for
performing the CYP1Al-specific ethoxyresorufin-O-deethylase (EROD) assay described in
literature (Kennedy and Jones, 1994; Alexandre et al., 1999; Jonsson et al., 2006; Shiizaki et
al., 2008; Rudzok et al., 2009). EROD activity is indicative of the rate of the CYP1A-mediated
O-deethylation of the substrate 7-ethoxyresorufin (7-ER) to form the fluorescent product
resorufin. The catalytic activity is an indication of the amount of enzyme present (Kennedy

and Jones, 1994). Described methods include techniques for use with microsomal fractions,
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fish gills (Jonsson et al., 2006) and HepG2 cells (Alexandre et al., 1999; Shiizaki et al., 2008;
Rudzok et al., 2009). However, consistency among the techniques used by various

researchers (specifically on the HepG2 cell line) is lacking.

4.2. Methods

4.2.1. Experimental design

Exposure conditions were similar to those previously described in Chapter 3; with the
exception that omeprazole (150 M) was used as positive control due to reports of CYP1A1
induction. Omeprazole produces its inductive effect by activating the aryl hydrocarbon

receptor (AhR) pathway (Shiizaki et al., 2008).

Techniques for performing the EROD assay differ mainly in the amount of substrate used
and the cofactors used in the final assay solution. For the purposes of this study, three
different techniques (Alexandre et al., 1999; Dubois et al., 2006; Jonsson et al., 2006) were
tested but failed to detect increased CYP1A1 activity after treatment with the known
modulator, omeprazole (Linden et al., 2010; Fujii-Kuriyama et al., 2010). An excessive 7-ER
concentration (10 WM) was assumed to be the cause due to the fact that the background
fluorescence intensities from blank wells were too high compared to the fluorescence
intensities from wells seeded with cells. Consequently, Step 1 of the optimisation aimed at
determining the role that 7-ER concentrations play in the EROD assay. HepG2 cells were
seeded at a density of 2x10* cells/well and allowed to acclimatise for 24 h. White
microplates were setup to include blank wells (no cells) along with the ones in which cells
were seeded as before. Medium was then aspirated and replaced with 100 pl of fresh
EMEM (no FCS) containing various concentrations (0.5 nM - 1000 nM) of 7-ER and incubated
for 2 h at 37°C. Resorufin fluorescence was detected using a FluoStar Optima at A, = 520

nm and Aem = 595 nm.

Step 2 of optimisation focused on cofactors included in the final assay solution, specifically

the use of NADPH in the EROD assay as an electron donor (Nakamura et al., 2005; Rudzok et
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al., 2009; Lemaire et al., 2011). The use of NADPH in EROD assays performed on microsomal
fractions may be a prerequisite because the necessary biochemical co-factors, co-enzymes
etc. may not be present because only a sub-fraction of the cell is used. On the other hand,
when performing the EROD assay on whole cell cultures, the use of NADPH as a cofactor
may not be required as a complete, whole cell is already present with all of its biochemical
functions intact. To test this hypothesis, experiments were setup to include both blanks (no
cells) and untreated cells, as in Step 1 of optimisation. After the acclimatisation period, cells
were then treated with 150 uM Omeprazole in EMEM for 24 h. Medium was then aspirated
and replaced with 100 pl EMEM containing 150 nM 7-ER, either with or without 100 nM
NADPH (Rudzok et al., 2009). Thereafter, cells were incubated at 37°C for 2 h and

fluorescence was monitored using a FluoStar Optima at Ae, = 520 nm and Aem = 595 nm.

4.2.2. Statistical analyses

For optimisation experiments, results were analysed for normality using the Shapiro-Francia
test, after which hypothesis testing was applied in the form of Mann-Whitney tests to assess
differences between means of the distributions. For CYP1A1 induction by the compounds in
guestion, outliers were detected using Grubb's test. Following removal of the relevant
outliers, normality of the data distributions were evaluated with the Shapiro-Francia test.
Hypothesis testing was then performed utilising both Mann-Whitney and t-tests, where
applicable, to determine whether any observable differences between means were

statistically significant.

Three additional experiments were carried out in duplicate to assess the possible effects
that NAC may have on pesticide-induced changes in CYP1A1 activity. These results were also
standardised to percentage of control but no preliminary tests (Grubb's and Shapiro-
Francia) were performed due to the small sample size (n = 6). Normality of distribution of
the NAC pre-treatment data could not be established, therefore, Mann-Whitney tests were

performed.
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4.3. Results

4.3.1. Optimisation

Step 1 of optimisation showed that as the amount of 7-ER, the CYP1A1 substrate, increased
from 0.5 - 1000 nM, the amount of resorufin cleaved by the cells also increased in a
concentration-dependent manner. From approximately 4 nM up to 1000 nM the
fluorescence appeared to increase in a linear fashion as depicted in Figure 4.1. From this
figure it is apparent that substrate concentrations of 1 nM and lower were insensitive to
changes in enzyme concentration and would yield similar results, which indicated that 7-ER
concentrations of £ 1 nM are below the limit of quantitation for CYP1A1 activity. The
relative fluorescence intensity (mean + SEM values) of the different concentrations of 7-ER

are presented in Table 4.1.

As illustrated in Figure 4.1, background fluorescence increased at 7-ER concentrations of
greater than 250 nM. For this reason, further optimisation of the assay was performed at a
substrate concentration of 150 nM 7-ER as this would most likely provide the greatest
sensitivity and assay range while avoiding increased background fluorescence due to high

substrate concentrations.

Table 4.1. Relative fluorescence intensity of resorufin as a result of 7-ER cleavage by untreated
HepG2 cells. [7-ER] = concentration (nM) of substrate employed. Compared to 1 nM, all higher

concentrations yielded significantly different results with p < 0.05.

[7-ER] 05 10 2.0 39 7.8 156 313 62.5 125.0 250.0 500.0 1000.0

Mean 766 764 829 905 1078 1260 1471 1613 1824 1831 2023 2251
SEM 12 6 8 9 21 43 48 69 62 89 44 63
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Figure 4.1. Semi-logarithmic scatterplot of EROD assay optimisation for fluorescence substrate
concentration. Following 24 h incubation, after seeding, wells were exposed to different concentrations of
7-ER, ranging from 0.5 - 1000 nM, for 1 h and monitored fluorometrically at Aex = 520 hm, Aem = 595nm.
The green line represents blank wells and the red line wells with untreated cells. The dashed vertical line
indicates X = 150 nM and the Y-axis represents relative fluorescence intensity (RFl). Values differed

significantly from blanks at all points along the graph with p < 0.01.

Step 2 of the optimisation focused on the use of the cofactor NADPH. Results revealed that
the presence of NADPH significantly (p < 0.001) decreased fluorescence (Figure 4.2). NADPH
also significantly (p < 0.01) decreased the relative fluorescence intensity in assay blanks,
although the difference was not as large as in the case of treated cells (Table 4.2). The
difference in fluorescence intensities (y-axes) between Figures 4.1 and 4.2 are due to
treatment with 150 UM omeprazole, which was only applicable in Step 2 of the

optimisation.
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Table 4.2. Effect of the cofactor NADPH on EROD assay results. In Step 2 of optimisation substrate
(150 nM), with or without the addition of 100 nM NADPH was utilised to perform an EROD assay. Results
are presented as mean + SEM of the relative fluorescence intensity. Statistical analyses of these results

are shown in Figure 4.2.

Blank +NADPH Blank Cells + NADPH Cells
Mean 824 863 4469 7631
SEM 9 8 + 286 +374
+ NADPH - NADPH + NADPH - NADPH
AN R & 'E e "? :
10000+ | ; Lo
- ! _—
8000~ : 3
R deode e siimiism i ...................... ‘
: | —
_6000- i 5 W s
40004 E
; s ok T ..! : [— E—
20004 | o
ﬂ L] | ] I
LY b
© L n.f'? h‘?
& &
< P
7-ER Concentration (uM)
Figure 4.2. Boxplot of EROD assay with the addition or absence of the cofactor NADPH. To induced

CYP1A1 activity, cells were exposed to 100 LM omeprazole (except controls) for 24 h before performing
the EROD assay. Groups represented on the X-axis were exposed to O and 150 nM 7-ER for 1 h and
fluorometrically monitored at Aex = 520 nm, Aem = 595 nm. Red boxplots represent wells that received 7-
ER only, while green boxplots represent those that received 7-ER and 100 nM NADPH. Y-axis represents

relative fluorescence intensity (RFI), ** indicates p < 0.01, *** indicates p < 0.001.
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4.3.2. CYP1A1 induction

The frequency distributions of data obtained for the CYP1A1 activity in DDT exposed cells
shows that the 5 UM data set provides evidence for the presence of outliers, seen as a small
peak to the far right of the bulk of the data (Figure 4.3B). Data was subjected to Grubb's test
in order to detect outliers (Table 4.3). Testing revealed that three data sets in the DDT group
(5, 10 and 100 uM), one in the DDE group (5 M) and one in the DDD group (Control)

contained outliers.

Table 4.3. Grubb's test results for detecting outliers in the observed CYP1A1 data. Values given in

the Table are p-values. Instances where p < 0.05 (*) indicates the presence of outliers.

Concentration DDT DDE DDD
Control 0.53 0.62 0.04*
5um 0.00* 0.01* 0.14

10 uMm 0.01* 0.31 0.34

50 uMm 0.43 0.26 0.43
100 uM 0.02* 0.88 0.35
150 uM 0.06 0.64 0.40
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Figure 4.3. Histogram density plots of the observed CYP1A1 data of HepG2 cells exposed to

DDT demonstrating the distributions of the collected data, prior to the removal of outliers detected by

Grubb's test. The X-axis represents observed values and the Y-axis the count or density.

Relevant outliers were removed and the distributions re-plotted (Figure 4.4). When
comparing the distributions in Figures 4.3 and 4.4, a marked difference can be observed as
distributions in Figure 4.4 more closely resemble a typical normal distribution. However,
visual assessment of graphs alone is not sufficient to claim normality and the data was
subjected to a second evaluation of normality, the Shapiro-Francia test. Results from this
test are presented in Table 4.4. Normality testing revealed that, after removal of outliers,
the DDT group of data sets demonstrated normal distributions, whereas some of the data
sets in the DDE (100 uM) and DDD (50 puM) groups still manifested as significantly non-
normal. As a result, these two groups of data were tested using non-parametric Mann-

Whitney tests, while the DDT group could be tested using unpaired, two-tailed t-tests.
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Figure 4.4. Histogram density plots of the observed CYP1A1 data of HepG2 cells exposed to DDT

after the removal of outliers detected by Grubb's test. The X-axis represents observed values and the Y-

axis the count or density.

Table 4.4. Shapiro-Francia test results for normality of the observed CYP1A1 data after removal of
outliers as detected using Grubb's test. Values given in the Table are p-values. Instances where p < 0.05

(*) are significantly non-normal.

Concentration DDT DDE DDD
Control 0.67 0.85 0.20
5um 0.50 0.75 0.68

10 uMm 0.58 0.76 0.70

50 uMm 0.87 0.33 0.03*
100 uM 0.80 0.01* 0.76
150 uM 0.25 0.05* 0.72
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Relative percentage changes in CYP1A1 activity, as determined using the optimised EROD
assay conditions is presented in Table 4.5 and Figure 4.5. Omeprazole, a well-known up-
regulator of CYP1A1 activity (Ma and Lu, 2007; Linden et al., 2010; Fujii-Kuriyama et al.,
2010), produced a seven-fold increase (p < 0.001) in CYP1A1 activity compared to untreated
controls. All of the tested compounds significantly (p < 0.001) induced CYP1A1 activity up to
concentrations of 10 M. A 50 uM concentration of DDT and DDE caused a further increase
in activity (p < 0.001), whereas 50 uM DDD did not produce any significant shift in the mean
CYP1A1 activity when compared to controls. The highest CYP1A1l activity, other than that
from the positive control, was induced by 50 UM DDE (258 + 21%), representing a two-and-
a-half fold increase. High concentrations (100 and 150 uM) of all three test compounds

significantly (p < 0.001) inhibited CYP1A1 activity.

Table 4.5.

and the established CYP1A1 inducer, omeprazole (mean £ SEM). *** indicates p < 0.001 as determined

Percentage CYP1A1 induction in HepG2 cells following 24 h exposure to DDT, DDE, DDD

by Mann-Whitney tests.

Concentration DDT DDE DDD Omeprazole (150 puM)
Control 100 + 2 100+1 100 £ 2
5um 126 + 9*** 140 £ 7%** 127 + 5***
10 M 1413 6***  174+£12%** 1514 6*** 697 £ 7gHH
50 uM 192 £ 16*** 258 + 21 *** 92 +20
100 uM 21 £ 3¥** 15 + 3*** 7 £ 1%
150 pM 18 + 1% 11 4 2%%* 7 + 1¥**

NAC pre-treatment significantly decreased changes in CYP1A1 activity at concentrations of
50 uM for all three test compounds (p < 0.01) (Table 4.6 and Figure 4.6). At higher
concentrations of the test compounds (100 - 150 uM), NAC pre-treatment showed no
significant changes on test compound-induced CYP1A1 activity. In summary, CYP1A1 activity

was raised at lower concentrations (5 - 10 uM) of DDT and DDD, however only being
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significant in the 5 uM DDT group (p < 0.05). Conversely, CYP1A1 activity was decreased at

similar concentrations when treated with DDE.

Table 4.6. Percentage CYP1A1 induction in HepG2 cells by DDT, DDE, DDD relative to untreated
controls, with or without 1 h pre-treatment with NAC (mean + SEM). *, ** and *** represents p < 0.05, <

0.01 and < 0.001, respectively (Mann-Whitney tests).

DDT DDE DDD
-- NAC -- NAC -- NAC

5um 126+ 9 137 £ 6* 140+ 7 133+2 1275 156+ 14
10 uM 1416 169 £ 12 174 £ 12 155+7 151+6 201+24
50 um 192+16 30+9*** 258+21 95+12***  92+20 9 £ 3**
100 pm 21+3 22+9 15+23 29+%5 71 10+3

150 uM 18+1 155 11+2 18+4 71 10+3
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Figure 4.5. Graphical representation of CYP1A1 induction in HepG2 cells exposed to DDT, DDE

and DDD mean = SEM. *** indicates p < 0.001 and the dashed horizontal line Y = 100%.
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CYP1A1 induction in HepG2 cells exposed to DDT, DDE and DDD after 1 h pre-

treatment with NAC. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, compared to

corresponding dose with no pre-treatment. Dashed horizontal lines show Y = 100%.
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4.4. Discussion

4.4.1. Optimisation

Although CYP mRNA levels are much lower in HepG2 cells when compared to primary
human hepatocytes, this cell line has been shown to still retain enough CYP function for use
in CYP induction studies, specifically CYP1A1, 1A2, 2B6, 2D6, 2E1 and 3A4 (Westerwink and
Schoonen, 2007). Initially, tests in the present study for determination of CYP1A1 activity
used substrate concentrations of 1 - 10 uM (Alexandre et al., 1999; Dubois et al., 2006;
Jonsson et al., 2006), which was not able to detect omeprazole-induced elevations in
CYP1A1 activity. The reason for this was excessive CYP1A1 substrate concentrations, which
produced considerable background fluorescence, thus limiting the sensitivity of detection of
cleaved resorufin and the ability to detect elevated CYP1A1 activity. Optimisation showed
that 7-ER concentrations of 2 - 250 nM yielded a steady rise in fluorescence produced by the
cells, while the background fluorescence remained essentially constant (Table 4.1 and Figure
4.1). Whether this rise in background fluorescence from 250 - 1000 nM of 7-ER is the result
of non-specific release of resorufin or due to direct fluorescence of the substrate itself is not
clear and is beyond the scope of this study. Subsequent experiments in the present study
have therefore utilised a substrate concentration of 150 nM as this maximised the linear

sensitivity and range of the assay while still excluding excessive background fluorescence.

Step 2 of optimisation focused on the use of NADPH as a co-factor in the EROD assay.
Results confirmed that performing the EROD assay on whole cell cultures does not require
NADPH as a co-factor. The presence of NADPH decreased the sensitivity of the assay by
almost 50%. A possible explanation for this may be that the presence of NADPH in the
solution quenches the fluorescence. The decrease seen in untreated cells may also be due
to quenching but it cannot be excluded that some other biochemical change(s) elicited by
excessive NADPH may have occurred. Consequently, NADPH was excluded from the EROD
assays in this study when evaluating CYP1A1 induction in intact HepG2 cells by the test

compounds.
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4.4.2. CYP1A1 activity

Figures 4.3 and 4.4 present the density plots of the observed CYP activity data for DDT.
These graphs are shown to demonstrate the presence and effect that outliers may have on a
particular data set. Some of the data sets presented in Figure 4.3 clearly show more than
one population, especially Figure 4.3B In this graph the majority of observations tend to be
around 120% of the control with a second small population that presents with 220% as the
mean. After removal of the relevant outliers using Grubb’s test, this density plot changes to
resemble a more bell-shaped curve, consisting of only one population as seen in Figure 4.4B,
illustrating the importance of assessing the data prior to statistical manipulation in order to
remove any bias that may be present and in this way decrease the probability of making
type | or Il errors (false positives and negatives, respectively). The density plots presented in
Chapters 3 and 4 were added to demonstrate the importance of assessing data quality.
Throughout the rest of the manuscript only the Grubb’s and Shapiro-Francia test results will

be presented as a measure of data quality.

The three test compounds appeared to induce CYP1A1 activity in HepG2 cells as all three
test compounds were able to significantly increase CYP1A1l activity at the lower
concentrations assayed (5 - 10 uM). DDT and DDE induced even greater activity at
concentrations of 50 UM, yielding approximately 200% and 250% of the activity of the
untreated cells, respectively. DDD, on the other hand, did not produce a significant effect at
this concentration. At the higher concentrations assayed, a large and statistically significant
decrease in CYP1A1 activity was seen for all three test compounds which could be ascribed
to cell death due to the toxic effects before CYP 1A1 could be induced. Despite the fact that
at test compound concentrations of 50 uM, approximately half of the cells were no longer

viable, a significant increase in CYP1A1 activity was still observed.

The up-regulation of CYP1A1 due to DDT exposure has been described in vitro (Dehn et al.,
2005), in vivo (Nims et al., 1998; Sierra-Santoyo et al., 2000) and even in plants when using

cultured cells of the common onion, Allium cepa (Riffat and Masood, 2006). In contrast to
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findings from this study, Dehn et al. (2005), who also performed EROD assays on HepG2
cells following DDT exposure, detected no CYP1A1 activity in cells exposed to 10 and 50 uM
of DDT, but found a significant increase of CYP1A1 activity from 100 uM up to 1 mM. This
may once again be attributed to the considerable difference in cell density used in the two
studies, 2x10° cells/well (Dehn et al., 2005) vs. 2x10* cells/well. Additional sources of
discrepancy could have resulted from NADPH presence and/or substrate concentrations for
7-ER. However, the authors did not elaborate on their methods, therefore the substrate
concentration they used and whether or not they added NADPH as a cofactor, both of which
have already been shown to significantly affect EROD assay results, could not be
established. Observations from the present study showed that exposure to 100 uM of DDT
resulted in a significant decrease in CYP1A1l-associated EROD activity, most probably due to
cell death. On the other hand, Dehn et al. (2005) reported significant increases in EROD
activity from concentrations of 100 - 1000 uM of DDT. These findings could implicate that, in
the present study concentrations of 100 and 150 uM of DDT may also have induced further
CYP1A1 activity, had cell death due to toxicity not been observed. The findings of Dehn et al.
(2005) that 1 mM of DDT increases CYP1A1 activity is disputable as DDT has a solubility limit

of approximately 200 uM in aqueous media at a vehicle solvent concentration of 0.5% (v/v).

Delescluse et al. (1998) reported findings similar to the present study in that DDT at 10 uM
could induce CYP1A1 activity in HepG2 cells but this increase was found to be statistically
insignificant. Following three days incubation with 10 uM of DDT, treated cell cultures were
lysed using a freeze-thaw cycle and EROD activity measured in a similar manner to that
performed on microsomal fractions with a concentration of 2 UM 7-ER and the addition of
500 uM NADPH. The authors, however, did not report the seeding cell density. The
prolonged exposure to DDT, difference in approach to the EROD assay and high substrate
concentration may explain why a significant increase was not detected by Delescluse et al.
(1998), as was the case in the current work. Despite some discrepancies, results from this
study and those in literature suggest that DDT does induce CYP1A1 activity in vitro, but the
concentration at which this occurs seems to be dependent on various experimental

conditions when performing the EROD assay.
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With regards to the in vitro effects of DDE and DDD on CYP1A1, no literature was found in
order to compare with the findings from the present in vitro study. However, effects on
CYP1A1 induced by these two metabolites, as well as DDT, have been described in vivo.
Nims et al. (1998) conducted a study using male F344 rats exposed to dietary DDT, DDE and
DDD. Although this was an in vivo study, there were some similarities to the observations
made in the present study in that these authors also observed dose-dependent increases in
hepatic CYP1A1 activity induced by all three test compounds. In addition to this, DDT and
DDE were almost equipotent inducers with CYP1A1 activities reaching 3.45- and 3.55-fold
increases compared to untreated control animals, whereas DDD was the least potent
reaching a maximum CYP1A1 activity of 2.18 times that of untreated control animals.
Despite the fact that these experiments were conducted in vivo, the potency of the three
compounds correlated with what was observed in the present study where (in terms of
potency of inducing CYP1A1l activity) the compounds were ranked DDE > DDT > DDD.
Dickerson et al. (1999) also reported potent, dose-dependent induction of CYP1A1 by DDE in
vivo while Sierra-Santoyo et al. (2000) reported findings that suggest that the CYP1Al

induction by DDT, DDE and DDD may also be gender-dependent.

NAC pre-treatment increased CYP1A1l activity at low concentrations (5 - 10 uM) for both
DDT (significant at 5 UM, p < 0.05) and DDD but had the opposite effect when cells were
exposed to DDE (Table 4.6 and Figure 4.6). However, these observations were not
significant. NAC pre-treatment caused significant reductions in CYP1A1 activity at 50 uM for
all three test compounds. Previous reports have shown that NAC is able to inhibit heavy
metal-mediated CYP1A1l induction (Elbekai and El-Kadi, 2005; Wu et al., 2009). However,
results from the present study do not support the fact that NAC inhibited CYP1A1 induction
by the test compounds because if this was the case, NAC would have inhibited CYP1A1
induction across the entire test concentration range of the test compounds. Contrarily, the
decrease in CYP1A1 activity was only statistically significant at one particular concentration
for all three test compounds (50 puM). This observation is more likely to be due to decreases
in cell viability as NAC pre-treatment exacerbated the toxic effects of all three test

compounds, as was demonstrated in the cytotoxicity assays.
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In summary, results from the present study indicate that DDT is capable of up-regulating
CYP1A1 activity. Like DDT, its two metabolites also induced CYP1A1l activity, which is
expected as all three compounds are similar in structure. In terms of potency of inducing
CYP1A1 activity the three test compounds can be ranked as follows: DDE > DDT > DDD. Pre-
treating cells with NAC induced CYP1A1 activity at low concentrations of DDT and DDD but
not DDE, suggesting that there may be different mechanisms of activation involved. NAC did
cause hepatoprotective, significant decreases in CYP1A1 activity at concentrations of 50 uM
of all three test compounds, which corresponds with the decreases in cell viability observed

earlier.
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Chapter 5: Oxidative Stress

5.1. Background

ROS are unstable molecules, which make them highly reactive. These molecules are
naturally generated in small amounts during metabolic reactions of the body. ROS can react
with and damage cellular molecules such as lipids, proteins and DNA. Four chemical
reactions have been reported through which reactive molecules can modify other molecules

and include (Wu and Cederbaum, 2003):

® Hydrogen abstraction:
A radical reacts with a hydrogen donor, to yield a stable molecule, which in turn
makes the hydrogen donor reactive.

e Addition:
A radical binds to an originally stable molecule converting the combined molecule
into a reactive one.

e Termination:
Two radicals react with each other to form a stable compound.

® Disproportionation:
A radical reacts with another identical radical and donates its unpaired electron to

the other, thereby yielding two stable compounds.

Under certain conditions the production of ROS is enhanced and/or the level or activity of
antioxidants is reduced. The resulting state, which is characterized by a disturbance in the
balance between ROS production, on the one hand and ROS removal and repair of damaged

molecules on the other, is called oxidative stress (Cederbaum et al., 2009).

The principal source of ROS production in mammalian cells is the mitochondria, which
produces reactive species including ¢O,", H,0, and the highly reactive *OH. Mitochondrial
ROS are produced by the electron transport chain, which consists of four electron carrier

complexes, I-IV. Electrons derived from metabolic reducing equivalents are fed into the
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electron transport chain through either complex | or complex Il, and eventually pass to
molecular O, to form H,O in complex IV (Liu et al., 2002). Theoretically, all of these
complexes are able to transfer electrons to O, to form ¢0O,’, which is quickly dismutated to
H,O, by mitochondrial superoxide dismutase. However, studies have shown that
mitochondrial ROS originate mainly from carrier complexes | and Ill (Turrens and Boveris,

1980; Turrens et al., 1985).

Another major source of ROS, especially in the liver, is the membrane-bound microsomal
monooxygenase system (MMO) (Wu and Cederbaum, 2003). This system, which catalyses
the oxygenation of a wide variety of exogenous and endogenous compounds, contains CYPs
as the terminal oxidases. Monooxygenation reactions typically require the input of two
electrons that are transferred to P450 by the flavoprotein NADPH-P450 reductase but may
also come from cytochrome bs, a small hemoprotein, and its NADH-dependent reductase.
The efficiency of electron transfer from NADPH through the electron carriers to the CYP for
monooxygenation of substrate is referred to as coupling (Zangar et al., 2004). Although the
degree of coupling of NADPH consumption to substrate oxidation varies for different P450
species, it is usually less than 50%. An uncoupled state leads to ROS production as electrons
that enter the system do not end in the oxygenation of substrate but escape their natural
reaction sequence, finally affecting other molecules present through one of the four

reactions mentioned at the beginning of this chapter.

Results from the CYP1A1 experiments show that the test compounds in question are able to
induce CYP activity. As mentioned above, MMO is a major source of ROS, especially in the
liver, and the up-regulation of CYP1A1 activity is suggestive of possible increased ROS
generation and a resultant state of oxidative stress. For this reason, examining
DDT/DDE/DDD-induced ROS generation could illuminate the mechanism of the cytotoxicity

of the three test compounds.
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5.2. Methods

5.2.1. Detection of intracellular ROS by fluorometery

Nine independent endpoint fluorometry experiments were carried out in duplicate, six with
the test compounds alone (n = 12) and three that included a 1 h NAC pre-treatment (n = 6).
Intracellular ROS was detected according to the method described by Zhang et al. (2009),
with slight modifications. Following the 48 h seeding incubation, 40 ul of 2'7'-
dichlorofluorescein diacetate DCFDA (20 uM) in PBS was added to each well and incubated
for 1 h at 37QC. The loading medium was then carefully removed and cells washed with 200
ul PBS. Cells were kept hydrated by the addition of 50 ul of PBS to each well followed by the
addition of 50 ul of either PBS (1% DMSO), 2',2'-azobis(2-methylpropionamidine)
dihydrochloride AAPH (300 puM) or test compound (10 - 300 puM) to yield final
concentrations of 0.5% DMSO, 150 uM AAPH and 5 - 150 uM of the relevant test
compounds. Cells were incubated for 3 h before fluorescence was measured on a FluoStar
Optima fluorescent plate reader using Aex = 492 nm and Aem = 525 nm at a gain setting of

750. AAPH was used as positive oxidant control (Ximenes et al., 2009).
5.2.2. Detection of intracellular ROS by flow cytometry

To confirm the findings obtained with fluorometry, ROS detection with DCFDA was repeated
using flow cytometry. After harvesting cells by trypsinisation, 1x10 cells were pooled into a
single centrifuge tube and incubated with 5.7 uM DCFDA in 1 ml| EMEM for 1 h at 37°C. This
was done to ensure that all the cells for a particular experiment were pre-loaded with the

same concentration of the oxidant sensitive dye.
While the cells were being incubated to pre-load with DCFDA, 5 ul of DMSO (vehicle

solvent), AAPH (30 mM) or test compound (1 - 30 mM), were added to individual flow

cytometry tubes.
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Following DCFDA pre-loading, cells were diluted to 2x10° cells/ml (same cell density as used
in all other experiments) using PBS. Of this cell suspension, 1 ml was added to each of the
prepared flow cytometry tubes. Cells were then incubated for 3 h at 37°C, after which the
fluorescence was measured using channel FL1 (525 nm) on a Beckman Coulter FC500 flow
cytometer. A total number of 5000 events were recorded per sample, from which a mean

was obtained. Three individual experiments on individual batches of cells were performed.

5.2.3. Kinetic evaluation of ROS detected by fluorometry

To determine whether any ROS generation occurred over a longer exposure period, kinetic
experiments were conducted. As with fluorometric detection (described in Section 5.2.1.),
cells were loaded with 5.7 uM DCFDA for 1 h at 37°C. The solution was then carefully
aspirated and the cells washed with PBS. This was followed by the addition of 50 ul PBS and
an additional 50 pl of PBS containing either DMSO (1%), AAPH (300 uM) or the relevant test
compound (0.2 - 200 uM) to each well. Final concentrations of DDT, DDE and DDD were
0.01, 0.1, 1, 10 and 100 uM (0.5% DMSO final concentration). The initial concentration
range was broadened to allow for the detection of ROS below 5 UM of test compound in
order to determine whether lower concentrations may induce any significant ROS
generation. After adding the test compounds and controls, fluorescence was determined at
30 min intervals over a period of 14 h at 37°C. Fluorescence was detected on a FluoStar
Optima fluorescent plate reader using Aex = 492 nm and Aey = 525 nm at a gain setting of

750.

5.2.4. Statistical analyses

Nine independent endpoint fluorometry experiments were carried out in duplicate, six with
the test compounds alone (n = 12) and three that included a 1 h NAC pre-treatment (n = 6).
Outliers were detected using Grubb's test and removed, before normality of the data

distributions were evaluated with the Shapiro-Francia test. Hypothesis testing was then
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performed utilising either Student's t-tests or Mann-Whitney tests, to determine whether
any observable differences between means were statistically significant. In addition to the
endpoint ROS experiments, three independent flow cytometry experiments (n = 3) and
three independent kinetic experiments in quadruplicate (n = 12) were performed. Flow
cytometry results were tested using only Mann-Whitney tests since only three observations
were available for scrutiny. All results, except those from kinetics experiments, were
standardized to percentage of control and are reported as Mean + SEM. For kinetic
experiments, raw data was analysed using a two-way analysis of variance with a Bonferroni

post hoc test to compare all groups to the control groups.

The possible effects that NAC may have on test compound-induced changes in intracellular
ROS were also determined. These results were standardised to percentage of control but no
preliminary tests (Grubb's and Shapiro-Francia) were performed because of the small
sample size (n = 6). Therefore, Mann-Whitney tests were performed without removal of

outliers.

5.3. Results

5.3.1. Endpoint fluorometry

Three of the six groups of data in the DDT data set contained outliers with p < 0.05
according to Grubb's test. Similarly, 3 different groups in the DDE data set contained
outliers, while the DDD data set contained 4 groups with outliers (Table 5.1). A maximum of
2 outliers were removed per group. Hypothesis testing was then performed on a minimum
of 10 observations. Most of the data presented with normal distributions according to the
Shapiro-Francia test (Table 5.2). Only the 50 UM group of DDT and the 10 uM group of DDE

were not normally distributed, accordingly these were analysed with Mann-Whitney tests.
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Table 5.1. Grubb's test results for detecting outliers in the observed ROS data. Values given in the

table are p-values. Instances where p < 0.05 (*) indicates the presence of outliers.

Concentration DDT DDE DDD
Control 0.35 0.08 0.01*

5um 0.05 0.00* 0.02*

10 um 0.01* 0.00* 0.00*

50 um 0.00* 0.06 0.00*

100 pm 0.02* 0.00* 0.08

150 um 0.11 0.56 0.10

Table 5.2. Shapiro-Francia test normality results of the observed ROS data after removal of outliers

detected with Grubb's test. Values given in the table are p-values. Instances where p < 0.05 are

significantly non-normal. * indicates p < 0.05.

Concentration DDT DDE DDD
Control 0.98 0.18 0.13
5um 0.23 0.27 0.91

10 umMm 1.00 0.03* 0.29

50 uMm 0.01* 0.19 0.61
100 um 0.27 0.36 0.26
150 uM 0.19 0.45 0.64

The positive control (AAPH) yielded the large expected increase in ROS generation when
compared to vehicle only treated controls (Table 5.3 and Figure 5.1). Fluorometric
evaluation showed no ROS generation in HepG2 cells exposed to DDT for 3 h. Rather, results

showed a trend of decreasing ROS with an increase in DDT concentration (Figure 5.3A). A
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significant (p < 0.05) deviation from the vehicle control was only detected at the highest

concentration of DDT (150 uM) where a 30% decrease in intracellular ROS levels occurred.
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Figure 5.1. Generation of H202 in HepG2 cells following 3 h exposure to vehicle control vs. AAPH

(150 uM) using DCFDA as ROS probe (mean £SEM) as detected by fluorometry. *** = p < 0.001.

DDE exposure also decreased the amount of intracellular ROS following a dose-dependent
trend. This was more pronounced than in cells exposed to DDT at all of the tested
concentrations, except 50 UM, causing a significant decrease in the detected ROS of
approximately 40% (p < 0.01), compared to controls. Similar to the other tested compounds,
DDD did not induce ROS generation. DDD also produced a decrease in ROS with significant
reductions at concentrations of 50 and 100 uM DDD with p < 0.01 and p < 0.05, respectively.
Table 5.3. ROS generation in HepG2 cells following 3 h exposure to DDT, DDE, DDD and AAPH

(positive control). Results (% of Control) are presented as mean +SEM. * indicates p < 0.05, ** p < 0.01

and *** p < 0.001 as determined by Mann-Whitney tests.

Concentration DDT DDE DDD AAPH (150 um)
Control 100+ 8 100 + 10 92+4
5 uM 97 +12 62 + 7** 73+10
10 uM 84+ 10 59 + 9** 87+12 506 £ 58***
50 uM 87 +9 75 +12 64 + 7**
100 uM 81+11 53 + 10** 62 + 10*
150 uM 69 +11* 61 + 9** 76 +11
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Table 5.4. ROS generation in HepG2 cells due to DDT, DDE, DDD, with or without 1 h pre-treatment
with NAC. There were no statistically significant differences between cells pre-treated with NAC and those

that were exposed to test compounds only.

DDT DDE DDD
-- NAC -- NAC -- NAC
5umM 97 +12 93+12 62+7 72+8 7310 94 +12
10 um 84 +10 8714 59+9 686 87 %12 87+10
50 um 879 89 +12 75+12 81+15 64 +7 97 +24
100 pm 81+12 93+12 53+10 737 62 +10 89+11
150 um 69 £ 10 84 +10 61+9 756 76 £11 82+11

NAC pre-treatment had no significant effect on test compound-induced changes in
intracellular ROS levels. There is a trend in the results that NAC pre-treatment appeared to
inhibit the reductions in ROS levels induced by the test compounds (Table 5.4 and Figure
5.5).

5.3.2. Flow cytometry

The positive control, AAPH, yielded expected results by significantly (p < 0.001) inducing
ROS. AAPH produced a 2-fold increase in ROS generation when compared to the vehicle
controls (Figure 5.2). Flow cytometry results support the fluorometric findings in that no
significant increase in ROS generation was detected after DDT exposure. None of the flow
cytometry results were significantly different from controls. A slight increase in ROS
occurred in the 5 uM of DDT group but this was not a statistically significant elevation
(Figure 5.3D). Flow cytometry indicated no ROS generation after DDE exposure. Similar to
cells exposed to DDT, there may be a trend of decreased ROS with an increase in DDE
concentration (Figure 5.3E). None of the flow cytometry results showed any significant
deviation from control values. No significant DDD-induced increase in ROS generation was
detected by flow cytometry but, as with DDT, results do show a slight increase in ROS

generation in cells exposed to 5 UM of DDD (Figure 5.3F). A similar trend to the other test
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compounds was seen, with reduced ROS production associated with increases in DDD

concentration. However, none of these observations were significant (Figure 5.3F).
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Figure 5.2, Generation of H202 in HepG2 cells following 3 h exposure to vehicle control vs. AAPH

(150 uM) using DCFDA as ROS probe (mean +SEM) as detected by flow cytometry. *** = p < 0.001.

5.3.3. Kinetic fluorometry

Kinetic evaluation of AAPH-induced ROS generation showed a sharp increase in ROS
generation up to = 6 h exposure, after which the rate of ROS generation decreased, reaching
a plateau. AAPH significantly (p < 0.01) elevated intracellular ROS from 2 h of exposure
onwards, compared to vehicle controls (Figure 5.4). As evident from Figure 5.4, no increase
or decrease in ROS generation was observed when cells were exposed to DDT, DDE or DDD

over a period of up to 14 h.
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Figure 5.3. Fluorometric detection (endpoint) of H202 in HepG2 cells following 3 h exposure to DDT

(A), DDE (B) and DDD (C) (mean £SEM). * indicates p < 0.05 and ** p < 0.01 as determined by Mann-
Whitney tests. Graphs (D), (E) and (F) illustrate the corresponding flow cytometry results of DDT, DDE and

DDD, respectively. Dashed horizontal lines represent control values.
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Figure 5.4. Raw data (no data manipulation) from three independent experiments showing H202

generation in HepG2 cells following exposure to various concentrations of DDT, DDE and DDD over a 14 h
incubation period (mean +SEM). Dashed vertical lines represent X = 3 h, which is the incubation period
used in all other experiments. RFl = relative fluorescence intensity. AAPH (150 pM) alone induced
significant (p < 0.001) ROS generation from 2 h onwards. All test compounds at all tested concentrations

showed no significant difference from the negative control values for the same time.
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Generation of H202 in HepG2 cells following 3 h exposure to DDT, DDE and DDD (mean

+SEM), without (dark green bars) or with (light green bars) 1 h NAC pre-treatment. No significant

differences were detected.
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5.4. Discussion

Following the removal of outliers with the Grubb’s test (Table 5.1), only 2 of the 18 data sets

presented non-normal distributions (Table 5.2), indicating good reproducibility.

When comparing the results of the fluorometric and flow cytometric methods of detection
of AAPH-induced ROS generation using DCFDA, fluorometry detected a 5-fold increase in
fluorescence compared to a 2-fold increase observed with flow cytometry (Figure 5.1 and
Figure 5.2). This would suggest that the fluorometry method is a more sensitive method
than flow cytometry. However, fluorometric evaluation demonstrates a different inhibitory

trend to that seen with flow cytometry (Figure 5.3).

Regarding the effect of the three test compounds on ROS levels, previous in vitro studies
using DCFDA as probe have demonstrated DDT-induced ROS generation in various types of
cells. Using fluorometry, researchers have reported DDT-induced ROS in skin tumour (Ruiz-
Leal and George, 2004) and U937 monocyte lymphoma cells (Sciullo et al., 2010). Studies
reporting DDT-induced ROS in hepatocytes (Filipak Neto et al., 2008; Shi et al., 2010a) have
used flow cytometry. The study by Filipak Neto et al. (2008) used primary hepatocytes
derived from a fish species. In the human-derived L-02 hepatocyte cell line, a significant
increase in intracellular ROS was observed after 24 h exposure to 10 nM and 100 nM of DDT
(Shi et al., 2010a). The effects of DDE and DDD on ROS generation in hepatocytes have not
been reported previously. However, they have been shown to induce ROS generation in
peripheral blood mononuclear cells (Perez-Maldonado et al., 2004) and primary rat Sertoli

cells (Song et al., 2008).

In the present study neither fluorometric, nor flow cytometric methods detected any
significant ROS generation caused by DDT, DDE or DDD exposure (5 - 150 uM), which may
be considered contradictory to reported literature. However, flow cytometry did reveal a
small increase in ROS generation at the lowest tested concentration of DDT and DDD (5
M), which could suggest that concentrations of DDT and DDD lower than 5 M may induce

more ROS generation (Figure 5.3A). To test this hypothesis, a very wide concentration range
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(0.01 - 100 uM) of all three test compounds were tested in three independent kinetic-type
fluorometry experiments, each spanning 14 h of exposure, in an attempt to reproduce the
reported ROS generation. The chosen concentration range included concentrations of 10
and 100 nM, which has previously been reported to induce ROS generation in cultured
hepatocytes (Shi et al.,, 2010a). Together with flow cytometry results, these experiments
using the extended concentration range supported the initial endpoint fluorometry results
in that no ROS generation was detected in cells exposed to any of the test compounds

(Figure 5.3).

Contradictory to their first article (Filipak Neto et al., 2008), a second publication reported
that 50 nM of DDT caused a significant decrease in intracellular ROS in primary hepatocytes
(Bussolaro et al., 2010). Although the same methodology was applied, hepatocytes
originating from a different fish species were employed, which could indicate a species-
specific response to DDT in terms of intracellular ROS generation. This may explain why ROS
generation was not seen with HepG2 cells in the present study whereas ROS generation was
seen in L-02 cells (Shi et al., 2010a). Although both cell lines are of human origin, the one is
cancerous (HepG2) and the other not (L-02) (Guo et al., 2007) so they are likely to present

with different genotypic and phenotypic features and could therefore respond differently.

Another explanation for the apparent discrepancy could be the duration of exposure. In the
studies conducted by Filipak Neto et al. (2008) and Shi et al. (2010a), the authors exposed
hepatocytes to DDT for periods of 4 days and 24 h, respectively. Morel et al. (1999), who
specifically studied CYP1A1l-generated ROS in HepG2 cells, exposed cultures for 30 h to
benzo(a)pyrene, a well-known CYP1A1 inducer, in order to detect ROS generation. In the
present study cells were only exposed for 3 h, which failed to yield any elevated intracellular
ROS. For this reason, the kinetics experiments were conducted over a 14 h period, but still
no ROS was detected. This may indicate that the DDT-induced ROS generation seen in
previous studies had its origin from the MMO system rather than mitochondria. It was
shown in this study that DDT induces CYP1A1 activity, which forms part of the MMO system
of enzymes. Considerable time is required for CYP1Al up-regulation to manifest
intracellularly as the relevant receptors need to be activated and translocated to the

nucleus, after which transcription needs to occur, followed by translation and finally protein
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synthesis. If DDT-induced ROS generation is the result of high MMO activity, all of the afore-
mentioned processes need to take place before any detectable increase in ROS will present
itself. If DDT-induced ROS generation was due to mitochondrial uncoupling, this would
manifest much faster and would probably be detectable within 14 h of exposure as was
seen with AAPH-induced ROS, which reached a maximum plateau after approximately 6 h of

exposure.

CYP1A1 and intracellular ROS are also related to each other in terms of a negative-feedback
autoregulatory loop, in which CYP1A1, that generates ROS during its catalytic cycle, is
regulated by cytosolic ROS levels, specifically H,0, (Morel and Barouki, 1998; Morel et al.,
1999; Barouki and Morel, 2001). ROS regulation of CYP1Al expression occurs at a
transcriptional level. The aryl hydrocarbon receptor (AhR), AhR nuclear translocator (Arnt)
and Nuclear Factor | (NFI) are all required for activation and transcription of the cyplal
gene and studies have shown that synergy between AhR-Arnt complex and NFI as well as
NFI integrity is diminished in the presence of H,0, (Morel et al., 1999). The fact that CYP1A1
up-regulation was observed only after 24 h exposure to the test compounds (Chapter 4)
provides further support for the fact that DDT does not induce ROS through a rapidly

activated pathway, as observed in the present study.

NAC pre-treatment for 1 h had no significant influence on the test compound changes in
intracellular ROS (Table 5.4 and Figure 5.4), which is not unexpected as initial results
indicated that none of the test compounds induced ROS in the first place. This provides
further support in concluding that none of the tested compounds induce ROS generation in

HepG2 cells following a short 3 h exposure.

Using fluorometric detection, no elevated intracellular ROS levels were observed for any of
the test compounds at any of the tested concentrations after 3 h exposure. This was
confirmed by flow cytometry. After extending both the exposure period to 14 h and
widening the concentration range from 0.01 — 100 M, still no elevations in ROS levels were
observed. These findings suggest that the test compounds do not induce ROS generation in

these cells by a rapidly inducible reaction pathway.
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Chapter 6: Mitochondrial Toxicity

6.1. Background

Mitochondria are the main source of chemical energy in a cell. They provide more than 15
times the ATP than that generated by anaerobic glycolysis (Alberts et al., 2002).
Mitochondria generate ATP through the action of ATP-synthase. The respiratory complexes
, Il and IV of the electron transport chain are responsible for actively transporting H* ions
into the mitochondrial intermembrane space (Figure 6.1). ATP-synthase then uses the
backflow of H' ions from the mitochondrial intermembrane space into the mitochondrial
cytosol as a driving force to synthesise ATP from adenosine diphosphate and inorganic free
phosphate. Due to the constant active efflux of H" from the mitochondrial cytosol into the
intermembrane space, a difference in H" concentration across the inner membrane
develops, which creates an electrochemical gradient known as the mitochondrial membrane
potential (Ay,,) (Hutteman et al., 2008). In addition to H* re-entry into the mitochondrial
matrix via ATP-synthase, all mitochondria also possess a parallel endogenous H' leak
(Nicholls, 1977). Under normal physiological conditions the H* leak may serve an important
purpose in limiting the Ay, to prevent dielectric breakdown of the membrane (Brand et al.,

1994; Rolfe and Brand, 1997).

The Ay, lies at the heart of all the major bioenergetic functions of the mitochondrion, as it
provides a force that drives the influx of H', from the intermembrane space, by simply
moving it into the mitochondria down the electrochemical potential gradient. The actions of
the respiratory complexes as H' translocators also means that the respiratory rate is
regulated by Ay, in that respiration will run faster when the membrane is depolarised as a
thermodynamic consequence of the reduced energy required to move H' out of the
intermembrane space, and will run more slowly if the membrane is hyperpolarised (Duchen,

2004).
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Figure 6.1. lllustration of the electron transport chain and ATP-synthase embedded in the

inner mitochondrial membrane. Electrons enter the system via reduced nicotinamide adenosine
dinucleotide (NADH) and reduced flavin adenosine dinucleotide (FADH2). As electrons are transferred
from one respiratory complex to the next, H+ ions are driven from the mitochondrial cytosol into the
intermembrane space. Oz is the final electron receptor, which is reduced to H20. ATP-synthase is coupled
to this system by the backflow of H+ through the proton channel of ATP-synthase, an ATPase that works
in backwards, forming ATP from ADP and inorganic phosphate (Duchen, 2004) (Figure adapted from
Wikipedia, 2011).

Ay, typically ranges from -150 mV to -180 mV under normal physiological conditions. This
value is negative since it is the electrochemical potential relative to the cell cytoplasm (Perry
et al., 2011). Cationic dyes, such as 5,5,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1), have been used to evaluate Ay, in
HepG?2 cells (Nerurkar et al., 2004; Perry et al., 2011). As a positively charged molecule, this
dye accumulates in mitochondria in inverse proportion to the Ay,,. JC-1 is unique in its
ability to exist in two states, each with its own excitation-emission spectrum. When the dye

is present in high concentrations within mitochondria, due to a highly negative Ay, the dye
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forms J-aggregates with Aem = 590 nm and when present at low concentrations, due to low

AV, the dye exists as J-monomers with A, = 520 nm (Gravance et al., 2000).

Many of the cytotoxicity assays used by authors in previous attempts to detect
hepatotoxicity are non-specific and fail to detect specific types of toxicity, such as
mitochondrial toxicity, particularly when cell viability is not affected (Farkas & Tannenbaum,
2005). A good example of this is troglitazone, an antidiabetic drug, which was
commercialised after pre-clinical in vitro, in vivo as well as clinical testing but was eventually
withdrawn because it proved to be hepatotoxic due to mitochondrial toxicity that was not
detected during early drug development (Labbe et al., 2008). Troglitazone toxicity
highlighted the importance of evaluating the mitochondrial status of cells following
exposure to a certain compound. As mitochondrial effects can have an important role in cell
toxicity and cell death it is prudent to assess the mitochondrial status during cytotoxicity

testing as was done in the present study.

6.2. Methods

6.2.1. Evaluation of Ay, using JC-1

Ay, was evaluated using the method of Nuydens et al. (1999), with slight modifications.
Following the 48 h seeding incubation, a 100 pl of JC-1 (20 uM) in EMEM was added to each
well and cells loaded with the dye for 30 min at 37°C. Loading medium was then discarded
and cells washed with 200 pl PBS. To keep cells hydrated, 50 pl of PBS was added to each
well. This was followed by the addition of 50 pl of either PBS (1% DMSO), Tamoxifen (300
LUM) or test compound (10 - 300 uM) to yield final concentrations of 0.5% DMSO, 150 uM
Tamoxifen and 5 - 150 uM of the relevant test compounds, all diluted in PBS. Cells were
then exposed for 1 h before fluorescence was measured on a FluoStar Optima at both A, =
492 nm and Aem = 525 nm (monomeric JC-1 form) and Aex = 545 nm and Aem = 595 nm

(aggregate JC-1 form) at a gain setting of 1000.
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6.2.2. Statistical analyses

Six independent fluorometry experiments were carried out in duplicate (n = 12). Relevant
blank values were deducted from all values before the ratio of 595 nm/525 nm fluorescence
intensities was calculated, which is used as an indication of Ay, - the more intense the
fluorescence at 595 nm, the more J-aggregates are present indicating a high Ay, and vice
versa (Nuydens et al., 1999; Nerurkar et al., 2004; Perry et al., 2011). Data outliers were
detected using Grubb's test and removed, before normality of the data distributions were
evaluated with the Shapiro-Francia test. Hypothesis testing was then performed utilising
either Student's t-tests (normal) or Mann-Whitney tests (non-normal), to determine
whether any observable differences between means were statistically significant. Results

were standardized to percentage of control and are presented as Mean + SEM.

Three additional experiments were carried out in duplicate to assess the possible effects
that NAC may have on pesticide-induced changes in Ay,. These results were also
standardised to percentage of control but no preliminary tests (Grubb's and Shapiro-
Francia) were performed. Mann-Whitney tests were performed due to the small sample size

(n =6), no outliers were removed and normality of the data could not be established.

6.3. Results

One group out of each of the data sets contained outliers (Table 6.1). After removal, data
distributions were tested for normality, which revealed that the data was normally
distributed except for one group from both the DDT (5 uM) and DDD (100 uM) data sets
(Table 6.2). Accordingly, these data groups were analysed using Mann-Whitney tests, while
the rest of the data were analysed with Student's t-tests to determine whether any

deviations from the control mean were significant.
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Table 6.1. Outliers in A\|Im data, detected by Grubb's test. Values given in the table are p-values.

Instances where p < 0.05 (*) indicates the presence of outliers.

Concentration DDT DDE DDD
Control 0.49 0.69 0.02*

5uM 0.00* 0.10 0.19

10 uMm 0.31 0.02* 0.09

50 uMm 0.20 0.05 0.24

100 uM 0.08 0.18 0.96

150 um 0.11 0.09 0.82

Table 6.2. Shapiro-Francia test normality results of the observed AV, data after removal of

outliers detected with Grubb's test. Values given in the table are p-values. Instances where p < 0.05 are

significantly non-normal. * indicates p < 0.05.

Concentration DDT DDE DDD
Control 0.24 0.56 0.46
5um 0.02* 0.34 0.06

10 um 0.34 0.15 0.58

50 um 1.00 0.41 0.71
100 pM 0.29 0.72 0.04*
150 uMm 0.89 0.93 0.08

The positive control, Tamoxifen, yielded expected results as it hyperpolarised the
membrane as has been previously reported for HepG2 cells (Donato et al., 2009). Tamoxifen
caused an approximate 7-fold increase in Ay, compared to vehicle controls (Table 6.3 and
Figure 6.2). Considerable variation was seen in Tamoxifen results but hyperpolarisation was

sufficiently high enough for the results to be highly significant (p < 0.001) (Table 6.3).
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Table 6.3. Changes in Alpm in HepG2 cells following 1 h exposure to DDT, DDE, DDD and

Tamoxifen (positive control). Results (% of Control) are presented as mean +SEM. *** = p < 0.001 as

determined by Student's t-tests and Mann-Whitney tests.

Concentration DDT DDE DDD Tamoxifen (150 uM)
Control 100+9 100+ 10 100+ 4
5um 86+6 89+5 975
10 um 86+6 87+6 90+6
H 688+ 199***
50 um 10117 103+6 146 + 7***
100 uMm 145 £ 13*** 164 + 15*** 301 + 20***
150 uMm 162 £ 17*** 194 + 18*** 340 + 22***
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Figure 6.2. Changes in Ay, detected by JC-1 in HepG2 cells following 1 h exposure to vehicle

control vs. Tamoxifen (150 pM) (mean £SEM). Tamoxifen caused significant hyperpolarisation of the

membrane potential with p < 0.001 (Student’s t-test).

At the lower concentration range tested (5 - 10 uM), DDT reduced Ay, by 14%, although
not statistically significant. At 50 uM, DDT did not affect Ay, with only a 1% difference
from controls. However, highly significant increases in Ay, were seen at the higher

concentration range tested, from 100 - 150 uM (p < 0.001), producing 45% and 62%
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increases, respectively. DDT demonstrated a dose-dependent increase in Ay, from 10 - 150

UM (Table 6.3 and Figure 6.3).

A similar trend was seen with DDE. From 5 - 10 uM, there was a non-significant decrease in
Ay, of approximately 12%. At 50 uM, DDE caused only a 3% increase in Ay, while 100 and
150 puM concentrations resulted in very large increases in Ay, of 64% and 94%,
respectively. These increases were greater than those induced by equivalent dosages of DDT

and were statistically highly significant (p < 0.001) (Table 6.3 and Figure 6.3).

Low concentrations of DDD (5 and 10 uM) also decreased Ay, non-significantly. However,
DDD (2 50 uM) induced highly significant (p < 0.001) increases in Ay,,. At 50 uM, DDD
caused an increase equivalent to that produced by 100 uM of DDT (46% vs. 45%). A 100 and
150 UM concentrations yielded 201% and 240% increases in Ay,, compared to untreated
controls (p < 0.001) (Table 6.3 and Figure 6.3).

Pre-treating cells with NAC stabilised Ay, especially at higher concentrations of the test
compounds, where NAC pre-treatment significantly reduced the hyperpolarisation induced

by the test compounds at concentrations of 150 uM (Table 6.4 and Figure 6.4).

Table 6.4. Changes in Alpm in HepG2 cells due to DDT, DDE, DDD, with or without 1 h pre-

treatment with NAC. * indicates p < 0.05, ** p < 0.01 and *** p < 0.001 as determined by Mann-
Whitney tests.

DDT DDE DDD

-- NAC -- NAC -- NAC
5umM 95+11 109+8* 895 108 + 5* 97 +5 99+6
10 uM 866 111+8 93+8 105+6 906 114+ 16
50 uM 101+7 112 +4 103+6  132+8* 1467 117 + 5*
100uM 145+13 123+6 164+15 122+10 301+21 153 £5%***
150uM 162 +17 110+11* 194+18 116+9** 340+22 138+ 14%**
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Figure 6.3. Changes in Aym in HepG2 cells following a 1 h exposure to various concentrations of
DDT, DDE and DDD (mean * SEM) relative to untreated controls. *** = p < 0.001 as determined by

Students t-tests and Mann-Whitney tests. Dashed horizontal lines represent Y = 100%.
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Figure 6.4. Changes in Aym in HepG2 cells following a 1 h exposure to various concentrations of
DDT, DDE and DDD relative to untreated controls. Dark green bars represent cells exposed to test
compounds alone and light green bars those with a 1 h pre-treatment with NAC (mean £ SEM). * = p <
0.05, ** = p < 0.01 and *** = p < 0.001 as determined by Mann-Whitney tests. Dashed horizontal lines
represent Y = 100%.
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6.4. Discussion

Following the removal of outliers with the Grubb’s test (Table 6.1), only 2 of the 18 data sets

presented non-normal distributions (Table 6.2), indicating good reproducibility.

Exposure to the test compounds for 1 h produced similar trends across the tested
concentration range with slight decreases in Ay, at 5 - 10 UM and significant increases from

100 - 150 uM. DDD was the most potent inducer of Ay, of the three test compounds.

No literature was found regarding the effects of the three test compounds on intact cells. To
our knowledge this is the first report of the effects of DDT, DDE and DDD on the Ay, of
intact, cultured hepatocytes. Due to the lack of literature for comparison, this discussion will
focus on the possible reasons the observed effects may have occurred drawing on previous
studies, which assessed the function of individual components of the respiratory chain and

isolated mitochondria.

Elevations of Ay, are indicative of an increase in the slope of the electrochemical gradient
formed by the difference in concentration of H" across the inner mitochondrial membrane.
Results from this study suggest that all three compounds significantly increase the H”
concentration in the intermembrane space. If the elicited response is the result of direct
action of the compounds on the respiratory complexes involved in cellular respiration, this

can occur in one of three ways, when considering oxidative phosphorylation:

1. by stimulating the electron transport chain, which in turn will drive more H" into the

intermembrane space

2. by inhibiting the action of ATP-synthase, which would slow the backflow of H' ions

into the mitochondrial cytosol
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3. by inhibiting the H" leak that normally prevents mitochondrial hyperpolarisation

under physiological conditions.

Mitochondrial hyperpolarisation observed in this study is not likely to be the result of
stimulation of the electron transport chain as previous studies have shown that DDT is
capable of inhibiting certain complexes of the respiratory chain including complex Il
(Nishihara and Utsumi, 1985) and complex lll (Nishihara and Utsumi, 1985; Morena and
Madeira, 1991). The same has been reported for DDE by Mota et al. (2011) who described
inhibition of the same respiratory complexes in mitochondria isolated from rat liver, after

exposure to DDE.

Observed increases in Ay, may have occurred due to decreased H* re-entry into the
mitochondrial cytosol via ATP-synthase. Several studies in literature have described an
inhibitory effect on mitochondrial ATP-synthase by DDT (Chefurka, 1983; Nishihara and
Utsumi, 1985; Morena and Madeira, 1991; Donato et al., 1997; Younis et al., 2002). A similar
ATP-synthase inhibitory action has also been described for DDE (Donato et al., 1997; Mota
et al., 2011). Younis et al. (2002) demonstrated that DDT is capable of binding directly to the
mitochondrial ATP-synthase of DDT-susceptible insects, inhibiting its action. The binding
site, a 23 kDa protein segment, was not present in insects that were DDT-resistant and for
this reason they suggested that ATP-synthase inhibition by DDT is the mechanism of action
of DDT toxicity in these organisms. Furthermore, these authors also suggested that the 23
kDa protein segment was not present in mammalian mitochondria. In contradiction to this,
Mota et al. (2011) reported inhibition of ATP-synthase by DDE in isolated rat liver
mitochondria. It is not clear whether this inhibition in a mammalian species was due to the
23 kDa protein segment being present or some other mechanism that is independent of this
protein segment. The aforementioned uncertainty leaves room for the argument that the
inhibition of ATP-synthase may explain the mitochondrial hyperpolarisation observed in the

present study.
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Whether the results of the present study are due to the inhibition of the H* leak is also not
clear. Inhibition of the H" leak could cause congestion by preventing H' from re-entering the
mitochondrial cytosol, in this way increasing the electrochemical gradient and Ay,,. Mota et
al. (2011) reported increases in the H* leak in rat liver mitochondria exposed to nanomolar
concentrations of DDE. This may discredit the aforementioned hypothesis as an explanation
of the results. However, those authors used DDE at concentrations in the nanomolar range.
In the present study concentrations of DDE < 10 uM also resulted in a decrease in Ay,
which is in agreement with the report of Mota et al. (2011). Exposure to concentrations of
50 uM and higher of DDE elicited mitochondrial hyperpolarisation in the present study. Had
Mota et al. (2011) tested higher concentrations of DDE (= 50 uM), they may have found

inhibition of the H' leak due to DDE exposure.

Furthermore, an inhibitory action on the electron transport chain has some implications for
ROS generation. The electron transport chain is the primary source of mitochondrial ROS,
mainly from respiratory complexes | and lll (Rhoads et al., 2006). Stimulation of the electron
transport chain may result in elevated ROS by free electron transfer to O,, producing <O,
and H,0; (Turrens and Boveris, 1980; Turrens et al., 1985) (Chapters 1 and 5). DDT and DDE
have been previously reported to inhibit the electron transport chain. For this reason it is
unlikely to detect ROS generation by mitochondrial exposure to these compounds. This

provides further support for the decrease in intracellular ROS observed in the present study.

With regards to the known hepatoprotectant, NAC, pre-treatment reversed the
mitochondrial hyperpolarisation induced by high concentrations of each of the test
compounds and stabilised Ay, (Figure 6.4). The ability of NAC to reverse changes in and
stabilise Ay, has been reported before in A549 lung epithelial cells exposed to another
pesticide, paraquat (Mitsopoulis and Suntres, 2011). The authors did not elaborate or
speculate on how this may happen. A number of authors have reported a regulatory role of
GSH in Ay, (Constantini et al., 1996; Perl et al., 2002; Nagy et al., 2007). It is well known
that NAC is a GSH precursor (Kurebayashi and Ohno, 2006) and that NAC treatment

replenishes cellular GSH, which is why NAC is used as rescue medication in acute
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acetaminophen toxicity (Ruffmann and Wendel, 1991). The fact that NAC pre-treatment was
able to reverse the changes in Ay, indicates that NAC may, to some degree, protect against
the toxicity induced by the test compounds. Furthermore, this suggests that the
mitochondrial hyperpolarisation observed in the present study may be due to GSH depletion
induced by the three test compounds. However, whether GSH depletion played a role in the
observed mitochondrial hyperpolarisation is disputable, as it was observed that none of the
test compounds increased intracellular ROS levels in the short time required to elevate Ay,
(1 h exposure). A noteworthy observation was the fact that NAC pre-treatment elevated
Ay, at low test compound concentrations but reduced excessive mitochondrial
hyperpolarisation due to exposure to high concentrations of the test compounds. This trend
correlates well with observations made regarding cell viability following exposure to the test
compounds, where, at low concentrations of the test compounds, NAC pre-treatment

exacerbated toxicity, but alleviated toxicity at higher concentrations of the test compounds.

In summary, all three of the tested compounds produced significant elevation of Ay,
compared to controls, of which DDD was the most potent. This may be due to inhibition of

ATP-synthase.
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Chapter 7: Modes of Cell Death

7.1. Background

Cell death can follow one of two distinct pathways, apoptosis or necrosis, and can occur in
response to severe stress conditions or after exposure to toxic agents. Apoptosis is a normal
physiological event taking place continuously in the development of multicellular organisms
or during the immune response (Samali et al., 1999). Apoptosis involves activation of the
intra-cellular caspase (cysteine-aspartic proteases) enzymes. Whether cell death occurs by
apoptosis or necrosis is dependent on the physiologic milieu, developmental stage, tissue

type, and the nature of the cell death signal (Ziess, 2003).

Sloviter (2002) recommended replacing necrosis with the term 'passive cell death', and
apoptosis and programmed cell death with the term 'active cell death'. The reason for this
suggested change in terminology is found in the underlying dependence/independence on
cellular energy of each of these modes to manifest cell death. Apoptosis is an ordered form
of cell death which depends on the ability of dying cells to initiate well-regulated, ATP-
dependent self-degradation without initiating an immune response. In contrast, the core
event of necrosis is rapid loss of plasma membrane integrity associated with energy

depletion and release of pro-inflammatory molecules (Lin and Yang, 2008).

Apoptosis can be initiated by one of two routes: the 'intrinsic' apoptotic pathway and the
'extrinsic' apoptotic pathway. In the 'intrinsic' apoptotic pathway the mitochondria play the
central role and involves the Bcl-2 family of pro-apoptotic proteins (Bad, Bid, Bax). The Bcl-2
proteins facilitate permeabilisation of the mitochondrial membrane with subsequent
release of mitochondrial proteins such as cyt C and apoptotic protease activating factor-1
(Apaf-1). Cyt C and Apaf-1, in turn, form a new complex, together with po-caspase-9, known
as the apoptosome, which contains active caspase-9. The cyt C/Apaf-1/Caspase-9
apoptosome then recruits effector caspases like pro-caspase-3 that is cleaved to form active
caspase-3 (Cas-3) (Harwood et al., 2005). Activation of Cas-3, considered by many as a final

executioner protein of the apoptotic cell death sequence, leads to rapid cleavage of a
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diverse spectrum of key structural and functional proteins in the cell. These targets for
proteolytic attack include, amongst others, cytoskeletal components, signal transduction

molecules and DNA repair enzymes (Carambula et al., 2002).

The 'extrinsic' apoptotic pathway is a receptor-mediated, ordered sequence of events
starting with activation of a cell surface “death receptor” such as Fas or a receptor from the
tumour necrosis factor family of receptors. Receptor occupation allows interaction between
receptor death domains and death effector domain on pro-caspase-8. This results in the
formation of the death-inducing signalling complex or DISC (similar to the apoptosome from
the 'intrinsic' pathway), followed by subsequent cleavage and activation of caspase-8, which

is then able to activate the effector Cas-3 (Harwood et al., 2005).

Apoptosis that follows after activation of either the mitochondria-mediated or receptor-
mediated pathways rapidly leads to characteristic morphological changes associated with
apoptosis including, cytoplasmic vacuolization, cellular shrinkage, an increase in cellular
density, nuclear fragmentation, membrane budding and apoptotic bodies which are
removed by phagocytic cells. The absence of this set of morphological changes indicates
that cell death occurs by necrosis, which is characterised by chromatin flocculation and a
progressive loss of plasma membrane integrity, which allows an influx of Na*, Ca** and
water. This constant influx causes cellular swelling, which eventually results in cell rupture
and leakage of the cytoplasmic contents into the surrounding tissue. Clinically, the main
difference between these modes of cell death lies in the fact that necrosis results in
localised inflammation due to spillage of cytoplasmic contents, which in turn releases pro-
inflammatory factors. On the other hand, apoptotic cells are broken down to apoptotic
bodies with intact membranes, which are then engulfed by nearby phagocytic cells and

macrophages with no subsequent inflammatory response (Harwood et al., 2005).
The experiments presented in this chapter were conducted in an attempt to elucidate the

mode of cell death caused by each of the test compounds, in order to provide information

regarding the mechanism of toxicity of the compounds in question.
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7.2. Methods

7.2.1. Assessment of cell death by apoptosis

Staurosporine, the potent inhibitor of serine/threonine kinases known to induce apoptosis
in hepatocytes (Giuliano et al., 2004), was used as positive control. To induce apoptosis in
positive control samples, 100 pl of staurosporine working solution was added to 100 pul of
cell suspesion, giving exposure to a final concentration of 11 uM for 6 h at 37°C. To quantify
Cas-3 activity, the method accompanying the CASP3F Cas-3 fluorometric detection kit from
Sigma-Aldrich was followed with slight modification. (The CASP3F kit was not used, just the
protocol and Ac-DEVD-AMC)

Following 6 h exposure to either positive control or test compounds, plates were put on ice
for 20 - 30 min to cool. As soon as the plates were not warm to the touch, medium was
aspirated and replaced with 25 pl of ice-cold lysis buffer and incubated on ice for a further
20 min. After this 100 ul of assay buffer was added and the plates incubated overnight at
37°C. The following day, the cleaved 7-amino-4-methylcoumarin (AMC) was quantitated

using a FluoStar Optima using Aex = 360 nm and Aem = 460 nm.

7.2.2. Assessment of cell death by necrosis

The detergent Triton X-100, which is reported to disrupt most cell membranes (Tate et al.,
1983), was used as positive control for Pl staining. To disrupt plasma membranes of the
positive control sample, a 100 ul of Triton X-100 (working solution) was added to 100 ul of
cells to give a final concentration of 0.5% (v/v). Cells were treated with Triton X-100 for 30
min at 37°C. Plasma membrane integrity was assessed by a modified version of Pl

fluorometry described by Nieminen et al. (1992). Prior to use, the Pl stock solution was
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diluted to 75 uM in PBS. Following exposure to the test compounds, a 50 pl of Pl working
solution was added to 200 ul of cells and stained with a final concentration of 15 uM PI for
15 min at 37°C. After staining, medium was discarded and cells washed with 200 ul of PBS,
followed by the addition of 100 ul PBS before detecting the fluorescence using a FluoStar

Optima at Aex = 544 nm and Aem = 595 nm.

7.2.3. Statistical analyses

Six independent fluorometry experiments were carried out in duplicate (n=12). Relevant
blank values were deducted from all experimental values before observed values were
standardised to percentage of controls. Outliers were detected using Grubb's test and
removed, before normality of the data distributions were evaluated with the Shapiro-
Francia test. Hypothesis testing was then performed utilising either Student's t-tests
(normal) or Mann-Whitney tests (non-normal), to determine whether any observable
differences between means were statistically significant. Results are presented as Mean *

SEM.

Three additional experiments were carried out in duplicate to assess the possible effects
that NAC may have on the pesticide-induced mode of cell death. These results were also
standardised to percentage of control but no preliminary tests (Grubb's and Shapiro-
Francia) were performed. Mann-Whitney tests were performed due to the small sample size

(n =6), no outliers were removed and normality of the data could not be established.

7.3. Results

7.3.1. Assessment of cell death by apoptosis

Analysis confirmed the presence of outliers in the 5 uM groups of both the DDE and DDD

data sets, with p < 0.05 (Table 7.1). Subsequently, these were identified and removed. This
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was followed by normality testing, which revealed normal distributions for most of the data
except the 5, 10 and 100 uM groups of the DDE data set (p < 0.05) (Table 7.2.). Non-normal

data was analysed using Mann-Whitney tests.

Table 7.1. Grubb's test results for detecting outliers in Cas-3 data. Values given in the table are p-

values. Instances where p < 0.05 (*) indicates the presence of outliers.

Concentration DDT DDE DDD
Control 0.40 0.78 0.49

5um 0.14 0.02* 0.00*

10 uMm 0.51 0.46 0.31

50 um 0.54 0.61 0.20

100 umMm 0.44 0.77 0.08

150 uM 0.47 0.27 0.11

Table 7.2. Shapiro-Francia test normality results of the observed Cas-3 data after removal of

outliers detected with Grubb's test. Values given in the table are p-values. Instances where p < 0.05 are

significantly non-normal. * indicates p < 0.05.

Concentration DDT DDE DDD
Control 0.74 0.38 0.42
5um 0.84 0.05* 0.95

10 umMm 0.82 0.02* 0.92

50 uMm 0.47 0.04* 0.09
100 uMm 0.41 0.18 0.22
150 uM 0.22 0.23 0.57

The positive control (11 UM staurosporine) significantly (p < 0.001) induced Cas-3 activity
when compared to controls with a mean increase of 97% (Figure 7.1). All the tested

concentrations of DDT (5 - 150 uM) were found to significantly (p < 0.001) increase Cas-3
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activity in a dose-dependent manner, ranging from a 21% increase (5 M) to a 63% increase

(150 uM). DDT-induced Cas-3 activity followed a dose-dependent trend (Figure 7.2 and

Table 7.3).
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Figure 7.1. Active caspase-3 in HepG2 cells following 6 h exposure to Control vs. Staurosporine (11

uM) (mean £SEM). Staurosporine significantly induced caspase-3 activity with p < 0.001 (***).

Table 7.3. Relative Cas-3 activity in HepG2 cells following 6 h exposure to DDT, DDE, DDD and
Staurosporine (positive control). Results (% of Control) are presented as mean +SEM. ** indicates p <

0.01 and *** p < 0.001 as determined by Mann-Whitney and Student's t-tests.

Concentration DDT DDE DDD Staurosporine (11 pM)
Control 100+ 2 100+ 2 100+ 2
5um 1214 4*** 104+ 3 1194 4***
10 um 128+ 4*** 116+ 7 119+ 5** 1974 11+**
50 uM 1434 5*** 133 8*** 141+ 8***
100 pM 149+ 5*** 148+ 7*** 182+ 9***
150 uMm 163+ S5*** 165+ 9%** 2301 g***

DDE affected Cas-3 activity in a dose-dependent manner and was also found to significantly
(p < 0.001) increase Cas-3 activity. However, DDE was not as potent an inducer as DDT,

yielding insignificant increases at the lower concentration range tested (5 - 10 uM). DDE
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significantly increased Cas-3 activity at higher concentrations by 34% (50 uM), 49% (100
UM) and 66% (150 uM) (Figure 7.2 and Table 7.3).

At concentrations of 5 - 50 uM, DDD vyielded results similar to that of DDT, causing
significant (p < 0.01) increases in Cas-3 activity of between 20% and 40%. However, at
concentrations of 100 and 150 uM, DDD caused highly significantly (p < 0.001) elevated Cas-
3 activity when compared not only to the controls, but also DDT and DDE. The effect of DDD

on Cas-3 activity followed a dose-dependent trend (Figure 7.2 and Table 7.3).
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Figure 7.2. Caspase-3 activity in HepG2 cells following 6 h exposure to DDT (A), DDE (B) and DDD (C)

(mean +SEM). Caspase-3 activity was used as a measure of cell death by apoptosis. Graphs (D), (E) and
(F) represent the PI staining of cells exposed to DDT, DDE and DDD, respectively. Propidium iodide was
used as a measure of membrane integrity and cell death by necrosis. Dashed horizontal lines represent
untreated control values. Results are given as mean + SEM. * indicates p < 0.05, ** indicates p < 0.01

and *** p < 0.001 as determined by Mann-Whitney and Student's t-tests, where applicable.
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Table 7.4. Relative Cas-3 activity in HepG2 cells after exposure to DDT, DDE, DDD, with or without 1
h pre-treatment with NAC. * = p < 0.05, ** = p < 0.04, *** = p < 0.001 as determined by Mann-Whitney

and Student's t-tests.

DDT DDE DDD
-- NAC -- NAC -- NAC
5umM 121+ 4 125+9 104+ 3 106 £5 119+ 4 107 +3
10 uMm 128+ 4 115+6 116+ 7 102+4 119+ 5 126 £17
50 uMm 143+ 5 121 £ 12* 133+ 8 100 + 5** 141+ 8 134 £ 16
100 pm 149+ 5 118 + 12* 148+ 7 110 £ 7** 182+9 166 + 27
150 uM 163+ 5 127 £ 17* 165+ 9 118 + 7** 23916 139 £ 16***

Results demonstrate a trend in which NAC pre-treatment significantly reduced the degree of
apoptosis induction resulting from exposure to the three test compounds. This is most
prominent in DDE results, where NAC pre-treatment reduced Cas-3 activity at

concentrations between 50 - 150 uM (p < 0.01) (Table 7.4).

7.3.2. Assessment of cell death by necrosis

According to Grubb's test 5 groups out of the 3 data sets included outliers with p < 0.05 (5
UM DDT, 10 and 50 uM DDE and 5 and 100 uM DDD) (Table 7.5). Outliers were removed
and followed by normality testing, which revealed that all of the data, except the 100 uM
group from the DDE data set, was normally distributed. Subsequently all of the data were
analysed with Student's t-tests except 100 UM DDE, which was compared to controls using

the Mann-Whitney test.
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Table 7.5. Grubb's test results for detecting outliers in the data from PI staining. Values given in the

table are p-values. Instances where p < 0.05 (*) indicates the presence of outliers.

Concentration DDT DDE DDD
Control 0.19 0.24 0.32

5um 0.01* 0.26 0.03*

10 uMm 0.70 0.01* 0.07

50 uMm 0.33 0.02* 0.69

100 um 0.33 0.64 0.00*

150 uM 0.13 0.35 0.05

Table 7.6. Shapiro-Francia test normality results of the observed Pl data after removal of outliers

detected with Grubb's test. Values given in the table are p-values. Instances where p < 0.05 are

significantly non-normal. * indicates p < 0.05.

Concentration DDT DDE DDD
Control 0.68 0.11 0.06
5um 0.89 0.78 0.06
10 uMm 0.30 0.08 0.88
50 uMm 0.54 0.05 0.59
100 uM 0.43 0.05* 0.47
150 uM 0.82 0.15 0.33

Positive controls yielded an expected increase in membrane damage, causing significantly (p
< 0.001) higher Pl staining (755%) than the untreated controls (Figure 7.3). DDT
demonstrated significant loss of membrane integrity at higher concentrations (100 and 150
UM), which is indicated by the significantly higher PI staining (p < 0.01). This effect followed

a dose-dependent trend (Table 7.7).
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Figure 7.3. Propidium iodide staining as a measure of membrane integrity in HepG2 cells following

treatment with 0.5% (v/v) Triton X-100 (TX-100) (mean +SEM). *** =p < 0.001.

DDE did not have any statistically significant effect on Pl staining when compared to
untreated controls but higher concentrations of 100 and 150 uM did cause a slight increase

in Pl staining (Table 7.7).

DDD had the largest effect on membrane integrity at the lower concentration range tested
increasing Pl staining by 13%, 29% and 33% at concentrations of 5, 10 and 50 uM,
respectively. However, only the 33% increase proved to be statistically significant. No
significant influence was found at 100 and 150 uM of DDD (Table 7.7). Neither DDE nor DDD
results followed any dose-response trend.

Table 7.7. Pl staining in HepG2 cells following 24 h exposure to DDT, DDE, DDD and Triton X-100

(positive control). Results (% of Control) are presented as mean +SEM. * indicates p < 0.05 and ** p <

0.01 as determined by Mann-Whitney tests.

Concentration DDT DDE DDD Triton X-100 (0.5%)
Control 100+ 5 100+ 8 100+ 8
5um 100+ 4 94+ 8 113+ 9
10 pM 103+ 5 102+ 11 129+ 12 S
50 uM 111+ 4 82+ 8 133+ 11*
100 uM 143+ 13** 127+ 15 84+ 7
150 um 148+ 13** 117+ 19 115+ 16
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Table 7.8. Pl staining in HepG2 cells due to DDT, DDE, DDD, with or without 1 h pre-treatment with
NAC. * indicates p < 0.05 as determined by Mann-Whitney tests.

DDT DDE DDD
-- NAC -- NAC -- NAC
5um 100+ 4 94+9 94+ 8 9% +4 113+ 9 98 +12
10 um 103+ 5 87+9 102+ 11 96+ 10 129+ 12 90 + 10*
50 um 111+ 4 184 + 41%* 82+ 8 136+ 35 133+ 11 115+ 20
100 uMm 143+ 13 160 £ 16 127+ 15 153 +48 84+ 7 147 + 28*
150 uM 148+ 13 171+23 117+ 19 157 £51 115+ 16 148 + 14

A general trend can be observed from results where NAC pre-treatment appeared to
elevate the number of cells in necrotic cell death exposed to higher concentrations of the

test compounds (50 - 150 uM) (Table 7.8 and Figure 7.4).
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Figure 7.4. Caspase-3 activity in HepG2 cells following 6 h exposure to DDT (A), DDE (B) and DDD

(C)(mean +SEM). Graphs (D), (E) and (F) represent the propidium iodide staining of cells exposed to DDT,

DDE and DDD, respectively. Caspase-3 activity and propidium iodide were used as a measure of cell

death by apoptosis and necrosis, respectively. Dashed horizontal lines represent Control values. Results

are given as mean + SEM. * indicates p < 0.05, ** indicates p < 0.01 and *** p < 0.001 as determined

by Mann-Whitney and Student's t-tests, where applicable. Light green bars represent 1 h pre-treatment

with NAC as opposed to dark green bars, which received no pre-treatment.
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7.4. Discussion

Following the removal of outliers in the Cas-3 data sets with the Grubb’s test (Table 7.1),
only 3 of the 18 data sets presented non-normal distributions (Table 7.2), indicating good
reproducibility for the Cas-3 assay. Regarding the membrane integrity assay, only 1 of the 18
data sets presented with a non-normal distribution (Table 7.6) after removal of the relevant

outliers (Table 7.5), showing good assay reproducibility.

All three tested compounds affected HepG2 cells leading to dose-dependent activation of
Cas-3, implying activation of the apoptotic pathway. DDT and DDD were more potent than
DDE by highly significantly (p < 0.001) raising Cas-3 activity beyond baseline (controls) at
concentrations as low as 5 WM. Of the three tested compounds, DDD proved to be the most
potent, causing significantly more Cas-3 activity than DDT and DDE at concentrations of 100
UM (= +30%) and 150 uM (= +70%). In terms of potency the following was observed: DDD >
DDT > DDE. These results correlate very well with the ICso values determined during the

cytotoxicity assay where a similar trend was noted.

Shi et al. (2010a) examined apoptosis as a possible mode of cell death of cultured
hepatocytes exposed to concentrations of 10 - 100 nM of DDT. During that study the
authors did not observe any DDT-induced apoptosis, probably due to a lack of cell death
(94% viability). Even if that study did report some apoptotic cell death, with cell viability that
high it could have been normal cell attrition and not necessarily DDT-induced. Contrarily,
another study did report apoptosis in HepG2 cells exposed to 50 nM of DDT (Filipak Neto et
al., 2008). The discrepancy between the results from these two studies could be ascribed to
the length of exposure, 24 h (Shi et al., 2010a) versus 96 h (Filipak Neto et al., 2008). In the
present study concentrations of 5 - 10 uM were not found to induce toxicity after 24 h
exposure, but significantly raised Cas-3 activity. It could be hypothesised that lower

concentrations of DDT (that are not necessarily toxic) may cause significant activation of

102



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

(=L

Cas-3 following longer incubation periods such as those used in the study by Filipak Neta et

al. (2008)

The fact that DDT is able to induce apoptosis is not confined to the liver alone. It has also
been reported to induce apoptosis in human peripheral blood mononuclear cells (Perez-
Maldonado et al., 2004), rat thymocytes (Tebourbi et al., 1998) and murine embryos
(Greenlee et al., 1999). DDE has also been reported to induce apoptosis in various types of
tissues such as peripheral blood mononuclear cells (Perez-Maldonado et al., 2004), rat
Sertoli cells (Shi et al., 2009) and cells from the testes of rats exposed in vivo (Shi et al.,
2010b). DDD-induced apoptosis has only been reported in peripheral blood mononuclear
cells (Perez-Maldonado et al., 2004). No literature is available regarding DDE/DDD-induced
apoptosis in cultured hepatocytes. From their study on rat Sertoli cells, Shi et al. (2009)
concluded that exposure to 30 and 50 uM DDE induced apoptosis via the 'extrinsic'
apoptotic pathway as indicated by the up-regulation of caspase-8 activated by the Fas
receptor. The authors suggested that DDE may have activated the receptor-mediated
pathway by activating nuclear factor-k, which can exert both pro- and anti-apoptotic
effect, depending on the specific cell type as well as the type of inducer. It is therefore
possible that the increase in Cas-3 activity observed in the present study could also be due
to upstream caspase-8 activation. However, in the liver, nuclear factor-kB prevents
apoptosis and has a positive role in regeneration (Taub, 1998). Also, observations with
regard to the mitochondrial membrane potential changes after exposure to the test
compounds is suggestive of Cas-3 activation via the 'intrinsic'/mitochondrial-mediated
pathway in that all three test compounds (DDT, DDE and DDD) were able to significantly
raise Ay, which would lead to the release of cyt C from the mitochondria, with subsequent
formation of the apoptosome and Cas-3 activation. Further investigations would be
necessary to confirm which of the two apoptotic pathways are responsible for the elevated

Cas-3 activity after exposure to DDT, DDE and DDD.

No literature could be found with regards to necrotic effects as a result of DDT, DDE or DDD

exposure in vitro. It would be erroneous to conclude that DDT/DDE/DDD induces cell death
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through apoptosis because of a lack of in vitro evidence that proves otherwise. A number of
previous in vivo studies have reported DDT-induced necrosis. DDT, DDE and DDD exposure
in chicken embryo neurons in ovo, revealed definitive plasma and nuclear membrane
damage as visualised using scanning and transmission electron microscopy, from which the
authors concluded cell death by necrosis (Bornman et al., 2007). Histological examination of
the livers of female rats exposed to 75 and 150 ppm dietary DDT for 36 weeks revealed
typical of organ necrosis (Jonsson et al., 1981). In rats exposed to DDT (5 - 500 ppm) for 5
days, histological evaluation of the livers showed cytoplasmic vacuolisation, typical signs of
necrosis and no DNA fragmentation, which indicates cell death by necrosis (Kostka et al.,
1996; Kostka et al., 1999). Another study reported necrotic cell death and cellular infiltration
in livers from rats that were orally exposed to two doses of 150 mg/kg body weight of DDT
(Mikhail et al., 1979). These authors also reported mononuclear leukocyte infiltration in the
livers of these animals. They suggested that this was indicative of an inflammatory response.
Inflammation should not be prevalent in the case of apoptosis because the cytoplasmic

contents are contained within apoptotic bodies.

In the present study, treating HepG2 cells with NAC, prior to test compound exposure,
significantly decreased the activation of Cas-3 for all three test compounds, indicating a
decrease in apoptosis. These findings correlate with literature where NAC is reported to be
a broad inhibitor of apoptotic death induced by various in vitro stressors (De Flora et al.,
2001). However, NAC pre-treatment did not alleviate the cytotoxic effects of any of the test
compounds. Therefore, this decrease in Cas-3 activity is expected to translate to increased
cell death by necrosis. Results supporting this hypothesis is visualised in Figure 7.4, where
significant decreases in Cas-3 activity can be seen for DDT (Figures 7.4.A), DDE (Figure 7.4.B)
and DDD (Figure 7.4.C), which are accompanied by corresponding increases in PI
fluorescence representing necrotic death for DDT (Figure 7.4.D), DDE (Figure 7.4.E) and DDD
(Figure 7.4.F). The decrease in test compound-induced Cas-3 activity due to NAC treatment
may be explained by the stabilising effects that NAC pre-treatment had on the Ay, as
transient mitochondrial hyperpolarisation is an early event preceding Cas-3 activation and

membrane phosphatidylserine externalization (Nagy et al., 2007).
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Literature describing apoptotic death due to DDT exposure tends to originate from in vitro
studies, whereas necrotic effects have been reported from in vivo studies. A possible
explanation as to why DDT-induced apoptotic death has not been described in vivo may be
the fact that it is difficult to detect apoptosis in vivo. The difficulty in detecting apoptosis in
vivo has been attributed to the fast endogenous clearance of apoptotic cells from an
organism (Zhang et al., 2000; Nyati et al., 2006). In the present study the in vitro tests were
able to detect necrosis due to DDT exposure but not when cells were exposed to DDE and
DDD. DDE and DDD results were inconsistent, not presenting any predictable dose-response
trends. This is likely to be the result of experimental procedures like wash steps, aimed at
reducing background fluorescence. During these wash steps necrotic cells may have been
lost when aspirating the supernatant, even though particular care was taken to try and

avoid this.

In summary, there seems to be no clear distinction between which mode of cell death leads
to the loss of viability due to either DDT, DDE or DDD exposure since evidence exists that
supports both pathways. The inflammatory response seen in vivo appears the most

convincing, which is indicative of necrosis.

It has been reported that a switch can take place from apoptosis to necrosis due to
inactivation of caspases by ROS (Samali et al., 1999; Prabhakaran et al., 2004). In the present
study Cas-3 activity was detected after 6 h and membrane integrity was assessed after 24 h.
It is therefore possible (but unlikely) that DDT may induce activation of Cas-3 but that cell
death eventually occurs due to necrosis after 24 h because of Cas-3 inactivation by CYP1A1-
generated ROS. The fact that DDT may inhibit ATP-synthase provides further support for this
theory as apoptosis is an energy-dependent mode of death and a loss of cellular ATP would
preferentially lead to cell death by necrosis, which is the hepatocyte mode of death
reported in vivo. However, this is disputable as no test compound-induced ROS generation

was observed in the present study.
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Chapter 8: Concluding discussion

8.1. Procedure summary

The procedure developed during the present study aimed at miniaturising six different in
vitro assays to be run simultaneously on a single 96 well microplate. Aspects of cellular

physiology that were measured include:
e Cell viability
e (CYP1A1 activity
e ROS generation
® Mitochondrial homeostasis

®* Mode of cell death (apoptosis vs. necrosis)

Test compound exposure times for the different assays differed according to the response
being measured. Cell viability, CYP1A1 activity and necrotic cell death was measured after
24 h exposure, whereas apoptotic cell death, ROS generation and mitochondrial effects
were measured after exposure periods of 6 h, 3 h and 1 h, respectively. In order to perform
all six assays on a single microplate, assay initiation had to be staggered, which added to the
complexity of the procedure. The entire procedure, from when the first exposure starts, to
obtaining the final raw data, took approximately 3 days to complete. This is considerably
faster than performing each assay separately. In addition, this method yields results that are
truly comparable as the experimental conditions are exactly the same for assays that are

conducted on the same plate.
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8.2. Test compound mechanism of toxicity

All three test compounds, DDT, DDE and DDD, proved to be cytotoxic. Following 24 h
exposure DDT, DDE and DDD yielded ICsq values of 54 uM, 64 uM and 44 puM, respectively.
Although limited literature is available on the in vitro hepatotoxicity, specifically for HepG2
cells, using DDT and none for the known metabolites, DDE and DDD the results from the
present study correlates well with two previous studies in that the same threshold value for
the onset of DDT-induced toxicity was observed; one on the same cell line (Medina-Diaz &

Elizondo, 2005) and the other in a breast carcinoma cell line (Diel et al., 2002).

Cyplal is one of the gene batteries, whose induction is mediated by AhR through a cascade
of events known as the AhR signalling pathway (Nebert et al., 2000). In this classic signalling
model, inactive AhR is bound to a heat shock protein (HSP90) chaperone within the cytosol.
Upon ligand binding, dissociation from HSP90 takes place and activated AhR translocates
into the nucleus, where the AhR can dimerise with its transcriptional partner, the Arnt.
Within the nucleus, the AhR/Arnt heterodimer binds to the xenobiotic response element
(XRE), leading to the transcriptional up-regulation of genes such as cyplal, which encodes
the xenobiotic metabolising enzyme CYP1A1 (Nukaya et al., 2010). Results from the present,
and other studies (Dehn et al., 2005), suggest that DDT is capable of up-regulating CYP1A1
activity. Both DDE and DDD were also capable of inducing CYP1A1 activity, which is expected
as all three compounds are similar in structure. From a structural point of view CYP1A1l

inducers have been classified into three groups (Navas et al., 2004):

(1) Compounds having at least two aromatic rings in a plane, with a very low
conformational mobility. This is the case of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) (Safe, 1995). This compound is considered a typical AhR ligand and
CYP1A1 inducer (Navas et al., 2003).

(2) Molecules with conformational mobility i.e. they exist in a variety of conformers
that are separated by small energy differences so that the inter-conversion
between them can be readily achieved. These compounds have been described as

low affinity AhR ligands and CYP1A1 inducers (Anderson et al., 1996).
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(3) Compounds having at least two aromatic rings linked by a sp3 carbon in their
structure. Due to steric requirements of the tetrahedral carbon atom, the
conformations having two aromatic rings in the same plane are energetically

unfavourable.

From this classification, CYP1Al-inducing compounds are expected to have defined
structures capable of binding the AhR. DDT has two aromatic rings, linked by a sp3 carbon,
which would place it in the third group of Navas' classification. However, high affinity of the
AhR for DDT is unlikely as the two aromatic rings in the structure of DDT are not in the same
plane (Figure 8.1). DDT may also fall into the second classification as each of the two
chlorobenzene rings are able to rotate around their respective single bonds with the C2

carbon allowing some degree of conformational mobility.

Figure 8.1. lllustration of the three dimensional structure of DDT demonstrating the two aromatic

rings, which are not within the same plane (Wikipedia, 2011).

Another unlikely, but possible, explanation for how CYP1A1 was activated by the three test
compounds without them binding to AhR may be that the three test compounds may cause
weakening of the interactions between AhR and HSP90, facilitating dissociation of cytosolic
AhR from its HSP90 chaperones thus activating AhR, which allows it to dimerise with Arnt

leading to transcriptional up-regulation (Ledirac et al., 1997).
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Exactly how the test compounds may have up-regulated CYP1A1 activity in not known.
Nonetheless, up-regulation of this enzyme has been associated with ROS generation
(Schlezinger et al., 2000) and DNA damage (Lin et al., 2008). However, ROS evaluation
revealed that no ROS generation occurred due to exposure to any of the test compounds
under the test conditions (Figure 5.4.). This suggests that if toxicity was due to CYP1A1 up-
regulation, it could result in subsequent DNA damage. DDT-induced DNA damage has been
reported in peripheral blood mononuclear cells (Yanez et al., 2004; Gajski et al., 2007) and it
is well established that DNA damage can result in cell death through apoptosis due to the
action of p53 (Bhana and Lloyd, 2008). Activation of p53 leads to the up-regulation or post-
translational modification of BH 3-only proteins such as Puma (p53 up-regulated modulator
of apoptosis), which results in apoptosis via the intrinsic apoptotic pathway (Coultas and
Strasser, 2003). However, BH 3-only mediated apoptosis is reported to be caspase
independent (Coultas and Strasser, 2003) and from the in vitro model it was evident that
apoptosis was induced via Cas-3 activation, implicating a mechanism of toxicity that is
independent of p53 activation and therefore not initiated by DNA damage. These findings
indicate that although CYP1A1l was up-regulated by all three test compounds, CYP1Al was
not directly responsible for cell death resulting from to excessive ROS generation, as no ROS
were detected. Cell death was also unlikely to have been initiated by DNA damage because
Cas-3 was activated, reducing the possibility of apoptosis induction by the caspase-

independent BH 3-only proteins.

None of the tested compounds elevated intracellular ROS levels at any of the tested
concentrations over a 14 h exposure period. The lack of detectable concentrations of ROS

makes this route of cell death unlikely.

Results from the mitochondrial assays showed that all three test compounds were potent
inducers of mitochondrial hyperpolarisation, which has been described as an early apoptotic
event (Matsuyama et al., 2000). Observed elevations in Ay,, may be due to inhibition of
ATP-synthase (Younis et al., 2002), intracellular GSH depletion (Nagy et al., 2007) or a

combination of both. Very recently, it was demonstrated that activated AhR can modulate
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mitochondrial function by interacting with the ATP5a1 subunit of the ATP-synthase enzyme,
which plays a major role in oxidative phosphorylation (Tappenden et al., 2011). The authors
demonstrated that the degree of TCDD-induced mitochondrial hyperpolarisation was not
only dependent on the concentration of TCDD but also on the degree of AhR expression in
different perpetual cell lines. It is therefore possible that DDT and its metabolites may have
induced mitochondrial hyperpolarisation by activating AhR. However, this is unlikely for the

following reasons:

(1) Structurally, the test compounds are unlikely to bind to the AhR.
(2) Although NAC pre-treatment counteracted pesticide-induced changes in Ay,,, it did

not result in any major changes in test compound-induced CYP1A1 induction.

All three test compounds significantly induced Cas-3 activity in a dose-dependent manner,
indicative of apoptotic death. In terms of potency of inducing apoptosis, the test
compounds can be ranked as follows: DDD > DDT > DDE. These results correlate very well
with the ICso values determined, where, in terms of cytotoxicity, the same ranking was
observed: DDD (44 uM) > DDT (54 uM) > DDE (64 uM). Results from NAC pre-treated cells,
suggest a switch in mode of cell death from apoptosis to necrosis as Cas-3 activity was
significantly decreased with a corresponding increase in Pl staining, indicative of necrotic
cell death pathway. These findings, coupled with those from Ay, experiments, suggest that
the Cas-3 activity was possibly the result of mitochondrial hyperpolarisation as NAC was

able to decrease test compound-induced changes in both Ay, and Cas-3 activation.

In conclusion, results from the developed in vitro assay method suggest that all three toxic
test compounds, DDT, DDE and DDD, induced cell death in vitro in HepG2 cells, after 24 h
exposure, by inducing mitochondrial hyperpolarisation, which in turn resulted in Cas-3

activation, with subsequent apoptotic death (Figure 8.2).
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Figure 8.2. Hypothetical mechanism of the acute toxicity of DDT, DDE and DDD in HepG2 cells after

24 h exposure to 5 - 150 uM of test compound. At high toxin concentrations (> 50 uM), the test
compounds inhibit ATP synthase either directly or through some unknown mechanism(s). In turn, this
elevates Aym, resulting in opening of the mPTP and cyt C release. In the cytosol, cyt C associates with
Apaf-1 and pro-caspase 9 to form the apoptosome, which in turn activates Cas-3, leading to cell death by
apoptosis. mPTP = mitochondrial permeability transition pore; Apaf-1 = apoptotic protease activating

factor-1; Aym = mitochondrial membrane potential.

8.3. Advantages of the in vitro model

Human in vitro cellular models constitute valuable tools to understand the molecular and
cellular processes of drug-induced liver injury (Gomez-Lechon et al., 2010a). The present
study aimed at developing an in vitro-based multiparametric screening assay, in an attempt
to detect hepatotoxicity manifesting in various ways. Apart from the role this model can
play in compound prioritisation and optimisation during drug development, it could enable

researchers to gain some insight into the possible mechanism(s) of toxicity of a particular
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compound and provide direction to further in-depth toxicity studies, demonstrating a
possible role in drug development, especially in light of the three R’s of animal testing:

replacement, reduction and refinement.

Although this in vitro model was not able to pinpoint the mechanism of toxicity of the test
compounds, it did identify mitochondrial hyperpolarisation as a key event that could lead to
apoptotic cell death. No direct evidence was produced, but the possibility exists that this
hyperpolarisation may be the result of GSH depletion without ROS generation. Further
studies are needed to confirm this and, if true, determine the mechanism by which the test

compounds deplete GSH.

It should be noted that the results presented in this study could be obtained within three
weeks, highlighting the efficiency of the model in rapidly accumulating large quantities of
cytotoxic and mechanistic data. Apart from being fast the model has a number of

advantages over conventional toxicity testing:

(1) Time and infrastructure efficient

(2) Requires small quantities of test material

(3) Requires relatively few HepG2 cells, all from the same batch
(4) Assesses a broad scope of toxicity, under the same conditions

(5) It produced truly comparable data

Probably the greatest advantage of this model is listed as the 5t advantage above: the fact
that results obtained from the different assays are truly comparable in that they originate
from the same microplate, implying that all the assays are performed on the same passage
of cells, with the same plating conditions, monitored on the same day using the same
instrument. This would eliminate a considerable amount of variability that may otherwise

be unavoidable.
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8.4. Further development of the in vitro model

This proof-of-concept was successful in establishing a foundation from which further
development of this model can be conducted. One of the aspects of the model that may be
improved upon would be the ROS generation assay. It may be advantageous to replace the
DCFDA assay with one that evaluates intracellular GSH levels rather than looking at ROS
generation for two reasons: First, DCFDA only detects H,0, (Gomes et al., 2005), limiting the
degree to which ROS generation can be assessed. Secondly, if the levels of ROS generated by
a particular compound are sufficient to induce an intracellular oxidative state, it may also
present as decreased levels of GSH, further increasing the chances of detecting hepatotoxic

insult. Therefore, introducing a GSH assay should improve the scope of the model.

The second aspect that may be improved upon is the membrane integrity assay used to
measure necrotic cell death. The method used in the present study did not produce the
desired dose-dependent trends for all of the test compounds. There are other assays that
rely on the same principle to evaluate a different endpoint. The LDH assay is used to
determine cytotoxicity. Although this assay is not classically used to quantify necrosis, it
indirectly assesses membrane integrity through measuring the leakage of LDH from cells
(McKarns et al., 1997). For this reason, it may be beneficial to evaluate whether or not the
LDH assay can be used to quantify necrotic cell death in a microplate setup. If it proves to
be successful, it can be compared to the assay used in the present study in the hope of

obtaining a more accurate ‘necrosis assay’, which can then replace the present one.

In terms of performing the work, something that stood out was the complexity of
performing this procedure. The procedure will benefit from simplification i.e. assays with
fewer steps and more assays with similar exposure times. As this procedure comprises a
number of individual assays, the ideal individual assay that would be conducive to this type

of procedure would be an assay that:

(1) Utilises fluorescence detection to measure the endpoint
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(2) Is started after exposure to the test compound
(3) Does not include any wash steps
(4) Is inert to the test compound

It may be difficult to find an assay for each parameter that satisfies all of the above-

mentioned prerequisites and some compromises will have to be made.

Once these issues have been addressed, the predictive power of the model can be
evaluated by accumulating data on various known hepatotoxins with different mechanisms
of toxicity. A number of mathematical prediction models will then be able to be applied to
the acquired data and the ability of each to accurately predict, for instance, known in vivo

LDsos or human lethal doses, can be determined.

To improve the predictive power of the model, it would probably be best to avoid the loss
of assay signal, which occurred with CYP1A1 activity, where toxic concentrations of test
compound induced cell death to such an extent that the CYP1A1l induction of the test
compounds could not be detected any longer. This may be accomplished by lowering the
tested concentration range to one that would provide more 'linear' data. In this regard
'linear' refers to data that follows a linear dose-response i.e. increasing concentration
would be associated with linear dose-response, implying the use of sub-toxic
concentrations (at least sub-ICsp) of test compound. It might also be advantageous to

lengthen the toxin exposure period, which may improve assay signal/background ratios.
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8.5. In conclusion

The present study set out to develop a method that can simultaneously assess a wide range
of toxicity on a single 96 well microplate by measuring the effects of the known hepatotoxin
DDT (and its metabolites DDE and DDD) on different parameters of cellular physiology.
Furthermore, this type of cell-based procedure provides valuable mechanistic data that
could direct future research into the exact mechanism(s) of toxicity of each of the test
compounds. The procedure included, fundamentally, parameters suggested by the EMEA
for assessing hepatotoxicity: cell viability, phase | metabolism, oxidative stress,
mitochondrial homeostasis and mode of cell death (apoptosis vs. necrosis). Established in
vitro assays were used to evaluate the different parameters. In order to miniaturise the
relevant assays onto a single microplate required staggering of the assays in such a way that
most of the endpoints can be measured at the same time. Some assay optimisation was
performed to improve assay sensitivity and data quality. In addition to the test compounds,
the method was tested with a known hepatoprotective agent (NAC) to evaluate the ability
of the method to detect hepatoprotection. The complexity of the method was more than
desired. However, this was superseded by the amount of results that were obtained in a
short period of time i.e. the method was found to be highly time and infrastructure efficient.
Other advantages of the method were the small amounts of test material required and
relatively few cells, which makes it conducive to scalability for the purposes of higher
throughput screening platforms. Although the complexity of the method does not yet allow
up-scaling, it lays a solid foundation from which further method optimisation can be
conducted that is directed at scalability. The quality of the obtained data was of a good
standard, with small error margins and predictable dose-dependent trends in most cases.
Probably the greatest advantage of this method is that data obtained from this procedure is
truly comparable in that all of the assays were subjected to the same conditions and were
performed on the same passage of cells, in the same plate. In conclusion, the study aims
and objectives were achieved and opened the door to exciting new opportunities in further

development of this method.
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Annexure B: Reagents

Bovine foetal calf serum (FCS)

FCS was procured from PAA (Pasching, Austria). Any host serum complement that may have
been present was inactivated prior to use by incubation at 56BC for 45 min (Soltis et al.,
1979). This was added to cell culture media to a concentration of 10%.

Penicillin/streptomycin

A solution containing 10 000 U of penicillin and 10 000 ug streptomycin per millilitre was
supplied by BioWhittaker (Walkersville, USA). This was added to the culture medium to a
concentration of 1%.

Eagle’s Minimum Essential Medium (EMEM)

EMEM powdered medium was purchased from Sigma-Aldrich (St Louis, USA). A mass of 48 g
of medium powder was dissolved in 5 | sterile, deionised water. To this solution 11 g of
sodium bicarbonate was added to adjust the pH to 7.4. The solution was filter sterilized
twice using 0.22 um cellulose acetate filters, dispensed into sterile 500 ml bottles,
supplemented with 1% penicillin/streptomycin and stored at 4°C.

Medium was fortified with 10% (v/v) FCS prior to use.
Phosphate buffered saline (PBS)

PBS powder was obtained from BD Biosciences (Sparks, USA). A solution containing 9.23 g/I
of purchased PBS powder in de-ionised water was prepared and stored at 4°C until use.
Prior to use, the solution was filter-sterilised through a 0.22 um pore size filter.

Trypsin/Versene

A trypsin/versene solution containing 0.25% (w/v) trypsin and 0.1% (w/V)
ethylenediaminetetraacetic acid (EDTA) in Ca** and Mg®" free PBS was obtained from
Highveld Biological (Johannesburg, RSA) and stored at 4°C.

Dimethyl sulfoxide (DMSO)
DMSO was procured from Sigma-Aldrich (St Louis, USA) and used undiluted.
Trypan blue counting solution

Trypan blue in powder form was purchased from BDH Laboratories Supplies (UK). Powder
(200 mg) was dissolved in 50 ml PBS to obtain a 0.4% (w/v) solution, which was then filtered
through a 0.45 um syringe filter to remove any insoluble particles.
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Culturing consumables

Cellstar tissue culture flasks (25 cm? and 75 cm?) were purchased from Greiner BioOne
(Austria). For experimental assays, 96 well sterile white plates suitable for fluorescence
were used (Nunc, Denmark).

Hepatotoxins

DDT, DDE and DDD were purchased from Supelco Analytical (Bellefonte, USA). Stock
solutions (30 mM) of each toxin was prepared in DMSO and stored at -70°C.

Hepatoprotective agent

NAC was purchased from Sigma-Aldrich (St Louis, USA). A 30 mM stock solution was
prepared in DMSO and stored at -70°C.

Neutral red dye

Neutral red dye was purchased from Sigma-Aldrich (St Louis, USA) and prepared fresh prior
to use. The dye was made up to a final concentration of 100 pg/ml in EMEM, without FCS.
To aid solubility, the solution was sonicated for 1 min, after which the pH was adjusted to
6.4 using 5 M KH,PO4 (Merck , Darmstadt, Germany).

Neutral red elution buffer

Elution buffer, used to dissociate bound dye, contained ethanol (llovo, Durban, RSA), acetic
acid (Merck, Darmstadt, Germany) and distilled water in a ratio of 50:1:49 (v/v/v),
respectively.

7-Ethoxyresorufin

7-Ethoxyresorufin (7-ER), NADPH and omeprazole were purchased from Sigma-Aldrich (St
Louis, USA). A 100 uM 7-ER stock solution was prepared in 100% methanol. Aliquots were
stored at -70°C. NADPH working solution was prepared fresh in PBS prior to use.

Omeprazole
Omeprazole stock solution (30 mM) was prepared in DMSO. Aliquots were stored at -702C.
2',7'-Dichlorofluorescein diacetate (DCFDA)

DCFDA in powder form was procured from Sigma-Aldrich (St Louis, USA). A 1 mg/ml stock
solution (2 mM) was prepared in methanol (Merck, Darmstadt, Germany) and stored at -
20°C. Prior to use, the stock solution was diluted to 20 uM in PBS, 40 pl of which was added
to 100 wl of medium to obtain a final concentration of 5.7 UM in each of the relevant wells.
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2',2'-Azobis(2-methylpropionamidine) dihydrochloride (AAPH)

AAPH in powder form was purchased from Sigma-Aldrich (St Louis, USA). An 8 mg/ml stock
solution (30 mM) was prepared in DMSO and stored at -70°C. Prior to use, the stock solution
was diluted to 300 uM in PBS, 50 pul of which was added to 50 pl of PBS in each well to
obtain a final concentration of 150 uM.

JC-1

JC-1 in powder form was purchased from Sigma-Aldrich (St Louis, USA). A 1 mM stock
solution was prepared in DMSO and stored at -70°C. Prior to use, the stock solution was
diluted to 20 UM in EMEM. Of this working solution a 100 pl was added to the relevant wells
to load cells prior to exposure. Cells were loaded in a final concentration of 10 uM for 30
min at 37°C.

Tamoxifen

Tamoxifen, which causes mitochondrial membrane hyperpolarisation in HepG2 cells, was
used as positive control (Donato et al., 2009). Tamoxifen citrate in powder form was
obtained from Sigma-Aldrich (St Louis, USA). A 30 mM stock solution was prepared in DMSO
and stored at -70°C. Prior to use, the stock solution was diluted to 300 UM in PBS of which
50 ul was added to 50 pul of PBS to obtain a final concentration of 150 uM in each well.

Propidium iodide (Pl)

Pl in powder form was purchased from Sigma-Aldrich (St Louis, USA). A 3 mM stock solution
was prepared in PBS and stored at 4°C.

t-Octylphenoxypolyethoxyethanol (Triton X-100)

Triton X-100 in liquid form was obtained from Sigma-Aldrich (St Louis, USA). Prior to use,
Triton X-100 was diluted to 1% (v/v) in EMEM and stored at 4°C.

Caspase assay lysis buffer (pH 7.4)

The lysis buffer consisted of 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES), 2mM 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 5
mM ethylenediaminetetraacetic acid (EDTA), 5 mM phenylmethylsulfonyl fluoride (All
purchased from Sigma Aldrich, St Louis, USA) and 5 mM B-mercaptoethanol (Merck,
Darmstadt, Germany). Phenylmethylsulfonyl fluoride and B-mercaptoethanol were added
30 min prior to use of the buffer.
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Caspase assay buffer (pH 7.4)

The buffer consisted of 20 mM HEPES, 2 mM EDTA, 5 uM Cas-3-specific substrate coupled
to a fluorescent probe (Acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC))
(All purchased from Sigma Aldrich, St Louis, USA) and 5 mM B-mercaptoethanol (Merck,
Darmstadt, Germany). B-mercaptoethanol was added 30 min and Ac-DEVD-AMC
immediately prior to initiating the assay.

Staurosporine

Staurosporine in powder form was purchased from Sigma-Aldrich (St Louis, USA). A 1 mg/ml
(2.14 mM) stock solution was prepared in DMSO and stored at -70°C. Prior to use, the stock
solution was diluted into EMEM to obtain a 21 uM working solution, which yielded a final
concentration of 11 uM in the assay well.

120



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IW_

&

ﬂ UNIVERSITEIT VAN PRETORIA
Qe

Annexure C: Research outputs

National conference presentation:

Van Tonder JJ, Cromarty AD, Gulumian M, Steenkamp V. Development of an in vitro toxicity
screening model using hepatocytes. South African Congress of Pharmacology and

Toxicology, Cape Town. 3-6 October 2010. (Oral presentation)

International conference presentation:

Van Tonder JJ, Cromarty AD, Gulumian M, Steenkamp V. A microplate method for
multiparametric hepatotoxicity screening. 6" International Conference of Pharmaceutical
and Pharmacological Sciences. Durban, South Africa, 25-27 September 2011. (Oral

presentation)
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