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Development of a Collagen Gel Sandwich Hepatocyte Bioreactor for
Detecting Hepatotoxicity of Drugs and Chemicals

by
Déra Farkas

Abstract

Understanding the hepatotoxicity of drugs and chemicals is essential for progress
in academic research, medical science and in the development of new pharmaceuticals.
Studying hepatotoxicity in vitro is a challenging task because hepatocytes, the
metabolically active cells of the liver, are very difficult to maintain in culture. After just
24 hours, the cells detach from the plate and die, and even if they survive they usually do
not express the metabolic functions which they have in vivo. It has been observed by
others that culturing hepatocytes between two layers of collagen type I maintains in vivo-
like morphology and also many drug metabolizing enzymes for weeks. In spite of the
research examining drug metabolism in collagen sandwiches, there are very few studies
evaluating this system for investigating hepatotoxicity. We cultured primary rat
hepatocytes in the collagen sandwich configuration and our goal was to optimize this
system for long-term studies and to examine toxicity of a variety of hepatotoxins. By
measuring secretions of urea and albumin, and P4501A activity, we determined the
optimal cell density to be 50,000 cells/cm®. We also evaluated the need for epidermal
growth factor (EGF) in our cultures, by comparing urea and albumin secretions in
cultures grown with and without EGF. The cultures without EGF had significantly less
secretion of both urea and albumin just two days after plating. Therefore, we decided to
include EGF in the medium. The toxins we examined were aflatoxin B1, acetaminophen,
carbon tetrachloride, N-methyl-N’-nitro-N-nitrosoguanidine (MNNG), methyl methane
sulfonate (MMS), cadmium, vinyl acetate and dimethylformamide (DMF). The cells
were sensitive to aflatoxin Bl, MMS, MNNG and cadmium. However, they were
immune to acetaminophen, carbon tetrachloride, vinyl acetate and DMF. Our Western
Blots showed that CYP1A, 2B and 3A were maintained in the culture for a week, but
CYP2EI was lost gradually over time. CYP2E] is also the primary metabolic enzyme for
acetaminophen, carbon tetrachloride and DMF. Thus, it is possible that the lack of
toxicity is due to the loss of the enzyme responsible for the metabolism of these
compounds. Immunity to vinyl acetate suggests that carboxylesterase is also lost in
culture, since this enzyme is the one which converts vinyl acetate to acetaldehyde. The
metabolism of acetaminophen was also examined with liquid chromatography and mass
spectrometry. Liquid chromatography showed that acetaminophen is metabolized
primarily to the sulfate and glucuronide metabolites. In order to investigate whether the
glutathione adduct was formed, we synthesized the adduct and determined its retention
time with liquid chromatography and its fragmentation pattern with mass spectrometry.
We isolated the fraction with the same retention time from the medium of
acetaminophen-treated cells, and showed that it contains a peak with the same mass to
charge ratio and fragmentation pattern as the glutathione adduct. We also examined the



conditioned medium from the hepatocytes to investigate the secreted protein profile,
which could potentially be used to find toxicity biomarkers. We were able to remove
most of the albumin from the medium using an immuno-affinity column containing anti-
albumin antibodies bound to protein A-agarose beads. Our proteomic analysis combined
gel electrophoresis with Qstar LC-MS/MS, and we were able to identify 493 proteins. Of
those 493 proteins, 59 were plasma proteins, 234 were intracellular proteins and 21 were
extracellular matrix proteins. The other 179 proteins were classified as miscellaneous,
and they included 13 embryonic proteins, 40 central system proteins, 42 proteins from
organs other than the liver and the central nervous system, and the remaining 84 proteins
had unknown functions. Several of these proteins have only been identified in stellate and
endothelial cells previously, suggesting the presence of nonparenchymal cells in the
culture. Furthermore, we also identified many structural matrix proteins, such as laminin-
12, fibronectin precursor and five types of collagen, showing that hepatocytes in the
sandwich secrete the necessary matrix proteins for adhesion. In summary, we have shown
that the collagen sandwich is a suitable system for hepatotoxicity studies as well as
proteomic sanalysis.

Thesis supervisor: Steven R. Tannenbaum

Note: The term “collagen” is used in this thesis to refer to collagen type I, unless
otherwise noted.
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CHAPTER 1: In vitro methods to study hepatotoxicity: A literature
review



1.0 Abstract

Understanding the hepatotoxicity of drugs and chemicals is essential for progress in the
pharmaceutical industry, medical science and academic research. The study of
hepatotoxicity is complicated by the difficulty of culturing hepatocytes in vitro due to a
lack of understanding of the humoral and matrix requirements of these cells. A variety of
in vitro models of the liver have been developed, such as perfused livers, liver slices,
static cell cultures and three-dimensional perfused bioreactors. The static cell culture is
the most commonly used system for hepatotoxicity studies. In this review we present the
role of each system in the study of drug metabolism and toxicity. We will also discuss the
application of primary cells and human cell lines in toxicity studies. Since the static cell
culture has been used in so many studies, we will just highlight some of the
hepatotoxicity studies with model. Finally, we will discuss the impact of genomics,
proteomics and metabonomics on hepatotoxicity studies, specifically how these
approaches have helped to understand differential expression under toxic conditions.
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1.1 Introduction

Developing new systems and methods for studying liver toxicity has important
applications in medical science, academic research and the pharmaceutical industry. The
liver is one of the major detoxifying organs in the body and it is especially susceptible to
foreign agents, such as drugs and environmental pollutants, and their metabolites [1]. For
this reason, the liver is the primary organ targeted during early toxicity screening studies
and nonclinical safety assessment. It has been shown that 40% of the failures during
preclinical trials are due to toxicity [2]. Furthermore, only one out of five drugs, which
reach clinical trials, also reach the market place, and many of them fail due to
hepatotoxicity. This has serious financial implications for the pharmaceutical industry,
since the cost of bringing a drug to the market today is estimated to be $800 million. In
fact, even though investment in drug development has tripled in the last 10 years to $30
billion, there are fewer drugs coming to the market. This phenomenon is thought to be
due to increasing costs of developing drugs and to withdrawal of drugs during the post-
marketing period because of adverse drug reactions. Thus, developing a system which
would eliminate compounds earlier in the pipeline would be very beneficial [2].

Based on a survey between 1961 and 1992 from France, Germany, UK and USA,
23 out of 181 market withdrawals due to safety were because of hepatotoxicity [3].
Hepatoxicity during post-marketing also leads modification of labeling and stricter
guidelines for prescriptions, limiting the market potential of the drug. In fact,
development of hepatitis is a common side-effect of drugs. According to Zimmerman et

al.[4] 10% of hepatitis is caused by drugs, and in patients over 50, exposure to drugs
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accounts for 40% of hepatitis. Additionally, 15-25% of fulminant hepatic failure is due to
adverse reaction to drugs.

In spite of the data generated by previous pharmaceutical and clinical research it
is still not trivial to estimate the appropriate doses in humans based on animal studies.
One reason is that there are significant species differences in the drug metabolism
enzymes, as well as in the kinetics of the metabolic reactions. There are also significant
polymorphisms in drug-metabolizing enzymes among humans. For example, West
African populations have CYP2D6 variants, and some populations of Australian descent
have variants of CYP2D6, CYP2C9 and CYP2EI [5]. Furthermore, many instances of
hepatotoxicity are due to an immune-mediated iodisyncratic response, which would be
almost impossible to predict based on animal models.

In order to understand the metabolism of novel compounds, there has been a
growing interest in the development of in vitro systems for studying hepatotoxicity.
Hepatocytes, the metabolically active cells in the liver, are one of the most challenging
cells to maintain in vitro. When plated on plastic or collagen-coated dishes, they have
been shown to detach and lose their metabolic capacities within 24 hours. The needs of
hepatocytes in vitro are not well-understood, but it is known that hepatocyte-specific
gene regulation is influenced by both soluble and insoluble factors [6]. Soluble factors
include hormones, and cytokines, and insoluble factors refer to cell-cell and cell-matrix
contacts. There is currently no universally accepted protocol for maintaining hepatocytes,
since as we will discuss, most factors can either stimulate regeneration or differentiation,
but not both. In fact, the factors, which lead to hepatocyte differentiation usually suppress

differentiation, and vice-versa. For example, long-term cultures of hepatocytes usually
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requires a mitogenic compound, such as epidermal growth factor (EGF), which
stimulates DNA synthesis. However, it has also been shown that addition of EGF to
hepatocyte cultures leads to a down-regulation of the metabolic enzymes, specifically
CYPI1A, CYP2B [7;8], CYP2C11 [9] and CP3A [10]. Cell density also has a profound
influence on cell proliferation and metabolism. Plating cells at low density increases cell
proliferation, but reduces the expression and inducibilty of metabolic enzymes [11].
Therefore, when designing in vitro systems for detecting hepatotoxicity, these parameters
need to optimized so that cells can be sustained without losing metabolic functions. Once
the system has been designed, one still has to establish the experimental endpoints, which
would be most relevant to the particular compound. Optimizing in vitro testing of
compounds also involves determining the appropriate doses and the relevant time-points.
As we will discuss, the parameters of in vitro systems also depend on the type of
toxin studied. While the variety of toxins is so complex, that no strict categorization can
be applied, they are usually separated according to whether or not they need to
endogenously activated for toxicity. The compounds, which are metabolically activated
usually cause toxicity through formation of electrophiles, nucleophiles, free radicals or
macromolecular binding [12]. Several commercial assays have been developed to
measure toxicity, including measuring for leakage of intracellular enzymes, such as
lactate dehydrogenase (LDH) and aspartate amino transferase (AST) as well as reduction
of the tetrazolium salts, XTT and MTT. Furthermore, secretion of urea and albumin are
also used as markers to asses the health of hepatocytes. Although these commercial
assays can be used to measure cell viability, detection of toxicity should also include

experimental endpoints known to be relevant to the mechanism of toxicity for a specific
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compound. We will discuss some compound-specific endpoints, such as DNA-adducts
and protein nitrotyrosine adducts.

We will also review the influence of the “-omics” revolution (genomics,
proteomics and metabonomics) on the study of hepatoxicity. Application of genomics
and proteomics technologies in toxicology have opened up the field of “toxicogenomics”
and “toxicoproteomics.” These technologies have facilitated very rapid collection of data
to analyze differential gene, protein and metabolite expression, potentially enhancing the
development of diagnostics and therapeutics. We will also discuss how the integration
this data with systems biology has the potential to facilitate screening of drugs and

prediction of metabolism and toxicity.

1.2 In vitro models of the liver

The in vitro systems, which are most commonly used to study drug metabolism
and liver toxicity are (a) perfused livers, (b) liver slices, (c) static cell cultures, (d) flow-
through bioreactors, and (e) cell-free systems such as microsomes, liver cytosol fractions
and S9 fractions. Although perfused livers and liver slices have been used to study
hepatotoxicity, static cell cultures are the most wide-spread system for toxicity studies.
We will discuss many of the important parameters in cell cultures, including composition
of the medium and the extracellular matrix, cell-density and the effects of co-culturing

with nonparenchymal cells.
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1.2.1 The isolated perfused liver

The isolated perfused liver is considered to be the closest system to in vivo
experiments, since it maintains the three-dimensional architecture, the bile flow and the
hemodynamics of the liver. Besides its role as an in vitro model, it has also been used in
clinical settings to treat patients with hepatic coma [13;14]. Although it is expensive to
maintain and it can only be used for a few hours, the isolated perfused liver has been used
for various hepatotoxicity studies, especially for compounds, which could affect the bile
flow. For example, the toxicity of the immunosuppressant drug, cyclosporine, has been
studied in isolated perfused livers from rats. It has been shown that this drug can lead to
significant liver injury, including cholestasis, and leakage of lactate dehydrogenase and
glutamate dehydrogenase [15]. The isolated perfused liver has also been useful in
studying the effects of metals, such as cadmium, mercury and copper [16]. These metals
were found to decrease the bile flow, but they also decreased ATP content, glutathione
content and increase the release of lactate dehydrogenase. Furthermore, copper also led to
significant lipid peroxidation, as measured by malondialdehyde content. Release of
oxidized glutathione (GSSG) into the bile has been used by several groups as a marker of
oxidative stress by aromatic amines and nitroarenes, and it has been concluded that the
carcinogenic doses are probably not sufficient to cause acute injury or oxidative stress in
the liver [17;18]. The toxicity acetaminophen has also been studied in this system in
order to determine how decreased metabolism due to hypothyrodism affects toxicity by
this compound. Interestingly, it has been found that hypothyrodism protects the liver
from injury by acetaminophen, even when the expression of CYP2EL is the same as in

the control groups [19]. In summary, the isolated perfused liver can be a useful system
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for hepatotoxicity studies especially for studying changes in bile flow. As the above
studies show, this system has also been used to study oxidative damage and release of
intracellular enzymes. While the isolated perfused liver can be a good model for the bile
flow and the three-dimensional architecture of the liver, it is very short-lived and it is
probably best-suited for compounds which are expected to have toxic effects within a few

hours.

1.2.2 Liver slices

Liver slices have been prepared since 1923 [20] and they have been used in a
variety of toxicity studies because they maintain the cell-cell and cell-matrix interactions
found in liver. The disadvantage of this system in comparison with the isolated perfused
liver is that it cannot be used to analyze bile flow. It is also short-lived, primarily due to
poor oxygen and nutrient diffusion from the medium. Liver slices are expected to be
viable for a few hours, although some groups have found them to be metabolically active

for two days [13;21].

Liver slices from rats, guinea pigs, male cynomolgus monkeys, and humans have
been used to study unscheduled DNA synthesis (UDS) after exposure to the mutagens
aflatoxin B1 (AFB1), 2-acetylaminofluorene (2-AAF) and 6-aminochrysene (6-AC) in
order to determine species differences in response to these toxins [22]. UDS was induced
by all three compounds in rats, guinea pigs, and humans. Although UDS was observed in
monkeys by AFB1 and 6-AC, 2-AAF did not induce DNA synthesis possibly due to a
lack of CYP1AZ2 in this species. A comparison of AFB1 metabolism between humans and
rats was also carried out by Heinonen et al. [23], who showed that the rates of

metabolism were similar among rats and humans, but there were significant inter-indivual
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differences among the three human liver slices observed. This is an interesting result,
since it suggests that species differences in metabolism of alfatoxin B1 in liver slices
might be less significant than inter-individual differences within the same species.
Environmental pollutants such as cadmium and the herbicide, paraquat, have
also been examined in liver slices. The toxicity of cadmium was investigated by Chan et
al. [24], who demonstrated that pre-induction with zinc sulphate protected the slices from
a decrease in glutathione concentration. The protective effect of zinc sulphate against
cadmium toxicity has also been observed in hepatocytes by Moffat et al. [25]. Paraquat
has been shown cause significant toxicity within six hours of exposure around the central
vein [26]. The role of superoxide in the toxicity of this compound was examined by
showing that addition of a superoxide dismutase inhibitor increased lactate
dehydrogenase leakage. Inflammation caused by exposure to paraquat was also

visualized by histological examination of the liver slices.

Studies of tissue slices are not limited to liver slices. Toxicity caused by a
number of halogenated compounds, including the liver toxin carbon tetrachloride, has
been examined in slices of rat liver, kidney spleen and testes in order to examine how
well the LDs, correlated with doses shown to cause lipid peroxidation [27]. Interestingly,
the doses only correlated for a few of the compounds, suggesting that lipid peroxidation
alone is not sufficient for lethality. In summary, these studies show that liver slices have
been applied in a number of different hepaotoxicity studies, and can be useful for

studying DNA damage, oxidative damage and histology.
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1.2.3 Static cell-cultures

Static cell cultures are currently the most popular in vitro systems for studying
hepatotoxicity. The most commonly cultured cells are freshly isolated hepatocytes, since
cryopreserved cells and cell lines do not express the necessary metabolic enzymes.
However, cryopreserved cells and cell lines can be induced to express many of the
cytochrome P450’s, by growing the cells in the presence of phenobarbital,
dexamethasone, rifampicin and 3-methylcholanthrene [28;29]. We will discuss the role of

human cell lines in toxicity studies in a later section.

In order to facilitate adhesion of cells to the surface, most cultures are plated on
dishes coated with extracellular matrix proteins, such as collagen, fibronectin and
laminin. Culturing hepatocytes on these structural matrix proteins has been found to also
maintain cell morphology and the metabolic functions much better and for longer than
plating them on plastic. Culturing hepatocytes in a sandwich configuration is even more
suitable for maintaining metabolically active cells, and hepatocytes in this configuration
have also been shown to maintain biliary secretion. The most common matrices for
sandwich cultures are collagen type I and Matrigel, an extract derived from the
basesement membrane of the Engelbroth- Holm-Sworm mouse sarcoma [30]. Both
collagen-collagen and collagen-Matrigel sandwiches have been shown to maintain
morphology and albumin secretion for several weeks [31], and they are also inducible for
both CYP1A2 and CYP3A4 in systems with human hepatocytes [32]. Collagen-Matrigel
sandwiches have been shown to have some advantages over collagen-collagen
sandwiches, such as expression of the gap junction protein connexin 32 and the

expression of the epidermal growth factor receptor[31] . However, the disadvantages of
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Matrigel are that it is significantly more costly than collagen, and there are many batch-
to-batch variations. Thus, most studies in a sandwich culture have been carried out in
collagen-collagen sandwiches. Cells in a collagen sandwich have been shown to maintain
their polygonal morphology [33-35] and remain viable in culture for up to six weeks. In
addition, they maintain CYP1A and CYP3A, sulfo-and glucuronsyltransferases, as well
as glutathione S-transferase [36;37]. In fact, hepatocytes in the sandwich configuration
have been shown to maintain biliary exretion [38-40] and this efflux has been show to be
inhibited in a dose-dependent manner by cyclosporine A, a known blocker of bile

secretion.

The composition of medium is also a very important factor in the maintenance of
long-term cultures. Components in the medium can influence regeneration of hepatocytes
as well as up-regulation or suppression of metabolic enzymes. In the absence of serum,
long-term cultures of hepatocytes require insulin, as well as a mitogen such as EGF [41].
While EGF has been shown to maintain viable hepatocytes for weeks, it has also been
shown to significantly decrease CYP2C11 [9] and CP3A [10] activities in hepatocytes
and specifically CYP1A and CYP2B in collagen sandwiches [7;8]. This effect can lead to
lack of toxicity from compounds metabolized by these enzymes. In contrast,
Phenobarbital suppressed hepatocyte growth and secretion of structural matrix proteins,
while maintaining expressions of CYP1A, 2B and 2E1 [42]. Thus, the choice of medium
should be influenced by the type of application, such as the life-time of the culture
system, and which toxins will be tested in the system.

There have also been attempts at establishing stable co-culture systems with

nonparenchymal cells, especially endothelial, Kupffer and stellate cells. These non-
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parenchymal cells play very important roles in the survival and differentiation of
hepatocytes as well as in the mediation of toxicity. Endothelial cells line the sinusoidal
wall and can play a role in the reorganization of hepatocytes in culture. They also secrete
cytokines, nitric oxide and matrix components. Kupffer cells are the hepatic macrophages
and they mediate inflammation and innate immunity through secretion of signaling
molecules and antigen presentation. In the healthy liver, stellate cells are responsible for
storing vitamin A and maintaining the extracellular matrix. When the liver is injured,
stellate cells transform into myofibroblast cells to mediate the inflammatory response
[43]. Co-culturing of nonparenchymal cells is challenging because the medium and
matrix composition has to satisfy the needs of two different cell types. Co-cultures with
endothelial cells has been achieved by Hirose et al. [44] and Harimoto et al.[45] and they
observed that co-cultures maintenained cell junctions, secretion of extracellular matrix
and hepatocyte morphology better than hepatocytes grown alone. Co-culture with stellate
cells can also stimulate DNA synthesis [46] and maintain CYP450 activities [47].
Hepatocyte function can also be stimulated with conditioned medium from
nonparenchymal cells. Kang et al. [48] exposed Matrigel and collagen gel sandwiches to
conditioned medium from a culture of nonparenchymal cells and found an increase in
DNA synthesis as well as an improvement in hepatocyte morphology. As these studies
show, hepatocyte function in culture can be altered by a variety of matrix components,
medium components and non-parenchymal cells, and the design of hepatotoxicity

experiments with hepatocytes needs to take all these factors into consideration.
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Hepatotoxicity studies in primary hepatocytes

It would be impossible to give a complete overview of all the hepatotoxicity
studies with primary hepatocytes, because they have been used in a variety of toxicity
studies. Most studies use hepatocytes from rat and mice, although we did find some
references with primary human hepatocytes. In this section, we will highlight some
examples of hepatotoxicity studies in primary hepatocytes with model toxins, particularly
with acetaminophen and carbon tetrachloride, in order to demonstrate some of the
advantages and disadvantages of this system.

Acetaminophen, an over-the-counter analgesic, has caused significant concern
because of its easy accessibility and its history as a common suicidal agent. It has been
used as a model toxin to study acute liver failure and the role and of biotransformation in
hepatotoxicity [4]. Acetaminophen (APAP) can be metabolized by CYP1A2, CYP3A4
and CYP2EI and converted to the reactive N-acetylbenzoquinone imine (NABQI), but in
humans this conversion occurs primarily by CYP2E1 [49]. NABQI is detoxified by
conjugation with glutathione, but after the glutathione is depleted NABQI can bind to
cytosolic and mitochondrial proteins [50]. In cultured mouse hepatocytes 5 mM APAP
led to oxidant stress and ultimately necrosis, but this toxicity was attenuated by
pretreating the cells with N-acetylcysteine, a precursor of glutathione [51]. APAP has
also been shown to cause DNA strand breaks, although the exact mechanism for this is
not known. It has been shown recently that addition of the antioxidants, N-acetylcysteine,
polyphenol silibin and o-tocopherol, protected primary rat hepatocytes from APAP-
induced DNA strand breaks, but not APAP-induced toxicity [52]. The role of oxidant

stress in DNA strand breaks was also demonstrated by an increase in malondialdehyde
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production at the doses which caused DNA damage. Experiments with acetaminophen
have also been useful in determining the effect of growth factors on toxicity. The growth
factors EGF and HGF are known to suppress metabolic enzymes, but they have also been
shown to offer protection against APAP toxicity in rat hepatocytes [53].

It is well-known that consumption of ethanol together with APAP leads to
hepatotoxicity, due to the induction of CYP2EI by alcohol [12;54]. Interestingly, caffeine
has also been shown to increase APAP hepatotoxicity in mice and rats [55;56]. DiPetrillo
et al. [57] investigated the effect of caffeine on APAP toxicity in cultured rat hepatocytes.
They observed that ethanol treatment alone did not increase APAP toxicity, although it
did induce CYP2E and CYP3A. However, when ethanol-pretreated hepatocytes were
exposed to caffeine, there was a significant increase in APAP toxicity. In addition,
caffeine increased the formation of the glutathione adduct (an indirect measure of
NABQI formation) three-fold compared to cells exposed to just ethanol and APAP.
These results could have important implications for human consumption of APAP with
caffeine, which is found in many beverages and medications.

Carbon tetrachloride, which was used previously as a dry cleaning agent and
refrigerant, has also been widely studied due to its severe hepatotoxic effects. It is
converted to a free radical after undergoing reductive deholgenation by cytochrome
P450’s to form a carbon-centered free radical [58], that initiates lipid peroxidation and
leads to morphological changes. Hepatocyte cultures lend themselves very well to
microscopic investigations, allowing for detailed examination of structural changes after
toxin treatment. While light microsopy has been used widely to study gross microscopic

changes, the development of more advanced microscopy methods such as
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epiflourescence microscopy, scanning electron microscopy, and laser-scanning confocal
microscopy have significantly enhanced morphological studies. These techniques have
made it possible to perform immunologic detection, to visualize ultrastructural changes
and to recreate a cell or even a tissue section in three dimensions.

Toxicity following carbon tetrachloride treatment was investigated in
hepatocyte cultures with light microscopy and it was observed that carbon tetrachloride
leads to significant morphological alterations, which result from the peroxidation of
polyunsaturated fatty acids in cellular membranes and affect the endoplasmic reticulum,
the Golgi apparatus, the plasma membrane and the mitochondria [59;60]. Carbon
tetrachloride is also known to be a fast-acting toxin and in vivo administration results in
morphological changes appearing within 15 minutes after exposure. Thus, carbon
tetrachloride is a good model compound for studying morphological changes in
hepatocyte culture. In fact, carbon tetrachloride has been observed to cause significant
ultrastructural changes in membranes 5 minutes after treatment. Scanning and
transmission electron microscopy which magnify cells many thousand-fold can be used
to visualize the effects of carbon tetrachloride, which include blebbing of the plasma
membrane, smoothing out and degranulation of the rough endoplasmic reticulum 24
hours after treatment [59].

Microcystin-LR, a potentially lethal toxin produced by aquatic organisms, has
been shown to exert its toxicity by inhibiting serine/threonine protein phosphatases,
specifically types 1, 2A and 3. Similarly to carbon tetrachloride, microcystin has been
shown to lead to lipid peroxidation, as well as production of reactive oxygen species and

depletion of glutathione in cultured rat hepatocytes [61]. Using laser-scanning confocal
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microscopy, it has been shown that microcystin exposure in hepatocytes leads to cell
shrinkage, nuclear condensation, collapse of the actin cytoskeleton and cell blebbing,
suggesting that microcystin causes cell death through apoptosis [62;63].

Confocal laser scanning microscopy (CLSM) combined with fluorescent
detection of monochlorobimane (a lipophilic glutathione-specific probe, which is only
fluorescent when bound to thiols) has also been applied to measure intracellular
glutathione distribution [64]. This new technique has used to monitor depletion of
glutathione by inhibitors such as buthionine sulfoximine, and known glutathione
depletors, such as menadione, in rat hepatocytes. Since glutathione plays an important
role in detoxification, this new method could be used to study the role of glutathione in
the metabolism of novel compounds.

CLSM has also been used to evaluate the viability of cryopreserved hepatocytes.
McKay et al. [65] used a vital stain carboxyfluorescein diacetate, which is deacetylated
by intracellular esterases to form a fluorescent carboxyfluorescein (CF). CF cannot
diffuse through membranes and is retained inside the cells. CLSM imaging showed
higher CF retention for cells cultured in Williams’ medium, versus Chee’s medium, prior
to freezing. Interestingly, the imaging suggested better retention of CF inside organelles,
suggesting that the membranes of the organelles are less sensitive to freezing than the cell
membranes, which is an important consideration when using cryopreserved cells for cell
culture.

Since hepatocytes in culture do not express all the metabolic enzymes, in vitro
experiments are sometimes combined with in vivo experiments by pretreating animals

with inducers before hepatocyte isolation. It has been shown that carbon tetrachloride

24



toxicity is potentiated in rat hepatocytes isolated from animals treated with phenobarbital.
In addition, the levels of total CYP450 were very close to those in vivo [66]. On the other
hand, pretreating the animals with a protective agent such as alpha-tocopherol,
significantly protected hepatocytes from necrosis due to carbon tetrachloride compared to
cells from untreated rats. Lipid peroxidation, which is usually measured by monitoring
malondialdehyde formation with thin layer chromatography, was also found to be
significantly reduced in hepatocytes from treated rats [67].

Isolation of hepatocytes from treated rats has also been used for studying the
anticancer drug, Yondelis. This drug, has been shown to be effective in treating breast
and ovarian cancer, but it also causes hepatotoxicity in rats [68]. However, it has been
observed that pretreatment of rats with dexamethasone, protects against hepatotoxicity,
probably due to the upregulation of CYP3A, which metabolizes the drug. However,
toxicity of Yondelis was not ameliorated in hepatocytes isolated from dexamethasone-
pretreated rats. Thus, upregulation of the enzymes is not the only mechanism responsible
for the protection against hepatotoxicity, suggesting that in order to study drugs with
unknown mechanism, in vivo experiments are necessary for complete understanding of

toxicity pathways.

Hepatoxicity in human cell lines

The HepG2 hepatoma cell line is one of the most popular human cell lines for
hepatoxicity studies. This cell lines has been used to study the mechanisms of toxicity of
a variety of toxins such as 7H-Dibenzo[c,g]carbazole (DBC) and aflatoxin B1 [69]. DBC,

N-heterocyclic aromatic hydrocarbon, has been classified as carcinogenic and
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hepatotoxic in several species. By exposing HepG2 cells to DBC it has been shown that
at doses lower than 10 uM, DBC forms DNA adducts and leads to apoptotic cell death.
At doses higher than 80 uM, there were fewer DNA adducts, and necrotic cell death was
apparent from cell swelling and loss of membrane integrity. In contrast to the biphasic
death curve of DBC, exposure to AFB1 resulted in a concentration-dependent increase in
apoptosis.

The cytotoxicity of ethanol and arachidonic acid was studied in transduced
HepG2 cells expressing CYP2E1 [70]. Toxicity by both compounds led to apoptosis, as
shown by activation of caspases I and IIl. Furthermore, apoptosis was prevented by
transfection with a plasmid containing Bcl-2. Thus, HepG2 can be used as a model cell
line for studying toxicity and apoptosis by hepatotoxins. HepG2 cells have also been used
to study the toxicity of pharmaceuticals such as troglitazone [71], an antihyperglycemic
agent, and diclofenac [72], an anti-inflammatory drug, both of which have been shown to
cause adverse hepatic reactions in patients. Troglitazone was found to cause significant
mitochondrial damage as revealed by ultrastructural analysis, as well as a decrease in
ATP levels and mitochondrial membrane potential. Diclofenac was actually more toxic to
freshly isolated hepatocytes than to HepG2 cells, probably due to drug-metabolizing
capacity of primary cells. Although diclofenac was shown to lead to mitochondrial
damage in HepG2 cells, their decreased sensitivity in comparison to fresh hepatocytes
suggests that HepG2 cells are better suited for testing drugs not requiring metabolism.
However, as mentioned previously, HepG2 cells can be transduced to express certain

CYP450’s, making it possible to test toxicity of indirect toxins.
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Another human hepatoma cell line (HLE), was engineered to express 2E1[73]. It
was observed that a 3mM dose of CCly caused almost 90% death in engineered cell lines
but only a 20% death in the non-engineered controls. It was also shown that the gene
expression of the heat shock protein HSP70, a marker of oxdative stress, increased more
in the engineered cell lines than in the control cells after CCly exposure. Mace et al.[74]
engineered several human cell lines from THLE, a non-tumorigenic human cell line.
These cells retained most of their phase II enzymes, but lacked the cytochrome P450’s.
The engineered cell lines were transfected with human CYP’s 1A2, 2A6, 2B6 and 3A4.
The sensitivity of these cell lines to aflatoxin B1 was, 125-, 2-, 2, and 15-fold higher than
in the non-engineered cells. This result is consistent with in vivo metabolism studies since
it is known that in humans CYP1A2 is the primary enzyme and CYP3A4 is the secondary
enzyme responsible for the metabolism of aflatoxin. The DNA adducts were also
quantified and it was found that nanomolar doses caused DNA adduct formation. The
primary adducts were AFB1-N7 guanine, -pyrimidyl, and —diol. In addition, all three cell
lines showed a dose-dependent accumulation in S-phase but they all had different
abilities to recover from the S-phase [75]. These results have biological significance,
since the most common lesions in vivo are the N7-guanine and the pyrimidyl, also known
as AFB1-formamidopyrimidine (FAPY) [76].

Recently, a new human cell line, BC2, was derived from HepG2 and it has been
shown that this cell line can maintain a number of drug-metabolizing enzymes, such as
CYP1A1/2, 2E1 and 3A4, for up to five weeks in culture [77]. This cell line has also been

shown to be sensitive to several toxins including acetaminophen and acetylsalicylic acid

[78].
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1.2.4 Three-dimensional and flow-through bioreactors

Although static hepatocyte cultures are inexpensive and practical, they lack the
three-dimensional cell-cell contacts and the constant flow of oxygen and nutrients, which
are present in the liver. In order to remedy this issue, several perfused bioreactors were
developed. The earliest flow-through bioreactors were hollow fiber bioreactors, which are
used today to sustain patients with acute liver failure [79], but they have also been tested
as in vitro models of drug metabolism. Hollow fibers have been shown to maintain
hepatocyte morphology such as bile canaliculi and intercellular junctions even seven days
after culture [80]. Nyberg et al. [81] cultured gel-entrapped rat hepatocytes perfused in a
hollow fiber reactor and showed that the hepatocytes in this system maintained several
metabolic activities, including sulfation, glucuronidation, P4503A activity. Powers et al.
[82;83] have developed a perfused three-dimensional bioreactor, consisting of primary rat
hepatocytes seeded onto channels etched into a silicon scaffold. After seeding, the cells
rearranged themselves into tissue-like structures, and it was observed that pre-
aggregation of cells into spheroids prior to seeding improved morphogenesis. This system
was also able to maintain rates of albumin and urea secretion for 15 days after isolation.
There are also a few limited studies on the application of perfused systems for drug
metabolism studies. Bader et al. [84] developed a flow-through collagen sandwich
bioreactor with primary rat hepatocytes. They have shown that the metabolic profile of

the antihypertensive drug, urapidil, includes all the metabolites found in vivo, suggesting

this system can be used for drug metabolism studies.
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In addition to all the considerations in the design static culture experiments,
design of perfused reactors needs to take several addition parameters into account. The
shear stress associated with the flow can lead to cell detachment, thus it can be
advantageous to coat the surfaces with a matrix protein such as collagen to enhance cell
adhesion. This strategy also ensures cell adhesion to the desired areas [83]. On the other
hand, some shear stress can be beneficial, since it has been shown to stimulate metabolic
functions and morphogenesis [85;86]. Furthermore, the flow of the medium needs to be
controlled, in order to ensure an even distribution of oxygen and nutrients in the system.
One of the considerations with metabolism studies is that the perfusion introduces
significantly more liquid volume, which dilutes the concentration of drugs and their
metabolites. This dilution factor complicates the detection of metabolites in the effluent
medium, especially if an on-line detection system is desired. Therefore, design of
perfused bioreactors for metabolism and hepatotoxicity studies should consider the
parameters mentioned above to ensure more physiological conditions and maximum

sensitivity.

1.2.5 Subcellular fractions

Subcellular fractions, such as microsomes, are widely used for studying metabolic
activation of drugs. Microsomes, the packets of enzymes on the endoplasmic reticulum,
contain the P450’s and the necessary cofactors for metabolism of drugs[13]. Micrsomes
are particularly useful for comparing species differences in the bioactivation of drugs by
P450’s. Human-derived liver microsomes have also been used to study the metabolisms

of aflatoxins M1 and B1 in order to compare the metabolism of the two compounds [87].
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It was observed that CYP1A2 contributed to over 95% of the AFB1 activation. This
result is physiologically relevant DNA binding studies also showed that CYP1A2 was
responsible for 95% of the AFB1 adduct formation [88].

Other subcellular factions such as liver cytosol and the S9 fraction have also been
used for drug metabolism studies. The liver cytosolic fraction is isolated by differential
centrifugation of a liver homogenate [89]. The advantage of this fraction is that it
contains phase II enzymes such glutathione S-transferase and N-acetyltransferase.
Although additional cofactors, such as acetyl coenzyme A, are necessary for this system,
liver cytosolic fractions are available commercially and are easy to use. The S9 fraction
of the liver contains the cytosols and the microsomes, thus it combines the metabolic
capacities of the two systems. However, the S9 fraction also requires additional cofactors
for phase II activities, as well as an NADPH-regenerating system to maintain the

CYP450 enzyme activities.

1.3 The “-omics” revolution

1.3.1 Genomics

The genomics revolution, which began with the genome sequencing project, aims
at identifying all the genes involved in biological processes. The identification of the
complete genome sequences of multiple organisms made it possible to engineer DNA
microarrays, which can measure gene expression of hundreds or even thousands of genes

simultaneously. DNA microarrays consist of a solid support with oligonucleotides or
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cDNA complementary to the sequences under investigation. The microarrays are
incubated with fluorescently labeled samples, and hybridization is detected using
fluorescence. The data shows the up or down-regulation of the genes and allows for
comparison of gene expression levels between different biological samples. Boess et al.
[90] evaluated gene expression in two cell lines, hepatocytes in a conventional
monolayer, hepatocytes in a sandwich and liver slices. Overall, liver slices were the most
similar to the in vivo liver, but even this system has decreased expression of several
genes, including many of the drug metabolizing genes. It was also observed that gene
expression changes most dramatically right after isolation and then stabilizes during the
culture. This has implications for drug metabolism studies, since this data suggests that in
vitro systems have significantly lower metabolic activities, even though some metabolic
capacity is maintained throughout the life of culture.

Using a special toxicological microarray, which contained 900 genes, Baker et al.
[91] studied the temporal changes (between 4 and 72 hours) in genes relevant to
toxicological studies and confirmed the studies with RT/PCR. Clustering analysis showed
that there was a time-dependent dedifferentiation response of the hepatocytes. Although
many of the cytochrome P450’s were down-regulated, their gene expression changed at
different time-points. The expression of the phase II enzymes was more varied with
UDP-glucuronosyl transferase and GST pi being upregulated, while the expressions of
sulfotransferase and GST alpha were repressed.

DNA microarrays been also applied in toxicological studies to identify the
pathways involved in toxicity mechanisms, opening up the fields of toxicogenomics The

aim of toxicogenomics to identify a global gene expression profile in order to determine
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the differential gene expression between two samples [2]. Toxicogenomics has been used
to study differential gene expression caused by hepatotoxins including aflatoxin BI, 3-

methylcholanthrene and dimethylnitrosamine.

Toxicogenomics in vivo

Gerhold et al.[92] exposed rats to several inducers of CYP450 genes, namely 3-
methylcholanthrene (3MC), phenobarbital, dexamethasone or clofibrate and measured the
expression of several drug metabolizing genes including CYP’s, glutathione transferases,
sulfotransferases, and drug transporters genes. It was observed that that the responses of
the genes agreed with the published observations. For example, 3MC induced CYP1A1/2
and CYP2BI1 and several phase II enzymes including UGT1A6, GSTA1, GSTA2 and
GSTMLI, all of which have been observed in previous research to be induced by 3MC in
rat hepatocytes.

Ellinger-Ziegelbauer et al. [93] compared the expression profiles induced in rats
by four genotoxic hepatocarcinogens: dimethylnitrosamine, 2-nitrofluorine, aflatoxin B1
and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. = As expected, the expression
profiles among the four different toxins showed several similarities including up-
regulation of DNA damage, oxidative stress and fibrosis response genes. Furthermore,
there was a significant increase in the tumor suppressor protein p53. It is encouraging,
that compounds which are known to act through the same pathways lead to similar
changes in the gene expression profiles in the rat liver. Similar results were found by
Waring et al. [94] who tested 15 different hepatotoxins including carbon tetrachloride,
dimethylformamide and arsenic, and analyzed the histopathologic and gene expression

caused by these agents. Treatment with these agents resulted in significant liver injury

32



including cirrhosis, hypertrophy and also hepatocellular damage such as necrosis and
DNA damage. The gene expression results correlated well with the histopathological
results, suggesting that genomics analysis can be used to evaluate hepatotoxicity changes

in vivo.

Toxicogenomics in vitro

In vitro systems have decreased gene expression compared to the liver, but
experimental data suggests that they are still suitable for toxicogenomics studies. Waring
et al. [95] treated rat hepatocytes with several hepatotoxins such as carbon tetrachloride
and dimethylformamide in order to study differential gene expression. The changes in
gene expression in the hepatocytes correlated well with the histopathological changes
observed in the in vivo experiment. Furthermore, compounds with similar toxicity
mechanisms led to overlapping changes in gene expression. These changes were not
identical, however, suggesting that each compound might have a unique genomic
signature.

Most microarrays contain many thousands of targets, therefore special
microarrays have been developed for particular applications, which contain a smaller set
of genes. De Longueville et al [96] used a special microarray containing 59 genes, which
were thought to be relevant to toxicology. The chip included the CYP450’s, stress
response genes and genes involved in apoptosis. Eleven toxins, divided into 4 categories
(CYP 450 inducers, necrosis inducers, cholestasis inducers and steatosis inducers) were
tested on primary rat hepatocytes. Changes in gene expression correlated well with the
known mechanisms of toxicity for these compounds, and clustering analysis showed that

compounds with similar mechanisms cause similar types of changes in gene expression.
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The toxicogenomics of carbon tetrachloride and ethanol were investigated in
HepG2 cells in order to determine similarities and differences in the differential gene
expression [97]. It was shown that carbon tetrachloride up-regulated genes involved in
extracellular transport and cell signaling, such as apolipoprotein A-II and IL-6, and
ethanol down-regulated genes involved in stress response and metabolism, such as DNA
mismatch repair protein PMS2 and mutY. Changes in genes involved in the cell cycle
was common to both compounds, such as the down-regulation of MAP kinase 3 and c-
myc binding protein MM-1.

In order to compare toxicogenomics in vitro to in vivo, Jessen et al. [98] tested
five different hepatotoxins in rats and rat liver slices. Qualitatively, there was 80%
concordance between the two systems but the in vitro systems had a much lower
response, suggesting that in vitro experiment might not give the complete global

genomics profile.

1.3.2 Proteomics

Proteomics, defined as the high-throughput separation, display and identification
of proteins, is a developing field which has the potential to enhance understanding of
biological processes by identifying the full range of proteins in biological samples [99-
101]. One of the major advantages of using proteins as biomarkers is that they are
secreted in body fluids and many of them change during a disease state. With the
advances in technology, especially in mass spectrometry and liquid chromatography, it is
now possible to quickly characterize proteins in biological samples and to identify some

possible targets for screening and diagnostics.
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The methods for proteomics analysis are still under development, but most
protocols rely upon separation of proteins by gel electrophoresis, digesting the proteins
with a proteolytic enzyme such as trypsin, and identifying the peptide masses with mass
spectrometry. The most common ionization techniques for identifying peptides are matrix
assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). MALDI
instruments, which are usually coupled to time-of-flight (TOF) spectrometers, are
especially well-suited for peptide mass fingerprinting. However, this approach usually
requires the identification of at least four peptides per protein [102]. For protein
mixtures, which usually require LC-MS or LC-MS/MS, ESI is the standard method of
ionization. The development of the nanospray around 1999 [103] allowed injections in
the range of 20 nl/min, which made it possible to perform several stages of tandem mass
spectrometry from sample quantities as small as 1 pl [104]. In general, the detection limit
for proteins and peptides is between femtomoles and picomoles, however the sensitivity
depends on the purity of the sample and the instrument.

Identification of proteins in biological samples usually requires the removal of
high-abundance proteins, such as serum albumin and immunoglobulins, before gel
electrophoresis [105;106]. The removal of these proteins is usually achieved by
immunoaffinity columns, and has allowed for more sensitive and higher resolution of
proteins in serum [106;107]. The sensitivity of the proteomics analysis is also
influenced by the sample collection method. Witzmann et al.[108] showed that one can
obtain a higher yield of cellular proteins when the proteins are directly solubilized in
the cell culture, rather than extracting them after cell scraping. In fact, they found the

latter method resulted in a 35% loss of the total protein content.
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The identification of proteins involved in disease or toxicological processes has
opened up the new field of “toxicoproteomics,” with the potential of discovering proteins,
which can be used as markers of toxicity in biological samples. Biological fluids such as
serum, urine, spinal fluid and even exhaled breath can be used as proteomics samples to
diagnose and prevent disease [104]. One of the diseases that proteomics aims to study is
cancer. Comparison of normal tissues with tumor tissues has already revealed a number
of differences in protein expression. Heat shock proteins, in particular, have been found
to be differentially expressed in liver tumors [109], oral tongue squamous cell carcinoma
[110] and ductal carcinoma of the breast [111].

It is well-known that growth factors in the medium can significantly change the
expression of several proteins, especially those involved in differentiation and
regeneration. Chevalier et al. [112] analyzed the protein profiles in primary hepatocytes
treated with either epidermal growth factor (EGF) or the peroxisome proliferator,
nafenopin, in the presence of tumor necrosis factor alpha (TNF-o). Both EGF and
nafenopin stimulate DNA replication, but through different pathways. The proteomic
profiles in response to these agents were quite different, and some of the proteins induced
by nafenopin did not involve the peroxisomes at all. These types of analyses can help to
understand the mechanisms of growth control in hepatocyte cultures.

Proteomics analysis has also been used to gain a better understanding of the
effects of toxin exposure. Ruepp et al. [113] characterized the protein profile in the
mouse liver after acetaminophen exposure and found a significant decrease in protein
abundance in several mitochondrial proteins, such as the heat shock proteins, just 15

minutes after exposure. Large doses of acetaminophen have been found to bind
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covalently to proteins, particularly the cysteine residues, which leads to significant
centrilobular necrosis [114]. Oxidant stress mediated by nitric oxide has also been shown
to be involved in acetaminophen toxicity, which can be detected by measuring
nitrotyrosine adducts in proteins [114;115]. Qiu et al. [116] investigated the target
proteins for acetaminophen binding by treating mice with radio-labeled acetaminophen,
isolating liver proteins and separating the proteins with two-dimensional gel
electrophoresis. Using MALDI mass spectrometry, they identified 20 proteins, including
glutathione peroxidase, aldehyde dehydrogenase and glutathione S-transferase, which
were radiolabeled, suggesting that these proteins formed acetaminophen adducts. The
effects on protein expression of several other hepatotoxins was also investigated by Man
et al.[117], who found that the steroid cyproterone acetate and dexamethasone both
upregulate haptoglobin, ol-antitrypsin and carboxylesterase in rat livers. Such analyses
could therefore be used to determine whether toxins act through shared pathways.
Fountoulakis et al. [118] identified several proteins, which changed in the liver
after rats were dosed with carbon tetrachloride. They found that two stress proteins,
catalase and uricase, were up-regulated, while o2-macroglobulin and senescence marker
protein decreased. Interestingly, the changes in the gene expression were different, with
an increase in DNA damage and stress reponse genes and a decrease in some of the
P450’s. While the changes in gene and protein expression are consistent with the
mechanism of toxicity, they do not correlate, probably due to different regulation of
protein and gene expressions. It is also possible that the proteomic and the genomic

analyses did not give a global profile, and many of the affected genes and proteins were

not identified.
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One challenge in proteome analysis is relative quantitation of protein in two
different samples. A recently-developed method to accomplish this goal, is the isotope-
coded affinity tag (ICAT) labeling method. The ICAT uses a special biotinylated isotope-
coded affinity tag to label proteins on their cysteine residues [119]. This approach is
based on labeling proteins from different samples with two isotopically different labeling
reagents. The two samples are combined, digested and isolated using an avidin affinity
column. The proteins are separated by reverse-phase microcapillary liquid
chromatography and analyzed with ESI mass spectrometry [120;121] . The relative
quantities of identical peptides from different samples are then calculated from the ratio
of the signal intensities. This method was further developed by combining it with
multidimensional chromatography in order to be able to analyze low-abundance proteins
[122]. This method, which combined cation exchange, biotin affinity and reverse phase
chromatography, has been used to decrease the complexity of samples and to reveal

lower-abundance proteins.

1.3.3 Metabonomics

The field of metabonomics aims at analyzing the global metabolic profile under
cetain conditions. Metabonomics has the power to identify toxicity when genomics and
proteomics do not, since toxicity sometimes does not change the protein or gene
expressions. For example, toxicity might be due to induction or inhibition of enzymes or
macromolecular binding. The most common technology to study metabolic profles is 'H-
NMR spectroscopy. In order to determine differences in samples, the data from NMR
spectroscopy is analyzed with pattern recognition methods, multivariate statistical

analysis and principal component analysis (PCA) [123]. Biological fluids such as urine
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and serum are very rich in metabolites and are therefore well-suited for metabonomics
analysis. Exposure to toxins usually creates characteristic metabolic fingerprints, which
can be used as reference for studying novel compounds. For example, Nicholson et al.
[124] show the characteristic NMR spectra caused by exposure to the renal toxins
puromycin, uranyl nitrate, 2-bromoethanamine and the liver toxin hydrazine. Using NMR
and pattern recognition studies, the cholestatic hepatotoxin, alpha-naphthylisothiocyanate
(ANIT), has been shown to increase bile acids, choline and decrease in glucose and
glycogen [125]. A previously unknown metabolite in the urine of acetaminophen-treated
rats was also identified with 'H-NMR spectroscopy. This metabolite, 5-oxoproline
(50XP, pyroglutamic acid), was also shown to be result of the depletion of sulphur-
containing molecules such as cysteine and glutathione [5]. Acetaminophen was also
shown to increase peroxisomal activity, lipid triglycerides and monounsaturated fatty
acids, and it also decreased in polyunsaturated acids, suggesting that its toxicity is
mediated through mitochondrial injury [126]. NMR spectra can thus be used to identify
toxic compounds and the target organ for toxicity. Metabonomics has also been applied at
determining biomarkers for other diseases such as renal damage [124] and coronary heart

disease [127] for which no reliable diagnostic methods have been found.

1.3.4 Systems Biology

The integration of genomic, proteomic and metabonomic data, requires
sophisticated modeling tools to determine causes and possibly cures of human disease.
This approach has applications in drug metabolism and discovery, which require

combining information from several different levels of drug screening. Such in silico
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integration tools are used widely in the pharmaceutical industry to evaluate possible
metabolism and toxicity pathways for new drugs. Currently, it is not possible to fully
understand the characteristics of a specific compound, but a lot of the technology is
already in place and incorporation of new data could lead to more reliable tools in the
near future [128].

There are three technologies, which form the backbone of this analysis. The first
one aims at predicting metabolism and toxicity based on structure. Extensive databases in
the literature have been compiled to build quantitative structure activity relationship
(QSAR) models. Using data from over 2000 compounds several models have been
developed to determine possible substrates for the CYP450’s [129]. These tools,
however, are not sufficient for the prediction of drug metabolism, since many other
pathways are also involved in biotransformation and endogenous factors also influence
the kinetics and the metabolic fluxes.

The second technology involves integration of the data generated by genomics,
proteomics, metabonomics as well as transcriptomics. As we have discussed earlier, the
proteomic, genomic and metabonomic profile of many compounds has already been
studied in their respective target organs. Since these technologies are so recent, currently
there is not sufficient data to be able to determine differential expression under toxic
conditions. However, the methods for genomics, proteomics and metabonomics are well-
established and databases of expression profiles for many compoundst are being
developed.

In order to complete the systems biology analysis, the third tool used to integrate

information involves databases combining all the cellular pathways. These databases
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include information regarding signal transduction, metabolism, and protein interactions.
Although many databases have been developed, they are far from being complete, since
only 15% of the human genome has known function. The completion of these databases
will require significantly more research, since data from animals will also be necessary to
extrapolate data from animal experiments to clinical trials. In summary, systems biology
is a promising approach for predicting potential drug toxicity and discovery of new
therapeutics. Since many of the high-throughput assays have only been recently
developed, there is not sufficient data to build the necessary databases and models.
However, with the current progress of technology, systems biology is expected to be

fruitful in the near future.

1.4 Conclusions

We have introduced several different in vitro systems used for studying
hepatotoxicity. The isolated hepatocyte culture is the most popular system, but precision-
cut liver slices and isolated perfused livers have also been used in toxicity studies. In
static cell cultures primary rat hepatocytes are the most commonly used cells, but
occasionally it is possible to obtain primary human hepatocytes. Human cell lines have
not been used very frequently for hepatotoxicity studies since they lack many of the drug
metabolizing enzymes necessary for bioactivation of toxins. However, it has been shown
that cell lines transduced with certain cytochrome P450 genes are susceptible to toxins
such as alfatoxin B1. Furthermore, there are promising cell lines, such as BC2, which

have been found to be susceptible to acetaminophen and acetyl salicylic acid.
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System parameters, such as extracellular matrix and medium composition, have a
profound influence on the viability and functionality of hepatocytes. The extracellular
matrix promotes adhesion to the surface, and in a sandwich culture it provides three-
dimensional matrix contacts. Growth factors in the medium can promote cell
regeneration, but growth factors have also been shown to suppress cytochrome P450
activity.  Furthermore, low cell density promotes regeneration but down-regulates
metabolism, whereas high cell density maintain metabolism but suppresses cell division.

Recently, several three-dimensional perfused bioreactors have also been
developed to provide the hepatocytes with a three-dimensional architecture and
continuously flowing medium. These systems have been shown to maintain viable
hepatocytes, which are also metabolically active. On the other hand, perfused reactors
can be more difficult to use for hepatotoxicity studies. Continuously flowing medium
dilutes the drug as it enters the reactor, and it also dilutes the metabolites in the effluent.
Nevertheless, perfused bioreactors show promise as systems to study hepatotoxicity,
since they are more physiologic model than systems used currently.

High-throughput assays such as genomics, proteomics and metabonomics have
been used to analyze differential expression of genes, proteins and metabolites under
toxic conditions. These experiments have been useful in establishing “fingerprints” for
toxins, which could be used in the future to study toxicity of novel compounds. Another
essential component of hepatotoxicity studies is integration of these data sets. The aim of
systems biology is to combine global expression profiles with structure-activity

relationship and metabolic pathway networks. While this approach still requires a lot of
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data in order to be functional, it has the potential to be able to predict drug metabolism

and toxicity of novel compounds.
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Chapter 2: Development of a Collagen Sandwich Bioreactor for
Hepatotoxicity Studies
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2.0 Abstract

We have designed a two-dimensional hepatocyte bioreactor for the detection of
hepatotoxicity caused by drugs and chemicals. Hepatocytes were cultured in a collagen
(I) sandwich configuration at a density of 50,000 cells/cm® and were exposed to eight
different compounds. To detect toxicity we measured urea, albumin and the release of
lactate dehydrogenase. The hepatocytes were sensitive to aflatoxin B1, cadmium and the
alkylating agents N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) methyl methane
sulfonate (MMS), but were resistant to acetaminophen, carbon tetrachloride, vinyl acetate
and N, N-dimethylformamide (DMF). Our western blots showed that hepatocytes in the
culture maintain CYP1A, 2B, 3A2 but gradually lose CYP2E1, which is the main
metabolic enzyme for acetaminophen, carbon tetrachloride, and DMF. The metabolites of
acetaminophen were identified using liquid chromatography and electrospray mass
spectrometry. We found that the hepatocytes convert most of the acetaminophen to the
glucuronide and sulfate metabolites and only formed a small amount of the glutathione
adduct. This research shows that the collagen sandwich can be used for detecting
hepatotoxicity as well as for identifying the major metabolites produced by hepatocytes.
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2.1 Introduction

Cultured hepatocytes rapidly lose liver-specific functions, which limits their use
for studying drug metabolism and toxicity. This phenomenon is thought to be due to lack
of proper extracellular matrix, cell-cell contacts and humoral factors in the in vitro
systems, which are known to regulate gene expression in the liver [6;130;131]. Providing
extracellular matrix proteins such as collagen [34;35;37;132] or complex substrata such
as Matrigel ®[30;31;133], has been shown to enhance hepatic function in in vitro
systems, especially when cells are cultured in a sandwich configuration. Extracellular
matrix in a sandwich form provides anchorage for the cells on top and bottom [34;134],
and it also stores signaling molecules such as heparan-sulfate proteoglycans secreted by

the cells [135].

Research on collagen sandwiches has shown that hepatocytes in this system
maintain drug metabolism [32;36;37;84], morphology [31;132;134] and bile secretion
[39;40;136]. Furthermore, hepatocytes in this system maintain transcriptional activity for
albumin at least as high as freshly isolated hepatocytes and significantly higher than
hepatocytes cultured on a single layer of collagen [33]. Collagen sandwiches and
collagen-Matrigel sandwiches are also inducible for both CYP1A2 and CYP3A4 in
systems with human hepatocytes [32]. Kern et al. [37] demonstrated that both human and
rat hepatocytes in collagen sandwiches express CYP3A and CYPI1A activity, as well as
glucuronosyltransferase, sulfotransferase and glutathione S-transferase activities. Bader
et al.[137] also used collagen sandwich cultures of rat and human hepatocytes to study

the metabolism of the drug urapidil. They found that the metabolites produced
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corresponded to the in vivo metabolites in rats and humans respectively, suggesting that

collagen sandwiches could be used to predict the metabolites of xenobiotics.

There have been many investigations to determine whether a collagen sandwich is
the optimal static (non-perfused) culture system. Dunn et al. [34] showed that albumin
secretion in a collagen sandwich is higher than in cultures overlaid with agarose, and is at
least as high as in Matrigel cultures. Beken et al. [138] compared albumin secretion and
the expression of glutathione S-transferases in collagen sandwiches made from rat tail
collagen, commercially available collagen type I, and commercially available collagen
supplemented with fibronectin, laminin and heparan sulfate proteoglycans, and found that
after seven days of culture, there was no significant difference among the cultures. A
possible explanation for this phenomenon is that hepatocytes cultured in collagen
sandwiches secrete the necessary extra-cellular proteins, which are retained in the culture

by the second layer of collagen.

It is thought that hepatocytes in a sandwich system function better than on a single
layer of collagen because they can anchor themselves better to the matrix. In the liver
hepatocytes are anchored to the proteins in the ECM via a class or receptors called
integrins. Integrins are usually dimers of various o and P subunits, but most of the
integrins in the liver contain the 1 subunit. Moghe et al. [134] determined the
distribution of B1 integrins in hepatocytes cultured for seven days in collagen gel
sandwiches. They showed that after the hepatocytes were overlaid with a second layer of
collagen, most of the B1 integrins were bound to the top layer of collagen. In addition to
expression of B1 integrins, hepatocytes in collagen gel sandwiches also form an extensive

bile canalicular network enhancing their cell-cell contacts [38] . The maintenance of B1
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integrin and the formation of bile canaliculi show that hepatocytes in a collagen sandwich
exhibit in vivo-like tissue structures.

One of the most critical cell culture parameters is oxygen tension and it was
initially debated whether hepatocytes overlaid with collagen receive sufficient oxygen.
However, data suggests that hepatocytes in this configuration have enough oxygen to
survive and carry out drug metabolism functions. Beken et al. [138] showed that CYP1A
and glutathione S-transferase activities are the same in cultures on teflon membranes
(which are oxygenated from the top and the bottom) and plastic dishes which receive
oxygen only from the top. Bader et al. [139] also investigated the effect of oxygen partial
pressure by measuring the metabolism of urapidil in collagen sandwiches cultured on
polystyrene and gas permeable supports. They found that there was no difference in the
metabolism between the two culture types, and the rate of metabolism was only slightly
higher at an oxygen partial pressure of 20% than at 10%. Maintaining a physiological pH
in the medium is essential for cell survival, and it has also been shown that there are no
significant variations in the pH of the medium when cells are cultured in collagen
sandwiches [140].

In spite of the large body of literature examining the viability and the drug-
metabolizing capacity of hepatocytes in collagen sandwiches there are very limited
studies on the reliability of this system in toxicological studies. De Smet et al.[141]
studied the biotransformation of trichloroethylene (TCE) in collagen gel sandwiches and
found that TCE and its metabolites caused significant toxicity, showing that the sandwich

system maintained CYPIA and 2B and possibly 2El, the enzymes responsible for

metabolizing TCE.
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In this chapter we show the development of a long-term collagen sandwich for
toxicity studies. The effects of cell density and epidermal growth factor (EGF) on urea
and albumin secretions were evaluated in order to determine optimal plating density and
medium composition. We also observed significant variations in the data and we
examined the variability of urea secretions in over 20 experiments to determine the
distribution of hepatocyte function from different isolations.

We have chosen aflatoxin B1 as a model compound to develop our toxicity assays
because this compound is toxic at nanomolar doses and its toxicity can be detected with a
variety of methods. The hepatocytes were also dosed with alkylating agents, cadmium,
acetaminophen, carbon tetrachloride, vinyl acetate and N,N-dimethylformamide. The
toxicities from the various compounds were compared across several isolations to
determine the reproducibility of toxicity in the collagen sandwich. The cells were most
susceptible to the direct toxins and aflatoxin and resistant to acetaminophen, carbon
tetrachloride, vinyl acetate and dimethylformamide. The metabolism of acetaminophen
was further investigated using liquid chromatography and mass spectrometry. We found
that the cells covert acetaminophen primarily to the sulfate and glucuronide metabolites
and only produce a small amount of the glutathione adduct, which is a detoxification
product of the toxic benzoquinone metabolite (NABQI). Based on our data, it is likely
that the cells are immune to acetaminophen, dimethylforrﬁamide and carbon tetrachloride

due to the loss of CYP2E] in the collagen sandwich.
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2.2 Materials and Methods
(See Appendix I for detailed protocols)

2.2.1 Cell Culture

Plastic plates were coated with 550 um thick layer of collagen type I (Cohesion
Technologies Inc., Palo Alto, CA). The collagen concentration was 2 mg/ml dissolved in
10x phosphate buffered saline, which included 20 g/L glucose and 37 g/L. sodium
bicarbonate. The pH of the collagen was measured every time a collagen solution was
prepared and was found to be around 7.4.

Hepatocytes were isolated from male Fisher 344 inbred rats (Taconic,
Germantown, NY) with a protocol described in Powers et al. [82] and were immediately
plated on collagen-coated 24-well dishes. The cell viability, measured with trypan blue
exclusion, was typically 87-91 %. The medium was Hepatocyte Growth Medium (HGM)
[142] without albumin to decrease background during protein analysis. The oxygen
tension in the incubator was 20% and the carbon dioxide pressure was 5%. Cells were
plated at 50,000/cm? in a 24-well plate with 300 ul of medium. One day after plating, the
medium was removed and a second layer of collagen 280 um thick was pipetted on the

cells. The collagen gelled after 1 hour in the incubator and new medium was pipetted into

each well.

2.2.2 Assays for Measuring Cell Viability

Albumin secretion- Albumin secretion was measured by enzyme-linked immunosorbent
assay (ELISA) using sheep IgG fraction against rat albumin (ICN Pharmaceuticals,

Costa Mesa, CA) and horseradish peroxidase- conjugated goat anti-rat IgG (Accurate
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Chemical, Westbury, NY). The absorbance was measured at 450 nm with a Spectramax
250 microplate spectrophotmeter (Molecular Devices Corp., Sunnyvale, CA). Medium
samples had to be diluted 20-50-fold before measurement, and the exact concentrations
were calculated after comparison with the absorbances of albumin standards (ICN

Pharmaceuticals, Costa Mesa, CA).

Urea secretion — Urea was measured with a colorimetric assay (Sigma, Kit #640-A),
which uses the determination method of Berthelot. Urea was hydrolyzed by urease to
form ammonia, which formed indophenol, after reaction with phenol nitroprusside and
alkaline hypochlorite. Medium samples between 5 and 15 ul were incubated for 15
minutes at 37° C with 40 ul of urease, followed by 20 minutes of room temperature
incubation with 80 pl each of nitroprusside and hypochlorite. The absorbances of samples

were promptly measured at 570 nm, as indophenol only keeps its color for 1-2 hours.

P450IA — Activity of P4501A was measured with the EROD (ethoxyresorufin O-
deethylase) assay. A 30 uM concentration of ethoxyresorufin (Molecular Probes, Eugene,
OR), was added to cells together with dicumarol (Sigma), an inhibitor of DT-diaphorase.
The concentration of ethoxyresorufin was chosen based on kinetics, which showed that
30 uM was in the Vmax region. Higher concentrations of ethoxyresorufin were avoided,
as they caused a background fluorescence which interfered with measurements After a
one-hour incubation, medium was removed from the cells and the fluorescent product,

resorufin, was measured at excitation and emission wavelengths of 555 nm and 600 nm
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respectively. Exact concentrations were calculated after comparison with resorufin

standards (Molecular Probes, Eugene, OR).

Western Blots for P450’s 1A, 2B, 3A and 2E — (performed by J. Kevin Leach) Cells were
lysed in RIPA buffer containing, 50mM Tris-HCI, 0.5% deoxycholic acia, 0.1% SDS,
and 1% Nonidet P40. Protein concentrations were determined using the Pierce BCA
protein binding kit, and absorbance was measured at 570 nm. Aliquots of 10 pg of
protein were run on a 10 or 15% polyacrylamide gel and transferred to a
polyvinyldifluoride membrane filter. The membranes were treated with 5% blotting
grade milk for 1 hour to block non-specific binding, rinsed and incubated with a panel of
antibodies against different antigens. Immune complexes were detected with an

enhanced chemiluminescence substrate (Perkin Elmer), and exposed to Kodak MR film.

XTT and Alamar Blue — XTT (Sigma), also known as 2,3-Bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilidlem and  Alamar Blue (Biosource
International, Inc. Camarillo, CA) are tetrazolium salts, which are reduced in the
mitochondria to form colorimetric/fluorescent products respectively. These salts were
added directly to cultures as described in the company protocols. After a 24-hour

incubation the absorbance and the fluorescence of the medium were assayed.

Lactate Dehydrogenase — Lactate dehydrogenase was measured with Promega Kit #
G7890. Briefly, this assay is based on the observation that dying cells do not maintain

membrane integrity and release cytoplasmic contents, including enzymes such as lactate
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dehydrogenase, into the medium. Samples of 50 ul were removed from each well and
combined with the substrate solution containing lactate, rezaurin, diaphorase and NAD"
and incubated at room temperature in the dark for 10 minutes. After the reaction was
halted with a stop solution, the fluorescence was assessed immediately at excitation of

555 nm and emission at 600 nm.

2.2.3 Light microscopy

All microscopic visualization took place directly in 4-well plates (Nalgene Inc.,
Rochester, NY) and pictures were visualized with a 12 bit camera connected to a Nikon
eclipse microscope, model Te300. Light and fluorescence microscopy was perfomed at
magnifications of 10x and 20x and visualized with Openlab software. Texas Red-X and

DAPI filters were used to visualize fluorescently labeled cells.

Cells were fixed in 4% paraformaldehyde (Sigma) for 1 hour at room temperature
and rinsed multiple times with PBS. For fluorescence microscopy cells were fixed, rinsed
multiple times with PBS and permeabilized with 0.1% Triton X-100 (Sigma) for 10
minutes. In order to reduce non-specific binding, cells were also incubated for 30 minutes
with 1% bovine serum albumin (BSA) in PBS. Nuclei cells were visualized by
incubating cells for 30 minutes in the dark with 300 ul of 30 nM DAPI (Molecular
Probes, Eugene, OR) and rinsing them with PBS to remove unbound dye. The actin
cytoskeleton was visualized with Texas Red ﬁhalloidin (Molecular Probes, Eugene, OR).
After fixation and permeabilization cells were incubated with 7.5 ul of dye dissolved in

300 pl of PBS for 30 minutes in the dark and then washed thoroughly with PBS. The
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cells were also“double-stained” simulateneously with both DAPI and Texas Red

phalloidin. In this case, the 300 pl of PBS on each sample contained 30 nM DAPI and 7.5

ul of phalloidin.

2.2.4 Toxin treatment

Preparation of toxins and exposure to cells — Aflatoxin B1 was prepared fresh from
powder (Sigma) before each experiment. The 1 mg powder in the sealed container was
combined with 0.5 ml of DMSO using a syringe and needle. A sample of the solution was
then removed with the syringe, diluted 200-fold with DMSO and its absorbance was
measured with a spectrophotmeter at 362 nm to determine the concentration. The stock
solution of aflatoxin was dissolved into DMSO at 1000 times the desired concentrations,
and the final dilution was made into medium to ensure a DMSO concentration of 0.1 %.
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) and acetaminophen were weighed out
and dissolved in DMSO first and then in medium, maintaining the DMSO concentration
0.1% in all cultures. Methyl methane sulfonate (MMS), cadmium, vinyl acetate and N,N-
dimethylformamide (DMF) were diluted straight into the medium.

One day after the second layer was placed on the cells, the cells were washed with
-2 ml/well of Hanks’s Buffer (Life Technologies, Carlsbad, CA) four times. The
following day toxins were dissolved in the medium as described above and 300 ul of
toxin-containing medium was added to each well. The medium was collected every two
days, stored at ~80°C until analysis and replaced with fresh medium. Samples for lactate

dehydrogenase were taken 24 hours after toxin treatment and the cultures from which the
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samples were taken were discarded. There were usually parallel long-term cultures for

assessing urea and albumin secretions.

2.2.5 Metabolism of Acetaminophen

Cells were treated with 1 mM acetaminophen for 24 hours and the conditioned media
were stored at -80°C until analysis. Metabolites were first separated with an Agilent 1100
HPLC using a 2x 150 mm C18 column and 10 mM TFA and acetonitrile solvents at a
100 wl/min flowrate. The fractions were collected for mass spectrometry analysis to
confirm the structure of the metabolites. Mass spectrometry was performed on an Agilent
XCT LC-MS/MS electrospray ion trap. The LC was performed with a 300 um x 12 cm
Vydac column with solvent A as 0.1% acetic acid and 5% acetonitrile and solvent B as
0.08% acetic acid, 5% methanol, 5% water 90% acetonitrile at a 4 ul/min flowrate.

To determine whether the glutathione adduct was produced in the cells, a standard
was synthesized according to the protocol of Yan et al [143] and its retention time was
determined with liquid chromatography and its structure was confirmed with rhass
spectrometry. The glutathione adduct was also identified in the sample by isolating the
fraction with the appropriate retention time and confirming its molecular weight and

fragmentation pattern with mass spectrometry.
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2.3 Results
2.3.1 Cell Culture

Composition and thickness of collagen- In order to maximize mass transport throughout
the gel our goal was to find the lowest concentration of collagen, which would solidify in
the incubator within one hour. This concentration was determined to be 2 mg/ml and we
found that this concentration of collagen layer was stable and remained solid throughout

the culture.

Cell density- We have examined the effect of cell density on the activity of P4501A and
the secretion of urea and albumin. As P;igure la shows, P4501A activity reaches a
maximum around 40,000 cells/cm®. The effect of cell density on urea and albumin
secretion was also examined and it was observed that the secretion of urea increases with
increasing density, while the secretion of albumin reaches a maximum around 45,000 and
decreases at the higher density (Figures 1b and 1c). In light of these results we decided to

plate our cultures at 50,000 cells/cm®.

Medium composition- We have examined the effect of EGF on the long-term viability of
hepatocytes. Figure 2 shows the secretions of urea and albumin between cultures with no
EGF and EGF at a dose of 20 ng/ml. Only 2 days after the beginning of the culture
hepatocytes grown without EGF secreted about 50% less urea and albumin. By days 10
and 20, the cells with EGF secreted only a quarter as much albumin and urea respectively
as the control cells. Since.our goal was to develop long-term cultures, we decided to

include EGF in our medium.
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Microscopy — The light and fluorescence microscopy studies revealed that the
hepatocytes did maintain their polygonal morphology, and many of them were binucleate
as they are in vivo (Figures 3a-b). Several days into the culture the cells rearranged
themselves into structures forming networks (Figure 3b). DAPI staining was also
performed to determine whether there were any mitotic figures showing condensed
chromosomes, indicating cell division. After two days in culture we scanned over 10
views with about a hundred cells in each view. Although we found many binucleate cells,
we could not locate any mitotic figures (Figure 3c). This experiment was repeated at least

twice using hepatocytes from other perfusions, but mitotic figures could not be found.

Variation among cultures- Systems which are based on primary cells usually have a
significant variation among cultures due to inter-individual differences among the
animals from which the cells are isolated. We have decided to evaluate the variation by
comparing the function of cells from different cell isolations. The urea secretion of the
control cells on day 6 from 22 isolations is shown in Figure 4. While most cultures
contained 10-40 pg/ml urea, some of them had as much as 80 ug/ml or as low as 10
pug/ml.  All of the cultures had viabilities between 87% and 92% and there was no
correlation between the viability and the urea secretion. Therefore, one should expect

almost 10-fold variation in urea secretion from different isolations.

Drug Metabolism — The presence of various CYP450’s proteins was measured as a
function of time with Western Blotting. Figure 5 shows the expression levels of
CYPIAL, 2B1/2, 2E1 and 3A2 between days 2 and 7. As the figure shows the expression
of 2E1 decreases over time, while the expression of the other enzymes increase with

culture time (data from Dr. J. Kevin Leach).
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2.3.2 Toxicity Data

Aflatoxin- We have exposed our cultures to doses ranging from 8 to 64 nM and measured
the secretions of urea and albumin, reduction of XTT and Alamar Blue as well as the
release of lacate dehydrogenase (Figures 6a-c). Albumin decreases by about 30% at 8 nM
dose, but urea does not decrease significantly until a 16 nM dose. XTT and Alamar Blue
decrease about 20% at 16 nM. Based on the albumin and urea data we determined that
the LDso was about 32 nM, and this dose was our positive control in many of the toxicity
studies. The lactate dehydrogenase assay was adapted to collagen sandwiches using
aflatoxin as the model compound. It was observed that toxicity cannot be detected until at

least 20 hours after treatment and that the minimum sample size was 50 pl.

Toxicity of direct-acting compounds and acetaminophen -
The direct-acting compounds we tested were cadmium, methyl methane sulfonate (MMS)

and N-methyl-N’-nitro-N-nitrosoguanidine (MNNG). All three of these compounds
showed significant and reproducible toxicity at 1 mM doses. The cells were resistant to a
1 mM dose of acetaminophen and this compound became our negative control for
toxicity experiments. The data in Figures 7a-b shows the averages of at least three
toxicity experiments for aflatoxin, acetaminophen, MMS, MNNG and cadmium. Urea
levels decreased at least 50% compared to controls and albumin levels decreased about
70% compared to controls. In contrast, the release of lactate dehydrogenase was more
varied, and indicated less than 50% death except for cadmium. Table 1 shows the values
for the paired T-test values for aflatoxin, MMS, MNNG and cadmium in the urea,
albumin and lactate dehydrogenase assays. Most of the values were below 0.05 (within

95% confidence interval) showing that the toxicity is reproducible and that the toxin-
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treated cells have significantly less urea, albumin and more release of lactate

dehydrogenase.

Toxicity of carbon tetrachloride, vinyl acetate and dimethylformamide - Cultures were
exposed to 1 mM doses of vinyl acetate, dimethylformamide and a 5 mM carbon
tetrachloride. The secretions of urea, albumin and the release of lactate dehydrogenase
were measured 6 days after treatment. However, toxicity could not be detected for these

compounds by any of these assays (Figure 8).

2.3.3 Comparing high and low metal medium

The above experiments were performed with the medium formulation published by Block

et al [142]. However, the publication contained the following errors:

Compound Erroneous concentration Correct concentration
Nicotinamide 0.61 g/L 0.305 g/L

Zn Cl, 0.544 mg/L 0.0544 mg/L

Zn SO,*7H,0 0.75 mg/L 0.075 mg/L

CuSQ,4* 5H,0 0,2 mg/L 0.02 mg/L

Glutamine 5mM 1mM

Before we switched to the “correct” medium, which had less zinc chloride, zinc sulfate,
copper sulfate, niacinamide and glutamine, we compared cell function and toxicity and in
the two media (Figures 9a — 9¢c.) The urea and the albumin secretion was higher in the
low metal medium, suggesting that the cells functioned better. However, the toxicity data
was very similar in the two media. MMS was the only compound, which was more toxic
in the “high metal” medium. All of the other compounds caused about the same changes

in urea, albumin and LDH in the two types of media.
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2.3.4 Metabolism of Acetaminophen

The primary metabolites of acetaminophen were identified using liquid
chromatography and LC-MS/MS. The HPLC chromatogram for conditioned medium
after a 24 hour incubation with 1 mM acetaminophen is shown on figure 10. The
glucuronide and sulfate metabolites eluted at 5.5 and 7 minutes respectively and their
structure was confirmed with mass spectrometry. The glutathione adduct was identified
with mass spectrometry in the fraction collected between 13 and 14 minutes and its
structure was confirmed with collision induced dissociation (CID) shown in Figure 11a.
The fragments corresponding to the CID spectra were confirmed using Chemwindows
software showing that the loss of glycine results in the 382 ion, the loss of g-glutamic
acid corresponds to the 311 ion, and breaking the C-S bond gives rise to the 182 ion

(Figure 11Db).

2.4 Discussion
The design of a system to detect hepatotoxicity is still a major challenge because
of the difficulty of mimicking a hepatic microenvironment in vitro. We have designed a
collagen sandwich, which maintains viable hepatocytes for at least two weeks, and we
have shown that they maintain many of their metabolic enzymes for at least one week. In
addition, we found noninvasive toxicity markers which do not require destruction of the
culture. Urea, albumin and lactate dehydrogenase can all be measured from conditioned

medium, making it possible to measure toxicity from the same culture repeatedly.
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The parameters we used to optimize the culture included collagen concentration,
cell density, addition of EGF to the medium, and selection of important time-points for
toxicity measurements. Cell density was one of our critical parameters as it has been
shown that cell density influences intercellular communication through gap junctions and

could have a profound effect on the expression of CYP’s in hepatocyte cultures [10;11].

Although our cultures are stable, the cells do not function as they would in vivo.
The microscopy images show that the hepatocytes are not dividing. This phenomenon has
also been observed by De Smet et al.[7] who showed that hepatocytes in collagen
sandwiches remain arrested in the G1 phase even in the presence of EGF. We have also
observed a gradual loss of CYP2EL in the cultures (Figure 5), which is probably
responsible for the lack of toxicity of acetaminophen, carbon tetrachloride and
dimethlformamide, all substrates for CYP2E1 [49;144;145].

Although we see an increase in the protein expression of CYP’s 1A, 2B and 3A it
is likely that the expression of these enzymes is still significantly lower than would be
found in vivo. EGF has been shown to significantly decrease CYP2C11 [9] and CP3A
[10] activities in hepatocytes and specifically CYP1A and CYP2B activities in collagen
sandwiches [7;8]. This is significant, because carbon tetrachloride is also activated by
CYP2B1/2 and possibly CYP3A, to form the trichloromethyl radical, CCI3* [145].
Furthermore, acetaminophen is also metabolized by CYP’s 1A1/2, 2B1/2, 2C11/12 in
addition to 2E1 to form the reactive N-acetylbenzoquinone imine (NABQI) [49]. Thus,
the lack of toxicity by acetaminophen and carbon tetrachloride could be due partially to
the down-regulation of metabolic enzymes by EGF. The other possibility is that the

detoxifying enzymes, phenolsulfotransferase and UDP-glucuronosyltransferase, which
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form the sulfated and glucuronidated metabolites respectively are upregulated (see
Appendix II for a detailed metabolic pathway of acetaminophen). Rats are actually
relatively immune to acetaminophen since they convert most of the compound to the
sulfate and the glucuronide [146]. We have found that hepatocytes in collagen
sandwiches exposed to 1 mM acetaminophen convert most of it to the sulfate and
glucuronide metabolites although a small amount of the glutathione adduct was also
formed. Dimethylformamide (DMF), a widely-used industrial solvent, is also a substrate
for CYP2EL. Therefore the lack of sensitivity of hepatocytes to DMF was consistent
with the other results, which showed a loss of CYP2E1 and immunity to other substrates
of CYP2EI, such as acetaminophen and carbon tetrachloride. It was surprising that there
was no toxicity following vinyl acetate exposure. Vinyl acetate is metabolized by
carboxylesterase to form acetate and acetaldehyde which binds covalently to DNA and
proteins. It was surprising that we did observe toxicity at a ImM dose because it has been
shown by others that a 0.5 mM dose increases intracellular pH in freshly isolated
hepatocytes by 0.5, which could significantly perturb cellular function [147]. It is
possible that the hepatocytes in the collagen sandwiches lost their carboxylase activity, in
contrast to the freshly isolated hepatocytes, which probably maintained most of their
metabolic enzymes. |

Cadmium, MMS and MNNG are direct toxins, thus it was expected that the
hepatocytes would experience toxicity after being exposed to high doses of these
compounds. It is interesting that their toxicities could be detected with urea, albumin and
the release of lactate dehydrogenase because they all act through different mechanisms.

MNNG reacts with a cysteine residue (usually found on glutathione) in order to form a
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highly reactive electrophlic intermediate [148], which attacks DNA bases at random via
an Sy1 reaction. Thus, exposure to MNNG usually results in formation of electrophiles
which leads to depletion of glutathione as well as lipid peroxidation [149]. MMS is truly
a direct-acting compound and reacts with the more nucleophilic sites on DNA via an SN2
reaction [25;150] to form alkylated bases. Cadmium is a heavy metal, which has been
shown to cause hepatotoxicity and nephorotoxicity after chronic exposure. Cadmium has
a long biological half-life in humans, and its toxicity results primarily from buildup in
soft tissues and its binding to sulfhydryl groups [151].

One of the interesting results was that only MMS —treated cells behaved
differently in the high and low metal media. This is especially surprising since addition of
micromolar concentrations of zinc and copper are thought to increase metallothionein
(MT) expression, which has been shown by Moffat et al. [25] to protect cells against
MNNG and cadmium. Our concentration of ZnSO4 was 2.6 UM in the high metal
medium, a concentration that should double the MT expression. Therefore, it was
expected that the higher concentrations of metal might actually protect the cells against
MNNG and cadmium. However, it is likely that the copper in the medium initiated the
formation of free radicals through Fenton chemistry leading to cell death, however it is
not clear why MMS is the only toxin, which acted synergistically with the metals to
increase toxicity.

Aflatoxin B1 is the only indirect toxin which was toxic in our cultures. In order
for AFB1 to be toxic the compound needs to be oxidized by CYP’s 2C11 and 3A2 [152]
to form the AFB1 exo-8,9-epoxide, the only known genotoxic product of AFB1 [153].

This data suggests that the cells do maintain 3A2 and/or 2C11, suggesting that cells do
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maintain one or both of these enzymes in the sandwich. (See Appendix II for a detailed
metabolic pathway of aflatoxin B1.)

While it has been found that hepatocytes in collagen sandwiches maintain many
drug metabolizing enzymes for up to two weeks, the levels of these enzymes are much
lower than in the in vivo liver. Richert et al. [154] compared antioxidant status,
glutathione content and drug metabolism in collagen and Matrigel sandwiches and three-
dimensional Matrigel coated dishes with rat livers. They found that the cultures do
maintain viable hepatocytes and the CYP’s are inducible, but the basal levels of the
CYP’s were significantly lower than in vivo. Therefore, when toxicity by xenobiotics is
monitored in vitro, it is also essential to monitor the activities of the relevant metabolic
enzymes.

We have shown that albumin was the most reproducible marker of toxicity. It has
already been observed by others that albumin expression decreases in hepatocytes in
response to inflammation and it has been categorized as a “negative acute phase protein.”
Kang et al.[155] exposed hepatocytes in collagen sandwiches to IL-1B and IL-6 and
measured the expression levels of urea and albumin. Both cytokines inhibited albumin
synthesis by as much as 90%, whereas urea synthesis was inhibited consistently only by
IL-1B. IL-6 inhibited urea synthesis at high doses but stimulated it at low doses. Thus, it
is possible that the inconsistency we saw in the urea synthesis was due to inter-individual
differences in the rats. This is especially likely, since the hepatocytes, which increased
their synthesis of urea in response to MMS, MNNG and cadmium, were isolated from
same rat. It is interesting, though, that the secretion of albumin is affected by the toxins

even 6 days after treatment. Albumin expression is thought to be regulated by the hepatic
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nuclear factor HNF1, and it has been shown that the presence of IL-6 and dexamethasone
in the medium induce a nuclear protein (ILODEX-NP), which binds to a promoter
element adjacent to HNFI1, decreasing transcription. We show in Chapter 3 that the
control cells secrete a significant amount of o2-macroglobulin, a protein whose
production is thought to be stimulated by IL-6 [156] It has been shown by Saad et al.
[157] that hepatocytes in culture exposed to LPS start secreting IL-6 within 4 hours of
exposure. Thus it is likely that hepatocytes in the collagen sandwich secrete IL-6, which
modulates the expression of albumin.

Expression of albumin was examined by Whalen et al. [158] after treatment with
LPS and it was found that the expression remained low up to 48 hours after treatment
probably due to the decreased affinity of HNF1 during the acute phase. In our cultures we
have observed decreased albumin expression up to 12 days after aflatoxin treatment. It is
possible that the toxins in our culture caused permanent alterations within the cells, or
that the necrosing cells started a chain of inflammatory processes, that the culture could
recover from. Initially, we hypothesized that urea and albumin decrease due to cell death,
but the increase in urea expression accompanied by decrease in albumin in some
experiments suggest that the cells are specifically down-regulating albumin expression
without dying. Incidentally, HNF1 also regulates the expression of glutathione S-
transferase A2 (GSTA2) and a decrease in albumin can also be accompanied by a
decrease in GST expression [158]. We have shown (Chapter 3) that control cells which
are dying release large amounts of GSTA into the medium. Thus it is possible that toxin-

treated cells would have decreased expression of GSTA, and upon dying would not
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release as much of it into the medium as control cells. Thus, it is conceivable that the

presence of GSTA in the medium could be used as a marker of toxicity.

2.5 Conclusions

We have shown that the collagen sandwich can be used for long-term culture of
hepatocytes and we have optimized the collagen composition, cell density and
demonstrated the need for EGF in long-term cultures. Our data shows that the collagen
sandwich can be used as a system to detect toxicity of direct acting compounds such as
MMS, MNNG and cadmium, but the hepatocytes are immune to the indirect toxins
acetaminophen, dimethylformamide, vinyl acetate and carbon tetrachloride. This
immunity is probably due to the loss of CYP2EI, the primary metabolic enzyme for
acetaminophen, dimethylformamide and carbon tetrachloride. We examined the
metabolites of acetaminophen and found that the cells formed primarily the sulfate and
glucuronide metabolites. A small amount of the glutathione adduct was also formed
showing that the cells also converted a small portion of acetaminophen to the toxic
benzoquinoneimmine, but the amount was not enough to cause long-term toxicity in the
culture. Cells were particularly susceptible to aflatoxin B1 at doses as low as 8 nM. This
susceptibility suggests that the cells maintain CYP3A2, which is also shown in the
Western blots. This study demonstrates that the collagen sandwich is a good model for
studying toxicity of direct toxins, but it is not necessarily a good system for examining

the effects of indirect toxins especially those requiring CYP2E1 for metabolism.
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Figure 1a: EROD activity as a function of cell density in the collagen sandwich
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Figure 1b: Urea secretion as a function of cell density in the collagen sandwich.

X-axis : Cell density (1000’s/cm2); Y-axis: Urea (ug/ml)
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Figure 1c: Albumin secretion as a function of cell density in the collagen sandwich

X-axis : Cell density (1000°s/cm?); Y-axis: Albumin (ug/ml)
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Figure 2: Effect of EGF on the secretion of urea and albumin
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Figure 3b: DAPI and phalloidin staining on day 2 at 100x (left) and 200x (right) magnifications
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3c: DAPI staining at 100x on day 2 to investigate presence of mitotic figures



Distribution of urea concentrations of untreated group
on day 6 (50,000 cells/cmz)
22 experiments

Number per categon

10-20 20-30 30-40 40-60 60-80

Urea (micrograms/ml)

Figure 4: Variation in urea secretion in cultures isolated from different rats
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Figure 7b: Release of LDH after treatment with five different compounds (average of 2-5
experiments)

Paired T-test Values
(n values in parentheses)

Urea Albumin LDH
Aflatoxin 0.0003 (20) 0.003 (8) 0.19 (6)
MMS 0.02 (15) 0.06 (7) 0.00003 (15)
MNNG 0.05 (17) 0.0004 (12) 0.011(11)
Cd 0.21 (11) 0.008 (7) 0.000003 (11)

Table 1: Paired T-test values for control and toxin-treated cells in the urea, albumin and LDH
assays
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Figure 8: Urea and albumin secretions in control cells and cells treated with carbon tetrachloride,
DMF and vinyl acetate
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Figure 9a: Urea secretion of control and toxin-treated cells in low and high metal media
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Figure 9b: Albumin secretion control and toxin-treated cells in low and high metal media
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Figure 9c: Release of lactate dehydrogenase from control and toxin-treated cells
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Figure 10: HPLC chromatogram of medium from cells incubated for 24 hours with
acetaminophen
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Chapter 3: Characterizing the proteome of conditioned medium from
rat hepatocytes cultured in collagen sandwiches
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3.0 Abstract

We have characterized the secreted proteome of primary rat hepatocytes cultured in a
collagen gel sandwich configuration. After depletion of albumin from conditioned
medium, we separated proteins on an 8-16% gradient gel and cut the lane into 30 slices.
After in-gel digestion and peptide extraction on each slice we analyzed the samples with
a Qstar LC-MS/MS mass spectrometer. We identified 890 peptides corresponding to 493
proteins. The protein profile included 59 plasma proteins, several structural extracellular
matrix proteins, two heparan-sulfate proteoglycans and over 50 proteins identified
previously as embryonic or neural proteins. We also analyzed conditioned medium from
aflatoxin-treated cells and we have identified two proteins, otl-antitrypsin and o2-
macroglobulin, whose secretions appear to be down-regulated in cells exposed to
aflatoxin B1. Thus, these proteins could be potential biomarkers of aflatoxin toxicity. In
summary, proteomics analysis of conditioned medium from collagen sandwiches can be
used to evaluate hepatocyte function in culture and to establish a database to identify
biomarkers of toxicity.

87



List of Figures

Figure la — all-antitrypsin Western blot of conditioned medium on day 6
Figure 1b - a2-macroglobulin Western blot of conditioned medium on day 6
Figure 2 - SDS- PAGE gel of medium after albumin depletion

Figure 3 - Total ion chromatogram of fraction 14

Figure 4a - Calibration curve for relating molecular weight of proteins with the gel slice
Figure 4b - Distribution of peptides across slices 1-30

Figure 5a - Distribution of identified proteins in conditioned medium

Figure 5b - Distribution of miscellaneous proteins

Figure 5c- Distribution of plasma proteins in conditioned medium

Figure 5d - Distribution of intracellular proteins across the various organelles

88



3.1 Introduction

Proteomics, defined as the high-throughput separation, display and identification
of proteins, is a developing field which has the potential to enhance understanding of
biological processes by identifying the full range of proteins in biological samples [99-
101]. One of the major advantages of using proteins as biomarkers is that they are
secreted in body fluids and many of them change during a disease state. With the
advances in technology, especially in mass spectrometry and liquid chromatography, it is
now possible to quickly characterize proteins in biological samples and to identify some
possible targets for screening and diagnostics.

Some of the most important technological advances which accelerate the
development of proteomics are in the fields of (a) gel electrophoresis, (b) liquid
chromatography, and (c) mass spectrometry. New technologies in these field focus
primarily at increasing the speed and the sensitivity of protein identification.
Furthermore, new techniques are being developed to understand the biological
significance of the findings by estimating the relative protein abundances in samples
[122].

The methods for proteomics analysis are still under development, but most
protocols rely upon separation of proteins by gel electrophoresis, digesting the proteins
with a proteolytic enzyme such as trypsin, and identifying the peptide masses with mass
spectrometry. The most common ionization techniques for identifying peptides are matrix
assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). MALDI

instruments, which are usually coupled to time-of-flight (TOF) spectrometers, are
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especially well-suited for peptide mass fingerprinting. However, this approach usually
requires the identification of at least four peptides per protein [102]. For protein
mixtures, which usually require LC-MS or LC-MS/MS, ESI is the standard method of
ionization. The development of the nanospray around 1999 [103] allowed injections in
the range of 20 nl/min, which made it possible to perform several stages of tandem mass
spectrometry from sample quantities as small as 1 pl [104]. In general, the detection limit
for proteins and peptides is between femtomoles and picomoles, however the sensitivity
depends on the purity of the sample and the instrument.

Identification of proteins in biological samples usually requires the removal of
high-abundance proteins such as serum albumin and immunoglobulins before gel
electrophoresis [105;106]. The removal of these proteins is usually achieved by
immunoaffinity columns, and has allowed for more sensitive and higher resolution of
proteins in serum [106;107]. The sensitivity of the proteomics analysis is also
influenced by the sample collection method. Witzmann et al.[108] showed that one can
obtain a higher yield of cellular proteins when the proteins are directly solubilized in
the cell culture, rather than extracting them after cell scraping. In fact, they found the
latter method resulted in a 35% loss of the total protein content.

The identification of proteins involved in disease or toxicological processes has
opened up the new field of “toxicoproteomics,” with the potential of discovering proteins
which can be used as markers of toxicity in biological samples. Biological fluids such as
serum, urine, spinal fluid and even exhaled breath can be used as proteomics samples to
diagnose disease [104]. One of the diseases that proteomics aims to study is cancer.

Comparison of normal tissues with tumor tissues has already revealed a number of
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differences in protein expression. Heat shock proteins, in particular, have been found to
be differentially expressed in liver tumors [109], tongue squamous cell carcinoma [110]
and ductal carcinoma of the breast [111].

Proteomics analysis has also been used to gain a better understanding of the
effects of toxin exposure. Fountoulakis et al. [118] identified several proteins, which
changed in the liver after rats were dosed with carbon tetrachloride. They found that two
stress proteins, catalase and uricase, were up-regulated, while a2-macroglobulin and
senescence marker protein decreased. In a similar analysis, Ruepp et al. [113]
characterized the protein profile in the mouse liver after acetaminophen exposure and
found a significant decrease in the heat shock proteins, just 15 minutes after exposure.
The effects on protein expression of several other hepatotoxins was also investigated by
Man et al.[117], who found that the steroid cyproterone acetate and dexamethasone both
upregulate haptoglobin, ol-antitrypsin and carboxylesterase in rat livers. Such analyses
could therefore be used to determine whether toxins act through shared pathways.
Proteomics analysis of plasma has also been used to predict toxicity in other organs. For
example, the renal toxicity caused by 4-Aminophenol (4-AP), D-serine and cisplatin, has
been studied by analyzing differences in the plasma proteome of treated and control rats,
and it has been found that T-kininogen levels in the plasma correlated well with kidney
toxicity [159].

Many plasma proteins are produced by hepatocytes, but to our knowledge no
other group has categorized the secreted proteome of hepatocytes. The closest analysis‘
was performed by Fountoulakis et al. [102], who studied the proteomics profile of the rat

liver. Using two-dimensional electrophoresis followed by MALDI-MS they identified
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273 intracellular proteins. In this chapter we present an in-depth analysis of the proteins
in the conditioned medium of hepatocytes cultured in a collagen sandwich. This study is
not only useful in understanding the functioning of hepatocytes in vitro, but it also
facilitiates subsequent toxicity studies by establishing a database of proteins present in
the medium of control cells. Using this information, we have gained understanding
regarding the hepatocytes’ ability to secrete plasma and extracellular matrix proteins. We
have shown that the hepatocytes in culture produce a number of plasma proteins as well
as structural matrix proteins such as collagens, laminin and fibronectin. Furthermore, we
have also identified several proteins, which have not been observed previously in the

liver.

3.2 Methods and Materials

3.2.1 Identification of acute-phase proteins

Sample preparation
Medium was collected every second day after toxin treatment and albumin

was measured in each sample with ELISA (see Chapter 2). Samples from aflatoxin-
treated and control cells were normalized so that the total amount of albumin was the
same in both samples. This approach of normalizing the samples according to
albumin secretion, allowed for the identification of proteins specifically down-
regulated by aflatoxin. The media were first dialyzed against double distilled water at

4°C and were then concentrated in a vacuum to 20 ul.
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Western blotting
Gel electrophoresis was performed on 10% Tris-HCI gel with Protean II mini-gel

apparatus (Biorad, Hercules, CA). After gel electrophoresis proteins were transferred to
a PVDF membrane at a constant voltage of 30 volts for two hours at room temperature.
The membrane was blocked overnight in 5% milk. Primary antibodies for o-l-
antitrypsin and o2-macroglobulin conjugated to horseradish peroxidase (Research
Diagnostics Incorporated, Flanders, NJ) were diluted 1000 and 10,000-fold respectively.
The membranes were incubated with antibodies for one hour and were washed with a
solution containing 0.5% Tween and 0.1% Triton-X 100. The membrant-:s were
incubated with a chemiluminescent substrate, SuperSignal (Pierce Biotechnology,
Rockford, IL) for five minutes. To visualize the proteins the membranes were exposed

to x-ray film for 5-10 seconds.

3.2.2 Characterization of the secreted protein profile

Silver staining — (performed by Saraswathi Mandapati)

In order to visualize the complete protein profile, 50 ul of medium were concentrated and
run on a 10% acrylamide 1-D SDS PAGE. Silver staining was performed as described by
Shevchenko et al. [160]. Briefly, after electrophoresis the gel was fixed in 50%
methanol-5% acetic acid for 30 min and washed with plenty of 50% methanol for 10min
and then with plenty of water for 10 min. It was incubated for 1 min in 0.02% sodium
carbonate and washed twice with water for 1 min each time. The gel was incubated in

chilled 0.1% silver nitrate solution for 20 min at 4 °C. It was then rinsed thoroughly
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twice with water for 1 min each time and developed in 0.04% formaldehyde in 2%
sodium thiosulfate solution with rocking. The staining was stopped with 5% acetic acid
and then gels were stored in 1% acetic acid at 4 °C for a day or two prior to enzymatic

digestion.

Albumin removal (with Vadiraja Bhat)

Two and a half milliliters of conditioned medium were removed from hepatocytes after
nine days in culture. During this time the medium was changed five times (on days
1,2,3,5 and 7). The culture was also washed four times with Hanks Buffer (Invitrogen,
Carlsbad, CA) prior to the medium exchange on day 2 in order to remove contaminating
proteins from the isolation procedure (see Chapter 2 for cell culture techniques). The
medium was concentrated to 100 ul using a 3K cutoff centrifugation filter (Millipore,
Billerica, MA). In order to remove the albumin, column was prepared by pipetting 200 ul
of Protein-A agarose (Santa Cruz Biotechnology, Santa Cruz, CA) into a 0.45micron
filter unit and adding 100 ul of rabbit anti-rat polyclonal antibody (Research Diagnostics
Inc) for 2 hours and mixed continuously. Then, the column was washed 4 times with 500
ul of PBS. The next step was to add 200 ul of sample to column and to incubate for 2
hours while mixing continuously. The sample was recovered by centrifugation and the
columns were washed 2 more times with 500 ul PBS. The sample and the washing
solutions were concentrated to 30 pl using centricon before being loaded onto the gel.
The gels were 8-16% gradient gels (Biorad, Hercules, CA). After the gel finished running

it was rinsed for 10 minutes with water and then stained for an hour with Simply Blue
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stain (Invitrogen, Carlsbad, CA). In order to visualize the bands the gel destained for an

hour with water.

In-gel digestion

The gel was rinsed with water twice, 10 minutes each time. The gel was divided
into 30 bands of equal width and each band was further cut into 1x1 mm cubes and
placed into a 0.65 ml tube. During the following washing procedure all volumes were 200
ul. First, the gel pieces were rinsed with water for 15 minutes and vortexed continuously.
Then, they were washed with water/acetronitrile 1:1, and vortexed for 15 minutes. Next,
acetronitrile was added and vortexed until the gel pieces turned sticky white. The gel
pieces were rehydrated in 100 mM ammonium bicarbonate and vortexed, but the liquid
was not removed. After 5 minutes equal volume of acetonitrile was added and vortexed
for 15 minutes. Then, all the liquid was removed and the gel pieces were dried down
completely in a speed-vac.

The next step was to reduce and alkylate the proteins. First, the gel pieces were
rehydrated in 1 mg/ml Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) in 100
mM ammonium bicarbonate and they were incubated at room temperature for 10 minutes
while vortexing, in order to reduce the cysteine disulfide bonds. To alkylate cysteines, the
solvent was removed and 55 mM (10 mg/ml) of iodoacetamide in 100 mM ammonium
bicarbonate was added and incubated for 45 minutes in the dark. The gel pieces were
subsequently washed with ammonium bicarbonate for 5 minutes and acetonitrile was

added for 15 minutes. If the stain was not completely gone, the washing with ammonium
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bicarbonate and acetonitrile was repeated. Finally, the gel pieces were dried down
completely in a speed-vac.

In order to digest the proteins, the gel pieces were rehydrated in a trypsin solution
(54 pl of 50 mM ammonium bicarbonate + 6 pl of trypsin) and kept on ice for one hour.
Then, the tubes were placed at 37°C overnight. The next day the peptides were extracted
using the following protocol: first, 20 ul of 10% TFA was added to the tubes to stop the
reaction. Then, the tubes were sonicated for 30 minutes. The supernatant was removed
and saved in a tube. In order to extract the peptides, 200 ul of 50 mM ammonium
bicarbonate was added to the gel pieces. The gel pieces were sonicated again for 30
minutes and the supernatant was removed and saved in the tube. Afterwards, 200 ul of
acetonitrile/water (1:1) with 0.1% TFA was added and the gel pieces were sonicated for
30 minutes and the supernatant was removed and combined with the supernatant from the
ammonium bicarbonate extraction. The acetonitrile/water extraction was repeated once
more. The supernatants were all combined in one tube and concentrated to 10 pl. The
desalting of the peptides was carried out using zip tips (Millipore, Billerica, MA). All
solutions were made in double-distilled water. The wetting and elution solutions were
60% acetonitrile with 0.1% TFA. The equilibration solution was 0.1% TFA. The washing
solution was 5% methanol with 0.1% TFA. After the peptides were eluted, they were

concentrated down to 1 ul.

Mass spectrometry
Mass spectrometry was carried out with a Qstar LC-MS/MS nanospray (Applied

Biosystems, Foster City, CA) connected to an Agilent 1100 high performance liquid
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chromatographer. The chromatography was carried out using a 75 pm x 10 cm Cig
column and a 150 nl/min flowrate. Solvent A was 0.1% acetic acid with 5% acetonitrile
and solvent B was 0.08% acetic acid with 5% methanol in 95% acetonitrile. The gradient
was linear from 0-80% B from up to 90 minutes, and decreased linearly down to 0% B by
the end of the run, which was 150 minutes. In order to analyze the samples, we injected

0.5 l of sample.

Data Analysis
Peptides were autovalidated with Spectrum Mill software (Agilent, Palo Alto, CA) and

proteins identified by only one peptide were manually validated using the NCBIR and the

TREMBL protein and genebanks.

3.3 Results

3.3.1 Down-regulation of acute-phase proteins

A previous collaboration with Dr. Saraswathi Mandapti showed that there were
two bands on silver-stained gels which had much lower intensity in the lanes of the
samples from the aflatoxin treated cells. By comparing the bands with the molecular
weight standards we estimated that one protein was 55 kDa and the other one was 180
kDa. The proteins were subsequently identified with mass spectrometry as ol-antitrypsin
and o2-macroglobulin (unpublished results).

In this research we confirmed the down-regulation of these proteins with Western

blotting. Figures la and 1b show the Western blots of conditioned medium for ol-
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antitrypsin and o2-macroglobulin respectively on day 6. The down-regulation of al-
antitrypsin could already be detected on day 2, but the decrease in o2-macroglobulin
could only be detected 6 or more days after aflatoxin exposure, because that was the
earliest timepoint when the control cells produced a detectable amount of o2-
macroglobulin. As the figures show, a 6 nMolar dose of aflatoxin does not change the
secretion of these proteins significantly. A 15 nM dose decreases oul1-antitrypsin at least
50%, and almost completely down-regulates o2-macroglobulin. A 30 nM dose decreases
ol-antitrypsin to undetectable levels. Western blots were also performed twenty days
after aflatoxin B1 exposure, and we observed that the hepatocytes exposed to the toxin

had not regained the ability to secrete these proteins.

3.3.2 Characterization of the secreted proteome

Depletion of albumin from conditioned medium

Figure 2 shows the SDS-PAGE gel of the samples after albumin depletion. Lane 1
is 2.5 ml of hepatocyte medium concentrated into 20 pl. Lanes 2 and 3 are replicates of
medium depleted of albumin as described in the methods section. As the gels show, most
of the depletion is at 60 kDa, which corresponds to the molecular weight of albumin.

We cut lane 2 into 30 slices and performed in-gel extraction and peptide extraction on
each slice.

Following in-gel digestion, the peptides were analyzed with Qstar LC-MS/MS.
The total ion chromatogram of slice 14, the fraction with the most number of proteins
(214 peptides, 108 proteins) is shown in Figure 3. From the 30 slices we identified 890

peptides belonging to 493 distinct proteins. The peptides were validated using Spectrum
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Mill software (Agilent, Palo Alto, CA), and public database searches. The complete list
of proteins is shown in Appendix IIla. Using the molecular weight markers we made a
calibration curve to relate the gel slices with the molecular weights of proteins that they
would be expected to contain (Figure 4a). We have also mapped the distribution of
peptides along the SDS-gel (Figure 4b, complete list in Appendix IlIb) and highlighted
the regions where the peptides would be expected to be found based on the molecular
weights of the proteins. The number of peptides and proteins are also shown on the top
of Appendix IIb.
Protein Profile

Of the 493 proteins, 47% were intracellular or membrane proteins, 13 % were
plasma proteins, 6% were matrix proteins and 35% were miscellaneous (Figure 5a). The
miscellaneous proteins were further subdivided. Of the 179 miscellaneous proteins, 49%
had unknown functions or were not in the databases, 23% were only identified previously
in the central nervous system origin, 22% were only found in organs other than the liver
and the central nervous system (e.g. muscle and kidney) and 7% were considered
embryonic proteins (Figure 5b). We also identified 59 plasma proteins and determined
that twenty of these proteins were protease inhibitors, 7 were from the complement
cascade, 4 were proteases with the rest including metal-binding proteins and
apolipoproteins (Figure 5c). Almost a quarter of the intracellular proteins were membrane
proteins, with the other proteins originating from various organelles including
mitochondria, lysosomes, Golgi and the nucleus (Figure 5d). Several matrix proteins
were also identified, including 5 types of collagen, fibronectin, laminin, agrin, and we

also found several cell-matrix adhesion proteins (Table 1).
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Silver Staining
Figure 6 shows a silver-stained gel of conditioned medium. Lane 1 is the marker, lane 2

is from control cells, lane 3 is from cells treated with aflatoxin and lane 4 is from a
collagen sandwich without cells (just medium incubated on top of collagen.) As the
figure shows, lane 4 has only one significant band, which we identified later as

corresponding to transferring (a component in our medium).

3.4 Discussion

3.4.1 Down-regulation of acute-phase proteins

We have shown that exposing hepatocytes in collagen sandwiches to aflatoxin B1
leads to a decrease in the secretion of al-antitrypsin and o2-macroglobulin. Both proteins
are glycoproteins produced by the liver during inflammation in order to inhibit proteases
which are secreted during the acute-phase response [161;162]. The presence of these
proteins in the medium of control cells suggest that the untreated cells are stressed. It
would be expected that the secretion of these acute-phase proteins would increase after

exposure to a toxin, however, our results show that the opposite is true.

Our initial hypothesis was that exposure to aflatoxin decreased secretion of all
proteins, however, our Western blots are normalized to secreted albumin. In other words,
the samples were loaded on the gel so that the total amount of albumin was the same in
all samples. Thus, a decrease in the acute-phase proteins shows that these proteins are
specifically down-regulated after aflatoxin B1 exposure. Since both of these proteins are

glycoproteins, which require glycosylation in order to be secreted, we hypothesized that
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aflatoxin inhibited glycosylation and secretion of these proteins. It has been shown that
antibodies used in Western blotting should still recognize the unglycosylated forms of
these proteins [163;164]. Thus we performed Western blots on cell lysates, but we could
not detect either of these proteins. Therefore, it is unlikely that the proteins are down-
regulated at the glycosylation/secretion level. The most likely explanation for our

observation is that aflatoxin impairs the transcription of these proteins.

3.4.2 Characterizing the secreted protein profile

We have characterized a comprehensive proteomics profile of conditioned rat
hepatocyte medium, including plasma, extracellular and intracellular proteins. This
analysis established a proteomics database for future toxicity studies in hepatocyte
cultures. The advantage of a proteomics analysis of conditioned medium is that the
culture does not need to be destroyed for analysis. Thus, this protocol can be adapted to
other culture systems, such as flow-through bioreactors, which are expensive to set up.
For example, with our proteomics analysis we were able to detect lactate dehydrogenase,
which we used in the previous chapter to measure toxicity by a variety of compounds.

The proteomics analysis has also enhanced our understanding about the
function of hepatocytes in collagen sandwiches by showing that they secrete a variety of
plasma and matrix proteins. Our data also suggest that hepatocytes in the collagen
sandwich are in stress. Many of the identified proteins are specific to tissue repair and

are upregulated by the cytokines IL-6 and TGF-f. It has been shown by others that both

101



IL-6 [157] and TGF-B [165] can be secreted by hepatocytes in culture. Thus, it is
possible that the stress experience by hepatocytes during the cell isolation procedure and
the culture conditions leads to secretion of these cytokines and production of acute-phase

associated proteins.

Plasma proteins
We have shown that hepatocytes secrete at least 59 plasma proteins in the

collagen sandwich. Almost half of these proteins, such as the proteases, the protease
inhibitors, and the complement proteins are usually associated with the acute phase. We
also detected a significant amount of o2-macrogobulin, which is usually stimulated by
IL-6 [156] and several other proteins associated with the acute phase, including alpha-1-
acid glycoprotein, alpha-1-antitrypsin and proteins from the complement cascade.

The hepatocytes also secreted a number of normal plasma proteins such as
selenoprotein P, Ccl-8 (iron-binding), ceruloplasmin precursor (copper-binding), and
apolipoproteins, showing that the cells are secreting many of the proteins that they
would in vivo. We also detected the presence of two proteins known to be produced
specifically during tissue repair. The first protein was hepatocyte growth factor activator
protein, which is usually produced as é zymogen and converted to its active form during
tissue injury, in order to activate hepatocyte growth factor (HGF) [166]. HGF usually
acts as a mitogen on hepatocytes during liver injury [167], and the presence of the
activator of this protein suggests the cells are experiencing stress. The second protein
was connective tissue growth factor (CTGF), a known mediator of inflammation, which

participates in tissue repair [168]. CTGF can be produced by a number of cell types in
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the liver including fibroblasts, endothelial cells and stellate cells [169]. It is usually
upregulated by TGF-B, but its production can also be stimulated by EGF [170]. It is
possible that EGF in our medium is responsible for the production of CTGF. In
summary, the presence of EGF, a potent mitogen, and the stress experienced by the cells
is most likely responsible for the presence of proteins associated with tissue repair and

the acute-phase.

Extracellular matrix and membrane proteins

Our work clarified some of the mystery surrounding the survival of hepatocytes
in collagen sandwiches. Beken et al.[138] compared albumin secretion and the
expression of glutathione S-transferases in collagen sandwiches made from rat tail
collagen, commercially available collagen type I, and commercially available collagen
supplemented with fibronectin, laminin and heparan sulfate proteoglycans, and found
that after seven days of culture, there was no significant difference among the cultures.
They hypothesized hepatocytes cultured in collagen sandwiches secrete the necessary
extra-cellular proteins, which are retained in the culture by the second layer of collagen.

We have shown that hepatocytes do secrete a number of structural matrix
proteins including fibronectin precursor, laminin type 12 and several types of collagen.
The cells also produced talin, which is responsible for linking integrin receptors to the

actin cytoskeleton and also plays a role in the migration of various cell types [171].
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Our conditioned medium also contained two heparan sulfate proteoglycans
(HSPG). The first HSPG was a precursor to agrin, a proteoglycan found in the basement
membrane at neuromuscular junctions, which binds to dystroglycan, part of the
dystrophin-glycoprotein complex [172]. We were also able to identify dystroglycan,
which was a surprising result, because both agrin and dystroglycan are found at very low
levels in the liver [172]. In fact, dystroglycan has only been detected in the liver from
lysates of stellate cells, and its expression is usually up-regulated during liver fibrosis
[173]. Since our cell preparation is estimated to have about 5% non-parenchymal cells,
and our other data suggests that the cells are experiencing stress, it is plausible that
stellate cells in our culture are responsible for the secretion of agrin precursor and
dystroglycan. The second HSPG was syndecan-4 precursor, which is primarily
expressed in the liver on the membranes of endothelial cells. These two HSPG’s in the
medium suggests the presence of nonparenchymal, specifically stellate and endothelial,
cells in the culture.

Interestingly, we also detected NG2, a chondroitin sulfate proteoglycan, which is
usually associated with incompletely-differentiated or immature cells [174]. NG2,
originally though to be associated with precursor cells in the brain, is now known to be
expressed in cartilage, muscle and bone [175], but to our knowledge it has not been
isolated from liver. It is also known to bind to collagen VI [176], which we have also
identified in the medium. Although this data does not assert that the culture contains
undifferentiated cells, it has been shown that hepatocyte isolation by collagenase-
perfusion and addition of EGF to the medium can cause a down-regulation of

transcription of hepatocyte-specific genes leading to a dedifferentiated phenotype [177].
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We also identified some other proteins expressed specifically during
inflammation. One of these proteins was thrombospondin-1, which is usually found near
hepatocytes in congenital hepatic fibrosis tissue [178] and it is also considered to be an
up-regulator of TGF-p [179]. Our conditioned medium also contained annexin II, a
membrane protein, which is usually not detected in hepatocytes of normal adult livers. It
has been found in the hepatocytes of embryonic livers, hepatocytes cultured in the
presence of EGF [180] and in proliferating hepatocytes after liver damage [181]. Thus,
the nature of the proteins found in the medium are consistent with our culture conditions
since we included EGF in the medium and the hepatocytes were isolated by a
collagenase perfusion.

One of the questions that arose was whether the matrix proteins we identified
could be contaminants from the collagen preparation. Figure 6 shows a control
experiment where we analyzed medium incubated with just collagen (lane 4). This
experiment suggests that the only major protein in lane 4 is transferrin, which is a
protein we add to the medium. While this experiment does not rule out the possibility
that there are contaminants from the collagen, it shows that medium incubated with only
collagen is free from major contaminants. In order to strengthen this result, a future
experiment could include performing mass spectrometry analysis on that sample to
characterize the complete protein profile.

Miscellaneous proteins

More than a third, or 179, of our 493 proteins were classified as miscellaneous.

About half of these proteins have unknown functions, which is attributable to the

incomplete annotation of the rat protein database. It was very surprising that almost a
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quarter of the miscellaneous proteins are thought to be of central nervous system (CNS)
origin. One of these proteins, reelin, has been regarded until recently as a protein
involved in brain development, but it is now known to be also produced by the liver
[182]. In fact, it has been shown that reelin is produced by stellate cells during hepatic
tissue repair, for example following CCly exposure [183]. Thus, the presence of reelin
suggests not only the occurrence of tissue repair, but also active protein secretion by
stellate cells. Stellate cells are actually known to involved in the remodeling of the
extracellular matrix, especially during the inflammatory process [184]. It is possible that
the presence of the other CNS-associated proteins are also produced by stellate cells
since there is evidence to suggest that stellate cells share the same lineage as neural cells
[185].

We also identified 13 embryonic proteins, including spindling-like protein,
fetuin-B precursor and procollagen C-proteinase 3. It is unclear why the cells produced
proteins associated with embryogenesis. It is possible that there are immature cells in the
culture, as suggested also by the presence of NG2. The other possibility is that EGF
caused dedifferentiation of the cells, or maybe these are norﬁia] proteins that have not
been detected in liver previously. It is interesting to note that when we checked the
presence of these CNS and embryonic genes on a commercial rat gene chip, we could
only find 3 genes on the chip: translation initiation factor eIF-2B, postsynaptic density
protein and the embryonic spindlin-like protein. Thus, with the current gene chips it is
not possible to do a genomics analysis on these proteins. One possible experiment for
future studies could be to compare the proteome of the liver with the sandwich to

determine whether these CNS and embryonic proteins are also present in the liver. In
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summary, this data shows that the proteomics approach can be used to detect a variety of

proteins, even ones whose expression cannot yet be analyzed with gene chips.

3.5 Conclusions

We have shown that the collagen gel sandwich can be used as a system for
proteomics analysis. We detected 493 proteins from _conditioned, which included a
number of plasma proteins, matrix proteins and intracellular proteins. Many of these
proteins are produced during the inflammatory state, suggesting that the cells in the
collagen sandwich are stressed. We also detected several proteins, which are thought to
be produced in the liver by nonparenchymal cells during inflammation and tissue repair.
Furthermore, we also identified a number of proteins not detected previously in the liver,
including a number of embryonic and neural proteins.

In addition, we have shown that two acute-phase proteins, ol-antitrypsin and 02-
macroglobulin, are down-regulated by aflatoxin B1. The presence of these acute-phase
proteins in the medium of control cells is consistent with the rest of the proteomics data,
which suggests that the cells are in an inflammatory state. We have shown that the
secretion of these proteins is unchanged at a 6 nM, but decreases at 15 nM exposure. We
have observed that the down-regulation of these proteins is very reproducible, thus, their
absence from medium could be used as a marker of aflatoxin toxicity. Future studies
could include an investigation of how these proteins are affected by expsosure to other

toxins. In summary, we have shown that proteomics analysis on conditioned medium
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from collagen sandwiches can be used evaluate hepatocyte function and to identify

potential biomarkers of toxicity.
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Figures

ap e o -

Figure 1a: al-antitrypsin Western blot of conditioned medium on day 6.

Lane 1: control, lane 2 : cells treated with 6 nM aflatoxin, lane 3: 15 nM, lane 4: 30 nM.

Figure 1b: 02-macroglobulin Western blot of conditioned medium on day 6. The upper bands are

oa2-macroglobulin, the lower bands are albumin. Lane 1: control; lane 2: 6 nM aflatoxin; lane 3: 15
nM aflatoxin
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Figure 3: Total ion chromatogram of fraction 14, the slice with the most number of peptides (214
peptides, 108 proteins)
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Gel slice vs. molecular weight
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Figure 4a: Calibration curve for relating molecular weight of proteins with the gel slice namber
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Figure 4b: Distribution of peptides across slices 1-30. The blue squares indicate the slices where
peptides were found. The red squares highlight the regions where peptides would be expected to
be found based on the molecular weight of the proteins.
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Figure 5a: Distribution of identified proteins in conditioned medium. 47% of the proteins
were intracellular, 35% were miscellaneous, 13% were plasma proteins and 6% were
extracellular matrix (ECM) proteins.
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Figure Sb: Distribution of miscellaneous proteins. 49% of the proteins have unknown functions, 23%
are considered to be central nervous system (CNS) proteins, 22% are from organs other than the
liver and the CNS and 7% are embryonic proteins.
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Figure Sc: Distribution of plasma proteins in conditioned medium. 20 proteins(34%) were
protease inhibitors, 7 (12%) were from the complement cascade, 4 (7%) were proteases and the
remaining 28 proteins (47%) included metal-binding proteins, apolipoproteins, fibrinegen and
hemoglobin.
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Figure 5d: Distribution of intracellular proteins across the various organelles
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Structural Membrane Cell-matrix Other
matrix proteins | proteoglycans |adhesion
proteins

Fibronectin Agrin precursor |AC2-120 Alpha-amylase
precursor (HSPG)
Laminin type 12 | Syndecan-4 Dystroglycan MMP-27

Precursor

(HSPG)
Collagen Chondroitin Talin Thrombo-
Types sulfate spondin -1
(I, IV,V,VI,XVIIl) | Proteoglycan,

NG2

Table 1:

Categorization of extracellular matrix-associated proteins
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Figure 6: Silver-stained gel of conditioned medium (50 pl, day 8). Lane 1: marker; lane 2:
control cells; lane 3: cells treated with aflatoxin; lane 4: medium incubated with collagen.

(Experiment performed by Saraswathi Mandapati)
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Chapter 4: Summary and conclusions

In this thesis we developed a collagen sandwich bioreactor for studying
hepatotoxicity by drugs and chemicals. A collagen sandwich is made by plating primary
rat hepatocytes on collagen-coated dishes and overlaying the cells with another layer of
collagen a day after plating. As we learned from previous work by others, the collagen
sandwich maintains morphology and many phase I and phase II enzymes in hepatocytes.
In spite of the extensive literature on the maintenance of drug metabolism in collagen
sandwiches, there are very few studies regarding the use of this system to study toxicity.

Our first goal was to optimize the system parameters, particularly the cell density.
Thus, we measured urea, albumin and P4501A activity at different cell densities. P4A501A

activity reached a maximum around 40,000 cells/cm’

, urea increased with increasing
density, and the secretion of albumin reached a maximum around 45,000 cells/cm?. In
light of these results we decided to plate our cultures at 50,000 cells/cm®. We also
examined whether epidermal growth factor (EGF) should be added to our medium. It has
been shown that EGF promotes regeneration but it also down-regulates the expression of
some cytochorme P450’s. We found that in the absence of EGF both urea and albumin

secretion decreased very rapidly. Therefore, we decided to include EGF, even though it

might compromise some metabolic functions.

The next task was to adapt toxicity assays to our system. Aflatoxin B1 was our
model compound for protocol development, because we could detect its toxicity with a
variety of assays including urea and albumin secretion, release of lactate dehydrogenase
and the reduction of XTT and Alamar Blue. We determined the LDsg of aflatoxin Bl to

be 32 nM, and this dose was our positive control for toxicity experiments.
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The other toxins we tested we acetaminophen, carbon tetrachloride, N-methyl-N’-
nitro-N-nitrosoguanidine (MNNG), methyl methane sulfonate (MMS), cadmium,
dimethyl formamide (DMF), and vinyl acetate. We found that the cells were sensitive to
MMS, MNNG and cadmium. However, the cells were resistant to 1 mM doses of
acetaminophen, DMF and vinyl acetate, as well as a SmM dose of carbon tetrachloride.
MMS, MNNG and cadmium are direct-acting compounds, which require no metabolism
to be toxic, thus we expected the cells to experience toxicity. On the other hand, DMF,
carbon tetrachloride and acetaminophen require CYP450 metabolism for activation.
Vinyl acetate also needs to be metabolized by carboxylesterase to form acetaldehyde,
which binds to proteins and DNA. Our Western Blots showed that CYP’s 1A, 2B, 3A are
maintained for seven days in culture, but CYP2E]l is lost gradually over time.
Interestingly, CYP2E1l is also the primary metabolic enzyme for DMF, carbon
tetrachloride and acetaminophen, suggesting that lack of toxicity is due to a decrease in
this enzyme. Lack of toxicity by vinyl acetate suggests that carboxylesterase is also lost
in culture.

The metabolism of acetaminophen was examined in more detail with liquid
chromatography and mass spectrometry. Liquid chromatography showed that most of the
parent compound was converted to the sulfate and glucuronide metabolites. We also
wanted to examine whether the glutathione adduct was produced, since this metabolite is
used as a marker for the formation of the toxic benzoquinoneimmine (NABQI) adduct.
We synthesized the glutathione adduct and determined its retention time on liquid
chromatography and the fragmentation pattern with mass spectrometry. After isolating

the fraction with the same retention time from the medium of acetaminophen-treated
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cells, we examined it with mass spectrometry. We were able to locate a peak with the
same mass to charge ratio and the same fragmentation pattern as the glutathione-adduct
standard. This data suggests that the cells do make the toxic NABQI adduct, but they do
not experience toxicity, probably because it is detoxified before it causes significant
damage. The other possibility is that there is toxicity, but it cannot be detected with our
methods, which included measuring the secretions of urea and albumin and the release of
lactate dehydrogenase.

In summary, we have shown that the collagen sandwich is a suitable system for
hepatotoxicity studies. The hepatocytes maintain urea and albumin secretion as well as
P4501A for at least two weeks. The cells were sensitive to four different toxins, but were
immune to four other toxins, three of which were substrates for CYP2E1. We have also
shown a gradual loss of CYP2EI over time in culture, suggesting that the collagen
sandwich might not be a good system for examining toxicity of compounds, which are
substrates of 2E1.

Analysis of conditioned medium from aflatoxin-treated cells revealed that the
secretion of two acute-phase proteins, ol-antitrypsin and o2-macroglobulin were down-
regulated by aflatoxin B1. This experiment motivated a global investigation of the
proteins in conditioned medium. One of the major challenges of this investigation was
that albumin gave a very high background, complicating the identification of less
abundant proteins. We were able to deplete most of the albumin with immuno-affinity
columns consisting of anti-albumin antibodies bound to protein-A agarose beads.
Following one-dimensional SDS-PAGE of albumin-depleted medium we cut the lane into

30 slices and performed in-gel digestion with trypsin on each slice. Mass spectrometry
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analysis with Qstar LC-MS/MS revealed the presence of 493 proteins in the medium. Of
those 493 proteins, 59 were plasma proteins, 234 were intracellular proteins and 21 were
extracellular matrix proteins. The other 179 proteins were classified as miscellaneous,
and they included 13 embryonic proteins, 40 central system proteins, 42 proteins from
organs other than the liver and the central nervous system, and the remaining 84 proteins
had unknown functions.

A more detailed analysis of the proteins suggested that the hepatocytes were in a
stressed state. Our plasma proteins included acid-1-glycoprotein, ol-antitrypsin, o2-
macroglobulin, hepatocyte growth factor activator and connective tissue growth factor,
which are produced in the body during the acute-phase. We also identified laminin-12,
fibronectin precursor and five types of collagen, showing that the cells in the sandwich
produce the necessary structural matrix proteins. The extracellular matrix proteins also
contained inflammation-specific proteins such as thrombospondin-1 and dystroglycan.
Some proteins, such as the chondroitin sulfate proteoglycan NG2, have only been
identified in immature cells, suggesting that we either identified a novel adult liver
protein or that our culture contains stem cells. Furthemore, a number of the proteins have
only been identified previously in stellate cells and endothelial cells. For example, reelin
was previously considered a central nervous system protein, but it has been shown
recently that stellate cells produce this protein during inflammation. We also identified
syndecan-4, a heparin sulfate proteoglycan, which has only been identified on the surface
of endothelial cells. Thus, the proteomics approach has revealed the presence of

nonparenchymal cells in the culture. In addition, we have shown that hepatocytes in the
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collagen sandwich secrete many matrix proteins, which has been hypothesized before,
but it has been not explicity shown.

In summary, the collagen sandwich is a good system for proteomics studies. The
medium is protein-rich and contains plasma, intracellular and extracellular matrix
proteins from both parenchymal and nonparenchymal cells. The proteomics approach
also has the potential to study differential protein expression of toxin-treated and control

cells, which can be used to understand mechanisms of toxicity.
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Appendix I: Detailed Protocols

Protocol for Making Collagen Sandwiches for Hepatocytes

Ingridients of the collagen gel solution:

1. 80% 2 mg/ml collagen solution dissolved in 0.01 N HCl (3mg/ml in 0.01 N HCl is
commercially available from Cohesion Technologies tel: (877) 264-3746; we make the
further dilution of the collagen ourselves)

2. 10% water

3. 10 % Dora’s special 10 x PBS (see ingredients below)

4.20 ul of 1 N HCI per 5 ml of collagen solution

For one 24-well plate mix:

1.7 ml of 3mg/ml commercial collagen solution
1.2 ml of water '

325 wl of Dora’s 10x PBS

9ul of 1N HCI

The pH of the gel solution should be physiological and it should be measured with pH
paper every time a gel is prepared. The gel solution can be stored for 4-6 hours in 4° C.

One difficulty, which can arise with collagen sandwiches, is that the culture does not
have medium during the time the second layer is gelling. To circumvent this problem,
glucose is included in the special PBS solution, such that the concentration of glucose in
the gel solution is exactly the same as the concentration of glucose in the medium (2g/L).
A second problem is that while the collagen is gelling the pH of the gel solution might
change. We avoid uncertainty in the pH by pre-equilibrate the PBS buffer with the
atmosphere of the incubator. For added buffering, we add sodium bicarbonate to the gel
solution such that the concentration in the gel will be the same as the concentration in the
medium (3.7 g/L).

Dora’s 10 x PBS:

10x PBS (commercial)

Dissolve glucose and bicarbonate in the 10x PBS such that the concentrations will be:
20 g/L glucose

37 g/L sodium bicarbonate

To equilibrate with the incubator put the PBS in a tissue culture plate and leave it in the
incubator for a minimum of half an hour before making the gel solution. This only needs
to be the done before the first use of the PBS. Afterwards, the PBS can be stored at room
temperature without need for further equilibration.
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Procedure for preparing the collagen sandwich in 24-well plates:

First layer:

1.

Pipette 110 ul of collagen solution on the bottom of each well. For better spreading,
pipette the solution into the middle of the well. Tap the bottom of the plate gently
against the surface in the hood and rotate the plate so the solution can spread.

Put plates in the incubator and allow a minimum of 1 hr for gelation. (Can be
prepared the night before)

Seeding cells:

1.
2.

Spread 90,000-100,000 cells evenly in 300ul of medium over the plate.
Leave cells in the incubator overnight to allow proper attachment of the cells to the
collagen.

Second layer:

1.
2.
3.

4.

Aspirate off medium

Add 55 pl of gel solution and gently tilt the plate to assure even spreading.

Leave in the incubator for 1 hour, by which time the solution should have gelled
completely.

Add 300uL medium to the cells and put back in the incubator for another night to
give cells enough time to attach to the second layer. Measurements can already be
performed the following day.

To make the gel solutions for plates of other sizes, scale the amount of collagen down
proportional to the plate surface area.

For reference:

Plate size Area Bottom layer Top layer of
of collagen collagen

35 mm or 6- 9.61 cm2 | 600 ul 300 ul

well

24-well 1.76 cm2 | 110 ul 55 ul

96-well 0.32cm2 |20 ul 10 wl
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HGM (Hepatocyte Growth Medium) Preparation

Reference: Block et al., J Cell Biol. (1996) 132(6): 1133-1149
Updated with the correction concentrations for niacinamide, glutamine, ZnCl,,
leSO4 * 7H20, CI.ISO4

Base Medium:

DMEM, low glucose, pyridoxine HCL, sodium pyruvate, no glutamine, no phenol red;
GIBCO catalog #11054-020 (500 mL) — store in refridgerator

Add to Base Medium:

0.015 g L-Proline; 0.03 g/L. in medium; Sigma catalog #P-4655

0.05 g L-Ornithine; 0.1 g/L in medium; Sigma catalog #0-6503

0.305 g Niacinimide; 0.305 g/L in medium; Sigma catalog #N-0636

0.5 g D-(+)-Glucose; 2 g/L. in medium (already had 1 g/L); Sigma catalog #G-7021
1 g D-(+)-Galactose; 2 g/L. in medium; Sigma catalog #G-5388

500 uL Trace Metals Solution — ZnCl,, ZnSO4 * 7TH,0, CuSO4* SH,0, MNSOQy ;
0.054 mg/L, 0.075 mg/L, 0.020 mg/L, 0.025 mg/L in medium; (dissolve into 50 mL
PBS - 0.0272 g ZnCl, 0.0375 g ZnSO4 * 7H,0, 0.01 g CuSO4 * 5SH;0, 0.00125 g
MNSOy)

AU

Add to Sterile Filtered Medium:

7. 5 mL Penicillin/Streptomycin (sterile); Sigma catalog #P-0781; (dispense stock

into 5.1 mL aliquots, store at —20C)

8. 2.5 mL L-Glutamine (sterile); 1.0 mM in medium; GIBCO catalog #25030-081

(100 mL); (dispense 200 mM stock into 12.6 mL aliquots, store at —20C)

9. 500 pL Insulin-Transferrin-Sodium Selenite (sterile); 5 mg/L - 5 mg/L - 5 pg/L
in medium; Roche catalog #1074 547 (50 mg); 1213 849 (250 mg); (dissolve 50 mg
or 250 mg powder in 5 mL or 25 mL sterile MilliQ water, dispense into 505uL
aliquots, store at —20C)

10. 400 pL Dexamethasone (sterile); 0.1 pM in medium; Sigma catalog #D-8893;
(dissolve 1 mg in 1 mL EtOH using sterile syringe and needle; after powder is
dissolved, add 19 mL PBS, mix thoroughly, and dispense into 405 uL aliquots; store
at —20C, expires 3 months after date of reconstitution)

11. 200 pL Epidermal Growth Factor (EGF) (sterile); 20 ng/mL in medium; Becton
Dickinson #354010 (800-343-2035); (dissolve 100 ug powder in 2 mL sterile
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MilliQ water, dispense into 205 uL aliquots, store ay —20C, expires 3 months from
date of reconstitution)

Assay for Measuring Urea

Materials:

Urease (Sigma # 640-5), Phenol Nitroprusside Solution (Sigma # 640-1), Alkaline
Hypochlorite Solution (Sigma #640-3) and Urea Nitrogen Standard Solution (Sigma #
535-30)

HGM medium (all the experiments below were performed with albumin-free HGM)
Spectramax 96 well plate reader, 96-well plates, multi-channel pipettor

Protocol:
1) Pipetting the samples

Pipette 15 ul of each sample into a well on a 96 well plate. Leave two columns empty
for the standards.

2) Preparation of Standards

Dilute Urea Standard to 0.05 mg/ml and make six serial two-fold dilutions of it. In
row A, pipette the blank, water, and and then pipette the standards in the rows below
going from least to most concentrated. Pipette an equal volume of standards as
samples.

3) Coverting Urea to Indophenol

Add 40 pl of urease to each well with a multipipettor and mix well by pipetting up
and down three times. Change tips before every new row. Leave the plate in the 37 C
box for 15 minutes. Then add (in this order) 80 pl of phenol nitroprusside and 80 ul
of alkaline hypochlorite to each well and pipette up and down 3 times after adding
each solution. Leave the plate at room temperature for 20 minutes, and then read the
plate at 570nm. Indophenol only keeps its blue color for one-two hours.
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Measuring Albumin in Collagen Gel Sandwiches

Materials:

Sheep IgG fraction to rat albumin (“unconjugated”) [ICN cat #55729]
Horseradish peroxidase conjugated goat to rat albumin antibody [Accurate chemical Cat

#YNGRAALBP]
Rat albumin, purified [ICN Cat# 55952]
Nunc Immunosorp 96-well plates (from VWR)

Solutions/Buffers:

Wash Buffer: PBS-Tween (2L)
200 ml 10xPBS

1800 ml milliq water

1 ml tween-20

adjust pH to be between 7.35 and 7.5

Bicarbonate buffer — pH 9.6

Name MW Conc. needed Amount in 500 ml
Na,CO3 106 15.0 mM 0.795 grams

Sodium Carbonate, anhydrous

NaHCO; 84 35.0 mM 1.470 grams

Sodium Bicarbonate

NaNj; 65 30.8 mM 1.000 gram

Sodium Azide

Substrate Buffer — pH 5.0

Name MW Conc. Needed Amount in 500 ml
C6HgO7—H20 210.1 61 mM 6.4 grams

Citric Acid, monohydrate

NaHPO, 142 90.8 5.54 grams

Sodium Phosphate, dibasic

(Disodium Phosphate)

Stop Solution

Name MW Conc. Needed

Amount in 500 ml

NaF 41.99 76.21

Sodium Fluoride

1.6 grams
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Procedure:

1. Coating plate with unconjugated antibody:

a.

b.

C.

For each 96-well plate, dissolve 100 pul of unconjugated antibody in 11 ml
of bicarbonate buffer.

Pipette 100 pl into each well. Incubate at 37 C for 1 hour (or overnight at
4°C)

Wash each well three times with PBS —tween.

2. Blocking:

a.
b
c.
d

Pipette 200 pl of 1% gelatin (dissolved in PBS-tween) into each well.
Incubate at 37C for 1 hr.

Wash three times with PBS tween.

Fill rows B-H with 100 ul of PBS-tween, and row A with 195 ul PBS-
Tween.

3. Preparing standards: The “standard” aliquots in the freezer have to be diluted
7500-fold with PBS-tween before loading them into the plate in step 4. (I usually
do the dilution in two steps: first 15-fold, then 500-fold)

4. Loading samples:

a.

e.
f.

Load 5 ul of each sample/standard into row A. The template in the plate
reader is set up so that the standards should be loaded into columns 1 and
12 and the samples into columns 2-11.

After loading standards and samples mix row A well, and pipette 100 ul
from row A into row B.

Change tips. Mix well and pipette 100 pl into row C.

Continue procedure until 100 pl has been added to row G. Change tips,
and take out 100 pl from row G and dispose of it.

Leave Row H blank. Incubate for 1 hour at 37C.

Wash three times with PBS.

Note: This assay is very sensitive, and therefore most samples will have to be
diluted (10-fold for the controls) before loading 5 ul into row A.

5. Conjugated antibody:

a.

b.

a.

Add 15 pl of conjugated antibody to 11 ml of PBS-tween (enough for 1
plate).

Pipette 100 pl into each well. Incubate at 37C for 1 hour. Wash three
times with PBS-tween.

Substrate:

Dissolve 1 ABTS tablet into 40 ml of substrate buffer. Protect the solution
from light with aluminum foil.
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b. Right before using it, add 13.2 pl of hydrogen peroxide.

c. Add 100 ul of the solution to every well and incubate at room temp for 45
min.

d. While incubating keep the plates covered with aluminum foil to protect
them from light.

e. Do not wash the plates after this step. Add 100 pl of stop solution to
every well and read at 405 nm.

EROD (Ethoxyresorufin O-deethylase) assay

Materials:

Ethoxyresorufin (R-352) and Benzyloxyresorufin (R-441) and the Resorufin standard
(R363) can be ordered from Molecular Probes: 1-800-438-2209. Dicumarol (M-1390) is
from Sigma : 1-800-325-3010.

Protocol:

1) Preparing and storing stock solutions

Both ethoxyresorufin and benzyloxyresorufin are dissolved in DMSO to a final
concentration of 1-SmM. The exact concentration can be checked by diluting the stock
solution to about 10 pM in methanol and measuring the absorbance at 464nm. The
extinction coefficient is 23,000. The stock solution should be sterile filtered and aliquoted
out in 50-100uL portions and stored at 80°C. Before each assay the concentration of the
stock should be measured. Ethoxyresorufin is not very soluble and some of the aliquots
are more concentrated than the others.

Dicumarol is dissolved in 100mM NaOH to a concentration of 10 mM and stored in the
fridge. It does not need to be aliquoted.

2) Preparation of the substrate solution

Right before the assay, dilute ethoxyresorufin/benzyloxyresorufin into medium to a final
concentration of 30uM. Dilute dicumarol into the medium to a final concentration of
10uM. Make an extra 5-10ml of this solution for the standards.

3) Addition of substrate solution to cells
In a 24-well plate there are 100,000 cells in each well with 300 UL of medium. For the

EROD/BROD assays, remove the medium and add 300 uL of the above solution and
incubate for 1 hr in the incubator.

4) Preparation of standards

During this hour make up the standards. The resorufin stock solution is in DMF at
200uM (wrapped in aluminum foil). Check the concentration of the stock by diluting it
into a solution with pH 9 (e.g. sodium borate) and measuring the absorbance at 464 nm.
The extinction coefficient is 54,000. Dilute the stock to 200nM in the substrate solution.
Do two-fold serial dilutions in the substrate solution until the concentration of resorufin
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reaches 3nM. Prepare 500uL of each standard. The blank is the substrate solution made
up for the EROD/BROD assay .

On a black 96-well plate:
Pipette 200ul of the blank into columns A and B in row 1. Pipette 200uL of the 3nM

standards into columns A and B in row 2. Continue pipetting the standards in duplicates
into rows 3-12 from least to most concentrated.

5) Collection of samples and reading the plate

When the 1 hr. incubation is over, pipette 200 UL from each well into the 96-well plate.
The cells can be reused after the EROD/BROD assay by removing the remaining
substrate solution and replacing it with medium.

The 96-well plate is then read on a fluorimeter with excitation wavelength of 555nm and
emission of 600nm.

Phalloidin (and/or DAPI) staining of hepatocytes

Washing: Wash cells with pre-warmed PBS

Fixing: Fix cells for 1 hour in 2% paraformaldehyde in 0.1 M phosphate buffer at room
temperature. Cells can be held at 0.5% paraformaldehyde

Wash: Rinse cells twice with Hanks buffer (30 min/wash)

Permeabilizing: 0.1% Triton X-100 for 5 minutes

Blocking: Incubate for 20 minutes with 1% BSA in Hanks Buffer

Staining: Add 2.5 ul of stain to 100 ul of 1% BSA in Hanks buffer and incubate for 20

minutes (cover with aluminum).

Washing: Wash three times with Hanks buffer

DAPI: If we are also doing DAPI stain, add DAPI after the phalloidin has been washed
off for 5 minutes

Washing: Wash three times with Hanks buffer
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Appendix II: Detailed Metabolic pathways for aflatoxin B1 and

acetaminophen
glucuronyl- and
AFQ: ’ _
AFMi sulpho- transferases excretion

AFP1
AFBi1-mercapturate

GG/

SR AFB1-GSH AFBi-dialcohol
: AFBl | L 1
N\
R binding to DNA ¥ binding to
%, or RNA :‘j‘" protein
& £

AFB1. epoxide ——2eidehvdmtaw? - ApB,_dihydrodiol

| toxification

Detailed metabolism of aflatoxin B1
Reference: Manson et al. Carcinogenesis vol 18 (9) pp.1729-1738, 1997
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Detailed metabolism of acetaminophen in the liver

Reference: Casarett & Doull’s Toxicology, Curtis Klaassen, editor. page 133.
McGraw-Hill, New York, 1996.
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Appendix III: List of proteins identified by the proteomics approach
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