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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.

Figure 1.2. 12

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



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IW_

&

ﬂ UNIVERSITEIT VAN PRETORIA
Qe

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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