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CHAPTER 1

GENERAL INTRODUCTION AND
SCOPE OF THIS THESIS

Sreenivasa C. Ramaiahgari, Bob van de Water, Joost van Delft and Leo S. Price
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General introduction

INTRODUCTION

Driven by the emergence of new diseases, increased drug resistance and an unmet
need for therapies for existing diseases, there is an ever-increasing demand for new
medicines. The remarkable advances in science and technology have supported the
discovery of new chemical entities but the pharmaceutical industry is struggling to
translate this into approved drugs for the clinic. Considering the enormous invest-
ments associated with the development of a new drug, attrition at later stages of
drug development or after release into the market is a major concern for pharmaceu-
tical companies, not to mention patients. Toxicity is the major reason for drug attrition
with 40% of new chemical entities failing after pre-clinical safety studies in animals
and 89% before they enter clinical trails [1], with hepatotoxicity and cardiotoxicity
being the main reasons followed by nephrotoxicity, neurotoxicity and gastro-intes-
tinal toxicity [2]. It is therefore important to efficiently screen new chemical entities
for their adverse effects, excluding toxic drugs at an earlier stage, and selecting the
most promising drug candidates for further development.

Predicting safety of a chemical entity at the preclinical stage has remained
a major challenge. Recent years have seen an increase in attrition rates - even after
rigorous testing in both in vitro and in vivo test models. This is partly due to poor
prediction of human-specific responses in these models. The drug metabolism of an-
imals differs from those of humans and may not accurately predict a human specific
stress response. For example nifedipine, a calcium channel blocker, is metabolized
by CYP3A4 in humans but not in rats [3] [4]. Human derived cell lines might offer an
advantage in drug screening at the pre-clinical stage; currently primary human he-
patocytes are considered as the gold standard [5] for toxicity testing but they too lose
liver cell properties within hours after in vitro culture and show a high donor specific
variability in gene expression [6, 7]. In addition to primary cells, immortalized cell
lines and hepatocarcinoma cell lines can be used. These cells have either under-
gone mutations or lost a majority of liver specific functions under non-physiological
culture conditions. The unnaturally high rate of proliferation of these cell lines also
compromises their suitability for testing. Therefore there is a lack of in vitro models
that can stably maintain human liver specific functions. To address this, development
of a physiologically relevant human organotypic in vitro model is essential for safety
assessment. In such models hepatocytes should remain differentiated and acquire
many of the growth and metabolism characteristics of functional liver, thereby offer-
ing a promising tool to improve in vitro testing by both reducing and complementing
pre-clinical animal testing.
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Chapter 1

Drug discovery and development

Drug discovery and development is a precarious process taking up to 12-16 years
with costs exceeding $1.8 Billion and increasing every year [8, 9]. The process of
drug development is mainly divided into the discovery phase, clinical development
phase and approval phases. In the early discovery phase once a druggable target is
selected for a disease compounds are screened with a battery of in vitro and in vivo
tests to identify hits [10]. Later, the identified hits or lead compounds go through a
series of tests to characterize the pharmacokinetic and toxicological properties of the
drug. Successful lead candidates are further optimized and rigorously tested in both
in vitro and in vivo models before they are tested in humans. Accurate screening of
safe druggable targets plays a key role in the success of the drug.

After a thorough investigation at the discovery phase, drug candidates are
selected for human clinical trials by filing an application with regulatory agencies.
Both EMEA and FDA have a similar evaluation process with preclinical testing fol-
lowed by a clinical development phase [11]. On approval, phase | clinical studies are
conducted, in which the compound is tested in about 20 to 80 volunteers looking
mainly at pharmacokinetics and pharmacodynamics of the drug to evaluate a safe
dosing range. In phase Il, effectiveness of the drug is analyzed in about 100 to 300
patients with a disease condition that is intended for treatment and studying any side
effects caused by the drug. After a positive evaluation the drug candidate is ready
for phase lll testing on a large number of patients (100 — 3000) to further evaluate
safety and efficacy of the drug candidate [12]. Different populations are analyzed at
this stage to find dosage, drug reactions, and drug-drug interactions [12]. After suc-
cessful clinical trials and approval by regulatory authorities the drug is released into
the market.

Even after this conscientious drug development process there are several
drug withdrawals from the market due to adverse drug reactions. When we look from
the early discovery phase 40% of the drugs are withdrawn due to toxicity after ani-
mal testing [1]. Between 1997-2005, forty-five of the approved drugs had black box
warnings with 10 related to hepatotoxicity and 16 drugs were withdrawn out of which
5 (831%) were due to hepatotoxicity [13, 14]. In another survey on post-marketed
drug withdrawals between 1998 to 2008 liver toxicity was the major reason for drug
withdrawal [2]. After liver toxicity renal injury is the second most leading cause of
drug attrition [15]. 25% of the marketed drugs with potential nephrotoxicity warnings
lead to acute kidney injury increasing mortality and morbidity in patients [15, 16].
Development of advanced alternative methods to identify the liver and kidney organ
toxicities may therefore aid in decreasing drug attrition.
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General introduction

The liver: a major organ for drug metabolism and a main target for drug-in-
duced toxicity.

The liver is the major organ involved in drug metabolism and disposition. Liver pa-
renchymal cells (hepatocytes) carry out this function and possess the majority of
the enzymes involved in metabolism, which are housed in smooth endoplasmic re-
ticulum. Of all cell types in the body, hepatocytes have the most extensive network
of smooth endoplasmic reticulum. The expression of the xenobiotic metabolizing
enzymes is a coordinately regulated and controlled mechanism. Drug metabolism
by Phase | enzymes involves catalysis of the drug either by oxidation, reduction
and hydrolysis steps leading a water-soluble or toxic reactive metabolites, which are
further, modified by phase Il enzymes for excretion. Phase Il enzymes are mainly
involved in conjugation steps, where a charged group is added to make a reactive
metabolite less toxic to hepatocytes either by glucuronidation, sulphation, acetyl-
ation, methylation. Phase | and Il steps render drugs into less toxic water soluble
molecules that could be excreted through various routes, either blood, bile or renal
elimination.

Approximately 70% of drugs are eliminated by CYP450 metabolism [17].
CYP450 metabolism can also lead to toxic reactive metabolites, which can cause
hepatocellular necrosis [18]. These enzymes can also convert certain chemicals to
carcinogenic metabolites; electrophilic metabolites produced by the CYP450 en-
zymes may bind to nucleophilic cellular components such as DNA leading to muta-
tions and cancer in humans [19]. Some drugs have the ability to induce or reduce
the expression levels of CYP450 enzymes, which can be detrimental to patients who
are on multiple medications, as the co-administered drug may change the pharma-
cokinetics of a second drug leading to adverse drug reactions [20, 21]. It is estimated
that out of two million serious adverse drug reactions that occur per year in United
States, 26% of them are caused due to such drug-drug interactions, [17, 22] empha-
sizing a need for creating a complete safety profile of all the drugs. Positive evalua-
tion of hepatotoxic drugs may decrease the incidence of liver toxicity and therefore
drug attrition and huge costs involved with it.

A _Bile B CYP2B6__CYP2ET

CYP1A

CYP2C19

Figure 1. Process of metabolism and excretion of 200 drugs prescribed in 2002 (A) and CYP450 en-
zymes associated in their metabolism (B) (adapted from Wienkers et al (2005) ([17]).
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Renal drug clearance and toxicity

After the liver, the kidneys play a major role in the clearance of drugs [17]. The
primary functions of the kidney are filtration, secretion, reabsorption of body fluids,
but importantly, excretion of drugs and drug metabolites. When the filtrates or drug
metabolites reach the nephron, the functional unit of the kidney, they are highly con-
centrated to up to 100—fold in the tubular regions of the nephron [23, 24], making
the kidney vulnerable to toxic injury leading to acute renal failure or loss of kidney
function. In a study of patients admitted to intensive care due to kidney failure, 19%
were caused by drug-induced toxicity [23, 25].

Proximal tubular epithelial cells in the nephron have the highest level of
transporters compared to any other segment in the nephron playing a major role in
reabsorption [26, 27]. These are the first cells that are exposed to the glomerular
filtrate containing high levels of toxins, which makes them susceptible to toxic injury
causing mitochondrial dysfunction, increased oxidative stress and decreased excre-
tion leading to kidney injury [24, 28, 29]. Upon injury by a nephrotoxic agent proximal
tubule cells die either by apoptosis or necrosis [30]. Nephrotoxic drugs have either
a direct toxic effect on various segments of the nephron or they induce inflammation
of the renal interstitium leading to acute renal failure. Many antibiotics, chemothera-
peutics and immunosuppressant’s induce direct injury to the tubules [31]. The intact
tight junction complex, which is essential for proper reabsorption, may also be dis-
rupted causing a leaky epithelium ultimately leading to proximal tubular disruption
[31, 32].

Renal Inflammation in nephrotoxicity

Several nephrotoxic compounds induce an inflammatory response, which can ag-
gravate renal injury. At the early stages of injury morphological and functional chang-
es in tubular epithelium and vascular endothelial cells are observed [33]. This leads
to infiltration of leukocytes to the injured site where renal tubular epithelial cells pro-
duce inflammatory cytokines TNFa, IL-6, IL-13 and TGF- [34, 35] which induce an
inflammatory cascade and can enhance cytotoxicity.

Nephrotoxic drugs such as cisplatin can increase the expression of various
pro-inflammatory cytokines and chemokines, with TNFa being identified as a key
factor in enhancing the inflammatory response. Inhibition of cisplatin-induced TNFa
production led to downregulation of other cytokines and decreased renal injury [36-
38]. Several mechanisms have been proposed for cisplatin-induced TNFa produc-
tion, involving ERK and p38 MAPK mediated activation, [37, 39] imbalance in NF-
kB and JNK/c-Jun signaling [40]. Therefore, inflammation plays a major role in the
pathophysiology of kidney injury, which needs to be thoroughly investigated during
early phases of drug discovery. Nephrotoxicity is mainly detected at late stages of

14



General introduction

drug development with only 2% of attrition at preclinical testing and 19% during clini-
cal trials [41]. Besides the current conventional end points, use of advanced screen-
ing methods such as live cell imaging for early apoptotic events [42] might help in
identifying safe compounds thereby decreasing attrition rates due to nephrotoxicity.

Pre-clinical safety testing: where do we stand?

With a high incidence of drug-induced organ toxicity it is very important to make an
accurate estimation of pharmacokinetic and pharmacodynamics properties of a new
chemical entity during pre-clinical assessment. Currently various in vivo and in vitro
studies are performed to validate the safety of chemical entities and their targeted
use for a human disease, mainly relying on animal models for long-term effects of
the drug. But only 50% of the chemicals that caused hepatotoxicity in clinical devel-
opmental phases had concordance with toxicity in animal models [43]. This may be
attributed to species difference, interbred lab animals, disease state vs. healthy ani-
mals, genetic and environmental difference that exist in human population [14]. This
emphasizes a need for efficient models that could accurately predict the safety pro-
file of the compounds. Human cell based models offer several advantages in terms
of relevance to humans and increased throughput compared to animal models. Cur-
rent standard in vitro models used for screening assays include hepatocytes for liver
toxicity, renal proximal tubule epithelial cells for nephrotoxicity, vascular endothelial
cells for vascular toxicity, neuronal and glial cells for neurotoxicity, cardiomyocytes
for cardiotoxicity, skeletal myocytes for rhabdomyolysis [44].

Sensitivity Specificity
DNA synthesis 10 92
Protein synthesis 4 97
Gilutathione depletion 19 85
Superoxide induction 1 97
Caspase-3 induction 5 95
Membrane integrity 2 99
Cell viability 10 92
Cell viability or GSH or DNA synthesis 25 83
Regulatory animal toxicity tests 52 N/A

Table 1. Percentage predictivity of in vitro toxicity assays and regulatory animal studies for 611 com-
pounds with hepatotoxicity warnings as described by Xu et alin [14].

However, in vitro models fail to preserve organ specific functions in an artificial envi-
ronment and are not reliable for making accurate predictions. For example, in vitro
testing on hepatic cell lines measuring various indicators of cell stress and toxicity
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Chapter 1

did not improve predictivity compared to animal studies alone [14, 45]. All the in vi-
tro tests combined together had only half the sensitivity to that of regulatory animal
testing (as shown in table 1, sensitivity and specificity of 611 hepatotoxic compounds
tested [14]).

The main focus of this thesis work is to explore improved in vitro models and meth-
ods for organ toxicity, with a principal focus on in vitro liver toxicity, which will be
discussed in detail.

Predicting drug induced liver injury (DILI) at preclinical stages

There are several possible reasons for poor prediction of human toxicity in pre-clini-
cal studies. The current methods used to assess toxicity at the preclinical level were
introduced in 1970’s and have not kept pace with technological developments [46].
Furthermore, test models may not give a toxic response due to loss of organ specific
cell functionality or there is a difference in the mechanism of drug metabolism be-
tween humans and the cells/tissues of the model. The implementation of improved
toxicological approaches and exploring the mechanistic toxicity on human-relevant
test models may improve the early safety prediction.

Preclinical hepatotoxicity assessment is done in a tiered approach. In the
tier 1 studies normal animal models (rodent and non-rodent) are exposed with mul-
tiple doses and durations of the drug at much higher levels than those used in clin-
ical studies to estimate the ‘dose-limiting toxicity’ or no effect level (NOEL) and no
adverse effect level (NOAEL) [47]. Various parameters are measured to evaluate
toxicity and identify the safety level of the drug that could be administered in the clin-
ical phases. If hepatotoxicity was found to be the limiting factor, then various in vitro
screening assays, including covalent binding assays are considered to indicate spe-
cific toxicity issues and their potential severity [48, 49]. Though the main reason for
poor prediction lies with a lack of physiological relevance of the models, human ge-
netics and other underlying disease conditions might lead to idiosyncratic reactions,
which are hard to identify at the pre-clinical and clinical phases. Of 28 compounds
developed by Rhone-Poulenc Rorer (now a subsidiary of Sanofi-Aventis) between
1988 and 1994, 10 of them showed signs of liver toxicity in animal models; 7 of these
compounds were tested in humans of which only 1 compound showed human liver
toxicity [50]. There are many other studies, which show a lack of correlation with ani-
mal toxicity [51]. In this respect, human cell based models with a stable liver specific
function could make an important contribution to predicting drug safety.

in vitro cell models for studying hepatotoxicity
Precision cut liver slices (PCLS): Tissue slices contain all the cell types and tis-
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sue microenvironment [52], which may enable them to respond better to a chemical
stimulus. Precision cut human liver slices have shown to retain drug metabolism
enzymes [53-55] and they have been used for various drug metabolism and toxic-
ity studies [56, 57]. Microarray transcriptomic studies on rat PCLS showed similar
mechanistic gene expression profile as in vivo liver tissue [58]. Recently, proteomic
analysis after compound exposure on mouse, rat and human PCLS was shown to
demonstrate in vivo like responses [59]. Though the model is unique in its composi-
tion and similarity to in vivo liver responses, a rapid decline in liver specific functions
[54] is a limitation for chronic drug exposure studies. Recent advances in slicing and
cryo-preservation techniques were shown to maintain the viability of liver slices [52],
which may help to overcome laborious extraction procedures for test samples and
low-throughput.

Primary hepatocytes (PHH): Primary hepatocytes isolated from human or animal
tissue largely retain liver specific enzymes and are widely used for evaluating drug
metabolism. Freshly isolated primary human hepatocytes are considered the ‘gold
standard’ for in vitro drug assessment [5, 60]. Isolation of primary human hepato-
cytes is a complex process, which can lead to poor retention of liver enzyme activity
[61]. Recent advances in cryopreservation techniques have helped to maintain the
differentiated status of primary hepatocytes without any major loss of functions due
to cryoinjury [62, 63]. But once cultured in vitro, primary hepatocytes rapidly lose
their liver specific functions [5, 64]. Sandwich culturing of primary hepatocytes (be-
tween layers of collagen gel) has been shown to improve stability of expression of
metabolic enzymes and support formation of bile canaliculi [65-68]. Although human
primary hepatocytes are most promising for in vitro assessment in terms of physio-
logical relevance, the limited availability of human donors, donor specific variability
and cost have made this impractical for routine assessment [6, 61]. Primary hepato-
cytes from rat and mouse were also investigated and similar limitations were ob-
served. Compared to rat hepatocytes, mouse hepatocytes are better in maintaining
liver specific functions and discriminating carcinogens from non-carcinogens in a
toxicogenomics study [69-71].

Immortalized cell lines: Cell immortalization either due to mutations in growth reg-
ulating genes or certain gene insertions provide a valuable and limitless source of
material for studying the biological responses of the organs. Due to their unlimited
growth, ease of availability and use they are convenient for high-throughput screen-
ing assays without large variation between experiments. Among the various immor-
talized cell lines available, Fa2N4 and HepG2 are ‘first alternatives’ after primary
human hepatocytes [72] and the recently introduced HepaRG is a promising addition
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with their high levels of metabolic enzymes [73].

Fa2N4: Fa2N-4 cells are derived from primary human hepatocytes and immortalized
with SV40 large T-antigen [60, 74, 75]. These cells were shown to posses various
CYP450 enzymes and transporters [75] but at the same time they lack certain xe-
nobiotic nuclear receptors like CAR and important drug transporters classes like
OATPs [60, 76] which limits their use for assessing hepatotoxicity.

HepaRG: HepaRG cell line is derived from female carcinoma patient. It is a bi-po-
tent progenitor cell line, which differentiates into biliary and hepatocyte-like cells in
the presence of DMSO [77-79]. Once differentiated in the presence of DMSO, Hep-
aRG cells express high levels of metabolic enzymes, transporters and xenobiotic nu-
clear receptors [73, 80]. The culture of HepaRG cells in high concentration of DMSO
in the medium has seen certain drawbacks such as increased cell death and LDH
and AST enzymes levels [81]. Earlier observations in primary hepatocytes and our
observations with HepG2 cells have shown that concentrations of DMSO at 0.1% or
above can induce phase 1 and 2 enzyme expression [5, 6, 82]. Therefore high levels
of DMSO might give an inappropriate estimation of enzyme induction. It was also
observed that prototypical inducers of CYP3A4 like rifampin and phenobarbital did
not induce CYP3A4 induction in HepaRG cells [73, 80]. Though promising with high
levels of drug detoxifying enzymes, the media formulation and proprietary status of
these cells may complicate their use for routine toxicological assessments.

HepG2 cells: HepG2 is a well-differentiated hepato-carcinoma cell line. HepG2 cells
are best characterized and are widely used for various toxicological and pharmaco-
logical studies [83-87]. They express various liver-specific enzymes and drug me-
tabolizing enzymes [88]. HepG2 cells express functionally active p53 protein, which
can activate the DNA damage response and induce apoptosis, making it a desirable
model for toxicity studies, especially genotoxic studies [60, 89]. These cells also
show the presence of active nuclear transcription factor E2-related factor-2 (Nrf2)
system, which is essential for induction and the expression of various phase Il drug
metabolizing enzymes and transporters for detoxification [90].

HepG2 cells are widely used in various high-throughput studies [86, 91-
95] including EPA’s ToxCast™ and Tox21™ programs for predicting and prioritizing
chemicals [95-98]. The cells were also used in the pharmaceutical industry for lead
identification [99]. A recent study combining a toxicogenomics approach and Ames
test demonstrated that HepG2 cells could accurately predict in vivo genotoxicity
[100]. In a high content screening approach these cells showed 93% sensitivity in
identifying hepatotoxic compounds [86]. Comparative toxicogenomics analysis be-
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tween HepG2 and HepaRG showed that HepG2 cells are better in discriminating
genotoxic compounds and non-genotoxic compounds than HepaRG [101]. Earlier
studies also indicated that these cells had high sensitivity and specificity in identify-
ing genotoxic compounds [94, 102, 103].

With several advantages in ease of use, availability and considerable biolog-
ical responses, HepG2 cells could be an ideal replacement for primary hepatocytes.
However, the major concern with HepG2 cells and other hepatocyte cell lines is the
lack of metabolic competence compared to primary hepatocytes [7, 14] [104]. This
may be partly due to their hepatocarcinoma origin and oncogenic transformation, but
also because they have been passaged extensively, resulting in drift from the origi-
nal hepatocyte genetic profile. Furthermore, the absence of an in vivo like environ-
ment in a tissue culture dish results in a dedifferentiated phenotype with inevitable
loss of function. A high proliferation rate associated with immortalized cells is a major
limitation in identifying compounds that inhibit cell growth and induce apoptosis.

3D cell culture

In vivo, hepatocytes are highly polarized with distinct basal-lateral sinusoids and api-
cal canalicular domains [105] which are essential for proper functioning of the liver.
This highly polarized morphology is lost when cells are cultured under non-phys-
iological conditions [106]. Hepatocytes cultured in a 3D environment using biore-
actors [107, 108], hanging drop methods [109], collagen sandwich cultures [110],
micro-space cultures [111], micro-patterned systems [112], microfluidic perfusion
systems [113, 114], collagen and Matrigel cultures [115, 116] and other synthetic bio-
materials [68, 117] have shown to re-acquire tissue specific properties and possess
many hallmarks of in vivo epithelial cells.

Besides an increased physiological relevance, 3D models could also sup-
port long-term culture of the micro-tissues [108, 118, 119], representing a new dimen-
sion in in vitro toxicity assessment for repeated drug exposure studies. Maintaining
robust tissue-like properties and balancing this with a high-throughput methodolo-
gy is a big challenge. Some of the current 3D platforms cannot offer flexibility for
high-throughput toxicity studies. A preferred choice for high-throughput screening
assays would be to grow micro-tissues in a 384 or 1536 well formats. Bioreactors or
microfluidic devices might emulate a tissue-like environment with respect to gaseous
exchange and flow of nutrients but the throughput may be challenging with these
models requiring complex equipment. High content imaging is increasingly used for
toxicological screening assays [86]. Such imaging based approaches are technically
challenging to apply to 3D culture systems. Although these challenges will inevitably
be resolved as the technology develops, the use of biochemical end-points for 3D
cultures are more feasible for routine high-throughput assays.
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HepG2 cells in 3D culture

HepG2 cells show a spheroid morphology when cultured in micro-space cultures
[111], bioreactors [107], peptide gels [68] and Matrigel [119] with distinctive charac-
teristics of polarized epithelial hepatocytes. The gene expression of metabolic en-
zymes is also higher in HepG2 spheroids cultured on micro-space cultures [111] or
ECM gels, in contrast to low levels with conventional 2D cultures. Increased expres-
sion of CYP450 enzymes might offer a great improvement to safety assessment
studies and studying drug-drug interactions where the activation of a xenobiotic re-
sponse by one (not necessarily toxic) compound may increase the metabolism of
a second compound into toxic intermediates [120]. The absence or impairment of
CYP450 enzymes most likely accounts for the failure to identify some hepatotoxic
compounds in vitro.

Some functional activities of polarized hepatocytes were also recapitulated
in 3D cell culture models. The formation of bile canaliculi is an important feature that
was shown in HepG2 cells cultured on peptide hydrogels [68] and even more prom-
inently with Matrigel cultures in our lab as described in chapter 2. The restoration of
excretory function is likely due to the improved morphological differentiation of the
hepatocytes, in particular, the establishment of apical-basal polarity - but also the re-
stored expression of transporters and other components of the excretory machinery.
Many drugs disrupt excretion pathways, for example rifampicin inhibits activity of
OATP1B3, a transporter essential for bile acid flow [121]. HepG2 3D culture models
may therefore allow the evaluation of the effects of new chemical entities on trans-
porter function at the in vitro screening stage.

Earlier reports have shown that HepG2 cells have higher gene expression
associated with cell cycle regulation, DNA, RNA nucleotide metabolism, transcrip-
tion, transport and signal transduction and lower transcription levels associated with
cell death, lipid metabolism and xenobiotic metabolism. In this thesis, we demon-
strate that in HepG2 spheroids, genes associated with cell cycle were strongly
downregulated and most of the xenobiotic metabolism pathways and stress signal-
ing pathways such as the Nrf2 system were highly upregulated. HepG2 cells were
also known to be inherently lacking in important nuclear xenobiotic receptors, [122,
123] but were re-expressed in the differentiated HepG2 spheroids as described in
chapter 2 of this thesis.

An improved metabolic competence in 3D HepG2 spheroids and a func-
tional similarity to in vivo hepatocytes in a micro plate setup would be promising
for high-throughput toxicity screening assays. The ability to maintain a functionally
stable phenotype for an extended period is an important feature that would allow the
study of chronic drug exposure. A thorough investigation on low-dose, long-term ef-
fects on the gene expression, metabolite formation and morphological perturbations

20



General introduction

will provide more insight into the mechanisms of toxicity, and should be taken into
consideration when validating and evaluating the potential of 3D cell culture systems
as surrogates to human liver tissue or a replacement for animal models. Modern
sensitive approaches such as toxicogenomics to identify the mechanistic information
and high content screening (HCS) to identify subtle morphological and physiological
changes that occur before cell death on 3D organotypic models will provide further
detailed insight into the mechanisms of toxicity and will help identify biomarkers of
liver injury.

Toxicogenomics approaches in DILI

The availability of complete genome sequences led to the successful evolution of
functional genomics which helped to discern biological responses at a whole new
level. Toxicogenomics, a combination of transcriptomic, proteomic and metabolomic
analysis with conventional toxicology investigates the effects of compounds on over-
all changes giving comprehensive mechanistic information on mode of action of a
toxic response.

Transcriptomics analysis with microarray technology allow us to identify tens
of thousands of genes that change upon xenobiotic exposure, allowing us to quick-
ly interpret genes and stress signaling pathways associated with chemical toxicity.
Also, recent advances in proteomic technologies either by two-dimensional gel elec-
trophoresis 2-DE and gel-free LC-MS techniques are available for high-throughput
protein analysis [124, 125]. Many toxicogenomic studies have been conducted to
assess hepatotoxicity in rodent species, especially in rats, as it is a preferred choice
due to ease of manipulation and breeding characteristics [126-132]. These studies
have demonstrated that specific liver pathologies can be predicted by toxicogenomic
approaches [133-137].

A repository of toxicogenomics data is available in public databases such as
Gene Expression Omnibus (GEO) [138], Array Express [139], Comparative Toxicog-
enomics Database (CTD) [140] or EDGE [141, 142], Chemical Effects in Biological
Systems (CEBS) [129]. Additionally, the InnoMed PredTox consortium developed
large-scale toxicogenomics databases, aimed at assessing the value of toxicog-
enomics by combining the results with conventional readouts [143]. TG-GATES (Ge-
nomics Assisted Toxicity Evaluation System) has a database of in vivo and in vitro
gene expression profiles of liver and kidney upon exposure to 150 chemicals, mainly
including drugs that are currently used for patients [144]. These databases will help
us to perform a comparative analysis of prototypical compounds in various models.

Availability of large ‘omics’ data sets requires complex analysis algorithms
to interpret the biological response. Availability of open source bioinformatics tools,
like Bioconductor are helpful for data normalization of transcriptomics data. Several
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commercial applications like ingenuity pathway analysis (IPA ®), Metacore™ (and
other tools as discussed in [145]) are valuable for interpreting complex genomic
data. These programs are built on a knowledge base developed from scientific liter-
ature databases on genes, proteins and chemicals providing relationships between
changes in the gene expression to biological pathways.

Toxicogenomics aims to discern biological responses upon toxic insult and
develop biomarkers that could predict a toxic outcome. The discovery of biomarker
signatures will not only help in accurate prediction of toxicity, but also greatly reduces
the use of animals for toxicity studies or may even replace animal testing if an in vitro
model out-performs animal test models. A thorough comparative investigation of in
vitro models with their in vivo counter parts may weigh the similarities between them.
Kienhuis et al compared rat hepatocytes and rat in vivo gene expression profiles,
which showed only a very minor overlap between the models, although the overlap
increased with modification of the cell culture medium [146]. Additional improvement
in the cell culture conditions - either media or using 3D cell culture models might
further improve the predictive power of in vitro assays. In vitro toxicogenomics stud-
ies using human cell lines might be valuable to predict human specific responses; a
number of studies from human derived hepatocytes - either primary or cell lines - are
currently available [101, 147-151] and are promising. Our observations of gene ex-
pression profiles with diclofenac exposed in vitro 3D HepG2 cells showed a similar
pathway profile to that of in vivo models. A number of stress signaling pathways that
are not activated in 2D HepG2 cells were seen in 3D HepG2 cells which were in
common with human liver slices exposed to diclofenac.

High-content screening for studying drug induced organ toxicity

High content imaging is a valuable methodology, which has the capacity to identify
sensitive biological changes that are otherwise impossible with end point cytotoxicity
assays. It will allow us to visualize dynamics of stress induced biological perturba-
tions inside a cell in real time. Recent technical advances in fully automated micros-
copy stations and image data analysis methodologies have further improved the
power to HCS for high-throughput screening assays.

Availability of various cell-permeable fluorescent molecular probes allowed
us to study the kinetics of stress responses in real time. Automated measurements
of live-cell apoptosis using Annexin-V, which binds to phosphotidyl-serine during ear-
ly events of apoptosis is an efficient way to measure the kinetics of apoptosis upon
compound exposure [152]. HCS has an advantage that multiple parameters can be
measured. In a study to identify DILI compounds, primary human hepatocytes were
challenged with 300 compounds measuring mitochondrial damage, oxidative stress
and intracellular glutathione levels [153]. This analysis had a true-positive rate of 50-
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60% and very low false-positive rate of 0-5%. In another study using HepG2 cells,
four parameters were used; these measured intracellular calcium (Fluo-4AM), DNA
content (Hoechst), mitochondrial membrane potential (TMRM) and plasma mem-
brane permeability (TOTO3) and were compared with 7 conventional readouts that
are used to assess toxicity. The high-content image analysis showed much higher
sensitivity of 93% and specificity of 98 % compared to 25% and 90% of conventional
assay readouts [86].

The application of toxicogenomics and high content screening in drug safety
testing on human relevant in vitro models, may increase the predictive power of in
vitro toxicity screening assays and provide sufficient functional data to reduce the
reliance on animal models. The near in vivo properties of 3D cultures, their ease of
use, low cost and availability suggest that these models offer great promise and are
likely to play a significant part in animal-free toxicity testing in the future.

Aim and outline of this thesis:

Currently there is a dearth of in vitro models that could preserve the functional prop-
erties of a tissue for an extended period and offer compatibility to high-throughput
screening assays. The key aim of this thesis is to develop an organotypic in vitro
model for toxicity studies that can be used in pre-clinical drug safety testing and the
in vitro study of liver biology. To this end we have developed a robust in vitro model,
which show many hallmarks of in vivo hepatocytes, is applied in a 384-micro-well
format and is compatible with standard medium- and high-throughput lab infrastruc-
ture for routine drug screening.

Chapter 2 describes the development and validation of a 3D cell culture methodol-
ogy, which enables HepG2 cells to reacquire lost functional hepatocytes properties.
The cells differentiated and formed spheroids. Spheroids were analyzed for their
polarized morphology, expression of functional differentiation markers, presence of
functional activities of hepatocytes and their sensitivity to identify hepatotoxic com-
pounds.

Chapter 3 further characterizes the 3D HepG2 spheroid model and compares them
to other in vitro liver models by analyzing gene transcription. Microarray analysis
gene expression data was acquired during the differentiation process of HepG2 cells
in 3D culture. Biologically significant pathways that are altered in differentiated 3D
HepG2 cells compared to conventional 2D cultured HepG2 cells were thoroughly
investigated. A detailed comparison of gene expression profiles was made between
3D HepG2 spheroids and other hepatocyte models (PHH and HepaRG) to human
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liver. Common pathways between human liver and 3D HepG2 spheroids were high-
lighted.

Chapter 4 describes a comparative transcriptomic study between various in vitro
and in vivo models in response to hepatotoxicant exposure. Gene expression pro-
files from in vitro HepG2 spheroids, primary human hepatocytes, primary rat and
mouse hepatocytes, human liver slices and in vivo rat and mouse models exposed
with diclofenac were compared. Various stress-signaling pathways that are activated
upon diclofenac exposure were analyzed.

Chapter 5 describes a novel live-cell HCS assay for measuring nephrotoxicity. Tox-
icity caused by nephrotoxic compounds was analyzed in real time on proximal tubu-
lar kidney cells. The role of inflammation in conferring sensitivity to nephrotoxicants
was investigated using the pro-inflammatory cytokine TNFa.

Chapter 6 provides a summary and general discussion of the findings and implica-
tions of the work in this thesis.
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