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Abstract

Hepatocytes are the primary cell of the liver, performing the majority of its unique functions, including the
metabolism and clearance of xenobiotics and as a result, the liver plays an important role in drug and
chemical toxicity. There are numerous in vitro and in vivo models currently used to investigate drug and
chemical toxicity. The application of these models was used to investigate drug- and chemical-induced
lipid dysregulation in hepatocytes and to determine the hepatic toxicity of an ionic liquid found in the

environment, 3-methyl-1-octyl-1H-imidazol-3-ium (M80I).

Hepatocyte-like B-13/H cells have previously been shown to express functional metabolising enzymes and
have been suggested as an alternative to primary hepatocytes for in vitro toxicity screening. B-13/H cells
accumulated lipids in response to being exposed to fatty acids and the liver X receptor activator T0901317.
Phospholipidosis, a lipid storage disorder characterised by the accumulation of phospholipids was also
observed in B-13/H cells exposed to cationic amphiphilic drugs. This effect was reduced by the over-

expression of lysosomal phospholipase A2.

M80I induced apoptotic cell death in several in vitro hepatic models including primary human hepatocytes
and the inhibition of mitochondrial oxidative phosphorylation was determined as the cause of this toxic
effect. Hepatic injury and glycogen depletion was observed in in vivo mouse models exposed to M8OI.
Finally, M80OI was shown to be metabolised in primary human hepatocytes and in mice to less toxic

hydroxyl and carboxyl metabolites.

These data indicate that B-13/H cells are an effective in vitro model in which to study the hepatic lipid
dysregulation in response to drugs and chemicals and M80I induces hepatotoxic effects in vitro and in vivo

models.
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Chapter 1. Introduction



1.1 The Liver
1.1.1 Liver anatomy

The liver is the largest internal organ in the human body, weighing approximately 1.5kg and contributing
to ~2% of the total body weight of a healthy adult. It is located under the diaphragm in the upper right
region of the abdominal cavity, surrounded by a layer of collagenous tissue called the Glisson’s capsule.
The human liver is most commonly described as consisting of four lobes; the left lobe and the larger right
lobe, separated by the falciform filament, and the caudate and quadrate lobes (located at the posterior
and inferior sides of the right lobe respectively). The Couinaud classification is a more accurate way to
describe the anatomy of the liver (Figure 1.1). This classification divides the liver into eight segments based

on vascular inflow and outflow. (Dancygier, 2009).

The liver receives its blood supply from two sources, the portal vein and the hepatic artery. The portal vein
delivers around 70-75% of the blood. This blood is deoxygenated and rich in nutrients and toxins from the
gut, pancreas and spleen. Around 25-30% of blood is delivered by the hepatic artery, this blood is
oxygenated and low in nutrients. The two supplies are mixed in the liver sinusoids, at the edge of the portal

tract and drained by the hepatic vein (Kuntz and Kuntz, 2009).

Right lobe Left lobe

Falciform ligament

4—————— Gall bladder

Figure 1.1: Anatomy of the human liver. Segmentation shown according to Couinaud. Segment | not shown, found at the

posterior. Adapted from (Monga and Cagle, 2010)



1.1.2 Functional units of the liver

The functional unit of the liver tissue is based around the entry and exit of blood. Several models have
been proposed to describe the functional units of the liver. The two most widely used models are the liver
lobule and liver acinus. The liver lobule model describes the functional unit of the liver on a structural
basis. The lobule is a polygonal unit with the central vein at its centre. Blood enters through the portal vein
and hepatic artery at the periphery and flows towards the central vein (Figure 1.2A). The liver acinus model
describes the unit on a functional level. Similarly, in this model blood flows from the portal tract to the
central vein. However, the liver acinus model considers the levels of oxygen and substrates available to
the hepatocytes based on their distance from the portal tract (Figure 1.2B). They are designated into three
zones with zone 1, being closest to the portal tract, receiving the most oxygen and substrates, and zone 3
receiving the least. Hepatocyte function, such as enzymatic and metabolic capacity, is not identical within
all hepatocytes and differs based on zonation, for example cytochrome P450 expression increases from

zone 1 towards zone 3 (Dancygier, 2009; Kuntz and Kuntz, 2009).

Direction of bile flow
Direction of blood flow
Direction of blood flow

>
>

Figure 1.2: Functional units of the liver. A, Liver lobule. Blood flows from the portal tract towards the central vein. Blood flows
into adjacent lobules. Oxygen and the concentration of nutrients decrease as blood flows away from the portal tract. Bile flows
from the central vein towards the bile duct in the portal tract. B, Liver acinus. Blood flows from portal tract to central vein. Blood
flows in a single acinus through zones 1 to 3. Oxygen and nutrient concentration decreases as blood flows through from zones 1

to 3. Abbreviations: BD, bile duct; CV, central vein; HA, hepatic artery; PV, portal vein. Adapted from (Wallace et al., 2008).



Within the lobule acinus, hepatocytes are organised into plates that extend from the portal tract towards
the central vein. These plates consist of 15-25 hepatocytes from portal tract to central vein and each plate
is one cell thick (Figure 1.3). The space between these plates is called the sinusoid and is where the
exchange of materials between blood (supplied from the portal vein and hepatic artery) and hepatocytes
takes place. Fenestrated endothelial cells (sinusoidal endothelial cells, SECs) line the sinusoid and the space
between these endothelial cells and hepatocytes is known as the space of Dissé. Extracellular components
are found within the space of Dissé, as well as hepatic stellate cells in a quiescent state in the absence of
inflammation. Hepatocytes are polarised so that microvilli are present on the sinusoidal surface that aid
in the exchange of materials with the blood. On their lateral surface they form bile canaliculi where they

secrete bile that flows towards the bile duct in the portal tracts (Dancygier, 2009).

Bile canaliculus

| P | |' g i b Space of
T LR U T DT SRR B T T ” Dissé

- Hepatocytes

! Cholangiocytes

el Bile flow
el Blood flow (Poral vein)
" ECM - HSCs ey Blood flow (Hepatic artery)

* Kupffer cells [ 1]

Figure 1.3: The microarchitecture of the liver. Blood flows from the portal vein and hepatic artery towards the central vein. The
two blood supplies are mixed in the liver sinusoid. Materials are exchanged between the sinusoid and the hepatocytes.
Hepatocytes secrete bile into the bile canaliculus where it flows towards the bile duct in the opposite direction to blood. Hepatic
stellate cells are found are found in the space of Dissé and Kupffer cells in the sinusoid. Abbreviations: BD, bile duct; CV, central
vein; ECM, extracellular matrix; HA, hepatic artery; HSCs, hepatic stellate cells; PV, portal vein; SECs, sinusoidal endothelial cells.

Adapted from (Wallace et al., 2008).



1.1.3 The biliary system

The biliary system is a network of ducts that transport bile acids that are synthesised from cholesterol by
hepatocytes, from the liver to the gall bladder or duodenum. These ducts are lined with cholangiocytes —
the bile duct epithelium cell. Bile is secreted by hepatocytes into the smallest ducts, the canaliculi, and
they increase in size as they move towards the portal tract where they converge on intra-hepatic ducts.
Bile then leaves the liver via the common hepatic duct, followed by either the cystic duct towards the gall
bladder or the common bile duct to the duodenum. Bile that travels to the gall bladder is stored as it is not
required. The bile that travels to the duodenum is used to emulsify lipids and lipophilic vitamins in the
intestine to aid digestion and most is recirculated back to the liver via the portal vein. Bile also plays a role
in the excretion of xenobiotic metabolites produced by hepatocytes. These products are too hydrophobic

to by excreted by the kidneys without the presence of bile (Kuntz and Kuntz, 2009).

1.1.4 Cells of the liver

1.1.4.a Hepatocytes

Hepatocytes are the main functional cell in the liver, accounting for 60-70% of total cell number. The
hepatocyte has many essential functions in the liver, including xenobiotic detoxification, protein synthesis
and the metabolism of amino acids, lipids and carbohydrates. To aid in these functions hepatocytes
contain high levels of smooth and rough endoplasmic reticulum, mitochondria and electron dense
glycogen particles. The hepatocyte is unique compared to other epithelia, as they are structurally and
functionally polarised. This gives rise to three distinct membrane domains; sinusoidal (basolateral), lateral,
and canalicular (apical). The sinusoidal membrane faces the sinusoids and microvilli extend into the space
of Dissé to facilitate exchange of substrates and proteins. The lateral membrane forms a blood-bile barrier
by fusing alongside the bile canaliculi to form tight junctions. The canalicular membrane faces the bile
canaliculus and transports bile constituents (bile acids, phospholipids etc.) to the bile duct (Monga and

Cagle, 2010).

1.1.4.b Sinusoidal endothelial cells

Sinusoidal endothelial cells act as a barrier between the blood and hepatocytes and regulate the exchange
of materials between them. SECs do not have a basal membrane but instead have fenestrations. It is these

fenestrations that allow the transport of fluids and filtration of solutes and particles. For example, the
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pores allow the access of smaller lipoproteins to the hepatocytes, however larger sized lipoproteins do not

cross until they have been sufficiently broken down by lipases (Malarkey et al., 2005; Dancygier, 2009).

1.1.4.c Biliary epithelial cells

Biliary epithelial cells (BECs), also known as cholangiocytes, are the epithelial cell of the bile ducts that
make up the biliary tree and are essential to the transport of bile to the gall bladder and duodenum. BECs
display functional and morphological heterogeneity that is dependent on their location within the biliary
tree. For example, the BECs of the small bile ducts possess proliferative capabilities. Whereas those lining
the large bile ducts secrete hormones and electrolytes to alkalinize the bile (Glaser et al., 2009; Monga

and Cagle, 2010).

1.1.4.d Hepatic stellate cells

Hepatic stellate cells (HSC) are located in the space of Dissé, between the SECs and hepatocytes. In normal
conditions these cells are quiescent, functioning to store and metabolise vitamin A and secrete
extracellular matrix components (ECM). When the liver is in an injured state, pro-inflammatory signalling,
such as reactive oxidative species (ROS), cytokines and chemokines, activate the HSCs. This leads to a loss
of vitamin A and they differentiate into a more proliferative, pro-fibrogenic myofibroblast. In their
activated state they also increase their expression of a-smooth muscle actin (a-SMA), increase in

contractility and secrete more extracellular components as well as cytokines (Monga and Cagle, 2010).

1.1.4.e Kupffer cells

Kupffer cells are the hepatic macrophages that are located in the lumen of sinusoids, adhered to the SECs.
Kupffer cells number, size and activity is greatest at the periportal region (zone 1) and least active that the
pericentral region (zone 3). The role of the Kupffer cell is to phagocytose foreign materials along with the
processing and presentation of antigenic material. Kupffer cells are also involved in the liver’s response to
stresses such as infection, toxins and ischemia. Once activated they release pro-inflammatory cytokines
such as tumour necrosis factor alpha (TNFa) and ROS that regulate the liver’s inflammatory response

(Roberts et al., 2007; Monga and Cagle, 2010).



1.1.4.f Hepatic progenitor cells

Hepatic progenitor cells can differentiate into two types of liver epithelial cells, the hepatocytes and the
cholangiocytes. These progenitor cells are believed to be involved in tissue repair and the proliferation of
hepatocytes and cholangiocytes in response to liver injury, when the normal proliferative capabilities of
these endothelial cells are impaired. These cells are likely to be in the canals of Hering as these ductal
structures expand in response to liver injury (Tanimizu and Mitaka, 2014). Recent studies have suggested
that these liver progenitor cells originate from biliary epithelium (Rodrigo-Torres et al., 2014; Lu et al.,

2015)

1.1.5 Functions of the liver

The liver is responsible for numerous metabolic and homeostatic processes that are essential to the
functioning of a healthy organism. These include the metabolism of endogenously produced substances
such as bilirubin, a toxic product formed from the breakdown of haemoglobin. Glucocorticoids, androgens,
estrogens and gestagens are cholesterol derived, steroid hormones that are inactivated in the liver, and
eliminated in the bile or urine. This is important in the regulation for hormonal homeostasis (Kuntz and

Kuntz, 2009).

The liver is also involved in the metabolism of proteins, lipids and carbohydrates. Some protein synthesis
occurs in the liver as well as the degradation of essential amino acids. This degradation results in the
production of ammonia a toxic product that is rapidly converted to urea by the urea cycle. Lipid
metabolism within the liver includes the synthesis and degradation of free fatty acids as well as the
synthesis and secretion of lipoproteins. Lipoproteins transport lipids through the blood and are essential
for the maintenance of plasma lipid levels. The liver is essential in the regulation of carbohydrate
metabolism, and the maintenance of blood glucose levels. The hepatocytes take up glucose in response
toinsulin released by the pancreas and can transform it into glycogen for storage. In response to low blood
glucose concentrations, the pancreas releases glucagon that promotes the hepatocyte to catabolise

glycogen to release glucose and increase blood glucose levels (Kuntz and Kuntz, 2009).

Bile acid metabolism is an important specialised function of the liver, more specifically of the hepatocytes.
Primary bile acids are formed from cholesterol through a series of enzymatic reactions. These are used to
aid the digestion and absorption of lipids in the duodenum or are stored in the gall bladder (Kuntz and

Kuntz, 2009).



1.2 Xenobiotic metabolism

The body is exposed to various exogenous compounds (xenobiotics) every day. These xenobiotics are
generally lipophilic and are therefore poorly soluble in water and almost completely reabsorbed by the
renal tubules. In order for the body to be able to excrete these exogenous compounds, they need to be
converted into more water-soluble products. The primary organ for the biotransformation of xenobiotics
is the liver as hepatocytes contain drug metabolising enzymes, mainly in the smooth endoplasmic
reticulum, and partially in the mitochondria. Traditionally biotransformation of exogenous compounds
takes place in two phases, phase | — xenobiotic modification and phase Il — conjugation (Monga and Cagle,

2010).

1.2.1 Phases of metabolism

Phase | metabolism acts to modify xenobiotics by introducing a functional polar group, such as hydroxyl (-
OH), amino (-NH,), sulfhydryl (-SH), or carboxyl (-COOH) groups. Enzymes achieve this using the functional
reactions of oxidation, reduction, hydrolysis and hydration. The main enzymes responsible for phase |
metabolism are the cytochrome P450s (CYP450) and the flavin-containing monooxygenases (FMO)

(Monga and Cagle, 2010).

Phase Il reactions are synthetic, involving the conjugation of the xenobiotic with endogenous substances.
This is carried out by transferases such as UDP glucoronosyl transferases, N-acetyl transferases and
sulphotransferases. The endogenous ligands for these transferases are described in Table 1.1. Once
conjugated the xenobiotic is usually detoxified (but not always) and hydrophilic enough to be excreted in

the bile or urine (Monga and Cagle, 2010).



Reaction Type Conjugating enzyme Endogenous conjugation agent
Glucuronidation UDP glucoronosyl UDP-glucuronic acid
transferases
Acetylation N-acetyl transferases Acetyl CoA
Glutathione conjugation Glutathione transferases Glutathione
Sulphation Sulphotransferases Phosphoadenosyl phosphosulate
Methylation Methyl transferases s-adenosyl-methionine
Amino acid conjugation ATP dependent acid:CoA | Amino acids
ligases and Acyl:CoA amino
acid N-acyltransferases

Table 1.1: Major phase Il pathways of xenobiotic metabolism. Adapted from (Monga and Cagle, 2010)

1.2.2 Cytochrome P450s

The largest group of drug metabolising enzymes are the CYP450s. There are 57 separate human genes
encoding CYP450s that are categorised into families (eg CYP1), subfamilies (CYP1A), and individual genes
(CYP1A1). The main families in the liver are CYP1, CYP2 and CYP3 that account for the biotransformation

of 70-80% of currently used clinical drugs (Zanger and Schwab, 2013).

CYP450 reactions are mono-oxygenation reactions that oxidise xenobiotics. The cytochrome P450 catalytic
cycle is shown in Figure 1.4. CYP450 combines with the reduced xenobiotic. An electron is then donated
from dihydronicotinamide-adenine dinucleotide phosphate (NADPH) by cytochrome P450
oxidoreductase. Molecular oxygen then binds and a second electron is donated by CYP reductase or
cytochrome bs. The complex then dissociates and releases water and the oxidised xenobiotic, with one
electron used to oxidised one oxygen atom to water and the other oxidising the xenobiotic (Monga and

Cagle, 2010).
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Figure 1.4: The cytochrome P450 catalytic cycle. Adapted from (Monga and Cagle, 2010)

1.2.3 Influences on CYP450 expression and function

Numerous factors influence the expression of CYP450 enzymes, including polymorphisms, epigenetics,
sex, age and disease. Knowledge of these factors is important in clinical pharmacology when predicting
pharmacokinetics and drug response. Polymorphisms in CYP450 genes can lead to a loss of function or
gain of function. This results in a spectrum of pharmacokinetic phenotypes that range from poor
metabolisers to intermediate metabolisers to ultra-rapid metabolisers based on their allelic expression.
Clinically this means an individual defined as a poor metaboliser with respect to a particular CYP450 would
show a reduced clearance and increased plasma concentration of administered drugs metabolised by that
CYP450. It is therefore important to know how efficiently a patient will metabolise a drug to avoid toxic
effects or a lack of therapeutic response, especially with drugs that have a narrow therapeutic window,

such as warfarin (Sconce et al., 2005).
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Epigenetics via DNA methylation and histone protein modification is another factor that influences CYP450
expression. One example of this is the methylation of the CYP1A1 promoter in human lung tissue. This
methylation is lowest in tobacco smokers compared to non-smokers, resulting in CYP1A1 expression in the
lungs being higher in smokers (Anttila et al., 2003). Sex also influences CYP450 expression with most clinical
studies showing women metabolise drugs quicker than men. One genome wide gene expression study
showed that ~40 drug metabolising enzymes and metabolising enzyme related genes displayed bias
towards one sex compared to the other (Zhang et al.,, 2011). Finally, age has an influence on drug
metabolising enzyme expression, particularly in new-borns and the elderly. New born children show low
levels of metabolising capacity due to the low expression of several enzymes. In the elderly there is also a
decrease in metabolising capability. Contributing factors to this are diseases such as fatty liver disease
(Naik et al., 2013), reduced liver blood flow and the administration of multiple drugs that could also lead

to inhibition of metabolising enzymes (Zanger and Schwab, 2013).

1.2.4 CYP450 induction and regulation

The regulation of CYP450 expression is important for ensuring the drug metabolising function meets the
demand of metabolism. Thus, the liver has developed a mechanism to modulate CYP450 expression. The
primary method in which this is achieved is via ligand activated receptors. The ligands of these receptors
are usually substrates for the CYP450 that the receptor regulates. The four major receptors are the aryl
hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), pregnane X receptor (PXR) and the

peroxisome proliferator activated receptor-alpha (PPAR-a) (Monga and Cagle, 2010).

The AhR up-regulates CYP1A1, CYP1A2 and CYP1B1 expression, the enzymes that activate polyaromatic
hydrocarbons and arylamines (Honkakoski and Negishi, 2000). Inducers of CYP1A1 via the AhR include B-
naphthoflavone (B-NF), 3-methylcholanthrene and 2,3,7,8-tetrachlorodibenzodioxin (TCDD) (Hankinson,
1995; Ma and Lu, 2007). The ligand bound AhR translocates into the nucleus where is associates with AhR
nuclear translocator (ARNT). The AhR-ARNT complex then binds to xenobiotic response element (XRE)
sites, recruits transcriptional activators and machinery and up-regulates gene expression (Beischlag et al.,

2008).

The CAR and PXR are orphan nuclear receptors that are primarily expressed in the liver. CAR activators
include phenobarbital (PB), bilirubin and 6-(4-chlorophenyl)imidazo([2,1-b][1,3]thiazole-5-carbaldehyde-
0-(3,4-dichlorobenzyl)oxime (CITCO). CAR activation can be induced directly by the binding of ligands, such

as CITCO. In direct activation, the ligand binds and induces the association of CAR with the co-activator
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SRC-1 and protein phosphates A2 (PP2A). PP2A catalyses the dephosphorylation of CAR and leads to its
translocation to the nucleus where it associates with the retinoic X receptor (RXR). Gene expression is
then regulated by the binding to the xenobiotic responsive enhancer module (XREM) or PB responsive
enhancer modules (PBREM) (Timsit and Negishi, 2007). Activation can also be induced indirectly where
the ligand (such as PB) does not bind to CAR but rather promotes the interaction of CAR with the factors
required for its dephosphorylation. After dephosphorylation this mechanism acts much like the direct

mechanism (Mutoh et al., 2013).

PXR ligands include rifampicin and hyperforin and their regulation of CYP450 is similar to the CAR.
However, in absence of ligand binding, the PXR is believed to act as a gene silencer with active co-
repressors (Wang et al., 2012). When activated through ligand binding, the co-repressors dissociate
allowing the binding of co-activators. This induces the binding to XREM and PBREM in the same way as
CAR (i.e. RXR) (di Masi et al., 2009). Due to both the CAR and PXR binding XREM and PBREM there is overlap
in their CYP450 induction, however they have different affinities for direct, indirect and everted repeats
of the responsive elements. This results in CAR favouring CYP2B regulation whereas the PXR favours CYP3A

regulation (Xie et al., 2000; Wang et al., 2012).

The final main regulatory receptor is the nuclear receptor, PPAR-a. PPAR-a promotes fatty acid oxidation,
ketogenesis, lipid transport and gluconeogenesis in the liver (Chakravarthy et al., 2009). The ligands for
PPAR-a include endogenous fatty acids and metabolites from fatty acid anabolism and catabolism. They
are also activated by fibrate drugs such as clofibrate and bezafibrate (Pyper et al., 2010). The PPAR-a forms
heterodimers with the RXR in the absence of ligand binding. This leads to the inhibition of the transcription
by binding and recruiting of co-repressors to the peroxisome proliferator response element (PPRE). When
ligands bind, the co-repressor complex is released and co-activator complex proteins are recruited,
initiating transcription (Pyper et al., 2010). Activation of PPAR-a induces CYP4A genes (Johnson et al.,
2002) and in the human liver the major CYP4A is CYP4A11 which has been shown to be upregulated in

hepatocytes in response to PPAR-a ligands (Raucy et al., 2004; Savas et al., 2009).

1.2.5 Xenobiotic hepatic bioactivation & toxicity

The aim of xenobiotic metabolism is the detoxification and clearance of xenobiotics. However, in some
cases the opposite can occur where the metabolite is more toxic than the parent compound. This is termed

bioactivation. Bioactivation can induce cell damage by generating reactive metabolites that can generate
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electrophiles and free radicals that covalently bind to macromolecules (Amacher, 2012; Gomez-Lechon et

al., 2016) or generate ROS, inducing oxidative stress.

Idiosyncratic drug induced liver injury (IDILI) is a rare disease that occurs due to the administration of
drugs. The pathogenesis of IDILI is poorly understood due to lack of reliable models to test IDILI as well as
difficultly in the diagnosis of patients (Fontana, 2014). IDILI is usually unexpected with very few drugs
having a predictable toxic mechanism, such as paracetamol (Bjornsson, 2015) which induces its toxicity via
an increase in the production of the reactive metabolite N-acetyl-p-benzoquinoneimine (NAPQI) by

CYP2E1 (James et al., 2003).

The liver has developed several detoxification mechanisms to defend itself from potentially toxic
metabolites. Including the conjugation of reduced glutathione by glutathione S-transferases (GSH) and
ROS scavenging enzymes (James et al., 2003). However, if these defence mechanisms become saturated

(e.g. glutathione conjugation in paracetamol overdose) then hepatotoxicity will occur.

1.3 In vitro models of hepatotoxicity

Adverse drug reactions (ADRs) are a problem in drug development, with drug toxicity accounting for ~21%
of pharmaceutical failures during development and safety testing (Williams et al., 2013). This has financial
consequences for pharmaceutical companies, with the further a drug gets in development, the greater the
financial loss if the drug fails. For this reason, these drug companies aim to identify potentially toxic drugs

as early as possible to minimise loss (Bass et al., 2009).

Hepatocytes are responsible for the metabolism of clinical drugs and are therefore the target of the
majority of potential drug toxicity. In vitro approaches in drug development are important in the
identification of a drugs properties and potential toxicity and are generally cheaper and have a higher
throughput than in vivo models (Bass et al., 2009). These include the use of primary human hepatocytes
(PHHs), pluripotent stem cell-derived hepatocyte-like cells and hepatocyte derived cell lines (e.g. HepG2

cells).

While in vitro models have their advantages of cost and throughput, they also have their limitations. These
limitations include the lack of ability to replicate the complexity of the interacting cell types within the
liver, inability to perform longer term studies, limited availability of some models such as PHHs, and

reduced metabolic ability (Kyffin et al., 2018).
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1.3.1 Species differences in hepatic models

Major challenges in toxicology are understanding the differences between species and translating from in
intro to in vivo models. Some structures and processes are highly conserved between species such as the
transcription and translation of DNA and oxidative phosphorylation via the electron transport chain. One
significant difference between species is the variation of expression, substrate specificity and catalytic
efficiency for drug metabolising enzymes such as CYP450s (Bogaards et al., 2000). As a result, there are
differences between species in their drug metabolising capabilities and differing toxicities. One example
of this 5-n-Butyl-7-(3,4,5-trimethoxybenzoylamino)-pyrazolo[1,5-a]pyrimidine that is metabolised by
CYP1A2 in humans to a hepatotoxin. In rat it is metabolised via a different route that does not generate
the same metabolite (Kuribayashi et al., 2009). The expression of PPARa is an example of species
difference as expression is greater in rodents than humans and activation of the receptor in rodents leads
to an increase in hepatocyte proliferation, inhibition of apoptosis and hepatocarcinogenesis (Oliver and

Roberts, 2002). This effect is not observed in humans.

1.3.2 Primary hepatocytes

Primary human hepatocytes are the gold standard for toxicity screening and are considered the closest
model to hepatocytes found in vivo. PHHs express functional drug metabolising enzymes that are
important for investigating the hepatic uptake, kinetics, clearance and interactions of drugs and chemicals.
However, there are several limitations with using PHHs. Their availability is a major issue as they are
primarily sourced from livers that are not suitable for transplantation or from sections of liver resected
during surgery (Guguen-Guillouzo and Guillouzo, 2010). To try and increase the supply of PHHs,
cryopreservation of hepatocytes (Hengstler et al., 2000) and sourcing of hepatocytes from explanted
diseased livers (Kleine et al., 2014) has been suggested. Rat and mouse hepatocytes also provide another
more readily available source of primary hepatocytes. However, the relevance of these for human drug

interactions could be questioned due to species differences.

Human liver sources also raise the issue of variability as these donor livers could be considered diseased
and not representative of a healthy liver. These donors could also be on a range of drugs that could affect
the expression of metabolising enzymes. This along with interindividual variability within the population

means that reproducibility of results can be difficult (Zeilinger et al., 2016).
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Finally, the isolation protocol of PHHs induces ischemic injury and the loss of ECM that results in cultured
cells to rapidly dedifferentiate. This is caused by the induction of inflammatory (via nuclear factor kB, NF-
kB) and proliferative (via mitogen-activated protein kinase, MAPK) responses. Induction of this signalling
represses transcription factors, such as hepatocyte nuclear factor 1a (HNFa), that is thought to lead to the
dedifferentiation of hepatocytes and therefore the loss of expression of drug metabolising enzymes
(DMEs) (Fraczek et al., 2013). This means that all experiments on PHHs must be carried out as soon after
isolation as possible to observe optimal expression of DMEs. Various culture models have been developed
to try and increase the longevity of functionally metabolising hepatocytes in culture including sandwich
culture (Liu et al., 1999), spheroid culture (Bell et al., 2016), and 3D-bioprinted human liver tissue (Nguyen
etal., 2016; Tetsuka et al., 2017).

1.3.3 Stem cell derived hepatocyte-like cells

Stem cell derived hepatocytes are a potential solution to the lack of availability of PHHs. Stem cells are
proliferative and pluripotent, meaning theoretically there is an infinite supply and they can be used to
generate multiple cell types, including hepatocytes. Two sources of stem cells have been used in the
generation of hepatocytes, human embryonic stem cells (hESCs) and pluripotent stem cells (hPSCs). Stem
cell differentiation to hepatocytes involves the mimicking of liver embryogenesis towards hepatocyte
maturation using combinations of growth factors, cytokines and small molecules (Kia et al., 2013; Asumda
et al., 2018). Ethically, hPSCs are superior to the hESCs due to them being produced by reprogrammed

somatic cells and therefore avoiding the use of embryonic tissue (Kia et al., 2013).

Development of stem cell derived human hepatocytes is therefore of interest to pharmaceutical
companies for use in toxicity screening as an alternative to PHHs. However, there are some limitations
with the use of stem cell derived hepatocytes. Like PHHs, stem cell derived hepatocyte phenotype is not
stable when cultured (Goldring et al., 2017). No standard protocol has been established and current
methods are not perfect, resulting in cell populations of mixed phenotype (Gomez-Lechon and Tolosa,
2016). Additionally, hepatocytes derived from stem cells have limited functionality and are not functionally
similar to adult human hepatocytes (Takayama et al., 2012). Currently used methods for generation of

stem cell derived hepatocytes are also expensive with many growth factors being required.
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1.3.4 Liver Cell Lines

Immortalised cell lines are widely used in vitro models in toxicology studies as an alternative to PHHs. They
have several advantages over PHHs and iPSCs in that they are proliferating, easier and cheaper to culture,
with stable gene expression profiles providing higher reproducibility with experiments. The HepG2 cell line
was derived in the 1970s from a male human hepatoblastoma and have since been used in early phase
toxicological assessments. HepG2 cells have been shown to express similar levels of phase Il enzymes such
as glutathione S-transferases (GSTs) and N-acetyl-transferase-1 (NAT1) compared to PHHs (Westerink and
Schoonen, 2007b). However, their expression of phase | CYP450 enzymes are in general, relatively low.
CYP1A1, 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4 are all present but at low levels compared to
PHHs (Westerink and Schoonen, 2007a), resulting in low activity of these enzymes. It has been suggested
that HepG2 cells resemble more of a fetal state of liver as they express detectable levels of CYP3A7 and
express higher levels of 1A1 compared to 1A2 (Wilkening et al., 2003). Additionally, the AhR, CAR and PXR
are all expressed in HepG2 cells, although levels of CAR and PXR are low. Yet the inducibility of DMEs
though these receptors are relatively poor, with the exception of CYP1A1l (regulated though the AhR)
(Gerets et al., 2012).

Due to the low activity of phase | metabolism the use of HepG2 cells in the toxicological assessment is
considered to be limited as there is no bioactivation of drugs tested. Attempts have been made to modify
and increase the activity of metabolising enzymes in HepG2 cells. Culturing HepG2 cells in a 3D model in
spheroids showed an upregulation of genes involved in xenobiotic and lipid metabolism (Chang and
Hughes-Fulford, 2009; Kyffin et al., 2018). HepG2 cells can use adenoviral or lentiviral transfection to
express DMEs. This has been done by simultaneously expressing multiple enzymes (Tolosa et al., 2013) or
by developing multiple cell lines each expressing a different enzyme (Xuan et al., 2016). Transfected HepG2
models are limited as enzyme induction is lost as well as potential drug interactions. Multiple cell lines
expressing different enzymes would also mean the testing of the same compound in each model instead

of in one ‘complete’ model.

HepaRG cells are a more recent model used for drug metabolism and toxicity studies. These cells were
derived from a female human hepatocellular carcinoma and are proliferative in their non-differentiated
state. When the cells are confluent they are treated with 2% dimethyl sulfoxide (DMSO) for approximately
2 weeks to differentiate them into both biliary and hepatocyte like cells (Gripon et al., 2002). Unlike the
HepG2 cells, the differentiated HepaRG cells express phase | CYPs at levels similar to those observed in

PHHs. These include CYP2C9, 3A4 and 2D6 that account for the metabolism of approximately 90% of
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currently used drugs (Aninat et al., 2006; Antherieu et al., 2012) with CYP3A4 appearing to be expressed
at levels greater than PHHs. Phase Il enzymes and nuclear receptors are also expressed in differentiated
HepaRG cells. CYP enzymes have also been shown to be inducible by nuclear receptor agonists B-NF,
phenobarbital, and rifampicin (agonists of AhR, CAR and PXR respectively), suggesting that the nuclear
receptors are functional (Gerets et al., 2012). Further developments of the HepaRG model aim to more
closely resemble in vivo drug bioactivation. These include the use of 3D culture (Leite et al., 2012) and
using glutathione-depleted cells (Xu et al., 2018). The time it takes for differentiation is a major limitation
of the HepaRG cells, requiring 1-2 weeks to become confluent, and a further 2 weeks of 2% DMSO
treatment to culture fully differentiated cells. The use of 2% DMSO has also been suggested to potentially
protective against apoptosis, an undesirable response when trying to investigate the toxicity of drugs and

chemicals (Gerets et al., 2012).

Much research has gone into the comparison of PHHs, HepG2 and HepaRG cells in terms of expression,
DME activity and the prediction of drug hepatotoxicity (Guo et al., 2011; Gerets et al., 2012; Saito et al.,
2016; Yokoyama et al., 2018). With the limited availability of PHHs, it has been suggested that the use of
both HepG2 and HepaRG cells are required for toxicity screening as HepaRGs are more predictive for
metabolism and toxicity whereas HepG2 cells appear to be more predictive for toxicogenomic studies

(Jennen et al., 2010; Guo et al., 2011).

1.3.5 AR42J-B-13 cells

The AR42] cell line is a pancreatic acinar cell line that was derived from a pancreatic adenocarcinoma from
studies where Wistar/Lewis rats were treated with azaserine (Longnecker et al., 1979; Christophe, 1994).
The Kojima lab sub-cloned the AR42J-B13 (B-13) cell line from the AR42J cell line in 1996 and showed that
treating the AR42]J cells with hepatocyte growth factor (HGF) and activin A resulted in some cells producing
insulin. These cells were then isolated to produce the B-13 cell line (Mashima et al., 1996a; Mashima et
al., 1996b). It was then discovered that treatment of the B-13 cell line with the synthetic glucocorticoid,
dexamethasone (DEX), caused a phenotypic change and blocked proliferation (Shen et al., 2000). It was
shown that 14 days of DEX treatment resulted in an upregulation of liver specific markers such as albumin
and glucose-6-phosphatase, resulting in a more hepatocyte-like cells that are known as B-13/H cells (Shen

et al., 2000).

The effects of glucocorticoid induced exocrine pancreatic differentiation have also been investigated in

vivo. Rats treated for 25 days with DEX showed an increase in glutamine synthase, carbamoyl phosphate

17



synthase and CYP2E1 expression within the pancreas compared to control rats (Wallace et al., 2009). An
increase in hepatic expression was also observed in pancreata of mice that were genetically modified to
secrete elevated levels of endogenous glucocorticoids (Wallace et al., 2010b). This response has also been
demonstrated in humans. Immortalized adult human acinar cells express hepatic markers when exposed
to DEX (though at higher concentrations than B-13 cells) (Fairhall et al., 2013a). Finally, hepatic markers in
the pancreas were observed in a patient who had been treated with glucocorticoids for over 20 years
(Fairhall et al., 2013b). This evidence suggests that this response is conserved between species and is not

unique to the B-13 cell line.

The exact mechanism responsible for the transdifferentiation of B-13 to B-13/H cells is not fully
understood. Current understanding of the mechanism is summarised in Figure 1.5 and suggests the
involvement of the glucocorticoid receptor (GR) and the induction of the transcription factor
CCAAT/enhancer-binding protein-B (CEBP-B) (Shen et al., 2000; Tosh et al., 2002). The GR becomes
activated in response to DEX treatment. This induces the serine/threonine kinase SGK1 (serum- and
glucocorticoid-regulated kinase 1) which in turn phosphorylates B-catenin (Wallace et al., 2011; Probert
et al., 2015). Phosphorylation of B-catenin results in a loss of B-catenin nuclear localisation and a reduction
in T-cell factor/lymphoid enhancer factor (Tcf/Lef) transcriptional activity. Downregulation of Tcf/Lef
increases CEBP-B expression and therefore the induction of transdifferentiation. A reduction in Tcf/Lef
also leads to a down regulation of Wnt signalling. The reduction in Wnt proteins reduces their interaction
with the frizzled receptor that phosphorylate glycogen synthase kinase 3 (GSK3) when active (Wallace et
al., 2009). The reduction of GSK3 phosphorylation leads to an increase in B-catenin phosphorylation and
ultimately the upregulation of CEBP-B and transdifferentiation (Wallace et al., 2011; Probert et al., 2015).
Phosphatidylinositol-4,5-bisphosphate  3-kinase (PI3K) signalling also plays a role in the
transdifferentiation of B-13 cells. The glucocorticoid receptor activates PI3K which in turn activates 3-
phosphoinositide dependent protein kinase 1 (PDK1). PDK1 then activates SGK1, increasing the
phosphorylation of B-catenin and up regulation of C/ERPB (Wallace et al., 2011).

A short pulse exposure of DEX of 6 hours has been shown to be sufficient to activate the GR and
irreversibly initiate the transdifferentiation of B-13 to B-13/H cells. Evidence suggests that this caused by
epigenetic changes, with B-13 cell DNA becoming rapidly methylated and de-methylated (and possible
other epigenetic changes) in response to continuous and pulse DEX exposure (Fairhall et al., 2016). The

transdifferentiation of B-13 to B-13/H cells has been shown to be inhibited with the treatment of the
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methylation inhibitor 5-azacytidine, supporting the involvement of epigenetic changes (Fairhall et al.,

2016).

Hepatic DME and transporter expression, as well as the possible use of B-13/H cells for toxicity studies has
been investigated. It has been shown that the B-13/H cells express hepatic genes, including phase | and
phase Il metabolising enzymes and transporter proteins (Shen et al., 2000; Marek et al., 2003; Kurash et
al., 2004; Burke et al., 2006; Wallace et al., 2009; Probert et al., 2014; Probert et al., 2015; Probert et al.,
2016). B-13 cells did not show detectable levels of CYP2C11, CYP2A, CYP2E and CYP3A1l whereas after
differentiation to B-13/H cells, there was significant expression of these enzymes (Marek et al., 2003).
Functional CYP activity was also confirmed in this study by the hydroxylation of testosterone (Marek et al.,
2003). Further studies found that B-13/H cells did not express functional CYP1A2, however the human
CYP1A2 could be stably transfected into B-13 cells to express metabolically functioning CYP1A2 when
differentiated into B-13/H cells (Probert et al., 2014). Functional AhR, CAR and PXR were also shown to be
capable of inducing DMEs in response to agonists (Probert et al., 2014). Phase Il genes were shown to be
expressed in B-13 cells and become upregulated following transdifferentiation. Finally, the transporter
proteins, bile salt exporter pump (BSEP), p-glycoprotein, breast cancer resistance protein (BCRP) and
multidrug resistance-associated protein (MRP) were shown to be expressed and functional in B-13/H cells

(Probert et al., 2014).

Utility of B-13/H cells in toxicological studies have also been shown. Paracetamol was toxic to B-13/H cells
but not B-13 cells, suggesting the bioactivation of paracetamol to its reactive, toxic metabolite (Marek et
al., 2003). A similar response was observed with the bioactivation of methapyrilene to a toxic metabolite
by B-13/H cells (Probert et al., 2014). The genotoxicity of a metabolic product of progenotoxin 2-amino-1-
methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) has been shown in CYP1A2 stable transfection B-13/H cells,
as has the bioactivation of 1’-hydroxyestragole to 1’-sulphoxyestragole by SULT2B1 (Probert et al., 2016).
Both show the requirement of functional DMEs for the bioactivation of drugs (phase | for PhIP and phase
Il for 1’-hydroxyestragole), and therefore the B-13/H cells could serve as a potential model for toxicity

studies.
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Figure 1.5: B-13 to B-13/H transdifferentiation pathway. See text for details. Abbreviations: Dex, dexamethasone; GR,

glucocorticoid receptor; P, phosphorylated.

1.4 Liver disease and fibrosis

Liver disease is a growing health problem in the UK with the number of people at risk of liver disease and
mortality caused by liver disease increasing whereas mortality from other diseases is falling (Figure 1.6)
(Williams et al., 2014). According to a report published by Public Health England (PHE), liver disease is the
third commonest cause of premature death in the UK, with 600,000 people in England and Wales having
some form of liver disease, and 60,000 of these having liver cirrhosis (Public Health England, 2017). Table
1.2 breaks down the number of people at risk or affected by liver disease in the England and Wales. The
number of people at risk of liver damage in England is believed to be 15,120,000, with 2,240,000 of these
being at risk of alcohol related liver damage. This is due to life-style/diet, with approximately 27% of the

population being obese and 4% being higher risk drinkers (Public Health England, 2017). The three main

20



causes of liver disease — alcohol related liver disease, fatty liver disease and viral hepatitis (B&C),

accounting for approximately 90% of liver disease (Public Health England, 2017). Other less common

causes include autoimmune hepatitis, primary biliary cholangitis (PBC), primary sclerosing cholangitis

(PSC) and drug induced liver injury (DILI). The increase incidence of liver disease is therefore having a

financial burden on health services such as the NHS in England, and with such a large percentage being

due to life-style choices, this burden could be significantly reduced with an increase in more healthy life-

style such choices as a balanced diet, exercise and a reduction in alcohol consumption.
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Figure 1.6: Standardised UK mortality rate. Taken from (Williams et al., 2014)

Liver Disease / Risk

Number at risk/affected in the UK

At risk of liver disease 15,120,000
At risk of alcohol related liver damage 2,245,000
With (at least) significant liver disease 600,000
With (at least) chronic viral hepatitis B and C 400,000

With Cirrhosis

30,000-60,000

Underlying cause of death is liver disease

13,937 (2015)

Have primary liver cancer

4585 (new cases in 2014)

Liver organ transplants

925 (2015/16)

Table 1.2: Number of people in the UK at risk/affected by liver disease in the England and Wales. Adapted from (Public Health

England, 2017)
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1.4.1 Liver disease progression

Liver disease progression is triggered by epithelial stress that activates Kupffer and stellate cells which
signal an inflammatory and wound healing response that in exposure to chronic injury leads to
fibrogenesis, cirrhosis and cancer/terminal liver failure. The only treatment currently available for liver
failure is a liver transplant, with 925 patients undergoing a liver transplant in England in 2015/16 (Public
Health England, 2017). However, there are a limited number of donor livers for transplantation, which is

becoming more problematic with the rising number of cases of liver disease.

Chronic liver disease begins with persistent epithelial cell stress and damage induced by xenobiotic toxicity
or metabolic dysregulation. These cells undergo apoptosis or necrosis with the aim to remove the
damaged cell and reduce potential further damage. The liver has a regenerative capacity, with rats and
mice being able to restore full liver mass after 5-7 days post partial hepatectomy (Michalopoulos, 2010).
Undamaged hepatocytes are capable of replicating, and hepatic progenitor cells can differentiate into
hepatocytes (or cholangiocytes) to replace dead liver cells (Friedman, 2008). Persistent fibrotic injury

restricts hepatocyte replication and results in the loss of hepatic function.

The epithelial cells that undergo cell death in response to injury release their cellular components,
resulting in the activation of Kupffer cells and stellate cells, triggering the release of pro-inflammatory
mediators such as cytokines, resulting in an inflammatory response. This inflammatory response promotes
the recruitment of leukocytes as well as the activation of HSCs to myofibroblasts (Dooley and ten Dijke,
2012). These activated myofibroblasts secrete ECM in the space of Dissé and a change in hepatic ECM
composition from a matrix composed mainly of collagens IV and VI to fibrillar collagens | and Il and
fibronectin, stimulating fibrogenesis (Hernandez-Gea and Friedman, 2011). The change in ECM results in
the loss of fenestrations and hepatocyte microvilli, impairing the metabolic exchange between

hepatocytes and the blood. These changes are summarised in Figure 1.7.

The pattern of fibrosis differs depending on the aetiology, for example viral hepatitis as well as PBC
primarily affects periportal hepatocytes (periportal fibrosis) whereas alcoholic liver disease (ALD), non-
alcoholic fatty liver disease (NAFLD) and DILI affect centrilobular regions (centrilobular fibrosis)
(Hernandez-Gea and Friedman, 2011). Regardless of aetiology, continuous liver damage and fibrogenesis
have the potential to lead to cirrhosis, an advanced and final stage of fibrosis. Cirrhosis is characterised by

liver architecture disruption, nodule formation and portal hypertension due to an increase in hepatic

22



resistance to blood flow (Hernandez-Gea and Friedman, 2011). Ultimately this can lead to the progression

of hepatocellular carcinoma and/or liver failure.

Studies suggest that the removal of the cause of liver damage results in the reversal of liver fibrosis in
fibrosis models (such as carbon tetrachloride in rats) as well as in patients (Iredale et al., 1998; Sun and
Kisseleva, 2015). This reversal is induced by the degradation of fibrillar ECM (Ramachandran and Iredale,
2009) and the senescence (Krizhanovsky et al., 2008) and apoptosis (Issa et al., 2001) of activated stellate
cells, as shown with gliotoxin (Wright et al., 2001) and an antibody targeting myofibroblasts inducing

apoptosis (Douglass et al., 2008).
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Figure 1.7: Alterations in hepatic fibrosis. A, normal liver parenchyma. Hepatocytes have microvilli and SECs have fenestrations.
Space of Dissé contains low-density basement membrane-like matrix and quiescent, vitamin A containing HSCs. B, Fibrotic liver.
HSCs become active, lose their vitamin A and secrete more fibril-forming collagens leading to hepatocytes loss of microvilli and
SECs loss of fenestrations. Abbreviations: BD, bile duct; CV, central vein; HA, hepatic artery; HSCs, hepatic stellate cells; PV, portal

vein; SECs, sinusoidal endothelial cells. Adapted from (Hernandez-Gea and Friedman, 2011)
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1.4.2 Hepatitis C

The hepatitis C virus (HCV) is estimated to have currently infected 160,000 people in England (Williams et
al., 2014). In developed countries the primary route of transmission is though intravenous drug abuse. The
viral RNA of HCV is contained in a lipoviral particle (a lipid membrane formed by low density lipoproteins,
LDL, and very low-density lipoprotein, VLDL) (Morozov and Lagaye, 2018). The lipoprotein binds to
receptors on the surface of hepatocytes where it is endocytosed into the cell. Here the viral RNA is
released, translated and replicated. Newly synthesised viral RNA is then recruited into particles made of
VLDLs and directed to the plasma membrane using the VLDL secretory pathway to be released from the

cell (Morozov and Lagaye, 2018).

HCV causes damage to liver cells, however the exact mechanism is not known but damage is likely to be
induced by the hosts immune system (Morozov and Lagaye, 2018). It is also possible that there are HCV
induced cellular responses such as endoplasmic reticulum stress, autophagy and apoptosis that could
induce cellular stress/damage (Ke and Chen, 2012). This damage could go on to release cytokines and
chemokines, activating HSCs and induce fibrosis and, if left untreated, to cirrhosis and liver
failure/hepatocellular carcinoma (HCC). Current recommended treatment for HCV is the administration of
pegylated interferon (PEG-IFN) and ribavirin. More recently, direct acting antiviral drugs, such as
telaprevir, sofosbuvir, daclatasvir and boceprevir have been used (Ghany et al., 2009; Liang and Ghany,
2013). These drugs inhibit an HCV viral protein involved in the virus’s replication, transcription and

translation.

1.4.3 Alcoholic liver disease

In England, 2,240,000 people are believed to be at risk or already have alcohol related liver damage and it
is believed that this number will continue to increase (Public Health England, 2017). Alcoholic liver disease
is a spectrum of disorders, starting with the development of steatosis and steatohepatitis progressing to
fibrosis and HCC. Only 30-35% of heavy drinkers develop advanced fibrosis and cirrhosis, suggesting factors

such as sex, obesity and diet may be significantly influence progression (Gao and Bataller, 2011).

Development of steatosis is the earliest response of prolonged alcohol abuse and is believed to occur due
to the inhibition of PPARa and upregulation of the transcription factor sterol regulatory element binding
protein 1c (SREBP-1c) that promote fatty acid synthesis (Ceni et al., 2014). Ethanol is metabolised to

acetaldehyde by alcohol dehydrogenase (ALD) which is then further metabolised to acetate by aldehyde
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dehydrogenases (ALDH). Both of these steps increase the production of NADH (Figure 1.8), creating a shift
in the NADH/NAD* ratio towards NADH. NADH inhibits the activity of many enzymes of fatty acid oxidation
(Ceni et al., 2014). Additionally, the final product of ethanol metabolism, acetate, is used in the TCA cycle.
The citrate made via the citric acid cycle (tricarboxylic acid, TCA) is then converted into acetyl-CoA that is
then made into lipids via de novo lipogenesis. Many factors contribute to the development of fibrosis
following alcohol abuse. The NADH generated from ethanol metabolism is converted back to NAD* by the
mitochondrial electron transport chain during which ROS is generated. ROS can then go onto induce lipid
peroxidation, DNA mutations and the destruction of cell membranes (Gao and Bataller, 2011; Ceni et al.,
2014). Acetaldehyde is the metabolite produced by ethanol metabolism, and while is rapidly metabolised

further to acetate, it is highly reactive and therefore potentially toxic to hepatocytes (Farfan Labonne et

al., 2009).
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Figure 1.8: Mechanisms of alcoholic fatty liver. Abbreviations: ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase;
FA, fatty acid; FAS, fatty acid synthesis; PPARa, peroxisome proliferator-activated receptor alpha; SREBP-1c, sterol regulatory

element binding protein 1c; TCA, citric acid cycle. Adapted from (Gao and Bataller, 2011).

Alcohol consumption has also been shown to increase gut permeability (Enomoto et al., 2001; Szabo,
2015). The increase in gut permeability allows the translocation of bacteria derived lipopolysaccharide
(LPS) from the gut to reach the liver. Once in the liver, LPS binds to the toll-like receptor 4 (TLR4) receptors
of Kupffer cells, inducing the release of ROS and proinflammatory cytokines such as TNFa that go onto

activate HSCs (Gao and Bataller, 2011). Additionally, LPS itself can activate HSCs directly via TLR4 (Seki et
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al., 2007). Acetaldehyde can also act on HSCs by directly increasing the expression of collagen | (Mello et
al., 2008). ALD has several unique factors towards the development of HCC that other liver disease
aetiologies do not. Such as the production of acetaldehyde that is a carcinogen and ethanol mediated
induction of CYP2E1, which metabolises the procarcinogenic compounds in some alcoholic drinks (Gao and

Bataller, 2011).

Treatment of ALD primarily involves the reduction and elimination of alcohol consumption. One
therapeutic treatment is the use of disulfiram, an inhibitor of acetaldehyde dehydrogenase. However, this
cannot be given to patients with more advanced forms of ALD due to potential hepatoxicity (Gao and
Bataller, 2011). New targets for the treatment of ALD are emerging including the use of anti-TNFa agents

and targeting the gut microbiota and LPS pathway (Gao and Bataller, 2011).

1.4.4 Non-alcoholic fatty liver disease and non-alcoholic steatohepatitis

The prevalence of obesity is increasing in western counties due to changes in diet and a more sedentary
lifestyle (Hardy et al., 2016). Multiple health risks are associated with obesity, including type 2 diabetes,
cardiovascular disease, cancer and non-alcoholic fatty liver disease (NAFLD) (Williams et al., 2014). It has
been estimated that 20-30% of the general population in the UK have NAFLD (Public Health England, 2017),
and this number is likely to increase as the prevalence of obesity increases as studies have shown NAFLD
in 80-90% of obese patients (Bellentani et al., 2010). Like ALD, NAFLD is considered to be a spectrum of
liver disease that begins with steatosis and progresses to non-alcoholic steatohepatitis (NASH) and to

fibrosis, cirrhosis and HCC.

There is a heritable susceptibility to the development of NAFLD, and a major susceptibility has been
associated with a polymorphism in patatin-like phospholipase domain-containing protein 3 (PNPLA3). In
addition, associations have been made to polymorphisms in a protein that is related to adipose triglyceride
lipase, glucokinase regulator (GCKR) which regulates glucokinase activity and glucose metabolism, and
transmembrane 6 superfamily 2 (TM6SF2), the function of which is currently unknown (Hardy et al., 2016).
Diet can also increase susceptibility to NAFLD. Increased consumption of fructose has been shown to be a
predictor of fatty liver in humans (Abid et al., 2009) and has been shown to increase lipid accumulation in

mice (Bergheim et al., 2008), more so than any other sugar.

Itis generally considered that under normal conditions the liver maintains lipid homeostasis, balancing the

uptake and turnover of free fatty acids (FFAs). FFAs in the liver are sourced primarily from fats stored in
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adipose tissue and transported via the plasma nonesterified fatty acid pool (NEFA) bound to albumin, as
well as de novo lipogenesis (DNL), and diet (Donnelly et al., 2005) (summarised in Figure 1.9). Hepatocytes
then process these fatty acids by converting them either into triacylglycerol (TAG) for storage as lipid
droplets, oxidised by the mitochondria, secreted in VLDL or synthesised into phospholipids (Hardy et al.,
2016). The NEFA pool is regulated by lipolysis in the adipose tissue. An increase in lipolysis increases FFAs
levels which are then transported to the liver. Hormone sensitive lipases control lipolysis in adipocytes,
with insulin being one hormone that acts to inhibit lipolysis (Browning and Horton, 2004). DNL is the
process of synthesising fatty acids from carbohydrates in a state of energy excess. DNL and the lipogenic
enzymes involved are transcriptionally regulated by insulin and glucose via SREBP-1c and carbohydrate-
responsive element-binding protein (ChREBP) respectively. These two proteins are also regulated by the
liver X receptor (LXR) (Cha and Repa, 2007). The LXR also induces the fatty acid synthesis enzymes acetyl-
CoA carboxylase (ACC) and fatty acid synthase (FAS) (Hardy et al., 2016).
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Figure 1.9: Sources of free fatty acids and lipid handling by the liver. The free fatty acid pool is made up of fatty acids from the
lipolysis of adipose tissue, de novo lipogenesis and from dietary fatty acids. De novo lipogenesis converts carbohydrates into acetyl
CoA by B-oxidation. This is transcriptionally regulated by ChREBP and SREBP-1c which are activated by glucose and insulin
respectively. Additionally, they are both regulated by the LXR. Lipogenesis from the adipose tissue is regulated by insulin. Fatty
acids are either oxidised to generate energy or synthesised into triglycerides where they are either stored as lipid droplets or
secreted as VLDL. Abbreviations: Acetyl CoA, acetyl coenzyme A; ChREBP, carbohydrate-responsive element-binding protein; FFA,
free fatty acids; LXR, liver X receptor; SREBP-1c, sterol regulatory element-binding protein 1c; TG, triglyceride; VLDL, very low-

density lipoprotein. Adapted from (Hardy et al., 2016)

Steatosis occurs when there is dysfunction in the regulation of lipid metabolism and storage, characterised
by the formation of lipid droplets within the cell and can be further classified based on the size of the lipid
droplets being formed, with macrovesicular steatosis being lipid droplets large enough to displace the
nucleus to the periphery of the cells and microvesicular steatosis being smaller lipid droplets (Fishbein et
al., 1997). The primary cause of steatosis is insulin resistance. The adipose tissue plays a crucial role in
insulin resistance as it is more likely to undergo inflammation and secrete cytokines such as tumour
necrosis factor a (TNFa) and 1l-6 that go on to inhibit insulin sensitivity and activate pro-inflammatory

pathways (Hardy et al., 2016). In patients with insulin resistance, the levels of insulin and glucose increase,
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leading to the overstimulation of SREBP-1c and ChREBP respectively and thus an increase in DNL (Browning
and Horton, 2004). Additionally, insulin resistance results in increased hormone sensitive lipase activity
and an increase lipolysis therefore a greater FFA flux to the liver and a larger NEFA pool. Steatosis can also
be induced through exposure to xenobiotics (Amacher, 2011), such as tamoxifen (Larosche et al., 2007).
The mechanism of drug induced steatosis has been linked to a decrease in B-oxidation and decrease

lipoprotein secretion (Amacher, 2011).

Steatosis could be considered to be an adaptive response to an increase in lipotoxic FFAs in order to store
them as less toxic TAGs in the form of lipid droplets (Hardy et al., 2016). In persistent exposure to FAs, the
liver will eventually not be able to sufficiently store FFAs, leading to lipotoxicity, cell damage, apoptosis
and/or necrosis. It is this injury and not steatosis that could be seen as the initiating events of NASH.
Lipotoxic effects include an increase in oxidative stress that leads to DNA damage, phospholipid membrane
disruption and release of cytokines (Sanyal et al., 2001). ER stress has also been shown to develop in excess
FFAs, leading to the misfolding or unfolding of proteins, which could lead to autophagy (Hardy et al., 2016).
Finally, it has been shown that that mice on high fat diets have an altered microbiota leading to an increase
in the levels of LPS (Cani et al., 2009). Intestinal permeability is increased in patients with NAFLD and so
there is an increase in the levels of LPS that are delivered to the liver, which then binds to TLR4 on Kupffer

cells, inducing proinflammatory response, as in ALD. This response is summarised in Figure 1.10.
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Figure 1.10: Insulin resistance, lipid dysregulation and liver injury. Insulin resistance increases insulin and glucose levels which
increase SREBP-1c and ChREBP which in turn increase de novo lipogenesis and free fatty acid levels. Additionally, insulin receptors
involved in the lipogenesis of adipose tissue become resistant and lipogenesis is increased. An increase in free fatty acids induce
ER stress, autophagy, the production of ROS, oxidative stress and mitochondrial stress leading to the induction of apoptosis and
the activation of HSCs. Obesity increases gut permeability and therefore and increase in LPS levels in the liver, activating Kupffer
cells. Kupffer cells can induces HSC activation directly by TGFB or via the NF-kB pathway by TGFa. Abbreviations: ChREBP,
carbohydrate-responsive element-binding protein; ER, endoplasmic reticulum; FFA, free fatty acids; HSC, hepatic stellate cells; IR,
insulin resistance; LPS, lipopolysaccharide; JNK, c-Jun N-terminal kinase; NK-kB, nuclear factor kappa-light-chain-enhancer of
activated B cells; ROS, reactive oxygen species; SREBP-1c, sterol regulatory element-binding protein 1c; TGF, transforming growth

factor. Adapted from (Hardy et al., 2016)

The above stress and injury will ultimately lead to the activation of HSCs, NASH and hepatic fibrogenesis.
NASH progression shares some profibrogenic mechanisms as other previously described liver diseases
such as induction of CYP2E1, oxidative stress, apoptosis, and inflammation (Hardy et al., 2016). There are
some mechanisms that appear to be unique to NAFLD and NASH such as adipokines. Leptin is an adipokine
that is secreted from the adipose tissue and is recognised by leptin receptors found on HSCs, leading to
HSCs activation, however no evidence has been found for leptin and fibrosis progression in human studies

(Ding et al., 2005). Insulin resistance can affect HSCs as they express insulin receptors and altered glucose
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metabolism upregulates TGFB and connective tissue growth factor (Paradis et al.,, 2001). Other

mechanisms include the renin-angiotensin system, PPARy and free cholesterol (Hardy et al., 2016).

1.5 Primary Biliary Cholangitis

Primary biliary cholangitis (PBC), formally known as primary biliary cirrhosis (Beuers et al., 2015), is an
autoimmune liver disease that is characterised by the gradual destruction of the intrahepatic bile ducts,
resulting in the impairment of the flow of bile from the liver to the duodenum (cholestasis). The
progression of cholestasis leads to inflammation within the periportal region that develops to fibrosis and
eventually to cirrhosis and liver failure. PBC is a much rarer liver disease than HCC, ALD and NASH, with
data suggesting that the prevalence of the disease in the UK is 35/100,000 (Hirschfield et al., 2018). This
rate is similar to the rate in other northern European and North American countries. While it has been
widely shown that the rate of PBC varies around the world, there is usually a significant female
predominance with the female to male ratio being 10:1 (Lleo et al., 2017). The disease is diagnosed
primarily in the over 50s and is associated with other autoimmune diseases, smoking, urinary tract
infections, pruritus during pregnancy, hormone replacement therapy and exposure to nail polish or hair

dye (Hirschfield and Gershwin, 2013).

1.5.1 Symptoms and diagnosis

Around 20-60% of patients are diagnosed with PBC without any presentation of symptoms (Lleo et al.,
2017). Two of the most common symptoms of PBC are fatigue and pruritus. Fatigue is described as feeling
of tiredness and weakness and is the most common symptom of PBC, occurring in 70% of patients (Lleo et
al., 2017). Pruritus (itch) affects majority of patients during the progression of the disease and occurs in
other cholestatic diseases (Beuers et al., 2014). Other symptoms include osteopenia (about 30% of
patients), osteoporosis (10% of patients), hyperlipidemia and other autoimmune diseases (Lleo et al.,

2017). Lastly, as with other advance liver diseases, portal hypertension and jaundice may develop.

The diagnosis of PBC requires two out of three criteria to be present. These are an antimitochondrial
antibody (AMA) serum titer higher than 1:40, unexplained alkaline phosphatase (ALP) levels over 1.5 times
the upper limit of normal for more than 6 months, and liver histology (Bowlus and Gershwin, 2014). The
AMAs in the serum are normally reactive to the lipoylated domains of 2-oxoacid dehydrogenase complexes
(2-OADCs), including pyruvate dehydrogenase (PDC-E2), 2-oxo glutarate dehydrogenase (OADC-E2) and
branched-chain 2-oxo acid dehydrogenase (BCOADC-E2) complexes (Bowlus and Gershwin, 2014). The
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most prevalent of these autoantigens is PDC-E2 with 95% of patients displaying the AMAs against it (Jones,
2007). Antinuclear antigens (ANAs) are also detected in around 50% of PBC patients and is diagnostically
significant in patients who are AMA negative (Hirschfield and Gershwin, 2013). These include ANAs against
proteins in the nuclear pore complex, mainly glycoprotein 210 (gp210, a type | integral membrane protein)
and nucleoporin 62 (Duarte-Rey et al., 2012), as well as multiple nuclear dots nuclear body speckled
100kDa (sp100) (Hirschfield and Gershwin, 2013). ALPs are a group of enzymes that dephosphorylates
compounds and are traditionally used as an indirect marker of cholestasis (Poupon, 2015). This is caused
by an increase in hepatic synthesis and release of ALP in the sinusoidal blood flow (Poupon, 2015). Finally,
liver histology identifies the stage of PBC, looking for portal inflammation, bile duct lesions, fibrosis and

cirrhosis (Bowlus and Gershwin, 2014).

1.5.2 PBC treatment

The first-generation therapy for PBC was ursodeoxycholic acid (UDCA). UDCA is a hydrophilic bile acid that
accounts for about 4% of bile acid composition in the human bile. It’s proposed mechanism of action is
that it modifies the bile acid pool and reduces proinflammatory cytokines and apoptosis, and stimulates
the impaired secretion of hydrophobic bile acids, stabilising the HCOs” umbrella, maintaining bile pH and
protecting the cholangiocytes from the toxic effects of bile acids (Beuers et al., 2010; Khanna and Jones,
2017). However approximately 40% of patients show no or insufficient response to UDCA treatment (Lleo

et al., 2017), meaning new, novel therapies are required.

Obeticholic acid (OCA, INT-747) is a derivative of the human bile acid chenodeoxycholic acid and has
recently been approved for use in the USA and Europe (Khanna and Jones, 2017; Hirschfield et al., 2018).
OCA is a FXR ligand, therefore inhibits bile acid synthesis from cholesterol in hepatocytes and increases
the clearance of bile acids from hepatocytes, thus reducing the bile acid pool (Khanna and Jones, 2017).
Activation of the FXR also has anti-fibrotic and anti-inflammatory mediated effects (Khanna and Jones,
2017). Several studies have found a reduction in ALP levels following OCA treatment, however, there was
no improvement in the symptoms of PBC, with OCA treatment exacerbating pruritus in a dose-related

manner (Hirschfield et al., 2015).

Other therapeutics include the use of fibrates such as fenofibrate and benzafibrate that act as PPAR
activators, upregulating multidrug resistance-associated protein 3 (MDR-3) and the FXR and therefore
inhibiting bile salt synthesis (Mousa et al., 2015). The targeting of the immune system has also been

suggested (Mousa et al., 2015). Towards the end stages of PBC the only available treatment is liver
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transplant. Liver transplant outcome is good, with 1 and 5 year survival rates being 92-93% and 82-90%
respectively, and recurrence of PBC post-transplant occurring in 25% of patients after 5 years (Lleo et al.,

2017).

1.5.3 PBC and autoimmunity

Under normal, healthy conditions, an organism’s immune system develops tolerance against self-
components to avoid their destruction. In autoimmune diseases there is a loss of tolerance against a
particular component(s). In PBC there is primarily a loss of tolerance to, and production of AMAs against
members of 2-OADC, targeting primarily cholangiocytes and bile duct destruction. 2-OADCs are found in
the inner membrane of the mitochondria and are involved in the oxidative phosphorylation pathway. The
main target of the AMA response is the pyruvate dehydrogenase complex (PDC), particularly to the
dihydrolipoamide acetyltransferase (E2) subunit of this complex (Jones, 2007). The E2 subunit contains a
lipoyl domain that covalently binds to the co-factor, lipoic acid, at the lysine residue at position 173 (Figure
1.11) (Hirschfield and Gershwin, 2013). This lysine binding domain is highly conserved between organisms.
The binding of lipoic acid is also shared with other members of the 2-OADC that are targeted by AMAs. As
well as AMAs, ANAs are also detected in 50% of PBC patients but the mechanisms involved are not

understood (Duarte-Rey et al., 2012). Common AMAs and ANAs are listed in Table 1.3.

Antigen group Antigen Patient frequency (%)
PDC-E2 95*
E2 subunits of 2-OADC OGDC-E2 40-90
BCOADC-E2 10
Mitochondrial (>95%)
PDC-E3BP 95*
PDC PDC-Ela 40-60
PDC-E1PB 10
gp210 10-40
Nuclear pore complex
Nucleoporin 62 20-30
Nuclear (~50%)
Multiple nuclear dots spl100 10-30
Centromeres - 10

Table 1.3: Autoantibodies and PBC. * PDC-E2 and PDC-E3BP are fully crossreactive. Abbreviations: BCOADC, branched-chain 2-
oxo-acid dehydrogenase complex; E3BP, E3-binding protein; gp210, glycoprotein 210; OGDC, oxoglutarate dehydrogenase
complex; sp100, nuclear body speckled 100 kDa; PDC, pyruvate dehydrogenase complex; PML, promyelocytic leukemia; 2-OADC,
2-oxo-acid dehydrogenase complex. Adapted from (Jones, 2007; Hirschfield and Gershwin, 2013).
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Figure 1.11: The PDC-E2 lipoyl binding domains and pyruvate dehydrogenase reaction. Lipoic acid binds to the lysine (K) residue
of the lipoyl binding domain. Pyruvate dehydrogenase (E1) decarboxylates pyruvate. The acetyl group is transferred to thiamine
pyrophosphate (TPP) which is then transferred to lipoic acid bound to dihydrolipoyl transferase (E2). The acetyl group is then
transferred to CoA resulting in 2 SH-groups forming on lipoic acid which is then is re-oxidised back to the disulphide form by FAD
and dihydrolipoyl dehydrogenase (E3). This produces FADH; which is then oxidised back to FAD* by NAD* producing NADH that is

then used in mitochondrial oxidation.

The pathogenesis of PBC (summarised in Figure 1.12) has been suggested to involve the T-lymphocytes
due to the high concentration of CD4 and CD8 T cells in the portal triads of PBC patients (Kita et al., 2002)
as well as a role for natural killer cells (Chuang et al., 2008). These cells are recruited by chemokines
CXCL10, CXCL9 and CX3CL1. The PDC-E2 autoepitope is presented by antigen presenting cells via the major
histocompatibility complex (MHC) class Il receptor to CD4+ T cells. The CD4+ T cells can then go onto
activate CD8 cytotoxic T cells that play a role in the degradation and death of cholangiocytes (Liaskou et
al., 2014). There is also a reduction in regulator T cells (Lan et al., 2006). Lastly, PDC-E2 specific B cells are

activated and differentiate into plasma cells to produce PDC-E2 AMAs (Liaskou et al., 2014).

The cholangiocytes are also believed to play a role in the pathogenesis of PBC. Cholangiocytes express cell

surface adhesion molecules that are recognised by lymphocytes. It has been demonstrated that they can
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increase the expression of these adhesion molecules as well as TNF-a, MHC class | and I, INF-y and IL-1
when stimulated by pro-inflammatory cytokines (Invernizzi et al., 2010). It has also been shown that MHC
class Il receptors are expressed on the surface of cholangiocytes (Ayres et al., 1993). The cholangiocytes
in the small bile ducts are susceptible to apoptosis. In most cells undergoing apoptosis, including epithelial
cells, PDC-E2 undergoes covalent modification by glutathione. In PBC, the cholangiocytes fail to bind
glutathione to the lysine-lipoyl residue (Figure 1.13) (Odin et al., 2001). This means PDC-E2 remains
immunologically intact in apoptotic blebs forming an ‘apotope’ which can be recognised by AMAs. This

could explain the tissue specificity of injury in PBC.

The apotopes, AMAs and immune induced cytotoxicity results in the production of pro-inflammatory
cytokines such as TNF-a, IL-6 and IL-10 leading to the further recruitment of immune cells, apoptosis,

biliary destruction and ultimately to fibrosis and cirrhosis.
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Figure 1.12: Pathogenesis of PBC. Chemokines in the portal tracts recruit CD4, CD8 and NK cells. CD4+ T cells recognise

autoantigenic stimuli on the MHC class Il on an antigen presenting cell (including cholangiocytes). Stimuli provided by native PDC-

E2, molecular mimics of PDC-E2 or PDC-E2 modified by a xenobiotic. CD4+ T cells can then either activate CD8 cytotoxic T cells

which damage cholangiocytes or activate PDC-E2 cells specific B cells that mature into plasma cells and produce A

MA. These AMAs

recognise PDC-E2 presented on apotopes of cholangiocytes undergoing apoptosis (induced from biliary damage). AMAs recruit

cytokines to induce further apoptosis. Abbreviations: AMAs, antimitochondrial antibodies; PC, plasma cell; PDC-E2, pyruvate

dehydrogenase complex E2 subunit; TNFa, tumour necrosis factor a. Adapted from (Liaskou et al., 2014).
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Figure 1.13: PDC-E2 remains intact in cholangiocytes undergoing apoptosis. When most cells undergoing apoptosis, PDC-E2 is
covalently bound to glutathione (brown cell). Cholangiocytes (green cell) do not undergo glutathione modification during
apoptosis. Resulting in PDC-E2 remaining intact on the apotope that is recognised by AMAs inducing an immune response. This

immune response occurs specifically in the bile duct. Abbreviations: PDC-E2, pyruvate dehydrogenase complex — E2 subunit.

1.5.4 PBC aetiology — genetic and environmental components

The exact aetiology of PBC is unknown, however a combination of genetic factors and exposure to
environmental factors is regarded as a possible trigger that leads to the loss of immune tolerance to PDC-
E2. Studies have shown a strong genetic predisposition in PBC, with first degree relatives of PBC patients
having a 6% increased risk of PBC (Gershwin et al., 2005) and monozygotic twins have been shown to have
a 63% concordance for PBC (Selmi et al., 2004). Genome-wide association studies (GWAS) have shown
associations with single nucleotide polymorphisms (SNPs) within the HLA region (human leukocyte
antigen) (Donaldson et al., 2006; Invernizzi et al., 2012). GWAS have also identified 27 non-HLA genes
associated with PBC, such as IL12RB2, NKKB1, STAT4 and STAT1 (Lleo et al., 2017). The non-HLA genes all
appear to be involved in the regulation of the immune system, including antigen presentation and T cell

differentiation.
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Genes alone do not seem to be sufficient to trigger PBC and exposure to an environmental factor may be
required. Two environmental factors have been primarily studied in PBC, exposure to infectious agents
and exposure to xenobiotics. Geographical studies support the existence of environmental factors as it has
been reported that the incidence rate of PBC varies between regions. The first demonstrated case was in
1980 in Sheffield and was suggested to be linked to a water reservoir (Triger, 1980). Other studies have
shown higher incidence in former areas of heavy mining in Newcastle-upon-Tyne (Prince et al., 2001) and
in residential proximity to a superfund toxic waste site in New York City (Ala et al., 2006). This clustering
of incidence rate of PBC suggests that there may be some environmental exposure in these locations that

could trigger PBC in susceptible individuals.

Human PDC-E2 has a similar structure to that of some bacterial PDC-E2 (Tanaka et al., 2018). Therefore, it
is possible that bacterial infection and bacterial PDC-E2 could trigger a loss of immunological tolerance to
host PDC-E2 through molecular mimicry. Associations between PBC and urinary tract infection by
Escherichia Coli have been shown (Corpechot et al., 2010). The lipoyl domain sequences of Human and E.
coli PDC-E2 are similar and have been shown to be cross-reactive (Bogdanos et al., 2004). Another
bacterium shown to have a structurally similar PDC-E2 and has been suggested to be more reactive than
E. coli is Novosphingobium aromaticivorans, a xenobiotic metabolising bacterium (Selmi et al., 2003;

Hirschfield and Gershwin, 2013).

Epidemiological studies and animal models suggest that xenobiotics play a role in the development of PBC.
The hypothesised mechanism of how xenobiotics trigger auto-immune responses is through the
modification of the molecular structure of the protein leading to the modified protein not being recognised
by the immune system. In the case of PBC, the potential xenobiotic is likely to couple to the lysine residue
in the inner lipoyl domain that conjugates to lipoic acid (Tanaka et al., 2018). 2-octynoic acid has been
suggested as one xenobiotic with reactivity against PBC patient sera with the potential capability to modify
PDC-E2 (Amano et al., 2005). This chemical is of particular interest as 2-octynoic acid methyl esters are
widely used in several products including perfumes, lipsticks and as a food flavouring. Recently AMAs have
been shown to have specificity toward 2-octynoic acid modified PDC-E2 than lipoylated PDC-E2 (Shuai et
al.,, 2017). Other structurally similar cosmetic components have also been identified as potential
xenobiotic triggers for PBC such as 2-nonynoic acid (Rieger et al., 2006). In vivo models investigating
xenobiotics and PBC have shown that mice immunised with 2-octynoic acid with bovine serum albumin
(BSA) displayed autoimmune cholangitis, AMAs and other immunological markers after 24 weeks

(Wakabayashi et al., 2008). 6-bromohexanate immunisation has also shown an induction of AMAs (Leung
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et al., 2003) in addition to being shown to incorporate into PDC-E2 in vitro (Walden et al., 2008). It has
therefore been shown in several models in vitro and in vivo, the possibility of environmental triggers in the

aetiology of PBC.

1.5.5 PBC and estrogens

PBC has a strong female bias and primarily affects post-menopausal women and there is also a history of
cholestasis during pregnancy, suggesting there is potentially some influence between hormones and PBC
(Sun et al., 2015). Numerous immune related genes including genes involved in the maintenance of
immune tolerance are found on the X chromosome and diseases caused by X monosomy are associated
with autoimmune features (Bianchi et al., 2012). Women with PBC also have a higher frequency of X
monosomy in peripheral blood cells (Invernizzi et al., 2004). These suggests the X chromosome may play

a role in autoimmune related genes, including PBC.

Another possible explanation for the female bias in PBC are effects of estrogens, as elevated estrogen
levels have been shown to induce cholestasis (Stieger et al., 2000; Ozkan et al., 2015). Estrogens are a class
of steroid hormone, defined as the primary female sex hormone and bind to and activate estrogen
receptors (ERs). Two estrogen receptors are found in humans, ERa and ERB and differ in their distribution
within the body (Bondesson et al., 2015). ERa is expressed in high levels in uterine, ovarian and pituitary
gland and adipose tissue, whereas ERP is expressed in high levels in the ovary, lung, epiderymis, prostate,

colon and specific brain regions (www.nursa.org).

Some have shown ERa to be expressed in hepatocytes (Ahlbory-Dieker et al., 2009) and regulate levels of
circulating estrogen through metabolism (Bondesson et al., 2015). Other have also shown ERa and ER(B
are both expressed in cholangiocytes in rats (Alvaro et al., 2000) however in normal human livers ERs were
not shown to be, but are expressed in response to injury (Alvaro et al., 2006). ERB levels were also
increased in PBC stage IV whereas ERa expression disappeared (Alvaro et al., 2004). The current hypothesis
is that ERa and ERP are believed to regulate the expression of growth factors and cytokines and modulate

the proliferative response of cholangiocytes to damage.

Xenoestrogens are exogenous chemicals that mimic the activity of estrogens and therefore disrupt normal
estrogen signalling. It has therefore been hypothesised that since estrogens are cholestatic, exposure to
xenoestrogens could play a role in the development of PBC. Sunset yellow, a coal-derived food and

tartrazine, a cosmetic colouring have been shown to be xenoestrogens (Axon et al., 2012; Meyer et al.,
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2017b). Recently, evidence of a xenoestrogen has been shown to be in high levels in the proximity of a
landfill site that is in a region of high incidence rate of PBC (Meyer et al., 2017a). This landfill xenoestrogen
could link geographical PBC incidence variation, environmental xenobiotic exposure and estrogenic

effects.

1.6 Project hypothesis and aims

The main hypothesis of this thesis was that B-13/H cells could be used as a model for lipid dysregulation

(steatosis and phospholipidosis). To test this hypothesis, the main aims were to:
e Examine the effects of fatty acids on lipid accumulation in B-13 and B-13/H cells.
e Examine the effects of alcohol on lipid accumulation in B-13 and B-13/H cells.

e Investigate the effects of xenobiotics in their ability to induce phospholipid and lipid accumulation.
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2.1 Materials

Unless otherwise stated, all materials were purchased from Sigma-Aldrich (Merck) at the highest purity
available (Poole, UK). The expression construct encoding the human lysosomal phospholipase A2 (LPLA2)
was kindly donated by Professor James Shayman (University of Michigan, USA). The LXR responsive gene
construct, TK-LXRE-LUC, was donated by Professor David Mangelsdorf (University of Texas Southwestern
Medical Center, USA). Wnt3a condition medium and 10% RSPO1 conditioned medium was donated by Dr

Andrew Bennett (University of Nottingham, UK).

2.2 Animals

2.2.1 Ethics and husbandry

All animal work was carried out in accordance to Home Office regulations and experiments were
performed under a UK Home Office license (PPL - P1FF204BF). Protocols were designed for each study and
approved by a Senior Animal Technician/Named Animal Care and Welfare Officer before the start of the

study.

Animals were housed in the Comparative Biology Centre (CBC) at Newcastle University and were kept in
an air-conditioned environment on a 12-hour light/dark cycle with a humidity of 50% * 10% and a
temperature of 23°C + 1°C. Mice were kept in saw-dust filled and filter topped, individually ventilated
cages and kept no more than 6 to a cage. Food and water were provided ad-libitum and bedding was

changed twice weekly.

2.2.2 C57BL/6 mice

C57BL/6 mice (wild type) were purchased from Charles River (Kent, UK) and housed as outlined in 2.2.1.

Mice were at least 6 weeks old and between 15-22g body weight at the beginning of all experiments.

2.2.3 3x-kB-luc C57BL/6 mice (NF-kB-luc mice)

Transgenic NF-kB-luc mice (bearing a transgene composed of three NF-kB sites from the Ig klight chain
promoter coupled to the gene encoding Firefly luciferase) (Carlsen et al., 2002) were re-derived from

zygotes from Charles River and the colony expanded in house. Mice were housed as described in 2.2.1 and
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genotyped as described in 2.2.4 (transgenic NF-kB-luc mice show a basal level of NF-kB-driven luciferase

activity). Animals were at least 6 weeks old at the beginning of experiments.

2.2.4 In vivo luminescent imaging

Transgenic NF-kB-luc mice were imaged with the In Vivo Imaging System (IVIS), Xenogen Spectrum imaging
system. Luminescence was quantified and analysed using the Living Image 4.0 software (Caliper Life

Sciences, Hoplinton, USA).

Mice were anaesthetized with isoflurane and their abdominal fur shaved off prior to imaging. Mice were
then injected intra-peritoneally (i.p.) with 5ml/kg body weight D-luciferin (Perkin Elmer, Waltham, USA) at
15mg/ml in PBS. Optimum time post injection for imaging was determined and used throughout the
experiment using 300 seconds exposure time. Following imaging, mice were returned to their cage or
culled by cervical dislocation for tissue collection. Using captured images, regions of interest were
manually selected and total flux values (photons/seconds) were calculated using the Living Image 4.0

software.

2.3 Cell culture

2.3.1 Culture of adherent cell lines

Adherent cell line sourcing and appropriate medium for their culture are described in Table 2.1. Cells were

maintained at 37°C and 5% CO,. Medium was changed every 2-3 days.
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Cell line Source Species/Morphology Culture medium

AR42)-B13 Gift from Dr Philip Probert rat pancreatic acinar
ATCC (catalogue HB-8065,
HepG2 Manassas, Virginia) human hepatoma
ECACC (catalogue 85120602, | human Dulbecco's Modified Eagle Medium (1g
HEK293 Porton Down, UK) embryonic kidney glucose/L, DMEM), 10% fetal calf serum (FCS),
2mM glutamine, 100U/ml penicillin, 100ug/ml
MCE7 Gift from Dr Katherine Rennie, human breast cancer streptomycin

(Newcastle University, UK)

Gift from Dr Yedidya Saiman
603B (Mount  Sinai  School of | murine biliary epithelial
Medicine, New York, US)

Minimum Essential Medium Eagle (MEME),
10% FCS, 2mM glutamine, 100U/ml penicillin,
100ug/ml  streptomycin, 1% (v/v) non-
essential amino acids (NEAA), 1mM sodium
pyruvate

ATCC (catalog CRL-2389, | murine pancreatic

LTPA
Manassas, Virginia) epithelial

DMEM:Ham's F12 (2:1), 10% (v/v) FCS, 2mM
glutamine, 100U/ml penicillin, 100pg/ml
human biliary epithelial | streptomycin,  180uM  adenine, 2nM
trilodothyronine, 5.5uM epinephrine, 1x ITS
solution, 1pM hydrocortisone

Gift from Prof John Kirby

He9 (Newcastle University, UK)

Table 2.1: Adherent cell lines, source, species and culture medium.

2.3.2 Isolation of primary mouse hepatocytes

Primary mouse hepatocytes were generously donated by Professor Loranne Agius (Newcastle University,
UK) and were isolated following collagenase perfusion. The protocol was essentially as follows: the mouse
was anaesthetized by isoflurane (IsoFlo 100%, Zoetis UK Ltd) for 2 minutes. The mouse was injected
intraperitoneally with 300 pl heparin (3mg/ml in sterile 150mM NaCl) and then returned to the isoflurane
chamber. After 4 minutes from first exposure to isoflurane the mouse was removed and dissected to
expose the heart and liver. A suture was placed below the heart under the vena cava and a 20Gauge x 32
mm i.v. catheter (Versatus, SR+DU2032PX) was inserted into the inferior vena cava. The needle insert was
then removed and when the cannula filled with blood, the suture was tied securely, and the portal vein
was cut approximately 1 cm distal to the liver. The cannula was then connected to a peristaltic pump linked
to calcium-free perfusate (containing per litre: 8000mg NaCl, 400mg KCI, 130mg KH,PO4, 76mg EGTA,
20mg phenol red, 10mmol HEPES, pH 7.4). The liver was perfused at 5 ml/min for 6 minutes. The cannula
was then connected to a calcium plus collagenase Hanks medium buffered with 5mM NaHCOs3;, 20mM
HEPES and containing 10mg/100ml collagenase and it was perfused for between 15 and 20 min. On
termination of the perfusion the liver was transferred to a petri dish and gently dissociated in ~40ml

Minimum Essential Medium. The cell suspension was filtered through a 200-micron mesh, sedimented at
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50g and the pellet was washed in medium at 50g. The pellet was suspended in Minimum Essential Medium
supplemented with Non-Essential Amino acids; 2mM glutamine; 100U/ml penicillin and 100ug/ml
streptomycin, 5% (vol/vol) FCS, 10nM DEX and 10nM insulin. Cell viability was determined by trypan blue
stain as described in 2.3.11 and were seeded at a density of 100,000 cells/ml on collagen-coated plates

(Greiner bio-one, Stonehouse, UK).

2.3.3 Primary mouse hepatocyte culture

Primary mouse hepatocytes were initially cultured in Minimum Essential Medium as described in 2.3.2 for
4 hours to allow hepatocytes to adhere to the culture plates. Once adhered, culture medium was replaced
with Minimum Essential Medium supplemented with Non-Essential Amino acids; 2mM glutamine;
100U/ml penicillin and 100ug/ml streptomycin, 10nM DEX and 10nM insulin. Cells were maintained at
37°C and 5% CO,.

2.3.4 Isolation of primary human hepatocytes

Primary human hepatocytes were isolated at the Freeman Hospital with the assistance of Mr Rodrigo
Figueiredo. Livers unsuitable for transplantation and offered for research were used for hepatocyte
isolation. Prior to isolation, the liver was re-conditioned with blood for 6 hours at 37°C with a target pO,
of 20 kPa using a BioMedicus pump perfusion system (Figure 2.1). Circulating blood was drained and the
liver was washed with EBSS (without Ca?* and Mg?*). A section of liver weighing approximately 300-500g
was anatomically split from the rest of the liver and any transected ducts or vessels ligated. Cannulation
of the suprahepatic inferior vena cava, portal vein, and hepatic artery was maintained to allow the
circulation of perfusates using the BioMedicus pump. The following perfusates were then perfused at 37°C;
Perfusate 1 (1x EBSS (without Ca?* and Mg?*) + 0.5mM EGTA) was perfused and run to waste. Perfusate 2
(1L 1x EBSS (without Ca?* and Mg?*) was perfused and run to waste. Perfusate 3 (EBSS (without Ca?* and
Mg?*) + 1mM CaCl2 + 300mg/L collagenase A) was then circulated at 37°C until the liver was digested
(approximately 25-30 minutes). The liver was then passed through a sieve and gauze into sterile beaker,

with 1x EBSS (without Ca?* and Mg?*).
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Figure 2.1: Hepatocyte isolation set up. BioMedicus pump set-up (left panel). Cannulation of a section of liver (right panel).

2.3.5 Primary human hepatocyte culture

The EBSS suspension was then span at 50g for 3 minutes and the hepatocytes were resuspended in
Williams E medium, 10% FCS, 2mM glutamine, 100U/ml penicillin, 100ug/ml streptomycin, 50mg/ml
gentamycin and 10mg/ml insulin. Cell viability was determined by trypan blue stain as described in 2.3.11.
Cells were then seeded at a density of 250,000 cells/ml on collagen-coated plates for 4 hours to allow the

hepatocytes to adhere.

Once primary human hepatocytes were adhered, the medium was replaced with Williams E medium, 2mM
glutamine, 100U/ml penicillin, 100ug/ml streptomycin, 50ug gentamycin and 1ug insulin. Cells were
maintained at 37°C and 5% CO..

2.3.6 Cell passage

Once adherent cell lines reached 75-95% confluence, they were passaged. The cell media was removed,
and the cells were washed twice with sterile 1x phosphate buffer saline (PBS, 137mM NacCl, 2.6mM KCl,
10mM KH2PO4, pH 7.4). The cells were then incubated with 1x trypsin-EDTA diluted in PBS at 37°C and 5%
CO;for 5-10 minutes to detached cells. The trypsin was then inactivated by adding an equal volume of cell

culture media, and the cell suspension was transferred to a centrifuge tube (Fisher, Loughborough, UK).
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The cell suspension was centrifuged at 2000rpm for 5 minutes. Supernatant was discarded, and the cell

pellet was re-suspended in fresh media before the cell were reseeded.

2.3.7 Long-term cell storage

Cell lines were routinely frozen down and stored long term at -80°C. Cells were detached and pelleted by
centrifugation as described in 2.3.8. Cells were re-suspended in freezing media (10% (v/v) DMSO in FCS).
The cell suspension was then aliquoted into sterile cryovials (2ml/cryovial). Aliquots were cooled in an
isopropanol filled Mr. Frosty freezing container (Thermo scientific, Loughborough, UK) and chilled at -80°C.
The cells were cooled at a rate of 1°C per hour and left at -80°C or transferred to liquid nitrogen for long

term storage.

2.3.8 Cell stock revival

Cell stocks were removed from liquid nitrogen or -80°C storage and thawed at 37°C in a water bath. The
cells were then transferred into a 50ml centrifuge tube containing pre-warmed medium (10x volume of
cryovial). Cells were centrifuged at 600rpm, the supernatant discarded, and the pellet resuspended in fresh
culture medium. Cells were then transferred into a tissue culture flask and incubated overnight to adhere.

Once adhered, medium was removed and replaced with fresh medium.

2.3.9 Determining cell number and viability by trypan blue exclusion

Cell number and viability was assessed using trypan blue staining. Trypan blue is excluded by cells with an
intact plasma membrane (live cells), whereas dead cells or cells that have a compromised plasma

membrane, allows the passing of trypan blue into the cell, staining them blue.

After cell trypsinisation, pelleting and resuspension as described in 2.3.8, an aliquot of cells was diluted
1:1 (v/v) with 0.4% (w/v) trypan blue in PBS. The cell suspension was then placed onto a haemocytometer
counting grid and the number of viable cells was determined by counting the total number of colourless
cells. The total number of non-viable (blue stained) cells was also determined and cell number and viability

calculated:

L mean number of viable cells
% viability = 100 X ( )
total cell number
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2.3.10 B-13 transdifferentiation

B-13 cells were transdifferentiated into hepatocyte like cells (B-13/H) by culturing the cells with B-13
medium (described in 2.3.1) containing 10nM dexamethasone (DEX). DEX was added to the culture
medium from a 1000x stock solution in ethanol (10uM). Cells were treated for 14 days to achieve full
transdifferentiation, with medium changes every 2-3 days. After 14 days, cells were used for experiments

unless otherwise stated.

2.3.11 Revival of EPCAM+ve progenitor cells

Human hepatic EPCAM+ve progenitor cells were kindly donated by Dr Andrew Bennett (University of
Nottingham, UK). Organoids/isolated cells were thawed at 37°C using a water bath and transferred to a
centrifuge tube containing 10ml of isolation medium (Expansion medium + 10uM Y-27632, 25ng/ml
noggin, 30% (vol/vol) wnt3a-conditioned medium) before centrifugation at 300g for 5 minutes. Dissociated
cells/organoids were then re-suspended in Matrigel (SLS, Nottingham, UK) and seeded onto 48-well low
attachment plates (25ul per well). The Matrigel was solidified by incubation at 37°C for 5 minutes. Once
the Matrigel had solidified, isolation medium was added to each well. After 6 days of culture in isolation
medium (with medium change every 2-3 day), the medium was removed and replaced with expansion
medium (1% penicillin/streptomycin, 1% L-glutamine, 10mM HEPES, 1% N2 supplement, 1% B27
supplement, 1.25mM N-acetylcysteine, 10nM gastrin, 10mM nicotinamide, 50ng/ml EGF, 100ng/ml
FGF10, 25ng/ml HGF, 5uM A83.01, 5uM forskolin, 10% RSPO1 conditioned medium) (summarised in Figure
2.2).

2.3.12 EPCAM+ve progenitor cell passage and maintenance

Expansion medium was changed every 2-3 days. After 7-10 days the organoids were used for desired
experiments or sub-cultured. To sub-culture the organoids they were first pipetted from the well and
added to cold medium, the matrix washed from the organoids and the organoids dissociated through
pipetting. The organoids were then centrifuged at 400g for 5 minutes and resuspended in Matrigel and
seeded as described in 2.3.6 with the exception that expansion medium was added to each well (not

isolation medium).
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Figure 2.2: EPCAM+ve organoid culture protocol.

2.4 Cell transfection

2.4.1 Effectene transfection

603B and LTPA cells were transfected using effectene transfection reagent (Qiagen, Manchester, UK). Cells
were transfected once they reached 70-80% confluency. For a 24 well plate, 6ug of plasmid DNA was added
to 480yl of EC buffer and 36ul of enhancer buffer. The mixture was vortexed and incubated at room
temperature for 5 minutes. 38.4ul effectene was mixed and incubated for a further 10 minutes. The
mixture was added to 3.6ml of media and added dropwise to cells containing fresh media and incubated
for 1-2 days before the continuation of experiments. The volumes of reagents and plasmid DNA were

scaled accordingly for transfection in different multi-well plates.

2.4.2 Lipofectamine 2000 transfection

B-13/H, HepG2 and H69 cells were transfected using Lipofectamine 2000 (Invitrogen, Paisley, UK). Cells
were transfected once they reached 70-80% confluency. For a 24 wells plates, 15ug of plasmid DNA was
added to 600ul of serum free media, 60ul of lipofectamine was added to a separate vial 600ul of serum
free media. The two mixtures were mixed together and incubated at room temperature for 5 minutes.

50ul of the final mixture was added dropwise to the cells with fresh medium and incubated for 1-2 days
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before the continuation of experiments. The volumes of reagents and plasmid DNA were scaled

accordingly for transfection in different multi-well plates.

2.4.3 Polyethyleneimine (PEI) transfection

HEK293 and MCF7 cells were transfected using polyethyleneimine (PEIl). PEl working stocks were made to
1mg/ml in distilled water (dH,0), pH7 (using NaOH). Stocks were filter sterilised (0.22um), aliquoted and
stored a -20°C. Cells were transfected once they reached 70-80% confluency. For a 24 well plate, 12pg of
plasmid DNA was added to 600ul of serum free medium. 72ul of Img/ml PEI was added and the mixture
was vortexed and incubated at room temperature for 15 minutes. The mixture was then added to 3.6ml
of serum free medium and 170ul was added dropwise to cells with no medium and incubated for 2 hours.
After incubation fresh culture medium was added to each well and the cells were further incubated for 1-
2 days before the continuation of experiments. The volumes of reagents and plasmid DNA were scaled

accordingly for transfection in different multi-well plates.

2.5 Dual-Glo Luciferase Assay System

The Dual-Glo Luciferase Assay System (Promega, Southampton, UK) allows the quantification of a stable
luminescent signal from two separate reporter genes in a single sample. Cells were co-transfected with
two different plasmids resulting in the expression of Firefly (Photinus phyralis) and Renilla (Renilla
reniformis, sea pansy) luciferase. Firefly luciferase is usually regulated by response elements in conjunction
with a minimal promoter whereas Renilla luciferase control is from a constitutively active promoter. The
assay system used provides the substrates for both luciferases, initiating their activity and producing a

luminescent signal that can be quantified.

Cells were transfected with reporter constructs (Table 2.2) and a control construct, RL-TK at a ratio of no
less than 6:1. Cells were transfected for 24-48 hours and then incubated with treatments for a further 24
hours. After treatment, the culture medium was removed, and the cells were washed with PBS. The cells
were then lysed using Passive Lysis Buffer (Promega, Southampton, UK) and left at room temperature on
an orbital shaker for 10-15 minutes. 50ul of the lysate was transferred to a well of a white 96-well
microplate. 50l of luciferase buffer was then added to each well and Firefly luminescence was measured
using a luminometer (MicroLumaPlus, Berthold technologies). 50ul of Stop and Glo reagent was added to
each well (inhibiting firefly luminescence), and Renilla luminescence was measured. Background

luminescence (non-transfected cells) was subtracted from the samples and Firefly luciferase activity
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(reporter construct) was normalised to Renilla activity. All sample measurements were then further

normalised to the control group.

Plasmid Expresses/promotor Cell Used
pcDNA3-LLPL-HA tagged human lysosomal phospholipase A2 B-13

TK-LXRE3-LUC LXR responsive reporter gene B-13/H and HepG2
(ERE)3-pGL3promotor estrogen-responsive reporter gene luciferase construct MCF7, 603B, HEK293, H69
3XERE TATA Luc estrogen-responsive reporter gene luciferase construct LTPA

pcDNA3.1-mERa mouse estrogen receptor alpha LTPA

pcDNA3.1-mERBv1 mouse estrogen receptor beta, variant 1 603B

pcDNA3.1-mERBv2 mouse estrogen receptor beta, variant 2 603B

pcDNA-Flag-Er human estrogen receptor beta HEK293 and H69

RL-TK renilla luciferase - thymidine kinase All cells

Table 2.2: Plasmids and cell lines use for transfections.

2.6 Plasmid DNA constructs and sequencing

2.6.1 Competent cell transformation

TOP10 chemically competent E. coli (Invitrogen) were used to replicate plasmid DNA. Cells stocks were
stored at -80°C and thawed on ice before use. 50-100ng of plasmid DNA was added to a vial (50ul of cells)
and incubated on ice for 30 minutes. The cells were then heat shocked at 42°C for 30 seconds using a water
bath. The cells were then moved back onto ice. 250ul of prewarmed S.0.C medium was added to each vial
and shaken at 37°C for 1 hour at 225 rpm. The transformed cells were spread onto LB (LB (luria broth-10g
NaCl, 10g Tryptone, 5g yeast in 1litre dH,0) agar plates containing required antibiotics (kanamycin

25ug/ml or ampicillin 100ug/ml). The plates were then incubated upside down overnight at 37°C.

Colonies were selected and placed in LB medium and incubated overnight at 37°C shaking at 220rpm. The

grown cells were then either frozen and stored as glycerol stocks of or used in miniprep culture.

2.6.2 Miniprep isolation of plasmid DNA

Miniprep (Qiagen) was carried out essentially as described in the manufacturer’s protocol. 1-5ml of culture
was centrifuged at 10000rpm for 1 minute. The pellet was then resuspended in 250ul of buffer P1
(containing RNase to remove contaminating RNA), followed by buffer P2 (highly concentrated salt buffer

containing sodium dodecyl sulphate, SDS). The buffers were mixed by inversion and buffer N3 was added
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and mixed. Samples were centrifuged for 10 minutes at 13000rpm and the supernatant removed and
added to a Qiaprep spin column and centrifuged for a further minute. The flow through was discarded and
750ul of buffer PE was added to the column and centrifuged again to remove excess salt. Finally, 50ul of
buffer EB was added to the column to elute the DNA into a sterile microcentrifuge tube. DNA was then

quantified as described in 2.7.2 and stored at -20°C.

2.6.3 Maxiprep isolation of plasmid DNA

Maxiprep isolation was used to purify larger quantities of plasmid DNA and carried out following the
manufacturer’s protocol. The process is largely similar to that of a miniprep isolation but on a larger scale.
200-300ml of overnight culture was separated into 50ml centrifuge tubes and centrifuged at 6000g for 10
minutes at 4°C. The bacterial pellet was lysed by adding buffers P1, P2 and after mixing and incubating for
5 minutes at room temperature, buffer P3. The lysate was transferred to a QlAfilter cartridge (that had
been equilibrated with prechilled buffer P3) and incubated at room temperature for 10 minutes. The lysate
was then filtered through the cartridge into a HiSpeed Tip (that had been equilibrated with buffer QBT).
The lysate was filtered through to waste, and the HiSpeed Tip washed with 60ml of buffer QC to waste.
The DNA was then eluted using 15ml of buffer QF and precipitated by adding 10.5ml of isopropanol and
incubating for 5 minutes. The eluate-isopropanol was filtered through a QlApreciptator and the
precipitator was washed by filtering through 2ml of 70% ethanol. The membrane was then dried by
pressing air through the precipitator. 1ml of buffer TE was used to elute the DNA into a sterile

microcentrifuge tube. DNA was then quantified as described in 2.7.2 and stored at -20°C.

2.6.4 Storage of transformed bacterial cultures

For long term storage, 500ul of overnight culture was diluted 1:1 (v/v) with LB containing 30% glycerol
(v/v), transferred to cryovial and frozen at -80°C. When required, glycerol stocks of bacteria were removed
from storage, thawed and a small volume (20-30ul) spread onto a LB agar plate containing required

antibiotics. The plate was then incubated, and colonies picked as described in 2.6.1.

2.6.5 Restriction digest

Plasmid DNA was analysed to confirm the purification of the correct plasmid by digestion with restriction

using endonucleases. Restriction digests were carried out as described in the manufacture’s protocol (New
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England Biolabs). The reaction mixture was made from 2ul 10X reaction buffer, 0.2ul of acetylated bovine
serum albumin (BSA, 10ug/ul), 1ug of plasmid DNA, and 0.5ul of restriction enzyme(s). Nuclease free water
was added to make the total volume 20ul. The mixture was incubated for 1-3 hours at 37°C. After
incubation, DNA loading buffer was added to the sample and the DNA fragments separated by agarose gel

electrophoresis as described in 2.7.5.

2.6.6 DNA extraction from agarose gel

DNA fragments in an agarose gel were imaged using a UV box and bands of interest identified. These bands
were cut out using a sterile scalpel blade and place in a nuclease free microcentrifuge tube. DNA was then
extracted from the gel using QIAquick gel extraction kit (Qiagen). Extraction was carried out as described
in the manufacturer’s protocol. Buffer QG was added to the gel at a ratio of 3:1 and placed in a heat block
at 50°C for 10 minutes. 1 volume of isopropanol was added and mixed. The sample was applied to the
QlAquick column and centrifuged for 1 minutes at 16,000g, discarding the flow through. 750ul of buffer
PE was added to the column and centrifuged as before to wash the DNA. The column was centrifuged once
more to dry it. DNA was eluted by applying 50ul of nuclease free water to the column and centrifuged as
before into a fresh, sterile, nuclease free microcentrifuge tube. The DNA was quantified as described in

2.7.2

2.6.7 Sequencing and analysis

Plasmid DNA was sequenced by DNAseq (Dundee, UK) using either M13 or sequence specific primers.

Sequencing chromatograms were analysed using Chromas software (Technelysium, Brisbane, Australia).

2.7 Isolation of RNA and quantification

2.7.1 RNA isolation

RNA was isolated from cells and tissue using TRIzol (Invitrogen). For cells, medium was removed, and the
cells were washed with sterile 1x PBS. 1ml of TRIzol was added directly to the cells and incubated at room
temperature on the orbital shaker for 5 minutes. Alternatively, after the cells were washed they were
scraped in PBS and centrifuged at 16,000g for 1 minute, the supernatant discarded and 1ml of TRIzol added
and pipetted up and down to mix. The TRIzol with cells were then transferred into an RNAse free

microcentrifuge tube. 200ul of chloroform was added, the mixture vortexed, and centrifuged at 16000g
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for 15 minutes at 4°C. The upper aqueous layer containing the RNA was then transferred into a fresh RNase
microcentrifuge tube and 500ul of ice-cooled isopropanol was added and mixed by inversion before being
incubated on ice for 10 minutes. The mixture was centrifuged at 16000g for 10 minutes at 4°C and the
supernatant discarded. The pellet was then gently dislodged and washed with ice-cooled 70% ethanol
before being centrifuged again at 16000g for 10 minutes at 4°C. The supernatant was removed and the
pellet air dried for 5-10 minutes before being resuspended in 20-30ul of RNase free water (Qiagen). RNA

samples were quantified as described in 2.7.2 and stored at -80°C.

RNA isolation from tissue samples followed the same protocol with the exception that tissue was snap
frozen in TRIzol and when needed were thawed, homogenized using a hand homogeniser and sonicated

before continuing with the RNA isolation.

2.7.2 DNAse | treatment of RNA

Contaminating DNA was removed from TRIzol purified RNA samples by treatment with RQ1 RNAse-free
DNAse (Promega). To 10l of RNA, 1l of RQ1 RNAse-free DNAse and 1ul of 10x DNAse buffer were added
and incubated for 30 minutes at 37°C. 1ul of DNAse stop solution added and incubated at 65°C for 10

minutes to inhibit DNAse activity.

2.7.3 RNA and DNA quantification

The concentration and purity of RNA and DNA was determined using a NanoDrop 2000 spectrophotometer
(Thermo Scientific) to measure the absorbance at 260nm and 280nm, using RNase free water as the blank.
Pure nucleic acids should have a 260nm/280nm ratio between 1.8 and 2.0, deviation from these values

suggests contamination, likely to be by phenol or protein.

2.7.4 cDNA synthesis by reverse transcription of RNA

RNA was diluted to 200ng/ul and 5ul was transferred to a 200ul reaction tube. 1ul of 50ng/ul random
primers (Promega) was added to each tube and incubated for 3 minutes at 90°C to melt the RNA secondary
structure. The temperature was rapidly reduced to 4°C to anneal the random primers to the RNA. 14pul of
reverse transcription master mix was added to each sample. The master mix contained 1ul of Moloney
Murine Leukemia Virus reverse transcriptase (M-MLV, an RNA-dependent DNA polymerase), 2ul of 10x

reverse transcription buffer, 2ul of 10mM dNTPs and 9uL of nuclease free water. The samples were

55



incubated for 1 hour at 42°C. Samples were diluted to desired concentration with nuclease free water and

stored at -20°C.

2.7.5 Primer Design

DNA primer sequences were designed using the NCBI database (www.ncbi.nlm.nih.gov). Primers were
designed to be 20-25 bases in length with a 40-60% guanine and cytosine content and with melting
temperatures (Tm) close to 60°C. The optimum annealing temperature for a set of primers was

determined, starting at 50C below the Tm.

2.7.6 Polymerase chain reaction (PCR)

Polymerase Chain Reaction (PCR) is a technique that use DNA polymerases and thermal cycling to amplify
target DNA sequences. As shown in Figure 2.3, double-stranded DNA is denatured at high temperatures
(95°C), then short 5’-3’ oligonucleotides (primers) anneal to complementary DNA (cDNA) at the target
sequence (amplicon) enabling selective amplification. DNA polymerase binds and elongates the DNA
strand 5’ to 3’. The amplicon is the exponentially amplified as DNA generated from previous cycles can act

as a target itself.

1st cycle
Denature Annealing Extension Denature

T T T U TITITIT I T T TITIIIT Y
s oo > —vddlll <Ly HHHHHHEE R

T T T I
ol sl o e e e ¢

N sprrrs_ T T Mrrrrr T TTTTTTTTTTTT
vhdtdd it d AL s pa I T I T — ITTTITIITINL .

N\

N, @ %N

Figure 2.3: The PCR cycle. Double stranded DNA is denatured at 95°C. Primers are annealed to the resulting single stranded
molecules at approximately 60°C. Polymerase extends the single stranded DNA at 72°C, generating new double stranded DNA.
The new double stranded DNA is then denatured, and the cycle starts again for 25-35 cycles to amplify enough product for

detection.

Semi-quantitative PCR was carried out using GoTaq green master mix. For each reaction, 1ul of cDNA
(40ng) was added to a reaction tube with 19ul of PCR master mix. The master mix contained 10ul 2x GoTaq

green master mix, 2ul of 10uM upstream and downstream primers (10nM final concentration), and 6ul of
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nuclease free water. Thermal cycling was then carried out using a Px2 (Thermo Scientific) thermocycler.

The PCR program was optimised to the primers (Table 2.3) used. The standard program was as follow:

Initial denaturing

Denature

Anneal

Elongate

Final elongation

Hold

PCR products were then separated on an agarose gel (1-2%, dependent on amplicon size), as described in

2.7.6, and visualised using a UV box.

95°C 1 minute

95°C 1 minute

X°C (based on primers) 1 minute 30-35 cycles
72°C 1 minute

72°C 5 minutes

4°C oo

Oligo ID 5’-3’ sequence Comments

rAdh1 US CAGCCTAAGGGAGCTTTGCT Will amplify 130bp fragment from rat alcohol dehydrogenase (NM_019286.4).

rAdhl DS CGATTTTGGCCACCGCTATG

rAdh4 US CTGTGCAGGAACAGCTCAGA Will amplify 143bp fragment from rat alcohol dehydrogenase (NM_017270.2).

rAdh4 DS TTCCCTTTACAGAACGGCCC

rAdh5 US CCCGAAGCTGGTGTCTGAAT Will amplify 77bp fragment from rat alcohol dehydrogenase (NM_001126120.1).

rAdh5 DS GGTCGAAGGACAGATTGCCA

rAdh6a US GTCACCGACTGTCTCAACCC Will amplify 145bp fragment from rat alcohol dehydrogenase (NM_001106475).

rAdh6a DS TGTGGTTGCAGGAGTTCCAA

rAdh6 US CCAAAGCGAGCTTCCCAAGG Will amplify 113bp fragment from rat alcohol dehydrogenase (NM_001012084) Also X4
rAdh6 DS GGCCACTTCGATCTCCTCAA (XM_008761508.1), X6 (XM_006233375.2) and X7 (XM_006233374.1) transcript variants.
rAldhlal US TGCTTTCTGTCGTAGCTCCC Will amplify 100bp fragment from rat aldehyde dehydrogenase (NM_022407.3).

rAldhlal DS CGAGAAGCAGTTCAAGGGGT

rAldh1a2 US AGGCTCTCATGGTGTCCTCT Will amplify 139bp fragment from rat aldehyde dehydrogenase (NM_053896.2).

rAldh1a2 DS TCCCGTAAGCCAAACTCACC

rAldh2 US ACGGAAGTGAAGACGGTCAC Will amplify 163bp fragment from rat aldehyde dehydrogenase (NM_032416.1) Also amplifies
rAldh2 DS CCAAGACGCTTTGGTGAAGG transcript variant X1 to give 192bp (XM_006249385.2).

rAldh3al US GAAGCTTGGAGGAGGCCATT Will amplify 113bp fragment from rat aldehyde dehydrogenase (NM_031972.1).

rAldh3al DS GCTGGATGTCTCTGCGATCA

rAldh3a2 US ACTCAGGTACCCTCCCAACA Will amplify 145bp fragment from rat (NM_031731.2).

rAldh3a2 DS TCACAGCTGATCCTTGACGA

rCD36 US TCCTCGGATGGCTAGCTGATT Will amplify 187bp fragment from rat CD36 molecule/thrombospondin receptor (NM_031561.2).
rCD36 DS GCACTTGCTTCTTGCCAACT

rSlc27a1 US CTGCGAGAACCCGTGAGGAA Will amplify 166bp fragment from rat solute carrier family 27 (fatty acid transporter) Slc27al
rSlc27a1DS ACCCACGTACACACCGAAC (NM_053580.2).

rSlc27a2 US GAATGTTTACGGTGTGCCCG Will amplify 123bp fragment from rat solute carrier family 27 (fatty acid transporter) Slc27a2
rSlc27a2 DS GGCAGGTACTCCGAGATGTG (NM_031736.1).

rSlc27a4 US GCAACTGTAGCTTGGGCAAC Will amplify 87bp fragment from rat solute carrier family 27 (fatty acid transporter) Slc27a4
rSlc27a4 DS AGCGGATGGGGTACACAAAG (NM_001100706.1).

rSlc27a5 US CATTCGATGGGGCTTGTCCT Will amplify 122bp fragment from rat solute carrier family 27 (fatty acid transporter) Slc27a5
rSlc27a5 DS ACTGTCACACTGTACTGCCG (NM_024143.2).

rAcsl US GCAGGGGTGCTTCACTTACT Will amplify 249bp fragment from predicted rat) acyl-CoA synthetase long-chain family member 1
rAcsl DS CCGATGATTTCCACCCCACA transcript variant X6 Acs1 (XM_006253125.2) and 7 other transcript variants.

rAcs4 US CTACTGGAAGAGTTGGCGCT Will amplify 301bp fragment from predicted rat) acyl-CoA synthetase long-chain family member 4
rAcs4 DS GACACGTACTCTCCGGCTTG Acs4 transcript variant X4 (XM_006257316.2) and 4 other transcript variants.

rAcs5 US TGACCCCAAAGGAGCTATGC Will amplify 134bp fragment from rat Acs5 (NM_053607.1).
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rAcs5 DS ACATATGGGCCAAGGGAAGG

rAcaca US GGGAACATCCCCACGCTAAA Will amplify 126bp fragment from rat acetyl-CoA carboxylase alpha Acaca (NM_022193.1).

rAcaca DS CATGCGTTGACAAGGTGGTG

rAcacb US GGTCCTGATTGCCTCTCACC Will amplify 197bp fragment from rat acetyl-CoA carboxylase beta Acacb (NM_053922.1) and 6
rAcacb DS ACGCCATACAGACGACCTTG other transcript variants.

rAcly US ATCCGGGGAGTTGGGGTAAG Will amplify 125bp fragment from rat ATP citrate lyase Acly transcript variant 2 (NM_001111095.1)
rAcly DS CTTTGCCGGTCTGCTCTGAA and also transcript variant 1.

rMpcl US ATGAGTACGCACTTCTGGGG Will amplify 213bp fragment from rat mitochondrial pyruvate carrier Mpcl (NM_133561.1).
rMpcl DS AATGAGCTGAGCGACTTCGT

rMpc2 US GTGCTGATGGCTACAGGGTT Will amplify 163bp fragment from rat mitochondrial pyruvate carrier Mpc2 (NM_001077643.1).
rMpc2 DS ACTGGATTCCTTTAGATTTGAGTTC

rSlc25a1 US CCAAGGAGACAACCCCAACA Will amplify 255bp fragment from rat mitochondrial citrate carrier Slc25a1 (NM_017307.3).
rSlc25a1 DS AATACGATGGCCACGTCCAG

rFasn US CCCTCACATCAAGTGGGACC Will amplify 387bp fragment from rat fatty acid synthase (NM_017332.1).

rFasn DS TGGTACACTTTCCCGCTCAC

rPlinl US GTGGCTCTCAGCTGCATGT Will amplify 87bp fragment from rat perilipin 1 Plin1 (NM_001308145.1). May also amplify variant
rPlinl DS ATTCTCCTGTTCAGGGAGGTCT X1 (XM_008759499.1) yielding a 143bp fragment.

rPlin2 US CAGTACTTGCCGCTCACTCA Will amplify 240bp fragment from rat perilipin 2 (Adrp) Plin2 (NM_001007144.1) intrinsic lipid
rPlin2 DS GTGCACATTCTTCCTGGCGAA storage droplet protein. Also amplifies X1 and X3 transcript variants.

rPlin3 US AGCAGTGGATGTGACCTGTG Will amplify 202bp fragment from predicted rat Plin3 (XM_001061015.2) cDNA.

rPlin3 DS TGTGGCAATCAGGGCTAGTT

rPlind US ATGGGACTAGAGGTTCCCCC Will amplify 166bp fragment from 47 predicted rat Plin4 transcript variants (e.g. XM_006244382.2).
rPlin4 DS GGAGATGGAGGGACAGGAGT

rPlin5 US GCTCTACACAGCAGGATGTCCG Will amplify 534bp fragment from rat Plin5 (NM_001134637.1). Will also amplify transcript variant
rPlin5 DS CAGCTCCTCTGATTTGCCCAG X1 (XM_008766770.1) yielding a 498bp fragment.

rFXR US TGGAGTGCTAACAGAGCACG Will amplify 383bp fragment from rat nuclear receptor subfamily 1, group H, member 4 Nr1h4, FXR,
rFXR DS TTCGGAAGAAACCTTTGCAGC (NM_021745.1). Also amplifies X1, X2 and X3 transcript variants.

rLXRa US CTGCGATCGAGGTGATGCTT Will amplify 392bp fragment from rat nuclear receptor subfamily 1, group H, member 3 Nr1h3,
rLXRa DS CTCTGAATGGACGCTGCTCA LXRa, (NM_031627.2). Also amplifies 4 other transcript variants.

rLXRB US GGCATCCACCATCGAGATCAT Will amplify 529bp fragment from rat nuclear receptor subfamily 1, group H, member 2 Nr1h2,
rLXRB DS AAGGAAGCGTCCATCTGCAA LXRB, (NM_031626.1).

rPNPLA3 US CTCACCAGAGTGTCCGATGG Will amplify 174bp fragment of rat PNPLA3 (NM_001282324.1). Also, transcript variant X1.
rPNPLA3 DS CACAGGGACGTTGTCACTCA

rLYPLA2 US GGTGCCTGGTGATTTGGGTA Will amplify 278bp fragment of rat LYPLA2 (NM_001004277.2).

rLYPLA2 DS CCACGTTCCTTTTGCTTGGG

rCYP2E1 US TCGACTACAATGACAAGAAGTGT Will amplify 525bp fragment of rat CYP2E1 (NM_031543).

rCYP2E1 DS CAAGATTGATGAATCTCTGGATCTC

hHNF4a US GGACATGGCCGACTACAGTG Will amplify 192bp fragment of human HNF4a (NM_004133.4). Also 6 other transcript variants.
hHNF4a DS CTCGAGGCACCGTAGTGTTT

hSOX9 US AGGAAGTCGGTGAAGAACGG Will amplify 261bp fragment of human SOX9 (NM_000346.3).

hSOX9 DS TCCCTCCCGGGAAGCATAAA

hSOX17 US CACGACTTGCCCAGCATCTTG Will amplify 132bp fragment of human SOX17 (NM_022454.3).

hSOX17 DS CAAGGGCGAGTCCCGTATC

hTFF1 US GTGCAAATAAGGGCTGCTGT Will amplify 177bp fragment of human trefoil factor 1 TFF1 (NM_003225.2).

hTFF1 DS CCGAGCTCTGGGACTAATCA

hCD24 US GAACAAAGCAAGGGCTTCGGG Will amplify 402bp fragment of human CD24 (NM_001291737.1) and variant X1
hCD24 DS TAGTTGGATTTGGGGCCAACC (XM_024446293.1).

hCD133 US TGCCTTGAGTGAATGACCCC Will amplify 660bp fragment of human CD133 (NM_006017.2). Also 24 other transcript variants.
hCD133 DS GCCCATTTTCCTTCTGTCGC

hrmGAPDH US TGACATCAAGAAGGTGGTGAAG Will amplify 243bp of rat (NM_017008), mouse (NM_008084) or human (NM_002046) of
hrmGAPDH DS TCTTACTCCTTGGAGGCCATGT glyceraldehyde 3 phosphate dehydrogenase.

hrm18S US CCCGAAGCGTTTACTTTGAA Will amplify 136bp fragment of rat, mouse and human 18S rRNA.

hrm18S DS CCCTCTTAATCATGGCCTAC

Table 2.3: DNA oligonucleotide sequences used in RT-PCR and SYBR green Realtime PCR.

2.7.7 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments. The sugar phosphate backbone of DNA
is negatively charged and therefore migrate towards the positive electrode when an electric field is applied
across the agarose gel. Larger fragments migrate slower as they experience more resistance in a

polymerized agarose matrix.
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Agarose gels were made with 1-2% (w/v) agarose in TAE buffer (40mM Tris, 20mM acetic acid, 1mM
EDTA). In general, 1.5% gels were used, however for amplicons smaller than 400bp, 2% was used. The gel
mixture was boiled in the microwave until dissolved and left to cool to approximately 50°C. Once cool
enough, 1ul/100ml of ethidium bromide was added. Ethidium bromide is an intercalating agent that
fluoresces when expose to UV light, allowing for visualisation. The gel was poured into a gel cast with a

sample comb and left to set at room temperature.

Once set, the gel was placed into a gel tank filled with 1 x TAE buffer and the samples were loaded into
the wells created by removing the sample comb. 100bp and 1kb DNA ladders were also loaded so that
fragment size to be determined. Gels were then run for approximately 45-60 minutes at 90 volts and

visualised using a UV box.

2.7.8 Quantitative real-time PCR

2.7.8.a Real-time PCR using SYBR green

SYBR green is a dye that fluoresces when bound to double stranded DNA, by measuring this fluorescence
it is possible to determine the amount of target DNA in a sample (Figure 2.4A). A master mix was made
containing; 5ul of PowerUp SYBR Green Master Mix (Applied Biosystems), 500nM of forward and reverse
primers, and nuclease free water (total volume made up to 9ul before cDNA addition). 9ul of the master
mix was added to each well of an optical 48 or 96 well reaction plate. 1ul of 10ng/ul cDNA was added to
each well. The plate was sealed using optical film (Applied Biosystems) centrifuged at 300g for 1 minute
to collect the samples to the bottom of the well. Plates were then run using a StepOne real-time PCR

machine (Applied Biosystems) and accompanying software. The general method was as follows:

Initial denaturing - 50°C 2 minutes
95°C 10 minutes
Denature - 95°C 15 seconds
40 Cycles
Anneal - X°C (based on primers) 1 minute

Fluorescence was measured during the elongation phase and a melt curve analysis was run post cycling to

check primer specificity. Relative amounts of target DNA were calculated using the comparative AACt
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method and 18S ribosomal RNA (18S rRNA) was used as the housekeeping control. Relative expression

was calculated as follows:
ACr = Crtarget — Cr 18SrRNA
AACy = ACr sample — ACr control
Fold change = 272A¢r

Standard deviation was calculated as follows:

STDev = /STdev ACrtarget? + STdev AC;18S rRNA?

2.7.8.b Real-time PCR using Tagman

Tagman based real-time PCR is considered to have higher specificity than SYBR Green based detection and
uses fluorogenic probes that are specific to target genes. Tagman based detection works by the probe
(containing a fluorescent reporter and a quencher at 5’ and 3’ ends respectively) annealing downstream
from a primer site of a target (Figure 2.4B). The probe is then cleaved by Tag DNA polymerase, separating
the reporter and quencher dye, increasing the fluorescence of the reporter. The probe is completely
removed from the target, allowing the extension of the primer and therefore the continuation of the PCR

process.

The protocol for Tagman based real time PCR is similar to SYBR Green. A master mix was made containing;
10ul LightCycler TagMan Master Mix (Roche), 0.5ul TE buffer, 0.5ul probe, 7ul PCR grade water (total
volume made up to 18ul before cDNA addition). 18ul of the master mix was added to each well of an
optical 48 or 96 well reaction plate. 2ul of 10-100ng/ul cDNA was added to each well. The rest of the plate
set up, program (with no melt curve) and comparative AACt calculation was the same as described in

2.7.7a.
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Figure 2.4: Real-time PCR chemistry. (A) SYBR green and (B) Tagman. See text for detail.

2.8 Protein isolation and analysis

2.8.1 Cell lysate preparation

Cells were washed with PBS and then scraped in ice cold PBS and transferred into a fresh microcentrifuge
tube. Samples were centrifuged at 16,000g for 5 minutes, and the supernatant removed, and the pellet
resuspended in an appropriate volume of 20mM Tris (pH 7.5). Samples were then either stored at -80°C

or protein content was determined by Lowry assay (2.8.3) or by Bradford assay (2.8.4).
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2.8.2 Tissue lysate preparation

Tissue was flash frozen in liquid nitrogen and stored at -80°C until required. Samples were thawed on ice
and washed in PBS to remove any blood. The sample was homogenised using a hand homogeniser and
sonicated in an appropriate volume of 20mM Tris (pH 7.5). Samples were then either stored at -80°C or

protein content was determined by Lowry assay (2.8.3) or by Bradford assay (2.8.4).

2.8.3 Lowry assay

The Lowry assay was used to determine protein concentration, using BSA as a standard. The BSA standards
were prepared ranging from 0-20mg/ml in 20mM Tris (pH 7.5). 50ul of dH,0 was added to 5ul of sample
and standard. ABC buffer was prepared, Lowry A (2% (w/v) Na,COs and 4% (w/v) NaOH), Lowry B (2% (w/v)
sodium tartrate), Lowry C (1% (w/v) CuSQO.) were combined at a ratio of 100:1:1 (v:v:v). 1ml of ABC buffer
was added to each sample and standard, vortexed and incubated at room temperature for 10 minutes.
Folin-ciocalteu reagent was diluted 1:1 (v:v) with dH,0 and 100ul was added to each sample and standard,
mixed and incubated at room temperature for 15-20 minutes. The absorbance at 750nm was measured
using a spectrophotometer (Themo labsystems multiskan spectrum), using the Omg/ml standard as the

blank. Protein concentration was then determined from the BSA standard curve.

Some experiments in 24- and 6-well plates were normalised to protein concentration. 1ml of ABC buffer

was added directly to each well and the procedure was continued as described above.

2.8.4 Bradford assay

Bradford assays were also used to determine protein concertation. BSA was used as a standard, ranging
from 0-1.4mg/ml in distilled water. Protein samples were diluted 1:20 in dH,0. 5ul of standards and
samples were transferred into a flat bottom 96-well plate. 250l of Bradford reagent was added to each
well and incubated for 10 minutes. Absorbance was measured at 750nm using a spectrophotometer, using
the O0mg/ml standard as a control. Protein concentration was then determined from the BSA standard

curve.

Some experiments carried out in 96 well plates were normalised to protein concentration. Cells were lysed

by incubating the cells with lysis buffer (250mM Tris (7.4) + 0.05% Triton) at room temperature on an
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orbital shaker for 10 minutes. 250ul of Bradford reagent was added to each well and protein concentration

determined as described above.

2.8.5 Sodium-dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate proteins based on their molecular weight. Two different polyacrylamide
gels different were used; a stacking gel (4%) and a resolving gel (9%). The use of a stacking gel improves
resolution as they proteins accumulate at the stacking/resolving interface. A resolving gel was made using;
9% acrylamide/bis (w/v) (using acrylamide/bis-acrylamide, 37.5:1 ratio), 375mM Tris-HCL (pH 8.8), 0.1%
(w/v) SDS, 0.05% (w/v) ammonium persulphate (APS) and 0.05% (v/v) tetramethylethylenediamine
(TEMED). APS and TEMED were added last to catalyse polymerisation. The resolving gel solution was
transferred into a 0.75mm glass plate cast, and a layer of isopropanol was pipetted on top of the gel to
straighten the interface between the two gels. Once the gel was set, the isopropanol was removed and
the 4% gel (4% (w/v) acrylamide, 125mM Tris buffer pH 6.8, 0.1% (w/v) SDS, 0.05% (w/v) APS and 0.1%
(v/v) TEMED) was transferred on top of the 9% gel. Bubbles were removed, and a sample comb was
inserted into the cast. Once the gel set, the comb was removed, and the cast was inserted into an
electrophoresis tank containing electrophoresis running buffer (ERB, 25mM Tris, 0.1% (w/v) SDS and

192mM glycine (pH 8.3)).

Protein samples were diluted at 1:1 (v/v) in reducing loading buffer (120mM Tris (pH 6.8), 20% glycerol
(v/v), 3.9% (w/v) SDS, 0.74% (w/v) bromophenol blue and 20mM DTT), the loading buffer contains SDS
that binds to polypeptides allowing their migration though the polyacrylamide gel towards the anode.
Samples were incubated at 95°C for 5 minutes to denature the protein, and thereby losing their secondary,
tertiary and quaternary structures. 10-20ug of protein was loaded per well, as well as a protein ladder of
known molecular weights (colour pre-stained protein standard, molecular weight 11-245kDa, New
England Biolabs). Electrophoresis was initially run at 100V until the migrating front had reached the

interface. The voltage was then increased to 160V until the samples had reached the bottom of the gel.

2.8.6 Western blotting

Proteins separated by SDS-PAGE were detected by immunodetection using Western blotting. Filter paper
and nitrocellulose membrane (Fisher) were prechilled in transfer buffer (25mM Tris, 192mM glycine and
20% (v/v) methanol, pH 8.3). The SDS-PAGE polyacrylamide gel was transferred onto the nitrocellulose

membrane and sandwiched between filter paper and scouring pads in a transfer cassette and the cassette
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placed into a tank filled with prechilled transfer buffer and an ice pack. Transfer was run at 100V for 2

hours.

Once transfer was complete, the nitrocellulose membrane was washed in TBS-T (200mM NaCl, 20mM Tris
(pH 7.4) and 0.05% (v/v) Tween 20, pH 7.4). The membrane was blocked with 3% (w/v) skimmed milk
powder in TBS-T for 1 hour at room temperature. After blocking, the blocking solution was removed, and
the membrane was washed 3 times in TBS-T and incubated overnight a 4°C with primary antibody in 0.3%
(w/v) skimmed milk powder in TBS-T. For the primary antibodies used and dilutions, see Table 2.4. The
primary antibody was removed, and the membrane washed 3 times in TBS-T and incubated in the
appropriate secondary antibody (Table 2.4) for 1 hour at room temperature. The secondary antibody was

removed, and the membrane washed 3 times.

Proteins were visualised using the binding of secondary antibody to the chemillumenscent Pierce ECL
Western blotting substrate (Thermo Scientific). Equal volumes of reagents 1 and 2 were mixed and added
to the membrane and incubated for 1 minute at room temperature. Excess reagents were removed from
the membrane and the membrane was saran wrapped in a film cassette. CL-Xposure film (Thermo
Scientific) was exposed to the membrane in a dark room and developed using an automated developer

(RP X-OMAT, Kodak, Hertfordshire, UK).

Antigen Approximate Antibody raised | Dilution Source (cat#)

molecular weight | in

(kDa)
Primary antibodies
B actin 44 Mouse 1in 3000 Sigma (A2228)
CYP2E1 50 Rabbit 1in 3000 Abcam (ab28146)
CYP3A4 52 Rabbit 1in 2000 Abcam (ab155029)
HA Tag variable Rabbit 1in 4000 Abcam (ab9110)
LXR 50 Mouse 1in 1000 Abcam (ab41902)
P450 reductase 78 Rabbit 1in 1000 Abcam (ab13513)

Secondary antibodies

Anti-mouse HRP | - Goat 1in 3000 Dako (P0447)

Anti-rabbit HRP - Goat 1in 3000 Sigma (A0545)

Table 2.4: Specifications and source of primary and secondary antibodies.
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2.9 Histochemistry and staining

2.9.1 Paraffin embedded section preparation

Tissue samples were fixed in 10% formalin in PBS for 24 hours, then transferred into 70% ethanol until
processed. Samples were processed and embedded by cellular pathology at the Royal Victoria Infirmary

and cut by microtome onto Superfrost Plus slides (Fisher) at 5um in thickness.

2.9.2 Haematoxylin and eosin staining (H&E)

H&E staining was used to examine the histology of tissue samples. Sections were dewaxed in xylene for
10 minutes, then rehydrated in a series of ethanol washes (100% - 90% - 70%) and dH,0. Sections were
then stained with haematoxylin, a nuclear stain, for 1 minute before being developed in Scott’s tap water
(2% (w/v) NaHCOs5 and 0.35% (w/v) MgSQ, in dH,0) for 10 seconds. The sections were then washed in
dH>0 and counterstained with eosin, a cytoplasmic stain, for 1 minute and washed in dH,0. Dehydration
of sections was achieved through a series of ethanol washes (50%—>70%—>95%—>100%) and xylene.

Sections were then mounted using DPX and left to dry before imaging.

2.9.3 Periodic acid-Schiff stain (PAS)

Periodic acid—Schiff stain (PAS) is a stain used for the detection of polysaccharides such as glycogen. For
each sample two sections were deparaffinised and hydrated as described in 2.9.2. One section was
incubated in warm diastase (5mg/ml) for 15 minutes at 37°C and washed in dH,0. Both sections were then
immersed in 0.5% periodic acid for 5 minutes and washed in dH,0. Sections were immersed in Schiff’s
reagent for 15-30 minutes, until a deep magenta colour is observed. Schiff’'s was then washed from the
sections in dH,0 for 5 minutes before being counterstained in haematoxylin for 1 minute, developed in
Scott’s tap water for 30 seconds and washed once more in dH,0 before being dehydrated and mounted

as described in 2.9.2.

2.9.4 Transmission electron microscopy

Cells were trypsinised and transferred to a microcentrifuge tube before being centrifuged at 16000g for 5
minutes. The pellet was then fixed in 2% glutaraldehyde in cacodylate buffer. EPCAM+ve progenitor cells

were left in Matrigel and fixed in fixed in 2% glutaraldehyde in cacodylate buffer. The cells were then
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processed and embedded in resin by the Newcastle University Electron Microscopy Research Service.

Samples were viewed using a Philips CM100 transmission electron microscope (TEM).

2.9.5 Image analysis

Stained sections were imaged using the a Lecia bright field microscope (Milton Keynes, UK) using the

accompanying software. Slides were scanned using the Lecia (MODEL) at x20 magnification.

2.10 Enzyme assays

2.10.1 Alcohol dehydrogenase assay

Alcohol dehydrogenase activity was calculated by measuring the conversion of NAD to NADH by measuring
the increase in absorbance at 340nm (Clemens 1995). Cells were washed in PBS and lysed in 1% Triton X-
100 (v/v) in PBS and sonicated briefly. 250ul of lysate was added to 1ml of alcohol dehydrogenase reaction
mix (0.5M Tris HCI (pH7.4) and 3mM NAD) prewarmed to 37°C Background activity was measured before
2.9ul of ethanol (final concentration of 10mM) was added and mixed briefly. Absorbance was then
measured at 340nm. 10mM of pyrazole was used to inhibit the reaction. Results were expressed as nmol

NADH generated/minute/mg total protein.

2.10.2 CYP450 assays

Cytochrome P450 activity was measured using the luminescent CYP assay system (Promega). The assay
works by providing proluciferins that act as a substrate for CYP450s. The proluciferin is converted into D-
luciferin which can be detected as light when a luciferin detection reagent is used. Cells were resuspended
in 100mM KPQ,, with an aliquot taken for protein determination. 12.5ul of cell suspension was added to
12.5ul of proluciferin substrate (the substrate is specific for the CYP system being used, see Table 2.5).
25ul of 3mM NADPH in 50mM Tris-HCI (pH 7.4) were added to the mixture (final concentration of 1.5mM)
and incubated at room temperature for 30 minutes. 50ul of luciferin detection reagent was added to the

mix and allowed to equilibrate for 20 minutes before luminescence was measured on a luminometer.
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P450 Enzyme Substrate Volume (ul) added to
100mM KPO, (total

volume = 12.5ul)

CYP2D6 Luciferin-ME EGE 0.15

CYP3A4 Luciferin-IPA 0.05

Table 2.5: CYP P450 enzyme substrates for luminescent assays.

2.10.3 Serum activity assays

Blood was collected from animals by tail vein bleed or after culling. The blood was left to clot at room
temperature for approximately 1 hour before being centrifuged at 16000g for 5 minutes and the serum
was transferred into a fresh tube. Alanine transaminase (ALT, a biomarker of hepatocyte injury) and
alkaline phosphatase (ALP, a biomarker of cholangiocyte injury) activities were analysed by the Royal

Victoria Infirmary Clinical Biochemistry Department, Newcastle Upon Tyne.

2.11 Total P450 dual-beam spectroscopy

Reduced CYP450 has an absorbance peak at 450nm, making it possible to calculate the total CYP450
concentration in a sample by measuring the change between reduced and oxidised samples. To measure
haem-bound CYP450, cell pellets were resuspended in 2ml of TST buffer (20mM Tris, 250mM sucrose, and
0.01% (v/v) triton X-100, pH 7.4). A sample was removed for protein determination by Lowry assay as
described in 2.8.3. 1-5mg of sodium dithionite was added to the sample and mixed by inversion. The
solution was then split into 2 quartz cuvettes. One cuvette was bubbled with carbon monoxide for 30
seconds at a rate of around 1 bubble per second. The absorbance difference between the two cuvettes
was measured between 400-500nm. Total CYP concentration was then determined using the following
equation:

OD450 — OD4oo

Total CYP450 concentration (M) = 91000 -Lem-1
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2.12 Cell viability assays

2.12.1 3-(4,5-Dimethylthiazol-2-YI)-2,5-Diphenyltetrazolium Bromide (MTT) assay

MTT is a simple coulometric assay that can be used as an indicator of cell viability. In viable cells MTT is
converted to the purple coloured product, formazan, by mitochondrial reductases. The colour production

can be quantified by the measurement of absorbance.

Culture medium was removed from cells and the cells were washed in PBS. 5mg/ml MTT in PBS was added
1:10 (v/v) to fresh cell medium. The MTT medium was added to the cells and incubated for 1-3 hours
(dependent of cell type). The MTT cell medium was discarded and isopropanol was added to each well.
The plate was incubated at room temperature on an orbital shaker for 15 minutes before absorbance at
570nm and 690nm was measured. The absorbance at 690nm was subtracted from that at 570nm and cell

viability calculated as a percentage of the control cells.

2.12.2 Cell titre-glo 2.0

Cell titre-glo 2.0 (Promega) is an assay that is used to determine cell viability by the quantifying that
amount of adenosine triphosphate (ATP) present. The assay works by mono-oxygenating luciferin by a
luciferase enzyme in the presence of ATP that is provided by the lysed cell. This generates a luminescent

output that can be measured.

ATP standards of 0-10uM were prepared in cell culture medium. After desired treatment, cell titre glo 2.0
reagent was added directly to cells in cell culture medium at an equal volume to that of culture medium
present (and to standards). The standards and samples were then mixed on an orbital shaker for 2 minutes
and incubated for a further 10 minutes to stabilise the luminescent signal. The luminescence was then

measured on a luminometer.

2.12.3 RealTime-Glo™ annexin V apoptosis and necrosis assay

RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay (Promega) measures exposure of
phosphatidylserine on the outer leaflet of cell membranes as an indicator of apoptosis. Phosphatidylserine
brings together Annexin V-LgBiT and Annexin V-SmBIT (NanoBiT) fusion proteins that form a functional

luciferase that is measurable using a luminometer. In addition to this, necrosis can also be detected when
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membrane integrity is compromised, and a DNA binding fluorescent dye enters the cell producing a

fluorescent signal.

Cells were dosed with equal volumes of medium containing compounds of interest at a 2X desired
concentration and with 2X detection reagent (annexin V nanobit substrate, CaCl,, necrosis detection
reagent, annexin V-SmBIT and annexin V-LgBiT), giving a final concentration of both of 1X. Luminescence
and fluorescence (485nmg,/530nmem) was measured every 1-6 hours over 48 hours and returned to the

CO;incubator.

2.12.4 ApoTox-Glo™ triplex assay

The ApoTox-Glo™ triplex assay (Promega) measures three different endpoints; cell viability, caspase
activation, and cytotoxicity. Cell viability is measured by a substrate that can enter viable cells and is
cleaved by proteases to give a fluorescent signal. Cytotoxicity is measured by a second substrate that is
cell impermeable and is cleaved by proteases that have been released by cells that have lost their
membrane integrity. Caspase activity is measured by using a luminogenic substrate for caspase 3/7 where

caspase cleavage of the substrate generates and luminescent signal.

After cells had been treated for desired time with compounds of interest, 20ul of viability/cytotoxicity
reagent (made by adding 10ul of GF-AFC Substrate and bis-AAF-R110 Substrate to 2ml of assay buffer) and
mixed on the orbital shaker for 30 seconds before being incubated for 30 minutes at 37°C. Fluorescence
was then measured to determine viability (400/505em) and cytotoxicity (485ex/520em). 100ul of caspase-
glo 3/7 reagent was added to each well and mixed on the orbital shaker for 30 seconds before being

incubated at room temperature for 30 minutes. Luminescence was then measured using a luminometer.

2.12.5 Apoptotic DNA isolation

The isolation of apoptotic DNA can be used to visualise the fragmentation of DNA that occurs during
apoptosis on an agarose gel. Cells were washed in PBS, scraped in ice cooled PBS, centrifuged at 16000g
and the supernatant was discarded. The pellet was resuspended in 50pl of apoptosis lysis solution (1%
(v/v) NP40, 20mM EDTA, 50mM Tris-HCl, pH 7.5), incubated at room temperature for 5 minutes before
being centrifuged at 16000g for 5 minutes. The supernatant was transferred into a fresh microcentrifuge
tube and the process was repeated with the pellet but with 10ul of apoptosis lysis buffer. The supernatant

was combined and 11ul of 10% SDS and 5ul of 10mg/ml RNAse A was added. The sample was incubated
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for 2 hours at 56°C. The samples were then digested with 12.5ul of 20mg/ml proteinase K for 2 hours at
37°C. 62uL of 10M ammonium acetate and 310ul of ice cooled 100% ethanol was added to the sample and
incubated overnight at -80°C. The next morning the samples were centrifuged at 16000g for 15 minutes
at 4°C and the supernatant removed. The pellet was washed using ice cooled 70% ethanol before being
centrifuged at 16000g for 15 minutes at 4°C. All ethanol was removed, and the sample was air dried for 10
minutes. The apoptotic DNA was resuspended in 30-50ul of DNA loading solution and 10ul was run on a

1.5% agarose gel (as described in 2.7.6) for 45-60 minutes at 80V.

2.13 Lipid staining and determination

2.13.1 Oil red o staining

Oil red o is a staining method used to visualise and quantify neutral lipids. Oil red o solution was prepared
by dissolving 84mg of oil red o powder in 24ml of isopropanol and left to incubate overnight at room
temperature. The solution was filtered, diluted with 18ml of distilled water and incubated overnight at 4°C

before being filtered twice.

Cells were washed in PBS and fixed in 3.7% formaldehyde for 30 minutes. The formaldehyde was removed,
and the cells washed 3 times in PBS. At this point, blank wells were incubated twice for 10 minutes with
isopropanol and washed with PBS. Qil red o solution was added to cells and incubated for 2-5 minutes.
The stain was removed and washed twice with PBS. Images of cells were taken using a bright field
microscope camera (Kern ODC-82 microscope camera). Isopropanol was added to each well to extract the
dye and the absorbance was measured using a spectrophotometer at 515nm. The cells were washed with

PBS then protein concentration was determined by Lowry assay as described in 2.8.3.

Linoleic acid and oleic acid were used as positive controls for oil red o staining. 200mM linoleic and oleic
acid solution was made in ethanol at a ratio of 7:7:86 (v:v:v). 0.5g of essentially fatty acid free BSA was
dissolved in 10ml of serum free medium and heated to 60°C. 50ul of 200mM fatty acid solution was added
to heated BSA containing medium to give a final concentration of 1mM (ethanol used as control). The

solution was then filter sterilised (0.45um) before use.

70



2.13.2 LipidTOX staining

HCS LipidTOX Red Phospholipidosis Detection Reagent (Thermo Scientific) was used to stain phospholipid
accumulation with a fluorescent dye. LipidTOX staining was carried out to manufacturer’s instructions. 24-
48 hours before end of treatment, LipidTOX reagent was added to give a final concentration of 1X. Cells
were then washed in PBS, fixed in 3.7% formaldehyde in PBS for 30 min, washed again in PBS and then
incubated with 20uM 4'6’-diamino-2-phenylindole (DAPI) for 10 min to stain DNA. Cells were then washed
once more in PBS and stored at 4°C in PBS protected from light. Cells were imaged using a Nikon Spinning
Disk confocal microscope and fluorescence was measured using a fluorescent plate read to quantify
LipidTOX staining (595e/615em) and normalised to DAPI staining (360g/460em) to control for cell

number/well.

2.13.3 Chloroform methanol extraction

Lipids were extracted from cells using a chloroform/methanol extraction. Cells were washed in PBS and
scraped in ice-cooled PBS, centrifuged at 16,000g for 5 minutes and the supernatant discarded. The pellet
was resuspended in ice-cooled 20mM Tris (pH 7.4) with 100mM KCl and sonicated. For tissue, frozen
samples were thawed on ice before being homogenised using a hand homogeniser in 20mM Tris (pH 7.4)
with 100mM KCl and sonicated. An aliquot was then removed for protein determination by Lowry assay
(as described in 2.8.3). 1 volume of sample was added to 10 volumes of chloroform/methanol (CM)
extraction buffer (chloroform:methanol, 2:1 ratio (v/v)). Samples were vortexed and centrifuged for 1
minute a 13,000g. The lower organic phase that contains the lipid was transferred into a fresh tube and
another 10 volumes of CM extraction buffer was added to the remaining upper aqueous layer and
centrifuged as before. The two lower phases were then combined. An additional step was added for
triglyceride determination, silica gel was then added to the lipid extract (~10mg/ml) to bind phospholipids
and vortexed before being centrifuged for 1 minute at 13,000g. the supernatant was transferred into a
fresh microcentrifuge and the extract evaporated at 37°C. Lipids were then resuspended in CM extraction

buffer.

2.13.4 Thin layer chromatography

Thin layer liquid chromatography (TLC) was used to quantitatively identify lipids in cells and tissues. A

solution of chloroform, methanol and aqueous ammonia (at a ratio of 56:24:4 (v/v/v)) was poured into a
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tank containing filter paper. The tank was closed and left for 20 minutes. A known volume of sample in
CM extraction buffer was loaded on a silica gel TLC plate around 1cm up from the bottom of the plate.
Adipose tissue was used as a positive control for triglycerides. Phospholipids and cholesterol in CM
extraction buffer were also used as positive controls. The plate was place in the tank and left until the
solvent had reached approximately 1 cm from the top of the plate. The plate was then dried using a hot

plate and the bands visualised using iodine vapour.

2.13.5 Triglyceride determination assay

Triglyceride content was determined using a quantitative enzymatic assay. Triglycerides are hydrolysed to
glycerol and fatty acids by lipoprotein lipase. The glycerol is then phosphorylated to glycerol-1-phosphoate
by ATP (catalysed by glycerol kinase), which in turn is oxidised to dihydrooxyacetone phosphate and
hydrogen peroxide by glycerol phosphate oxidase. Finally, hydrogen peroxide is coupled with 4-
aminoantipyrine and sodium N-ethyl-N-(3-sulfopropyl) m-anisidine to produce a dye that has a maximum

absorbance at 540nm that can be measured. These enzymatic reactions summarised in Figure 2.5.

Lipoprotein lipase

Glycerol + Fatty acids

L 4

Triglycerides

Glycerol kinase

L 4

Glycerol + ATP Glycerol-1-phosphate + ADP

Glycerol phosphate oxidase )
Glycerol-1-phosphate + O, Dihydroxyacetone phosphate + H,0,

Peroxidase
H,0,+ 4-AAP + ESPA Quinoneimine dye + H,0

Figure 2.5: Triglyceride assay enzymatic reaction. Abbreviation: 4-AAP, 4-aminoantipyrine; ESPA, N-ethyl-N-(3-sulfopropyl)
m-anisidine.

Triglyceride working reagent was made by mixing free glycerol reagent (0.75mM ATP, 3.75mM Magnesium
salt, 0.188mM 4-Aminoantipyrine, 2.11mM N-Ethyl-N-(3-sulfopropyl) m-anisidine, sodium salt, 1,250
units/L Glycerol Kinase (microbial), 2,500 units/L Glycerol Phosphate Oxidase (microbial), 2,500 units/L
Peroxidase (horseradish), Buffer, pH 7.0 = 0.1, 0.05% Sodium azide) and triglyceride reagent (250,000
units/L Lipase (microbial), 0.05% Sodium azide) together at a ratio of 4:1 (v/v) and prewarmed at 37°C. 5ul

of sample, blank (CM extraction buffer) or standard (glycerol, 0.26mg/ml) was added to 200ul of
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triglyceride working reagent and incubated for 10-20 minutes at 37°C. Absorbance was then measured at

540nm. Triglyceride content was then determined using the following equation:

ABSsample - ABSblank
ABSstandard - ABSblank

x concentration of standard

Triglyceride content was then normalised by protein concentration.

2.14 Glycogen determination

Glycogen content was determined by the anthrone method. Once the glycogen is precipitated, sulfuric
acid is used to form furfural from carbohydrates. Furfural then reacts with anthrone and produces a blue
colour that can be measured. 1 volume of homogenised liver (~¥25ul) or glycogen standard was added to 1
volume of ice cooled 4% sulphosalicylic acid and centrifuged at 1000g for 20 minutes at 4°C. 20ul of the
supernantent was removed and added to 500ul of anthrone reagent (72% sulfuric acid, 1% (w/v) thiourea,
0.05% (w/v) anthrone), mixed, and incubated at 100°C for 15 minutes. The mixture was allowed to cool
before the absorbance was measured at 620nm. Glycogen content was then normalised to protein from

Lowry determination.

2.15 Seahorse flux analyser

The seahorse flux analyser allows the measurement of the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) in live cells as indicators of mitochondrial respiration and glycolysis.
All seahorse flux analyser experiments were performed using a seahorse XFe96 analyser (Agilent, Santa

Clara, US) and analysed using the Seahorse Wave software.

2.15.1 Seahorse XF cell mito stress test kit

The Seahorse XF cell mito stress test is an assay for measuring the mitochondrial function in live cells by
directly measuring the OCR of cells. The assay uses modulators that target the electron transport chain
(ETC) to enable the measurement of key parameters of mitochondrial function. Figure 2.6 shows the key
modulators used in the mito stress test. Oligomycin is an ATP synthase (complex V) inhibitor, that causes
a decrease in OCR due to protons being unable to enter the mitochondrial matrix and is used to determine
ATP production. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is an uncoupling agent

that allows the free movement of protons across the mitochondrial membrane, uninhibiting the ETC and
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allowing oxygen to be consumed at its maximal capacity. Rotenone and antimycin A are complex | and
complex Il inhibitors respectively, inducing the complete shutdown of the mitochondrial respiration and

used to measure rates of non-mitochondrial respiration.

Mitochondrial Respiration

Cligomiycin FCCP Antirmycin A
& Rotenone

Mitochondrial Respiration
OCR (pmal/min)
S EEEEEREE

o

W 20 30 40 S0 60 70 B0 90 100 10
Time (min)

Figure 2.6: Parameters of mitochondrial function measured in the cell mito stress test. (taken from

https://www.agilent.com/en/products/cell-analysis/mitochondrial-respiration-xf-cell-mito-stress-test)

The day before the experiment, the sensor cartridge was hydrated using the Seahorse XF Calibrant at 37°C
in a non-CO; incubator and cells were plated on seahorse XF cell culture microplates (the 4 corner wells
were left blank of cells). On the day of experiment the assay medium was prepared (5.5mM glucose, 1ImM
pyruvate, 2mM glutamine in Seahorse XF Base Medium, pH 7.4). Cell culture medium was removed from
the cells and they were wash once in seahorse assay medium. 180ul of seahorse assay medium was added
to each well and the plate was incubated at 37°Cin non-CO; for 1 hour prior to the start of the experiment.
Chemicals of interests and ETC modulators were prepared in seahorse assay buffer and loaded into the

injection ports as follows:

Chemical Port | Concentration in port | Volume in port | Final concentration
(LM) (ki) (M)

Chemical of interest A Various 20 Various

Oligomycin B 10 22 1

FCCP C 10 25 1

Rotenone/antimycin A | D 5/5 27 0.5/0.5

Table 2.6: Seahorse XF cell mito stress test injection preparation.

74



The calibrant plate with loaded ports was then inserted into the seahorse XFe96 analyser for calibration.
Once done, the calibration plate was removed and replaced with the cell culture microplate and the assay

was run. The general assay used was as follows:

Equilibration

Baseline - 3 cycles — mix (3 minutes), wait (0 minutes), measure (3 minutes) — Total duration (18 minutes)
Injection 1 — 3 cycles — mix (3 minutes), wait (14 minutes), measure (3 minutes) — Total duration (60 minutes)
Injection 2 — 3 cycles — mix (3 minutes), wait (O minutes), measure (3 minutes) — Total duration (18 minutes)
Injection 3 — 3 cycles — mix (3 minutes), wait (0 minutes), measure (3 minutes) — Total duration (18 minutes)

Injection 4 — 3 cycles — mix (3 minutes), wait (0 minutes), measure (3 minutes) — Total duration (18 minutes)

2.15.2 Seahorse XF plasma membrane permeabilizer (PMP) assays

Seahorse XF plasma membrane permeabilizer (PMP) contains recombinant perfringolysin O, a cholestrol-
dependent cytolysin that forms pores in the plasma membrane keeps the mitochondrial membrane intact
(Salabei et al., 2014), allowing the study of direct effects on mitochondrial function without the need of

isolating mitochondrial.

The day before the assay, the sensor cartridge was hydrated using the Seahorse XF Calibrant at 37°Cin a
non-CO2 incubator and cells were plated on seahorse XF cell culture microplates (the 4 corner wells were
left blank of cells). Mitochondrial assay media (MAS) was prepared with and without essentially fatty acid
free-BSA, MAS (pH 7.2) contained; 660mM mannitol, 210mM sucrose, 30mM KH,PO,. 15mM MgCl,, 6mM
HEPES and 3mM EGTA. MAS with BSA was at 0.6% (w/v).

75



MAS without BSA was used to prepare injection stocks as follows:

Chemical Port | Concentration in port | Volume in port | Final concentration
(UM) (ul) (LM)

ADP (pH 7.4) A 40000 20 4000

Oligomycin B 20 22 2

FCCP C 40 25 4

Antimycin A D 25 27 2.5

Table 2.7: Seahorse XF plasma membrane permeabilizer assay injection preparation.

The calibration plate with loaded ports was then inserted into the seahorse XFe96 analyser for calibration.
MAS preparation for cell treatments differed depending on the complex being investigated. Preparations

were as follow:

e Complex | — MAS (with BSA) plus 10mM pyruvate, 1ImM malate (pH 7.4) and 10nM PMP

e Complex Il — MAS (with BSA) plus 5mM succinate (pH 7.4), 5uM rotenone, 10nM PMP

Cells were then washed once with MAS (with BSA) and 180ul of complex appropriate MAS was added to
each well. The calibration plate was removed and replaced with the cell culture microplate and the assay

was run. The general assay used was as follows:

No equilibration

Wait — 5 minutes

Baseline — 4 cycles — mix (30 seconds), wait (30 seconds), measure (150 seconds) — Total duration (14 minutes)
Injection 1 — 3 cycles - mix (30 seconds), wait (30 seconds), measure (150 seconds) — Total duration (10.5 minutes)
Injection 2 — 3 cycles - mix (30 seconds), wait (30 seconds), measure (150 seconds) — Total duration (10.5 minutes)
Injection 3 — 3 cycles - mix (30 seconds), wait (30 seconds), measure (150 seconds) — Total duration (10.5 minutes)

Injection 4 — 3 cycles - mix (30 seconds), wait (30 seconds), measure (150 seconds) — Total duration (10.5 minutes)

2.16 MitoSOX assay

MitoSOX (Thermo Scientific) is a fluorescent probe used as a mitochondrial superoxide indicator. MitoSOX

was prepared at 5mM in DMSO and diluted to a working solution of 5uM in HBSS (plus Ca%* and Mg?*).
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Cells were treated with MitoSOX for 15 minutes and washed twice with pre-warmed PBS. Cells were then
treated with chemicals of interest and fluorescence (510g/590¢m) was measured over a 2-hour period

using an incubated fluorescent plate reader set to 37°C.

2.17 High performance liquid chromatography (HPLC)

2.17.1 Sample preparation

Cells whose medium was to be analysed by high performance liquid chromatography (HPLC) were treated
with chemicals of interest in STIM buffer. STIM buffer was composed of HBSS buffer with 20mM glucose,
1mM CaCl; 20mM NaHCOs3, 2mM glutamine. 1x MEM amino acids and pH 7.4. STIM buffer was sampled
from cells at various time points and 1 volume of 1% HPLC grade phosphoric acid was added to 10 volumes
of sample. The sample was then vortexed and centrifuged for 1 minute at 16000g. The sample was

transferred into a fresh micro centrifuge tube before being analysed or stored at -20°C.

2.17.2 Mobile phase preparation and sample analysis

Samples were transferred into HPLC vials (Thermo Scientific) and run on a LC-20AD HPLC system with a
Nucleosil C18 column (25cm x 3.2mm) and a mobile phase made of a gradient of (A) 0.1% phosphoric acid
(Fisher) and (B) acetonitrile (Fisher) with a flow rate of 0.7ml/min. The gradient run conditions (shown in

Figure 2.7) were:

Omin - A=90%/B=10%
15min - A=10%/B=90%
30min - A=10%/B=90%
35min - A =90%/B=10%
mw MPa
2000 —|Petector A:212nm - L
15007 // \\ ;—15.0
] 100
1000 ] C
F50
sot
e e O e L A st S e S 00
00 50 100 150 200 250 300 min

Figure 2.7: HPLC gradient conditions. (A, blue line) 0.1% phosphoric acid and (B, black line) acetonitrile.
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Samples were analysed using the LC Solutions software. Area under the curve for peaks of interest were

manually selected and calculated. Concentration was then calculated from a standard curve.

2.18 Mass spectroscopy

STIM buffer samples and the serum, bile and urine from animal studies were sent to the Medical
Toxicology Centre at Newcastle University for mass spectroscopy analysis carried out by Dr Michael Dunn.
Mass Spectroscopy was carried out using SWATH - Sequential Window Acquisition of all Theoretical
fragment-ion spectra - non-targeted data independent LC-HR-MS/MS techniques, using a TripleTOF 5600+
high-resolution quadrupole time-of-flight (TOF) mass spectrometer (Sciex), equipped with a DuoSpray ion
source operated in positive electrospray mode, coupled to an Eksigent Nano LC 420 system. AnalystTF

version 1.7.1 was used for instrument control and data acquisition.

2.19 Statistics

Statistical analysis was performed using Graph Pad Prism and statistical significance was considered when
p<0.05. Statistically significant differences between groups were determined by the Student’s 2-tailed t-
test. For comparison of multiple groups, ANOVA was carried out and where significant, differences

between groups were determined using Bonferroni—-Holm post-hoc tests.
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Chapter 3. B-13/H cells model lipid dysregulation in response to drugs and
chemicals
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3.1 Introduction

Hepatocytes are the primary defining cell of the liver and are responsible for most of its functions,
including lipid homeostasis (Wallace et al., 2010a). Hepatocytes are involved in fatty acid oxidation and
the synthesis of phospholipids, triglycerides and lipoprotein components used to transport lipids
throughout the body. They are also capable of active cholesterol and bile acid synthesis (Nguyen et al.,
2008). The dysregulation of these processes is a common outcome and an early hepatic response to

exposure to drugs and chemicals (Klaunig et al., 2003).

One form of lipid dysregulation is the storage disorder steatosis. Steatosis is defined as the accumulation
of triglycerides. This occurs as a response to an imbalance of the storage and metabolism of triglycerides
within the cell, leading to the formation of lipid droplets. The main cause of this imbalance is obesity and
insulin resistance. These are associated with the excess of dietary carbohydrates that are converted into
saturated fats and lead to an increase the free fatty acid pool and an increase fatty acid synthesis
(Anderson and Borlak, 2008). Steatosis can be further defined as either micro or macrosteatosis. This is
determined by the size of the lipid droplets formed, with macrosteatosis containing lipid droplets large
enough to displace the nucleus to the cells periphery (Fishbein et al., 1997). Steatosis is a critical early
event in alcoholic liver disease and in non-alcohol dependent liver diseases such as non-alcoholic
steatohepatitis (NASH) (Day, 2012). It is also a problem for liver transplantation, as a donor liver with

macrosteatosis has a greater chance of recipient rejection (Spitzer et al., 2010; de Graaf et al., 2012).

Another lipid storage disorder is phospholipidosis (PLD), a lysosomal storage disorder characterised by the
accumulation of phospholipids, forming cytosolic electron dense inclusions called lamellar bodies
(Shayman and Abe, 2013). This may be as a result from alterations in the metabolism of phospholipids
caused by drugs, hormones or cofactors (Halliwell, 1997). Drug induced phospholipidosis (DIPL) is a
common response to a group of drugs known as cationic amphiphilic drugs (CADs). These drugs share a
structural similarity, being made up of a hydrophobic ring structure as well as a hydrophilic side chain. This
is important in the development of DIPL as these structural features allow the drugs to readily enter the
cell through the cell membrane and interact with the lysosomal membrane. Once inside and exposed to
the acidic environment of the lysosome, the CADs become charged and trapped though electrostatic and
hydrophobic interactions with the lipids (Park et al., 2012). The exact mechanism(s) of how CADs induce
phospholipid accumulation is not yet fully understood, however, it is likely that CADs decrease
phospholipase activity, either by interacting with enzymes or by binding to phospholipids directly and

therefore inhibiting their interaction. One enzyme believed to be involved in DIPL is phospholipase A2
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(LPLA2). The hypothesis for this is that CADs incorporate into the lysosomal membrane where they reduce
its surface charge. This means the interactions between LPLA2 and the lysosomal membrane are
weakened, as it associates with the membrane through electrostatic interactions (Shayman and Abe,
2013). This would result in the inhibition of phospholipid breakdown and therefore an accumulation of

phospholipids in the lysosome.

One problem pharmaceutical companies have is that there is a lack of knowledge as to whether DIPL
induces toxicity. Therefore, certain risk management strategies have become mandatory for these
companies to increase safety when selecting new drugs (Chatman et al., 2009). The gold standard for this
was electron microscopy to look for the formation of lamellar bodies, however this is expensive and slow
and so new in vitro models could provide a cheap high throughput alternative for drug screening for DIPL

during development.

Transdifferentiated B-13 cells (B-13/H cells) have previously been used as a cost-effective model system
for the study of hepatocyte function (Wallace et al.,, 2010a). To date xenobiotic metabolism and
hepatoxicity have been studied in B-13/H cells (Probert et al., 2015), however lipid dysregulation has not
been investigated. Therefore, it was hypothesised that the B-13/H cell could model hepatic lipid
dysregulation. This was investigated using in vitro assays that have been established to measure lipid and

phospholipid accumulation.

3.2 CADs induce an accumulation of phospholipid in B-13 and B-13/H cells.

Several in vitro assays have been developed to screen drugs for their capability to induce PLD, including
the use of a fluorescent-labeled phospholipid analogue, NBD-PE (N-(-7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,
2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine) (Fujimura et al., 2007) and LipidTOX (Muehlbacher
etal., 2012). Numerous cell lines have utilised these assays including HepG2 cells (Almela et al., 2009), yet
these cell lines do not account for the metabolism and therefore could overstate the PLD inducing
potential of a drug. Therefore, phospholipid accumulation was measured using LipidTOX staining in B-13
and B-13 cells transdifferentiated for 14 days using 10nM dexamethasone (B-13/H cells). These cells have
been shown to express functional drug metabolising enzymes (Probert et al., 2015). Many CADs have been
reported to induce PLD. Known PLD inducers and negative controls (Muehlbacher et al., 2012) were
incubated with cells for 48 hours. CADs induced phospholipid accumulation in both B-13 and B-13/H cells
(Figure 3.1A). Accumulation was greater in the B-13 cells compared to the B-13/H cells for tamoxifen,

quinidine, chlorpromazine and promazine. Two of the most potent inducers were promazine and
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chlorpromazine which showed a 5.2-fold and 7.4-fold increase compared to control cells. Yet they did not
show any phospholipid accumulation in B-13/H cells at the same concentration. This may be due to B-13/H
cells expressing functional metabolising enzymes (Probert et al., 2015), and therefore could lead to these
drugs being metabolised, losing their cationic amphiphilic structure required for PLD. However, 6.25uM
amiodarone, a widely reported PLD inducer (Kasahara et al., 2006; Park et al., 2012), caused a greater
accumulation in B-13/H cells (Figure 3.1A). This was observed using fluorescence microscopy which
showed each cell accumulated more phospholipids in the B-13/H cells treated with amiodarone compared
to B-13 cells (Figure 3.1C). To confirm that the difference in phospholipid accumulation was not due to
toxicity, MTT assays were performed as an indicator of cell viability. These data showed that overall there
was little to no toxicity with the majority of the drugs at the concentrations employed in both B-13 and B-
13/H cells (Figure 3.1B). Cyclosporine A, quinidine and promazine in B-13 cells and menadione in B-13/H
cells reduced MTT activity significantly. Ketoconazole showed significant toxicity in both cell types. In B-13
cells, 50uM reduced cell viability to 2.3% of control cells and is most likely why no PLD was detected in

these cells despite being a known CAD.

Exposing B-13/H cells to 5uM amiodarone for 48 hours showed a time-dependent response that reached
a threshold when incubated for longer (Figure 3.2). Phospholipid accumulation did not increase after 48
hours in cells that were not washed and accumulation was not reversed when amiodarone was extensively
washed out and incubated for a further 48 hours. It has been shown that the combination of two different
CADs have an additive effect on phospholipid accumulation (Glock et al., 2016). This was tested in B-13/H
cells with the combination of amiodarone and quinidine. Individually they induced PLD 1.5-fold and 1.7-
fold, but together induced an additive effect as they increased phospholipid accumulation 2.3-fold (Figure
3.3A). This combination did not have a toxic effect on B-13/H cells (Figure 3.3B). These data suggest that
B-13 and B-13/H cells can be used as a model for PLD (Amacher, 2011).
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Figure 3.1: Exposure to cationic amphiphilic drugs results in phospholipidosis in B-13 and B-13/H cells. A, B-13 and B-13/H cells
were treated for 48 hours with indicated chemicals in addition to the LipidTOX probe. Following treatment cells were fixed and
DAPI stained. LipidTOX fluorescence was measured and normalised to DAPI fluorescence. Data are the mean and SD of 3 separate
determinations from the same experiment, typical of 3 separate experiments. * significantly different phospholipidosis to control
(p<0.05). B, B-13 and B-13/H cells treated as in A. Following treatment, cells were incubated with MTT for 2 hours and reduction
determined. Data are the mean and SD of 6 separate determinations from the same experiment, typical of 2 separate experiments.
* significantly different MTT activity to control (p<0.05). C, B-13 and B-13/H cells treated with amiodarone (and control) and

LipidTOX (red), following treatment cells were fixed, stained with DAPI (blue) and analysed using fluorescence microscopy.
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Figure 3.2: B-13/H cells accumulate phospholipids in a time dependent manner. B-13/H cells were treated daily with 5uM
amiodarone. 24 hours prior to fixation and analysis, cells were also incubated with LipidTOX. Following treatment cells were fixed
and DAPI stained. LipidTOX fluorescence was measured and normalised to DAPI fluorescence. Data are the mean and SD of 3
separate determinations from the same experiment, typical of 2 separate experiments. * significantly different phospholipidosis

to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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Figure 3.3: Co-incubation of CADs in B-13/H cells increases phospholipid accumulation. A, B-13/H cells were treated for 48 hours
with indicated chemicals in addition to the LipidTOX probe. Following treatment, cells were fixed and DAPI stained, LipidTOX
fluorescence was measured and normalised to DAPI fluorescence. Data are the mean and SD of 3 separate determinations from
the same experiment, typical of 2 separate experiments. * significantly different phospholipidosis to control (p<0.05). B, B-13/H
cells treated as in A. Following treatment, cells were incubated with MTT for 2 hours and reduction determined. Data are the
mean and SD of 6 separate determinations from the same experiment, typical of 3 separate experiments. * significantly different

MTT activity to control (p<0.05).
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3.3 Methapyrilene induces phospholipid accumulation in B-13 and B-13/H cells.

Methapyrilene is a H1 antagonist that was withdrawn from the market due to its hepatic carcinogenicity
(Habs et al., 1986) and has been shown to be toxic to rat hepatocytes in vitro (Ratra et al., 1998).
Methapyrilene has a cationic amphiphilic structure (Figure 3.4A) but has not been investigated for its
ability to induce PLD. Using LipidTOX staining, methapyrilene induced phospholipid accumulation in a
dose-dependent manner in both B-13 and B-13/H cells (Figure 3.4B&C). Similar to many of the other CADs,
methapyrilene induced PLD was greater in B-13 cells than B-13/H cells as B-13 cells showed significant
accumulation at concentrations ranging from 25-200uM whereas accumulation occurred at 100-200uM in
B-13/H cells. As previously demonstrated (Probert et al., 2014) methapyrilene was only toxic to B-13/H
cells and not to B-13 cells at 100 and 200uM (Figure 3.4D). This suggests that B-13/H cells metabolise

methapyrilene from a PLD inducing drug into a toxic metabolite.

3.4 DTT inhibits the induction of phospholipid accumulation

Previous studies have found that methapyrilene hepatoxicity is inhibited by sulfhydryl reducing agents and
the Ca?* channel blocker nifedipine (Ratra et al., 1998; Probert et al., 2014). The effect of sulfhydryl
reducing agent, dithiothreitol (DTT), and nifedipine were therefore investigated for any effect they may
have on methapyrilene induced PLD. As previously shown, DTT and nifedipine inhibited methapyrilene
hepatotoxicity, with a greater effect in the nifedipine treated cells (Figure 3.5B). 100uM nifedipine
significantly increased induction of PLD 1.75-fold whereas DTT inhibited PLD almost back to control levels

(Figure 3.5A).

Amiodarone and tamoxifen were selected to investigate whether the PLD inhibition observed with DTT
co-incubation with methapyrilene could be replicated in other known CADs. Both drugs showed a
significant inhibition of phospholipid accumulation to control levels or lower, despite displaying a greater
induction of PLD than methapyrilene (Figure 3.5C). No significant change was detected in cell viability of
cells treated with DTT and those without treatment (Figure 3.5D). This shows that DTT has an inhibitory

effect on the development of phospholipid accumulation.
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13/H cells treated with 200uM methapyrilene and LipidTOX (red), following treatment cells were fixed, stained with DAPI (blue)
and analysed using fluorescence microscopy. C, Cells were treated for 48 hours with indicated concentrations of methapyrilene
in addition to the LipidTOX probe. Following treatment cells were fixed and DAPI stained. LipidTOX fluorescence was measured
and normalised to DAPI fluorescence. Data and SD are of 3 separate experiments, typical of 3 experiments. * significantly different
phospholipidosis to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test. D, cells were treated as in A. Following
treatment, cells were incubated with MTT for 2 hours and reduction determined. Data are the mean and SD of 5 separate
determinations from the same experiment, typical of 3 separate experiments. * significantly different MTT activity to control

(p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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Figure 3.5: DTT treatment inhibits cationic amphiphilic drug-induced phospholipidosis in B-13/H cells. A, B-13/H cells were pre-
incubated with DTT/nifedipine for 4 hours followed by treatment with methapyrilene and LipidTOX. Following treatment, cells
were fixed and DAPI stained. LipidTOX fluorescence was measured and normalised to DAPI fluorescence. Data are the mean and
SD of 3 separate determinations from the same experiment, typical of 3 separate experiments. * significantly different
phospholipidosis to control (p<0.05). B, B-13/H cells treated as in A. Following treatment, cells were incubated with MTT for 2
hours and reduction determined. Data are the mean and SD of 6 separate determinations from the same experiment, typical of 3
separate experiments. * significantly different MTT activity to control (p<0.05). C, B-13/H cells were pre-incubated with 2mM DTT
for 4 hours followed by treatment with the indicated phospholipidosis-inducing drugs. Following treatment cells were fixed and
DAPI stained. LipidTOX fluorescence was measured and normalised to DAPI fluorescence. Data are the mean and SD of 3 separate
determinations from the same experiment, typical of 3 separate experiments. * significantly different phospholipidosis to vehicle
control (p<0.05). # significantly different phospholipidosis versus chemical control. D, B-13/H cells treated as in A. Following
treatment, cells were incubated with MTT for 2 hours and reduction determined. Data are the mean and SD of 6 separate
determinations from the same experiment, typical of 3 separate experiments. * significantly different MTT activity to control

(p<0.05).
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3.5 LPLA2 has a role in B-13 cell phospholipidosis

One of the potential mechanisms leading to the accumulation of phospholipids has been proposed to be
due to CADs blocking of lysosomal phospholipase A2 (LPLA2) interaction with the lysosomal membrane
and inhibition of phospholipid degradation. This leads to an inhibition of phospholipid turnover and
therefore phospholipid accumulation (Shayman and Abe, 2013). It was hypothesised that transfection of

a plasmid encoding LPLA2 would reduce the accumulation of phospholipids.

It was first confirmed that B-13 and B-13/H cells express LPLA2 transcripts to similar levels as rat liver
(Figure 3.6A), assuming translation to protein, these cells are unlikely to be sensitised to PLD due to an
absence of functional LPLA2. B-13 cells were selected to be used for transfection due to their greater
susceptibility to CAD induced PLD. These were shown to be successfully transfected with HA-tagged LPLA2
(Figure 3.6B). Expression of human LPLA2 with phospholipidosis-inducing concentrations of tamoxifen in
B-13 cells resulted in a statistically significant reduction of PLD (Figure 3.6C). Cells were transfected with
increasing amounts of LPLA2-encoding plasmid. RL-TK was also added to make the total DNA per well 2ug.
Increasing RL-TK (with decreasing LPLA2) increased renilla luminescence and increasing LPLA2 (with
decreasing RL-TK) resulted in a dose dependent reduction in PLD (Figure 3.6D). This supports the
hypothesis of a role of LPLA2 in the induction of PLD.
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Figure 3.6: Human LPLA2 expression reduces tamoxifen induced phospholipidosis in B-13 cells. A, RT-PCR for indicated
transcripts. B, Western Blot in extracts from B-13 cells transfected with indicated construct. Each lane contained 10ug
protein/lane. C, B-13 cells were transfected as indicated for 24 hours. Cells were then treated with LipidTOX and indicated doses
of tamoxifen for 24 hours. Following treatment cells were fixed and DAPI stained. LipidTOX fluorescence was measured and
normalised to DAPI fluorescence. Data are the mean and SD of 3 separate experiments. * significantly different phospholipidosis
to pcDNA-empty of each treatment (p<0.05). D, B-13 cells were transfected with indicated concentrations of pcDNA-LPLA2 and
RL-TK to a final concentration of 2ug/well for 24 hours. Cells were then treated with 6uM tamoxifen. Following a further 24 hours
treatment phospholipidosis and renilla activities were determined (separate samples). Data are the mean and SD of 3 separate
experiments. Significantly different * phospholipidosis or # renilla versus cell transfected in absence of LPLA2 or RL-TK respectively

(p<0.05) tested by ANOVA followed by Bonferroni post hoc test.
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3.6 B-13/H cells accumulate lipids in response to exposure to fatty acids

Steatosis was also hypothesised to be able to be modelled in B-13/H cells. B-13 and B-13/H cells expressed
a variety of transcripts associated with fatty acid uptake and synthesis including acetyl-CoA synthetases
and carboxylases, mitochondrial pyruvate transporters, lipid droplet associated proteins and fatty acid
synthase (Figure 3.7A). Expression of these transcripts was similar in both B-13 and B-13/H cells. However,
B-13 cells had undetectable levels of CD36 (also known as fatty acid translocase). Transdifferentiation to
B-13/H cells induced an increase in CD36 levels which suggests that there may be an increase in the

functional uptake capacity in B-13/H cells compared to B-13 cells.

Previous studies have shown 2mM oleic acid and linoleic acid induce lipid accumulation in rat hepatocytes
(Nativ et al., 2013). This was therefore used to investigate whether B-13/H cells respond in the same
manner as rat hepatocytes. Qil red staining showed that the incubation of these fatty acids for 72 hours
increased lipid accumulation 11-fold (Figure 3.7B). Incubation with a higher concentration of glucose
(25mM) and 100nM insulin had no effect on lipid accumulation in B-13/H cells alone, or when incubated
separately with fatty acids. However, a combination of both insulin and glucose significantly increased the
total accumulation of lipids 17-fold compared to control cells when incubated with fatty acids. Examination
of oil red stained cells using bright field microscopy showed that large lipid droplets form when the cells

were exposed to fatty acids (Figure 3.7C).

Incubation of B-13/H cells with hyperglycemic concentrations of glucose (25mM) for two weeks resulted
in a 1.5-fold increase in lipid accumulation compared to normal glucose concentrations (Figure 3.8A&B).

These data show that the B-13/H cells can be used as a model for lipid accumulation and steatosis.
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Figure 3.7: B-13/H cells exposed to fatty acids results in lipid accumulation. A, RT-PCR for the indicated transcripts in the
indicated cell types and rat tissue. B, B-13/H cells were treated with medium supplemented with the indicated treatments for 72
hours. Following treatment, cells were fixed and stained with oil red. Lipid accumulation was quantified by the extraction of oil
red from the cells and the absorbance was measured at 515nm. Data was normalised to protein concentration by Lowry protein
determination. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate
experiments. * significantly different between treatments (p<0.05). C, B-13/H cells treated as described in B, prior to oil red

extraction cells were imaged by bright-field microscopy (scale bar = 100um).
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Figure 3.8: Prolonged exposure to elevated levels of glucose increase lipid accumulation. A, B-13/H cells were incubated with
the indicated concentrations of glucose for 2 weeks, changing the media every 2-3 days. Following treatment cells were fixed and
stained with oil red. Lipid accumulation was quantified by the extraction of oil red from the cells and absorbance was measured
at 515nm. Data was normalised to protein concentration by Lowry protein determination. Data are the mean and SD of 3 separate
determinations from the same experiment, typical of 3 separate experiments. * significantly different versus control cells (p<0.05).

B, Cells were treated as in A, before extraction of oil red stain, cells were imaged by bright-field microscopy (scale bar = 100um).

3.7 LipidTOX and oil red staining are specific to phospholipid and neutral lipids respectively

To ensure that LipidTOX was specific to phospholipid accumulation and oil red staining was specific to
neutral lipid accumulation, B-13/H cells were treated with known inducers of each lipid storage disorder.
Treatment with LipidTOX gave positive results for amiodarone and tamoxifen treated cells but not those
treated with fatty acids (Figure 3.9A&C). Qil red stained cells were only stained in fatty acid treated cells
and not CAD treated cells (Figure 3.9B&C). These results indicate that it is possible to differentiate between

phospholipid and neutral lipid accumulation using these two assays.
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Figure 3.9: Specificity of LipidTOX and oil red staining. A, B-13/H cells were treated for 48 hours with indicated treatments in
addition to the LipidTOX probe. Following treatment cells were fixed and DAPI stained. LipidTOX fluorescence was measured and
normalised to DAPI fluorescence. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3
separate experiments. * significantly different phospholipidosis to control (p<0.05). B, Cells were treated with indicated
treatments for 48 hours. Following treatment cells were fixed and stained using oil red. Lipid accumulation was determined by
the extraction of oil red and the content was measured by absorbance at 515nm. Data was normalised to protein concentration
by Lowry protein determination. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3
separate experiments. * significantly different to control (p<0.05). C, B-13/H cells were treated as described in A and B. Cells were

then imaged using fluorescent microscopy or light microscopy for LipidTOX and neutral oil red staining respectively.
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Figure 3.9. Specificity of LipidTOX and oil red staining. (Continued)

3.8 Lipid accumulation is dose- and time-dependent in B-13 and B-13/H cells

B-13 and B-13/H cells accumulated lipids in a dose-dependent manner (Figure 3.10A), reaching a max
accumulation at 250uM. B-13/H cells showed a greater accumulation of lipid droplets compared to B-13s
(15-fold and 5-fold increases respectively). Only microsteatosis was observed in B-13 cells (Figure 3.10C).
However, at higher concentrations (1mM and 2mM) of fatty acids in B-13/H cells macrosteatosis as well
as microsteatosis occurred (Figure 3.10D). At lower concentrations, such as 250uM, primarily
microsteatosis was observed. Quantification of micro and macrosteaotic droplets within B-13/H cells

suggested that microsteatosis remains approximately the same at 4 droplets per cell between 250uM and
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2000uM of fatty acid treatment whereas macrosteatosis occurred at 1mM and 2mM (Figure 3.10B),

suggesting development of micro or macrosteatosis is dependent on concentration.

Lipid accumulation in B-13/H cells increased with fatty acid incubation time over a 4-day period, resulting
in a 13-fold increase compared to control cells (Figure 3.11A). However, they appeared to resist significant
reversal for at least 2 days when the cells were washed and incubated in fresh medium free of fatty acids,
however, lipid accumulation did not increase as much as the cells that were continually exposed to fatty
acids. The increased variability of cell-associated oil red stain in un-washed cells after 3 days of exposure
was likely due to stress associated with triglyceride accumulation (Figure 3.11B). It is therefore possible to

investigate the effect of different concentrations and times of exposure to fatty acids in B-13/H cells.
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Figure 3.10: Exposing B-13 and B-13/H cells to fatty acids results in dose-dependent micro and macrosteatosis. A, B-13 and B-

13/H cells were treated with fatty acids at indicated concentrations for 72 hours. Following treatment, cells were fixed and stained
with oil red. Lipid accumulation was quantified by the extraction of oil red from the cells and the absorbance was measured at
515nm. Data was normalised to protein concentration by Lowry protein determination. Data are the mean and SD of 3 separate
determinations from the same experiment, typical of 3 separate experiments. * significantly different to control treated cells
(p<0.05) tested by ANOVA followed by Bonferroni post-hoc test. B, quantification of the number of micro and macrosteatotic
droplets in cells. Data are the mean and SD of the number of droplets in 20 cells for each concentration. * significantly different
to control treated cells (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test. C and D, B-13 (C) and B-13/H (D) cells

were treated as in A, before extraction of oil red stain, cells were imaged by bright-field microscopy (scale bar = 100um).
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Figure 3.11: Exposure of B-13/H cells to fatty acids results in irreversible micro and macrosteatosis. A, Cells were treated with
2mM fatty acids for indicated time. Following treatment, cells were fixed and stained with oil red. Lipid accumulation was
quantified by the extraction of oil red from the cells and the absorbance was measured at 515nm. Data was normalised to protein
concentration by Lowry protein determination. Data are the mean and SD of 3 separate determinations from the same
experiment, typical of 3 separate experiments. * significantly different to control treated cells (p<0.05) tested by ANOVA followed
by Bonferroni post-hoc test. B, B-13/H cells were treated as in A, before extraction of oil red stain, cells were imaged by bright

field microscopy (scale bar = 100pum).
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3.9 B-13/H cells exposure to fatty acids accumulate triglycerides

Triglyceride (TG) determination and TLC were used to establish whether the lipid droplets observed in B-
13/H cells exposed to fatty acids contained triglycerides. It was possible to identify cells likely to be
accumulating triglycerides based on light microscopy (Figure 3.12A). Triglyceride determination showed
that cells treated with 1mM fatty acids contained 73ug of TG/mg of protein compared to 5ug/ml in the
control treated cells (Figure 3.12B). TLC of lipids extracted from B-13/H cells treated with 1mM fatty acids
showed that the presence of triglycerides, as well as cholesterol and phospholipids, was greater than those

without treatment (Figure 3.12C). This confirms that the observable lipid droplets contain triglycerides.

3.10 Fatty acid exposure to rat, mouse and human hepatocytes show an increase in lipid
accumulation

Use of primary hepatocytes is considered the gold standard when investigating hepatocyte toxicity in vitro.
Treatment of human hepatocytes with 1mM fatty acids showed a 2-fold increase in lipid accumulation
(Figure 3.13A). However, the increase observed in B-13/H cells was much greater. This was likely due to
the condition of the liver the hepatocytes were isolated from, as they were already steatotic (Figure 3.13B).
Hepatocytes isolated from rats showed a greater increase of in lipid accumulation (7-fold increase
compared to control cells) when exposure to fatty acids compared to their human counterparts (Figure

3.13C&D).
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Figure 3.12: Droplet formation in B-13/H cells contain triglycerides. A, B-13/H cells were treated with indicated conditions of
fatty acids for 72 hours and cells were imaged by bright-field microscopy (scale bar = 100um). B, B-13/H cells were treated with
indicated conditions of fatty acids for 72 hours, following treatment triglyceride content was determined. Data was normalised to
protein concentration by Lowry protein determination. Data are the mean and SD of 3 separate experiments. * significantly
different versus control cells (p<0.05). C, TLC analysis of lipids extracted from the indicated cells/tissue (triglycerides indicated by

dotted circles; Chol = cholesterol; TG = triglycerides; PLips = phospholipids).
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Figure 3.13: B-13/H exposure to fatty acids results in lipid accumulation similarly to primary cells. Primary hepatocytes (A,
human. C, Rat) were treated with indicated conditions for 48 hours. Following treatment cells were fixed and stained with oil red.
Lipid accumulation was quantified by extraction of oil red from the cells and absorbance was measured at 515nm. Data was
normalised to protein concentration by Lowry protein determination. Data are the mean and SD of 3 separate determinations
from the same experiment. * significantly different versus control cells (p<0.05). Cells were treated as in A, before extraction of

oil red stain cells were imaged by light microscopy (B, human. D, Rat) (scale bars = 50um and 100um respectively).

3.11 Addition of insulin during transdifferentiation of B-13 cells to B-13/H cells increases lipid
accumulation.

It was previously found that the differentiation of B-13 to B-13/H cells with the addition of 1X ITS solution
(insulin, transferrin, selenium) resulted in lipid accumulation after 2 weeks in the absence of BSA and fatty
acid loading. To investigate which of these components was important to this effect, each was individually
added to medium with DEX during the transdifferentiation process. Treatment of B-13/H cells with these
components during transdifferentiation showed that insulin treatment induced lipid accumulation at
similar levels observed in those treated with ITS solution (Figure 3.14A). This effect was observed in all

treatments that contain insulin. Selenium also significantly increased lipid accumulation on its own, but
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not at the levels observed with insulin or ITS solution. Imaging of ITS and insulin treated cells showed that

lipid accumulation occurs around the periphery of the cell (Figure 3.14B).
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Figure 3.14: Transdifferentiation of B-13 cells to B-13/H cells in medium containing high insulin levels induces lipid
accumulation. A, B-13/H cells were transdifferentiated from B-13 to B-13/H cells in indicated conditions for 2 weeks. Following
treatment cells were fixed and stained with oil red. Lipid accumulation was quantified by the extraction of oil red from the cells
and the absorbance was measured at 515nm. Data was normalised to protein concentration by Lowry protein determination.
Data are the mean and SD of 4 separate determinations from the same experiment, typical of 3 separate experiments.
* significantly different versus control cells (p<0.05). B, Cells were treated as in C, before extraction of oil red stain, cells were

imaged by bright-field microscopy (scale bar = 100um).

3.12 The B-13 cells is homozygous wild type for the PNPLA3 gene.

NAFLD in humans has been associated with a polymorphism in the Patatin-like phospholipase domaining-
containing protein 3 (PNPLA3) gene. PNPLA3 is an enzyme that has both triacylglycerol lipase and
acylglycerol O-acyltransferase activity (Liu et al., 2014). B-13/H cells were therefore sequenced to
investigate whether they were genetically susceptible to NAFLD via a mutation in PNPLA3. B-13 and B-
13/H cells expressed the transcripts for PNPLA3 (Figure 3.15A). Since these cells expressed PNPLA3, the
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human and rat PNPLA3 sequences were aligned (Figure 3.15B). Alignment showed that rodent and human
PNPLA3 N-terminal amino acid sequences show high homology. The isoleucine at position 148 (which is

replaced by methionine in individuals with increased susceptibility to NAFLD, 1148 M) is conserved.

A segment of the PNPLA3 transcript, in B-13/H cells was amplified by RT-PCR, cloned and sequenced. The
segment was selected around the point of possible mutation (Figure 3.15C). Eleven clones were
sequenced, and all were shown to encode a wild type PNPLA3 transcript, indicating with greater than 95%
confidence, that if susceptibility to NAFLD in rat is similarly affected by this polymorphism, then B-13/H
cells have a homozygous wild type phenotype (Figure 3.15D) and therefore do not have a greater

susceptibility due to PNPLA3.
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Figure 3.15: The B-13 cells is homozygous wild type for the patatin-like phospholipase domain-containing protein 3 (Pnpla3)
gene. A, RT-PCR for indicated transcripts in indicated cell types and rat tissue. B, CLUSTAL O (1.2.1) multiple sequence alignment

(http://www.ebi.ac.uk/Tools/msa/clustalo/) of rat (rPNPLA3) and human (hPNPLA3) amino acid sequences, with the wild type

uxn w,n

isoleucine residue at position 148 indicated in red. , a single, fully conserved residue; “:”, conservation between groups of

“n

strongly similar properties; “.”, conservation between groups of weakly similar properties; — no residue alignment. C, Alignment
of CLUSTAL O (1.2.1) multiple sequence alignment of the wild type rat Pnpla3 cDNA sequence (wtPnpla3) and the predicted
mutant Pnpla3 cDNA sequence (mutPnpla3) amplified by RT-PCR using the upstream (US) and downstream (DS) primers as
indicated. D, Typical sequencing data from RT-PCR product amplifying the region of the B-13 patatin-like phospholipase domain-

containing protein 3 (PNPLA3) cDNA sequence.

3.13 Polysorbate 80 induces lipid accumulation in B-13/H cells

Emulsifiers are commonly used in a variety of food have been shown to induce a gain in body weight (Cani
and Everard, 2015; Chassaing et al., 2015). Polysorbate 80 (P80) was therefore selected as an emulsifier
to investigate if exposure of these compounds can induce lipid accumulation in vitro due to it containing
oleic acid additions. Incubation with P80 caused an increase in lipid accumulation in a dose dependent
manner (Figure 3.16A). 2mM P80 induced a 5-fold increase, however 4mM developed less lipid formation
than control cells. MTT data showed that this was most likely due to toxicity induced at this concentration

(Figure 3.16B). However, 2mM P80 also showed a reduced MTT activity to 48% compared to control cells.

Carboxymethyl cellulose (CMC) is a second emulsifier that has a different structure to P80, with no fatty
acid addition, and was also investigated for its ability to induce lipid accumulation. At the highest
concentration tested (30uM), there was no change in lipid formation (Figure 3.16C). There was also no
change in MTT activity at these concentrations (Figure 3.16D) and higher concentrations were unable to
be tested due to the inability of CMC to remain in solution. These data suggest that only emulsifiers with

fatty acid chains like those of P80 could potentially induce steatosis.
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Figure 3.16: Emulsifiers induce lipid accumulation in B-13/H cells. A and C, B-13/H cells were treated with indicated chemicals
(A, P80. B, CMC.) for 24 hours. Following treatment cells were fixed and stained with oil red. Lipid accumulation was quantified
by the extraction of oil red from the cells and the absorbance was measured at 515nm. Data was normalised to protein
concentration by Lowry protein determination. Data are the mean and SD of 3 separate determinations from the same
experiment, typical of 3 separate experiments. * significantly different to control treated cells (p<0.05) tested by ANOVA followed
by Bonferroni post-hoc test. B and D, cells treated as for A and C respectively. Following treatment, cells were incubated with MTT
for 2 hours and reduction determined. Data are the mean and SD of 6 separate determinations from the same experiment, typical

of 3 separate experiments. * significantly different to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.

3.14 Treatment with fatty acids does not alter the basal oxygen consumption rate of B-13/H cells

Steatotic cells are more susceptible to endoplasmic reticulum stress (Dara et al., 2011). This and other
forms of cellular stress could therefore be investigated in a steatotic B-13/H cell model. Mitochondrial
function comparing steatotic and non-steatotic cells was selected to investigate. The functioning of the
mitochondria in B-13/H cells pre-treated with fatty acids for 24 hours was compared to control cells using
the seahorse flux analyser. The oxygen consumption rate (OCR) in fatty acid treated cells was similar to

control cells (Figure 3.17A). However, when FCCP was added the OCR was lower than control cells. There
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was no observed change in the extracellular acidification rate (ECAR) between treatments (Figure 3.17B).
Fatty acid pre-treatment did not have any effect on the basal rate, proton leak, non-mitochondrial oxygen
consumption or ATP production (Figure 3.17C). There was a reduction in maximal respiration (from 31.86
to 26.39pmol/min/ug) and the spare respiratory capacity (from 11.59 to 5.64pmol/min/ug), as observed
with the addition of FCCP. Overall these data suggest that fatty acid treatment had an effect on the

maximal respiration rate of the mitochondria with no basal effects.
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Figure 3.17: Treating B-13/H cells with fatty acids has no effect on mitochondrial oxygen consumption rate. A, time course plot
of oxygen consumption rate (OCR) in B-13/H cells pre-treated with 1mM fatty acids (and control) for 24 hours. OCR was
determined using a Seahorse flux analyser with injections as indicated. Readings are normalised to protein concentration
determined using a Bradford assay. Data are mean and SD of at least 12 readings from the same experiment, typical of 3
experiments. B, Extracellular acidification rate (ECAR) of B-13/H cells treated as in A. Data are mean and SD of at least 12 readings
from the same experiment, typical of 3 experiments. C, effects that indicated treatments have on B-13/H mitochondrial functions
based on seahorse time course data. Data are mean and SD of at least 12 readings from the same experiment, typical of 3

experiments. * significantly different between treatments (p<0.05).

3.15 Fatty acid treated cells does not affect the toxicity of hepatotoxic drugs

It was hypothesised that steatotic cells would be more susceptible to hepatotoxins. Menadione was
selected as the hepatotoxin to test whether this can be studied in vitro in B-13/H cells. Under standard

conditions of glucose medium and 20% oxygen, menadione showed no change in cell viability between
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fatty acid treated cells and control cells, indicated by MTT activity (Figure 3.18A). Oxygen percentage in
the incubator was increased to 80% and cells were also treated in galactose supplemented media instead
of glucose media. Increasing the oxygen to 80% had a protective effect on menadione toxicity, (Figure
3.18A), despite the mechanism of menadione toxicity being ROS production (Criddle et al., 2006). Fatty
acid treated cells were also more toxic at 15-20uM menadione than the BSA control cells. Menadione
treatment in galactose had a similar effect to that of glucose media at 20% (Figure 3.18B). However, at

80% oxygen the protective effect observed in glucose media was lost.

To confirm the mitochondrial effects of menadione, analysis using the seahorse flux analyser was carried
out. There was no change observed between fatty acid and control treated cells with menadione in the
OCR (Figure 3.19A) or ECAR (Figure 3.19B). Menadione increased the OCR and the ECAR when exposed to
the cells. This appeared the influence the effects of oligomycin and FCCP. When comparing the end points
of the analysis, nearly all showed some change when incubated with menadione. For example, the increase

in proton leak and decrease in coupling efficacy (Figure 3.19C).
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Figure 3.18: Pre-treatment of B-13/H cells with fatty acids does not affect the toxicity of menadione. B-13/H cells were pre-
treated for 24 hours with 1mM linoleic and oleic acid (or vehicle control). After pre-treatment cells were treated for a further 24
hours with indicated doses of menadione in either 20% oxygen or 80% oxygen. These treatments were either in A, glucose or B,
galactose medium. Following treatment, cells were incubated with MTT for 2 hours and reduction determined. Data are the mean
and SD of 3 separate determinations from the same experiment, typical of 3 separate experiments. * significantly different to BSA
20% control treated cells, # significantly different between 20% and 80% oxygen of the same cell treatments, $ significantly
different between BSA and 1mM FA of the same oxygen percentage (p<0.05) tested by two-way ANOVA followed by Bonferroni

post-hoc test.
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Figure 3.19: Preloading B-13/H cells with fatty acids causes no change in the effect of menadione on the cells OCR. A, time
course plot of oxygen consumption rate (OCR) in B-13/H cells pre-treated with 1mM fatty acids for 24 hours. OCR was determined
using a Seahorse flux analyser with injections as indicated. Reading are normalised to protein concentration determined using a
Bradford assay. Data are mean and SD of at least 12 readings from the same experiment, typical of 3 experiments. B, Extracellular
acidification rate (ECAR) of B-13/H cells treated as in A. Data are mean and SD of at least 12 readings from the same experiment,
typical of 3 experiments. C, D and E, effects that indicated treatments have on B-13/H mitochondrial functions based on seahorse
time course data. Data are mean and SD of at least 12 readings from the same experiment, typical of 3 experiments. * significantly

different between treatments (p<0.05).
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3.16 B-13/H cells have a functional LXR response

The LXR is a nuclear receptor that is activated by oxysterols and has been considered to be a potential drug
target for the treatment of hypercholesterolemia (Bettowski, 2008; Calkin and Tontonoz, 2012). LXR
activators such as T0901317 (Houck et al., 2004) and GW3965 (Kotokorpi et al., 2007) promote steatosis
in the liver (Repa et al., 2000; Cha and Repa, 2007). It was therefore hypothesised that these LXR activators

could be used to induce steatosis in B-13/H cells.

The LXR transcripts were present in B-13 and B-13/H cells with B-13/H cells expressing the transcripts at
similar levels to rat liver (Figure 3.20A). However, the presence of the LXR protein in B-13 and B-13/H cells
was low when compared to rat hepatocytes (Figure 3.20B). Despite low expression, T0901317 and
GW3965 transactivated an LXR regulated luciferase reporter construct suggestive of functional LXR
transcriptional activity. T0901317 was a more potent activator that GW3965 and the FXR agonist, INT747,
had no effect (Figure 3.20D). Exposing B-13/H cells to T0901317 significantly induced lipid accumulation,
whereas GW3965 (the weaker LXR activator) increased levels but not to a significant level (Figure 3.20C).

These data suggest lipid accumulation via the activation of the LXR can be modelled in B-13/H cells.
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Figure 3.20: B-13/H cells express the LXR and accumulate lipids in response to treatment with LXR activator T0901317. A, RT-
PCR for indicated transcripts. B, Western Blot for the indicated proteins in extracts from indicated cells/rat tissue. Each lane
contains 10pg protein/lane. C, B-13/H cells were incubated with indicated treatments for 72 hours. Following treatment cells were
fixed and stained with oil red. Lipid accumulation was quantified by the extraction of oil red from the cells and the absorbance
was measured at 515nm. Data was normalised to protein concentration by Lowry protein determination. Data are the mean and
SD of 3 separate determinations from the same experiment, typical of 3 separate experiments. * significantly different to control
treated cells (p<0.05) D, B-13/H cells were transfected with pTK-LXRE3 luciferase and RL-TK constructs for 48 hours, cells were
then treated with indicated compounds for 24 hours. Following treatment luciferase and renilla activities were determined. Data
are the mean and SD of 6 separate determinations from the same experiment, typical of 3 experiments. * significantly different

versus control (p<0.05).
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3.17 Exposure of B-13/H cells to ethanol does not induce lipid accumulation

Alcoholic steatosis and steatohepatitis are on the spectrum of alcoholic liver disease caused by the
excessive consumption of alcohol (Zhou et al., 2003). Given that B-13/H cells could model steatosis when
exposed to fatty acids, it was hypothesised that they could also model alcohol induced steatosis when
exposed to ethanol. Ethanol is highly calorific, with energy being produced in the form of NADH from the
production of acetate that enters the TCA cycle. The functional expression of alcohol dehydrogenase (ADH)
and aldehyde dehydrogenase (ALDH) are required for cells to metabolise ethanol to aldehyde and acetate
respectively. B-13 cells expressed alcohol dehydrogenases 1 and 2. When differentiated into B-13/H cells
they expressed these transcripts at levels more similar to that of rat liver, with the addition of ADH4 (Figure
3.21A). However, they appeared to lack the transcript for ADH6 and 6a. B-13 cells expressed transcripts
for aldehyde dehydrogenase 1al, expression of this was lost in B-13/H cells. Both B-13 and B-13/H cells
expressed ALDH1a2, 2 and 3a2, but not 3al (Figure 3.21A).

Exposure of B-13/H cells to ethanol up to 200mM did not result in any lipid accumulation (Figure 3.21B).
As ethanol in hepatocytes is metabolised into acetaldehyde and then further to acetate, these were also
examined for their ability to induce lipid accumulation. Acetaldehyde induced a non-significant increase,
however 200mM sodium acetate induced a significant increase, with lipid accumulation beginning from
50mM. Small lipid droplets were seen to form around the periphery of the cell when observed using oil

red staining (Figure 3.21C).

3.18 B-13/H cells do not have functional alcohol dehydrogenase activity

The reason why B-13/H cells do not accumulate lipid droplets was then investigated. While they did
express ADHs at the mRNA level it was not known whether this resulted in functional ADH activity. This
can be detected by measuring the conversion of NAD to NADH (Clemens et al., 1995), a co-factor used by
ADH and ALDH. Absorbance wavelength scans showed that when pure ADH and ethanol is added to NAD
there is a change in absorbance at 340nm that is indicative of the conversion of NAD to NADH (Figure
3.22A). Therefore, by measuring a change in absorbance at 340nm it can be determined if cells express

functional ADH activity.

Using this assay, it was shown that B-13/H cells do not convert NAD to NADH in the presence of ethanol.
As a positive control, rat hepatocytes were used and successfully showed the conversion of NAD to NADH

(Figure 3.22C). To confirm that this conversion was due to ethanol metabolism by ADH, the ADH inhibitor
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pyrazole was added part way through the assay. The addition of pyrazole inhibited NADH conversion from
5.36nmol/mg protein/min to 1.25nmol/mg protein/min (Figure 3.22D) and therefore the effects observed

can be attributed to ADH activity.
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Figure 3.21: Exposure of B-13/H cells to ethanol does not result in lipid accumulation. A, RT-PCR of indicated transcripts in
indicated cell types and rat tissue. B, B-13/H cells were incubated with indicated treatments for 72 hours. Following treatment
cells were fixed and stained with oil red. Lipid accumulation was quantified by the extraction of oil red from the cells and the
absorbance was measured at 515nm. Data was normalised to protein concentration by Lowry protein determination. Data are
the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate experiments. * significantly
different to control treated cells (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test. C, B-13/H cells were treated as

in B, prior to extraction of oil red stain cells were imaged by bright-field microscopy (scale bar = 100um).
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Figure 3.22: B-13/H cells do not have alcohol dehydrogenase activity. A, change in absorbance comparing NAD in absence and
presence of alcohol dehydrogenase (ALD) and ethanol. In presence of ethanol and ALD, NAD is used as a cofactor and during the
process is converted into NADH, producing a change in absorbance at 340nm B, alcohol dehydrogenase activity of cell lysates was
determined by measuring conversion of NAD to NADH outlined in the methods section. Readings were normalised to protein
concertation determined by Lowry assay. Data are the mean and SD of 3 separate experiments. * significantly different between
treatments (p<0.05). C, alcohol dehydrogenase activity of cell lysates was determined by measuring conversion of NAD to NADH
outlined in the methods section. 10mM pyrazole was added to the mixture after 5 minutes as conversion was continually

measured.
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3.19 Chapter Discussion

The B-13 cell line can be used as a simple, cost effective tool for generating the hepatocyte-like B-13/H
cells. Previous work has shown these cells can be used in metabolism and toxicity studies (Probert et al.,
2014). It was therefore hypothesised that the B-13/H cells could be used to model steatosis and

phospholipidosis.

Phospholipidosis was shown to be induced in B-13 and B-13/H cells when exposed to CADs. For most of
the drugs tested there was a difference between these cell types. This is most likely due to the increased
expression of functional cytochrome P450’s in B-13/H cells. In most cases, B-13 cells showed more
phospholipid accumulation compared to B-13/H cells. This suggests that the metabolism of these CADs
removes the specific structural/chemical properties required to induce phospholipidosis. Methapyrilene
was shown to be a potent inducer of phospholipidosis. However, this response is unlikely to play a role in
necrosis since the induction is greater in B-13 cells, which were insensitive to methapyrilene toxicity. This
is supported by the addition of nifedipine, that inhibits methapyrilene cell death in B-13/H cells (Ratra et

al., 1998; Probert et al., 2014) but showed an increase in phospholipidosis.

Interestingly, the addition of DTT to B-13/H cells treated with methapyrilene (as well as amiodarone and
tamoxifen) potently blocked the induction of phospholipidosis. This suggests that an oxidative redox status
and/or protein thiol oxidation is required for CAD induction of phospholipidosis, however further
experimentation is needed to confirm this hypothesis. The B-13 cells were also used to investigate the role
of LPLA2 in the induction of phospholipidosis. LPLA2 has been proposed to interact with lysosomal
membranes where it breaks down phospholipids (Shayman and Abe, 2013). CADs incorporate into the
membrane where they reduce the surface charge, weakening the interaction between LPLA2 and the
membrane. LPLA2 deficient mice (Lpla2 -/-) show an increase in phospholipid accumulation (Hiraoka et al.,
2006). Data from the transfection of LPLA2 in B-13 cells showed that an increase in LPLA2 expression
reduced the accumulation of phospholipids, supporting the hypothesis that LPLA2 has a role in the
mechanism of phospholipidosis. These data suggest that B-13 and B-13/H cells can be used to model PLD

as well as used for investigating the possible mechanisms involved in PLD development.

B-13 and B-13/H cells expressed transcripts for fatty acid uptake and synthesis, however only B-13/H cells
expressed CD36 which could explain why B-13/H cells displayed an increased capacity for fatty acid
accumulation. B-13 cells were also shown to be homozygous wild type for the PNPLA3 gene, therefore are

not as susceptible to NAFLD compared to if they had the 1148M polymorphism (Liu et al., 2014). The B-
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13/H cells have been shown to accumulate intracellular triglycerides in the form of lipid droplets (steatosis)
in response to the exposure of fatty acids (bound to albumin to reduce their toxicity). This response was
both dose and time-dependent. These data were translatable to human hepatocytes that also showed an
increase in lipid accumulation following exposure to fatty acids. One advantage the B-13/H cells had over
the primary human hepatocytes was that they were not already steatotic prior to treatment, whereas the
primary human hepatocytes had some lipid accumulation following isolation. Additionally, inter-
experimental variation in B-13/H cells is much lower than human hepatocytes, since B-13 cells between
experiments are derived from the same donor source and essentially genetically identical. In contrast,
human donors are likely to be highly variable. Prolonged exposure to high concentrations of glucose and
insulin also showed development of steatosis. However, the levels of insulin used (100nM) are not

biologically relevant as levels normally around 100pM (Bonner-Weir et al., 1983).

Steatosis induced by chemicals was also investigated in B-13/H cells using LXR activators and emulsifiers.
The LXR is ligand-activated transcription factor, activators of which have been shown to induce steatosis
in the liver (Cha and Repa, 2007). Treatment of B-13/H cells with LXR activators (T0901317) showed the
accumulation of lipid droplets. Storage of neutral lipids is directly proportional to the abundance of
adipocyte differentiation-related protein (ADFP), a protein at the surface of lipid droplets (Chang et al.,
2006). GW3965 induces ADFP in human but not rat hepatocytes. This may explain why GW3965 induces
the LXR but does not show significant lipid droplet formation. Emulsifiers have been shown to have a
negative alteration on gut microbiota and induce weight gain and inflammation (Cani and Everard, 2015;
Chassaing et al., 2015). Their use in food production could mean that there is a high exposure to these
chemicals to the general population. P80 is an emulsifier used in many food products and showed a
significant increase in lipid accumulation in B-13/H cells whereas CMC did not. This suggests that
emulsifiers that contain fatty acids, such as P80, induce hepatic steatosis and should be further

investigated.

These data suggest that the B-13/H cells can be used to model hepatic steatosis. This can be induced by
fatty acids, LXR activation or by exposure to chemicals such as emulsifiers. A repeatable steatotic model
could be used to compare steatotic and non-steatotic cells and how they respond to other stresses such
as toxins. This was investigated in the B-13/H model to compare the effects of the hepatotoxin menadione,
and mitochondrial effects in steatotic and non-steatotic cells. Seahorse analysis showed there was little
change between the mitochondrial function between steatotic and non-steatotic cells, with and without

menadione treatment. There was an increase in oxygen consumption in cells treated with menadione.
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Menadione disrupts the mitochondrial membrane potential and induces the production of ROS, resulting
in in oxidative stress and apoptosis of the cell (Criddle et al., 2006; Loor et al., 2010). While no significant

effects were observed, other stresses/toxins should be investigated in steatotic cells.

The final inducer of steatosis investigated was ethanol. Results showed that exposure to ethanol did not
induce lipid droplet formation. This was likely due to the lack of alcohol dehydrogenase activity (or
aldehyde dehydrogenase when exposed to acetaldehyde). This means that ethanol and acetaldehyde are
not metabolised to acetate. This results in extra acetate not being used in the TCA cycle, or the extra
energy being produced during metabolism in the form of NADH. This is supported by the lipid

accumulation observed when cells were exposed to acetate.

This chapter has demonstrated that the B-13 and B-13/H cells can be used to investigate two drug and
chemical induced lipid storage disorders, phospholipidosis and steatosis. These can be used to investigate
the effects that metabolism may have on phospholipidosis, as well as possible mechanisms. The B-13/H
cells can be used to model non-alcoholic steatohepatitis induced by fatty acids and chemicals, without
interference from alcoholic liver disease. These steatotic cells can then be used to investigate the effects

other stresses may have on steatotic cells compare to normal cells.
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Chapter 4. Toxicity of an ionic liquid, M80OI
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4.1 Introduction

The aetiology of PBC is uncertain, however, it is generally considered that susceptibility is determined by
an individual’s genetics as well as some environmental factors. Studies have found uneven distribution of
PBC incidence in cities in the north of England (Triger, 1980; Prince et al., 2001) and in New York City (Ala
et al., 2006). Environmental triggers have been suggested in these cases, such as a water reservoir in
Sheffield and a superfund waste site in New York. Xenobiotics used in cosmetics have also been identified
as possible triggers in the general population (Rieger et al., 2006). However, no infectious agent or
xenobiotic has been identified in areas of high prevalence of PBC that could be described as a trigger and

therefore explain why clustering is observed in these areas.

Prior research in the group has shown a xenobiotic in the environment that could potentially act as a
trigger for PBC (Probert et al., 2018). In the study, soil samples were taken from taken from around an
urban landfill site in an area with a high PBC incidence as well as control sites. These samples were
screened for receptor activation and cell toxicity. It was found that some of the samples from the landfill
site were toxic to B-13 cells. An imidazolium based ionic liquid, 3-methyl-1-octyl-1H-imidazol-3-ium
(M80I), was identified in these samples and was considered to be the chemical responsible for the toxic

effects observed in B-13 cells (Probert et al., 2018).

lonic liquids (ILs) are composed of an organic cation and inorganic anion, have melting temperatures below
the boiling point of water and are often liquids at room temperature (Pernak et al., 2016). They are
considered environmentally friendly “green” solvents due to their low volatility and therefore a possible
alternative to existing organic solvents (Pernak et al., 2016). ILs have other properties that make them
desirable for their use in industry and technology. These include the afore mentioned low volatility as well
as low flammability, high thermal stability and conductivity (Pernak et al., 2016). ILs are used/associated
with lubricants, nanoparticle synthesis, bio-catalysts, industrial solvents, fuel cells, batteries and metal

plating (Heckenbach et al., 2016).

A meta-analysis of the IL and toxicology literature found that relatively few publications have focused on
the toxicology of all ILs (Heckenbach et al., 2016). Approximately 50% of all IL toxicity publications were
based on imidazolium ILs and the publications that used in vivo models were limited (Heckenbach et al.,
2016). Therefore, the toxicity data available of M80I specifically is limited. Thus, the aim of this chapter,

with the use of several in vitro and in vivo models, is to investigate the toxicity of M80I and potential
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mechanisms and to compare any toxic effects to those observed in the soil samples extracted from the

landfill site found close to a high incidence rate of PBC.

4.2 M8IO is toxic to the liver progenitor B-13 cells

To assess M80I toxicity, several cell lines were treated with increasing concentrations of M80I for 48 hours
and cell viability was determined by an MTT assay. The B-13 and B-13/H cells were used to assess the
difference between liver progenitor cells and hepatocyte-like cells. To model the effects in human
hepatocytes and cholangiocytes, HepG2 and H69 cells were used. M80I was significantly toxic to all cell
lines used at 100uM, with the greatest effect in the B-13 and B-13/H cells where there was close to
complete loss in cell viability. H69 cells were more resistant to M80I induced toxicity, displaying ~50% cell
death at 100uM (Figure 4.1). At 10uM M8OI, cell viability was reduced to approximately 75% for B-13/H,

HepG2 and H69 cells. B-13 cells were more sensitive to M80I and 10uM, showing a cell viability of ~25%.

Cell titre glo was used to measure ATP content and used as a second cell viability assay to confirm the
results from the MTT and to investigate the difference between B-13 and B-13/H cells. At 24 hours and 48
hours a difference between B-13 and B-13/H cells was observed, with B-13 cells being more sensitive to
M80I induced toxicity and showing a reduced ATP content. The greatest difference was at 10 and 100uM
(a difference of 50% and 43% respectively at 24 hours) while at 500uM and 1000uM there was no
difference between the two cell lines (Figure 4.2A&B). There was a significant increase in ATP content in
B-13/H cells treated with 0.1uM MS8OI after 24 hours (Figure 4.2A). These data show that B-13 cells, liver

progenitor cells, are more sensitive to M80I than the hepatocyte-like B-13/H cells.

4.3 M80OI is less toxic to primary human hepatocytes than primary mouse hepatocytes

M8OI toxicity was measured in primary human and mouse hepatocytes. In primary mouse hepatocytes,
100uM M8OI significantly reduced cell viability to 25% of control. No cell death was observed at lower
concentration (Figure 4.3A). Cell viability was then measured in primary human hepatocytes and showed
a significant reduction in cell viability between 40 and 100uM (Figure 4.3B). At 100uM MZ8OI, human
hepatocytes were less sensitive than mouse hepatocytes with cell viabilities of 59.5% and 25% respectively

(Figure 4.3). M80I toxicity was therefore observed in primary cells as well as immortalised cell lines.

119



150%
-— B-13
-3 B-13H
100% —— H69
=~ HepG2

50% -

0%+
0 0.01 0.1 1 10 100
[M8OI] uM

MTT Activity/well relative to control

Figure 4.1: MTT activity is reduced by M80I in immortalised cell lines. B-13, B-13/H, HepG2 and H69 cells were treated for 48
hours with indicated concentrations of M8OI. Following treatment, cells were incubated with MTT for 2 hours and reduction
determined. Data are the mean and SD of 6 separate determinations from the same experiment, typical of 3 separate

experiments. * significantly different to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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Figure 4.2: M80I reduces ATP content in B-13 and B-13/H cells. B-13 and B-13/H cells were treated with indicated
concentrations of M8O0I for 24 hours (A) and 48 hours (B). Following treatment, media was changed, and the cells were
incubated with cell titre glo for 30 minutes and luminescence measured, and relative ATP content was determined. Data are the
mean and SD of 5 separate determinations from the same experiment, typical of 2 separate experiments. * significantly

different to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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Figure 4.3: M80I reduces MTT activity in primary hepatocytes. A, primary mouse hepatocytes and B, primary human
hepatocytes (donor 2, see Table 5.1) were treated with indicated concentrations of M80I for 24 hours. Following treatment,
cells were incubated with MTT for 2 hours and reduction determined. Data are the mean and SD of 6 separate determinations
from the same experiment, typical of 2 separate donors. * significantly different to control (p<0.05) tested by ANOVA followed

by Bonferroni post-hoc test.

4.4 M80I induces apoptosis in immortalised cell lines

To determine the mechanisms of cell death, necrosis and apoptosis was measured over a 48-hour period
in HepG2, H69 and B-13 cells using the Realtime apoptosis and necrosis assay. In HepG2 cells treated with
1000uM of M80I, luminescence (indicative of the levels of apoptosis) increased over time until it reached
a peak at 15 hours (Figure 4.4B). After this peak, a decrease in luminescence was observed and was likely
due to the sustainability of the luminescent signal. Overall, this trend was similar to that of the apoptotic

positive control compound, 10uM staurosporine. In both 1000uM M80I and 10uM staurosporine, the
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greatest increase in levels of necrosis occurred between 12 and 24 hours, and 9 hours after levels of
apoptosis reached a peak (Figure 4.4A). Apoptosis was 3.6-fold lower at 100uM M80I at its peak compared
to 1000uM (Figure 4.4B) and apoptosis levels plateaued at 15 hours. At 48 hours, necrosis levels of 100uM
M80I were 3.6-fold lower than that of 1000uM M8OI, similar to the fold difference with levels of apoptosis

(Figure 4.4A). No apoptosis or necrosis was observed at 1uM or 10uM.

In H69 cells, apoptosis was observed at 1000uM, increasing up to 15 hours where peak levels were
reached, similar to the response observed in HepG2 cells. However, unlike HepG2 cells, peak levels of
apoptosis occurred 11 hours later than staurosporine (Figure 4.5B). Levels of necrosis increased at its
greatest rate between 8 and 31 hours after which necrosis levels plateaued (Figure 4.5A). The difference
between the peaks at apoptosis and necrosis was 13 hours, slower than HepG2 cells. No necrosis or

apoptosis was observed at 1-100uM M8OI.

Apoptosis levels in B-13 cells treated with 1000uM increased between 7 and 15 hours and followed a
similar trend to staurosporine (Figure 4.6B). 100uM MS8OI increased levels of apoptosis between 15 and
22 hours and at its peak was 2-fold lower than 1000puM. No apoptosis was observed at 10uM M80I, and
low levels were detected at 1uM at 40 hours. Necrosis increased in a dose depended manner. Low levels
of necrosis were detected at 1uM M8OI, this increases 3.9-, 7.2-, and 9.5-fold with 10, 100 and 1000uM
treated cell respectively (Figure 4.6A). The peak levels of necrosis at 1000uM occurred after 31 hours and

was 9 hours later than the peak apoptosis time (Figure 4.6A&B).

Comparing the different cell lines used, all cells showed a peak in luminescence (apoptosis) at 15 hours
and fluorescence peaking 9-13 hours later, suggesting secondary necrosis. H69 cells were showed the
weakest apoptotic response to M80I, with only 1000uM producing an effect. B-13 cells were the most
sensitive to M80I induced apoptosis and necrosis with effects being observed at 10uM. These data support
the cell viability data in 4.2, where B-13 cells were shown to be the most sensitive and H69 cells the most

resistant to M80I induced toxicity (Figure 4.1).
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Figure 4.4: M80I induces apoptosis followed by necrosis in HepG2 cells. HepG2 cells were treated with indicated
concentrations of M80I (and 10uM staurosporine as an apoptotic positive control) and incubated with Realtime-glo annexin V
apoptosis and necrosis assay. Fluorescence (A) and luminescence (B) was measured every 1-8 hours over a 48-hour period to
determine levels of necrosis and apoptosis respectively. Data are the mean and SD of 4 separate determinations from the same

experiment, typical of 2 separate experiments. Statistics not determined.
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Figure 4.5: M80I induces apoptosis followed by necrosis in H69 cells. H69 cells were treated with indicated concentrations of
M80I (and 10uM staurosporine as an apoptotic positive control) and incubated with Realtime-glo annexin V apoptosis and
necrosis assay. Fluorescence (A) and luminescence (B) was measured every 1-8 hours over a 48-hour period to determine levels
of necrosis and apoptosis respectively. Data are the mean and SD of 4 separate determinations from the same experiment,

typical of 2 separate experiments. Statistics not determined.
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Figure 4.6: M80I induces apoptosis followed by necrosis in B-13 cells. B-13 cells were treated with indicated concentrations of
M80I (and 10uM staurosporine as an apoptotic positive control) and incubated with Realtime-glo annexin V apoptosis and
necrosis assay. Fluorescence (A) and luminescence (B) was measured every 1-8 hours over a 48-hour period to determine levels
of necrosis and apoptosis respectively. Data are the mean and SD of 4 separate determinations from the same experiment,

typical of 2 separate experiments. Statistics not determined.
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4.5 Apoptotic DNA is observed in M8OI treated B-13 cells

B-13 cells were treated with M80I for 24 and 48 hours, the DNA was then isolated and ran on an agarose
get to visualise. Nucleosomal DNA fragmentation, classically observed in programmed cell death and
apoptosis was observed in 10uM and 100uM after 24 hours, with 100uM M8OI showing a greater band
intensity (Figure 4.7). At 48 hours, there was more apoptotic DNA in 100uM treated cells compared to 24
hours and at a similar intensity to cells treated with staurosporine for 24 hours. Weak bands were also

observed at 1uM. 1000uM M8OI treated cells showed no apoptotic DNA (not shown), suggesting the DNA

had been completely degraded or that there was no apoptosis.
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Figure 4.7: M80I induces nucleosomal ladder formation in B-13 cells. B-13 cells were treated with indicated concentrations of
M8OI and staurosporine for 24 and 48 hours. DNA was isolated and ran out on an agarose gel and the apoptotic DNA was

visualised using UV light.

4.6 The mitochondria of B-13 cells swell when exposed to M80I

B-13 cells were treated with 200uM of M8OI for 24 hours and 10uM staurosporine for 6 hours and fixed
before being processed for electron microscopy to visualise any cell structure abnormalities. Control
treated B-13 cells showed that the nucleus accounts for the majority of the cell, with the mitochondria
and other components around the periphery of the cell (Figure 4.8A). The mitochondria of the 24 hour,

200uM M8OlI treated cells were swollen and the cristae were not as visible in comparison to control cells
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(Figure 4.8B). This is an observable feature of late stage apoptosis (Sun 2007). This effect was also seen at

6 hours, 10uM staurosporine, along with a condensing nucleus (Figure 4.8C).

Control 200uM M8OI

Figure 4.8: M80I induces mitochondrial swelling in B-13 cells. B-13 cells were treated with 200uM M80I (and vehicle control)

for 24 hours, and staurosporine for 6 hours. Cells were then fixed and processed for TEM. Images are at 5800X magnification.
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4.7 M80I inhibits mitochondrial oxygen consumption rate in intact B-13 and B-13/H cells.

As cells treated with M80OI were shown to undergo apoptosis and induced mitochondrial swelling, the
mitochondrial function of cells treated with M80I was investigated. B-13 cells were treated with 50uM
M8OI and the OCR and ECAR measured using the seahorse flux analyser. M80OI caused a rapid reduction
in the OCR after 15 minutes of treatment and after 30 minutes the OCR was inhibited to near 100% (Figure
4.10A). This decrease in the OCR was accompanied with an increase in the ECAR that is suggestive of a
shift to glycolysis as compensation (Figure 4.10C). Injection of the F1FO ATP synthase inhibitor, oligomycin
(sites of substrates and inhibitors summarised in Figure 4.9) reduced oxygen consumption in vehicle
treated cells but not in M8OI treated cells due mitochondrial respiration being inhibited by M80I (Figure
4.10A). Following exposure to the uncoupler, FCCP, the OCR was increased to its maximal capacity in
vehicle treated cells. There was also an increase in oxygen consumption of the M80I treated cells, however
this was lower than control cells and did not recover the basal level OCR. Finally, oxygen consumption was
inhibited to near completion when treated with rotenone and antimycin A as the ETC becomes inhibited.
A significant difference was observed in proton leak, as M80I inhibited the OCR more efficiently than
oligomycin (Figure 4.10E) whereas non-mitochondrial OCR after the antimycin A addition was not
different. ATP production was also decreased compared to control, due to the decrease in the OCR. Finally,

maximal respiration rate was decreased when treated with FCCP (Figure 4.10E).

B-13/H cells were also tested and showed that the basal OCR was higher than in B-13 cells (Figure 4.10B).
Exposure to 50uM of M80I had a similar response as B-13 cells in that there was a decrease in the OCR
and an increase in the ECAR (Figure 4.10B&D). However, the decrease in the OCR and increase in the ECAR
was more gradual than in the B-13 cells. Oligomycin reduced OCR slower in vehicle control B-13/H cells
compared to B-13 cells. The other trends observed in B-13 cells were similar in B-13/H cells. Oligomycin
had no response in M80I treated cells, FCCP partially recovered the OCR, and rotenone/antimycin A
inhibited oxygen consumption (Figure 4.10B). A significant difference in the OCR accounting for proton
leak, spare respiratory capacity, non-mitochondrial consumption maximal respiration and ATP production
was observed (Figure 4.10F). These data suggest that there are mitochondrial effects when B-13 and B-

13/H cells are exposure to M8OI, inhibiting one or more components involved in mitochondrial respiration.
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Figure 4.10: OCR is inhibited when intact B-13 and B-13/H cells are exposure to M80I. The mitochondrial function of B-13 (A,
C, E), and B-13/H cells (B, D, F) were analysed with the seahorse flux analyser using the mito stress test as described in the
methods (2.15.1). Data was normalised to protein concentration calculated using a Bradford assay. A-B, OCR (mitochondrial
respiration) and C-D, ECAR (glycolysis). Arrows indicate the injection of indicated compounds. E-F, Key parameters of
mitochondrial respiration. Data are the mean and SD of at least 10 separate determinations from the same experiment, typical

of 3 experiments. * significantly different to control of each parameter (p<0.05) tested by students t-test.
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4.8 M80I reduces the OCR and increases the ECAR in a dose dependent manner in intact B-13 cells.

Intact B-13 cells were treated with a dose response of M80OI and showed a dose dependent decrease in
the OCR (Figure 4.11A). Oxygen consumption was not affected when the cells were treated with 0.1 and
1uM of M80I throughout the mito stress test. 50 and 100uM of M8OI rapidly reduced the OCR to levels
below that which oligomycin inhibited the OCR. 10uM inhibited oxygen consumption gradually over the
treatment time and inhibited OCR to approximately 50% of the basal rate. Oligomycin further reduced the
OCR in 10uM M8O0I treated cells and reduced it below 0-1uM M8OI treated cells. No effect of oligomycin
was observed at 50 and 100uM. FCCP increased the OCR in all treatments, an increase that was dose
dependent, as the higher the concentration of M80I exposed to the cells, the lower the oxygen
consumption rate observed after FCCP treatment. Rotenone and antimycin A reduced the OCR to near
completion (Figure 4.11A). The ECAR similarly increased in a dose dependent manner, 50 and 100uM M8OI
rapidly increased whereas 10uM showed a more gradual increase but unlike the OCR, the ECAR reached
similar levels at 50 and 100uM whereas 0.1 and 1uM showed no effect. (Figure 4.11B). Statistically
significant dose dependent decreases were observed in proton leak, maximal respiration, spare

respiratory capacity, mitochondrial oxygen consumption and ATP production (Figure 4.11C).
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Figure 4.11: M80I mitochondrial effects are dose dependent in B-13 cells. The mitochondrial function of B-13 cells was
analysed with the seahorse flux analyser using the mito stress test as described in the methods (2.15.1). Data was normalised to
protein concentration calculated using a Bradford assay. A, OCR (mitochondrial respiration) and B, ECAR (glycolysis). Arrows
indicate the injection of indicated compounds. C, Key parameters of mitochondrial respiration. Data are the mean and SD of at
least 8 separate determinations from the same experiment, typical of 3 separate experiments. * significantly different to control

of each parameter (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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4.9 M8OI acts on two sites in the ETC

Plasma membrane permeabilizer (PMP) experiments were used to identify the sites of action and
mechanisms of M8OI within the mitochondria. Firstly, the direct effects of M80OI on the OCR of
mitochondria (via PMP treated cells) was measured. Cells were permeabilised using PMP and preincubated
with an increasing dose of M8OI ranging from 10pM-10uM, cells were then injected adenosine
diphosphate (ADP) giving a final concentration of 4mM using the seahorse flux analyser and the resulting
OCR was measured. Cells treated with 1 and 10uM M8OI had a lower OCR compared to control cells, no

significant effects were observed at lower concentrations (Figure 4.12A).

Effects of complex | were then investigated using the PMP complex | assay (Salabei et al., 2014). Cells were
treated with 100uM M80OI and 5uM rotenone as a positive control for complex | inhibition. Control vehicle
treated cells showed an increase OCR when ADP was added to the cells and this increase was reduced
back to basal levels following oligomycin treatment (Figure 4.12B). FCCP then recovered the OCR from
oligomycin inhibition back to similar levels seen when treated with ADP before being inhibited once again
by the complex Il inhibitor antimycin A. Rotenone had no response to any of the compounds injected,

including ADP and FCCP, therefore successfully inhibiting complex I.

100uM of M8OI inhibited the increase in oxygen consumption induced by ADP, and therefore there was
no effect induced by oligomycin. (Figure 4.12B). The addition of FCCP increased the OCR but to lower levels
compared to vehicle treated cells. Finally, as with the control treated cells, antimycin A inhibited the OCR
back to basal levels. These data combined with the data from the mito stress test suggest that M8OI
inhibits ATP synthase (complex V) as there is some recovery of the OCR when FCCP is added. However,
there may be effects elsewhere in the ETC as FCCP does not completely recover the OCR at similar levels

to control cells.
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Figure 4.12: M80I has a direct effect on the mitochondria of B-13 cells. A, B-13 cells were permeabilised using PMP and
incubated in complex | assay MAS and indicated concentrations of M80I. After 14 minutes in the seahorse flux analyser ADP was
injected into the well (giving a final concentration of 4mM) and after a further 10.5 minutes of incubation OCR was measured.
Data are the mean and SD of at least 6 separate determinations from the same experiment, typical of 2 separate experiments.

* significantly different to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test. B, B-13 cells were
permeabilised using PMP and incubated in complex | assay buffer and indicated compounds. OCR was then measured using the
PMP assay described in the methods sections (2.15.2). Arrows indicate the injection of indicated compounds. Data are the mean

and SD of at least 6 separate determinations from the same experiment, typical of 2 separate experiments.
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4.10 M80I interacts with complex Il in B-13 cells

The interactions of complex Il and M80I was investigated using PMP experiments by inhibiting complex |
using rotenone and providing the substrate, succinate, for complex Il. Control cells followed a similar trend
to that observed in complex | as previously described in Figure 4.10. 1mM malonate, a complex Il inhibitor,
inhibited the response from any of the injected compounds. However, pre-treatment with 200uM M8OI
caused an increase in the OCR compared to vehicle treated cells (Figure 4.13A). This increase was greater
than the effect of ADP on control cells and was unaffected by oligomycin treatment. FCCP further

increased the OCR and antimycin A inhibited oxygen consumption as normal.

These effects were then monitored by pre-treating the cells for a complex | assay and once a baseline was
established the cells were injected with succinate, rotenone and 10uM M8OI (or vehicle). Cells treated
with M80I showed an increase in oxygen consumption compared to control cells. 10uM M8OI was not
sufficient enough to increase the OCR above ADP addition and was inhibited by oligomycin (Figure 4.13B).
Finally, these effects of M8OI required the presence of the complex Il substrate, succinate, for this increase
in the OCR to occur (Figure 4.13C). These data demonstrate that M80OI interacts with complex Il in some

capacity in which an increase in oxygen consumption occurs.

4.11 M80I produces mitochondrial ROS

As M80I had a mitochondrial effect, the production of mitochondrial ROS was measured using the
MitoSOX fluorescent probe. Cells were treated for 2 hours post MitoSOX incubation and fluorescence
measured. M80I induced the production of mitochondrial ROS in a dose dependent manner, with 1000uM
of M80I producing a response similar to that of 10uM of oligomycin and other inhibitors of mitochondrial

respiration that are known to produce ROS (Figure 4.14) (Miwa et al., 2003; Quinlan et al., 2013).
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Figure 4.13: M80I interacts with complex Il of the ETC. A, B-13 cells were permeabilised using PMP and incubated in complex Il
assay MAS and indicated compounds. OCR was then measured using the PMP assay described in the methods sections (2.15.2).
Arrows indicate the injection of indicated compounds. Data are the mean and SD of at least 6 separate determinations from the
same experiment, typical of 3 separate experiments. B, B-13 cells were permeabilised using PMP and incubated with complex |
MAS. OCR was then measured using the PMP assay described in the methods sections (2.15.2). The first injection contained
succinate, rotenone and indicated treatment giving a final concentraions of 5mM, 5uM and indicated concentration
respectively. Arrows indicate the injection of indicated compounds. Data are the mean and SD of at least 6 separate
determinations from the same experiment, typical of 3 separate experiments. C, B-13 cells were permeabilised using PMP and
incubated with complex Il MAS without succinate. OCR was then measured using the PMP assay described in the methods
sections (2.15.2). Arrows indicate the injection of indicated compounds. Data are the mean and SD of at least 6 separate

determinations from the same experiment, typical of 2 separate experiments.
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Relative MitoSOX fluorescence

Figure 4.14: Mitochondrial ROS production is observed in M80I treated B-13 cells. B-13 cells were preincubated with MitoSOX,
the cells were then washed in PBS and incubated with chemicals indicated for 2 hours and fluorescence was measured. Data are
the mean and SD of at least 6 separate determinations from the same experiment, typical of 3 separate experiments.

* significantly different MitoSOX fluorescence to control of each parameter (p<0.05) tested by ANOVA followed by Bonferroni

post-hoc test.

4.12 Human hepatic progenitor cells are EpCAM positive

As B-13 cells are considered rat hepatic progenitor cells and sensitive to M80I toxicity, it was hypothesised
that human hepatic progenitors would be sensitive to M80I induced toxicity. There is no human B-13
equivalent, therefore human progenitor cells derived from human liver (Huch et al., 2015) were used to
examine the effects in a human equivalent model, and therefore provide an in vitro model more relevant
to man. Epithelial cell adhesion molecule (EpCAM) is a transmembrane glycoprotein involved in cell
adhesion, proliferation and maintenance of pluripotent state and is expressed in hepatic progenitor cells
(Dolle 2015). Thus, EpCAM was used to confirm the cells used were hepatic progenitor cells as previously
described (Huch et al., 2015). EpCAM was present at RNA level in the induced pluripotent stem cells and
hepatic progenitor cells but not present in human hepatocytes as expression is lost during the maturation
of hepatocytes (Figure 4.15A). HNF4a and albumin were used as mature hepatocyte markers and were

present in human hepatocytes and not hepatic progenitors.
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4.13 Organoid formation is reduced in M80I treated hepatic progenitors

Hepatic progenitor cells form organoids in Matrigel. Individual cell/small colonies were exposed to M8OI
for 48 hours and left for a further 48 hours in normal medium, the number of organoids formed were then
counted in randomly selected fields. The number of organoids formed was reduced in cells treated with
200-1000uM M8OI in a dose dependent manner (Figure 4.15B). Chlorpromazine was used as a positive
control as a known cytotoxin and showed a reduced number of organoids compared to control and similar

to 1000puM M8OI.

Individual cell/small colonies were treated for 48 hours with M8OI, after treatment the cells were fixed,
and cell morphology was then examined. It was observed that small spherical structures appeared to form
at the periphery of the cells at 100-1000uM (Figure 4.16). The number of these structures appeared to
increase as the concentration of M80I increased. These structures are believed to be apoptotic blebs, a

structure formed during the apoptosis of cells.
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Figure 4.15: Human hepatic progenitor organoid formation is inhibited by M80I. A, RT-PCR for indicated transcripts. B, hepatic
progenitor cells were treated for 48 hours with indicated concentrations of M80I and chlorpromazine and treated for a further
2 days in expansion medium. Cells were then fixed, and the number of organoids formed were counted from 3 randomly
selected fields. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 2 separate
experiments. * significantly different to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test. For

chlorpromazine * significantly different to control (p<0.05) tested by students t-test.
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4.14 M80I is toxic to hepatic progenitor organoids

Hepatic progenitors were cultured to form organoids and then treated with M80I for 48 hours and cell
viability was assessed using trypan blue staining and MTT assays. Trypan blue staining showed that there
was a significant increase in cell death at 500 and 1000uM of M8OI (Figure 4.17A). 200uM chlorpromazine
was used as a positive control for cytotoxicity and induced cell death at similar levels to 1000uM M8OI.
Staurosporine was used as an apoptosis control and 20% of cell area was trypan blue stained. Images
showed that organoids maintain their structure at 500uM but ‘burst’ at 1000uM MB8OI, whereas
chlorpromazine treated organoids ‘shrink’ (Figure 4.17B). However, MTT assays showed that only
chlorpromazine treated organoids displayed a reduction in MTT activity (Figure 4.18A). As with the trypan
blue stained organoids, it was observed that the organoids treated with 1000uM M8OI lost their structure
(Figure 4.18B). These results suggest that there may be some cell death and at 1000uM MS8OI the

organoids lose their structure.
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Figure 4.17: M8OI increases trypan blue staining of organoids. A, Human hepatic progenitor organoids were treated with
indicated concentrations of M80I, chlorpromazine, and staurosporine for 48 hours. Following treatment, cells were incubated
with trypan blue for 5 minutes and images taken of the organoids. Using Imagel, the threshold command was used to convert
images to black and white based on staining, analyse particles was then used to calculate the black pixels (trypan blue stained),
the percentage of the organoid stained with trypan blue was then determined. Data are the mean and SD of 5 separate
organoids from the same experiment, typical of 2 separate experiments. * significantly different to control (p<0.05) tested by
ANOVA followed by Bonferroni post-hoc test. For chlorpromazine and staurosporine * significantly different to control (p<0.05)
tested by students t-test. B, Human hepatic progenitor organoids were treated as described in A and were imaged by bright-

field microscopy (scale bar = 100um).
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Figure 4.18: MTT activity was not reduced with M80I treatment. A, Human hepatic progenitor organoids were treated with
indicated concentrations of M80I, chlorpromazine, and staurosporine for 48 hours. Following treatment, cells were incubated
with MTT for 2 hours and images taken of the organoids. Using ImageJ, the threshold command was used to convert images to
black and white based on staining, analyse particles was then used to calculate the black pixels (formazan conversion), the
percentage of the organoid converted formazan was determined. Data are the mean and SD of 5 separate organoids from the
same experiment, typical of 2 separate experiments. * significantly different to control (p<0.05) tested by ANOVA followed by
Bonferroni post-hoc test. For chlorpromazine and staurosporine * significantly different to control (p<0.05) tested by students t-
test. B, Human hepatic progenitor organoids were treated as described in A and were imaged by bright-field microscopy (scale

bar = 100um).
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4.15 M80I caused the swelling of hepatic progenitor organoid mitochondria

Organoids were treated for 48 hours with M80lI, fixed, and visualised using electron microscopy. Control
organoids appeared to be hollow in structure (i.e. cysts), that when sectioned for electron microscopy
appeared as a ring of cells (Figure 4.19A). Cellular components including the nuclear and mitochondria

were easily visualised (Figure 4.19C).

The organoids treated with 500uM M80OI had a compromised structure compared to control organoids. In
some organoids the structure was nearly completely lost, and cells appeared to be dead (Figure 4.19B).
Cells that appeared to have maintained some structure, appeared abnormal in comparison to control
organoids. As with the B-13 cells, one of the most observable features of the cells was that the
mitochondria appeared to swell, and they also appeared to be darker in colour and the cristae were not
as visible as the control mitochondria (Figure 4.19D). These images suggest that the mitochondria of the

cells that make the organoids are affected in response to M80I treatment.
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500uM M8OI

Control 500uM M8OI

Figure 4.19: Human hepatic organoid mitochondria swell in response to M80I exposure. Human hepatic progenitors were
treated with 500uM M8OI and a vehicle control for 48 hours. Organoids were fixed and processed for TEM. Images show

organoids at A&B, 800x and C&D, 13500x magnification.
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4.16 45 day, low level, oral exposure to M80I does not cause any detectable inflammatory
response.

Transgenic NK-kB-luc female mice of at least 52 weeks of age were administered a daily dose of 1mg/kg
body weight (bw) M80I via their drinking water. This dose was calculated from the EFSA (European food
safety authority) recommendations of the administration of chemical substances in drinking water for sub
chronic studies (EFSA, 2012). Older female mice were selected due PBC generally being considered a
disease predominantly affecting postmenopausal women. Inflammation was regularly monitored by IVIS
imaging. On day 27 mice were administered 50mg/kg bw a-naphthylisothiocyanate (ANIT) (or olive oil
vehicle control) by oral gavage. On day 45 mice were terminated by cervical dislocation and the tissue and
serum were collected. Mice that died or were terminated before the end of the experiment were not

included in the final analysis, as their termination was due to age related issues.

IVIS imaging showed that M8OI did not result in an increase in an inflammatory response suggestive of
injury in M80OI treatment over the course of the experiment. ANIT induced a significant response 2 days
post administration in both ANIT groups, however, there was no significant difference between mice treat
with ANIT and M80I compared to those treated with ANIT alone (Figure 3.20A&B). Additionally, there was
no significant difference between groups in hepatic glycogen content or ALP (Figure 4.20C&D). Finally, the
only significant response observed in serum ALT was a reduction in the control/M80I treated mice (Figure

4.20E).
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Figure 4.20: Long-term exposure to M80I does not cause any detectable inflammatory response. (Legend on next page)
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Figure 4.20: Long-term exposure to M80I does not cause any detectable inflammatory response (Continued). Transgenic NK-
kB-luc female mice were administered a daily dose of 1mg/kg bw M8OI via their drinking water. On day 27 mice were administered
50mg/kg bw ANIT (or olive oil vehicle control) by oral gavage. On day 45 mice were terminated by cervical dislocation and tissue
and serum collected. A, IVIS images of treated mice at time indicated as described in the methods (2.2.4). B, Quantified abdominal
luminescence of treated mice. VIS data are the mean and SD of the following animal numbers Control/Control = 5, Control/ANIT
=3, M80I/Control = 4, M8OI/ANIT = 5. * significantly different to control (p<0.05) tested by students t-test. C, Hepatic glycogen

determination. D, ALP. E, ALT. * significantly different to control (p<0.05) tested by students t-test.

4.17 M80I induced glycogen depletion in mice when administered by intraperitoneal injection.

To study the acute effects of M80OI in vivo, male C57B6 mice of at least 12 weeks of age were
intraperitoneally or orally administered with M80I ranging from 0-40mg/kg bw. The mice were given two
doses, the second dose given 18 hours after the first dose. 24 hours after the first dose was administered,
the mice were terminated by cervical dislocation and tissue, serum, bile and urine were collected. Oral
administration of M80I at the concentrations implemented showed no evidence of weight loss (Figure

4.21A) or hepatic injury as there was no significant change in serum ALP (Figure 4.21C) or ALT (Figure
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4.21D) compared to vehicle treated mice, and there was no widespread histological evidence of hepatic
injury (Figure 4.22A). Pilot study data suggested that M80I may induce hepatic glycogen depletion.
Therefore, hepatic glycogen content was determined but showed no change compared to vehicle treated
mice (Figure 4.21B). Additionally, PAS stained liver sections showed no change in glycogen content (Figure

4.22B).
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Figure 4.21: Oral administration of M80I does not have any hepatic effects. Male C57B6 mice were administered with
indicated doses of M80I by oral gavage twice, the second dose was given 18 hours after the first. 24 hours after the first dose
was administered, the animals were terminated by cervical dislocation and serum and tissue collected. A, change in body
weight. B, sections of liver were homogenised and glycogen content was determined as described in section 2.14, data was
normalised to protein by Lowry determination. C, serum ALP. D, serum ALT. Data are mean and SD of 5 separate animals. No

statistical significance.
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Figure 4.22: Histological examination of the liver in mice administered with M80I orally does not display any hepatic injury.
C57B6 mice were administered with indicated doses of M80I by oral gavage twice, the second dose was given 18 hours after the
first. 24 hours after the first dose was administered, the animals were terminated by cervical dislocation and serum and tissue
collected. A, H&E stained sections of liver from animals treated as indicated, typical views chosen. B, PAS stained sections of

liver from animals treated as indicated, typical views chosen. (scale bar = 100um).
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Administration of M8OI intraperitoneally did induce a toxic response. During a pilot study, mice
administered with 20mg/kg bw and 40mg/kg bw had to be terminated before severity was exceeded, with
the 40mg/kg bw mouse needing to be terminated almost immediately. A lower dose range was therefore
selected for i.p. administration of M80I, ranging from 0-10mg/kg bw. There was a decrease in body weight
after 24 hours in mice treated with 5mg/kg bw and 10mg/kg bw, however this was not statistically
significant (Figure 4.23A). No change in serum ALP (Figure 4.23C) and ALT (Figure 4.23D) compared to
vehicle treated mice was observed. i.p. administration of M80I at 5mg/kg bw and 10mg/kg bw did have
hepatic effects. The liver weight decreased in M80OI treated mice in a dose-dependent manner, however
this was not statistically significant, (Figure 4.23B) and some inflammation was observed when the liver
was histologically examined (Figure 4.24 & Figure 4.25A). However, this inflammation was patchy and not
observered throughout the liver. Additionally, parts of the liver displayed unstained areas of the cytoplasm
that were not observed in the livers of control treated mice and like inflammation, this was not observed
throughout the liver (Figure 4.24A). The most prominent hepatic effect was the depletion of glycogen in
10mg/kg bw M8OI treated mice (Figure 4.23E). This was supported by PAS staining of liver sections which
showed that there was some glycogen depletion in 5mg/kg bw treated mice and that in 10mg/kg bw
treated mice the glycogen was depleted to similar levels as the diastase negative controls (Figure 4.25B).
Histological examination of the heart showed no overt change in the heart compared to control treated
mice. However, in the kidneys of 10mg/kg bw M8O0I treated mice there was evidence of disruption to the
renal architecture similar to acute tubular necrosis and an increase in the number of nuclei in the

glomerulus suggesting the infiltration of inflammatory cells (Figure 4.24).
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Figure 4.23: Intraperitoneal administration of M80I reduces hepatic glycogen content in mice. Male C57B6 mice were
administered with indicated doses of M8OI by i.p. injection twice over 24 hours, the second dose was given 18 hours after the
first. 24 hours after the first dose was administered, the animals were terminated by cervical dislocation and serum and tissue
collected. A, change in body weight. B, wet liver wright as % of total body weight. C, serum ALP. D, Serum ALT. E, sections of
liver were homogenised and glycogen content was determined as described in section 2.14, data was normalised to protein by
Lowry determination. Data are mean and SD of 3 separate animals. * significantly different to control (p<0.05) tested by one-

way ANOVA followed by Bonferroni post-hoc test.
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Figure 4.24: Intraperitoneal administration of M80I results in kidney damage. Male C57B6 mice were administered with
indicated doses of M80OI by i.p. injection twice over 24 hours, the second dose was given 18 hours after the first. 24 hours after
the first dose was administered, the animals were terminated by cervical dislocation and serum and tissue collected. H&E

stained sections of heart liver and kidney from animals treated as indicated, typical views chosen. (scale bar = 100um).
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Figure 4.25: Intraperitoneal administration of M80I depletes hepatic glycogen. Male C57B6 mice were administered with
indicated doses of M8OI by i.p. injection twice over 24 hours, the second dose was given 18 hours after the first. 24 hours after
the first dose was administered, the animals were terminated by cervical dislocation and serum and tissue collected. A, H&E
stained sections of liver from animals treated as indicated, 3 typical views chosen. B, PAS stained sections of liver from animals

treated as indicated, typical views chosen. (scale bar = 100um)
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4.18 Chapter Discussion

Xenobiotics that can act as triggers for PBC have been searched for since environmental factors have been
linked to the disease (Probert et al., 2018). Some chemicals such as those found in cosmetics and hair dyes
have been suggested to be a reason why there appears to be a female predominance of PBC. However, a
chemical had not been found in the environment where there is a clustering of PBC cases that could explain
possible geographical prevalence until the identification of M80I in the north east of England (Probert et
al., 2018). M80lI is an imidazolium-based IL that has limited toxicological data. Therefore, the aim of this

chapter was to investigate the toxicity of M8OI in in vitro and in vivo models.

The cell lines used as models to investigate M80OI toxicity have been focused on liver cell lines, such as
hepatocytes (HepG2, B-13/H and primary cells), cholangiocytes (H69 cells) and liver progenitor cells (B-13
and human hepatic progenitors). Liver cell models were used as this is the most likely target for xenobiotic
toxicity and PBC is a liver-based disease characterised by the destruction of intrahepatic bile ducts.
Progenitor cells are important to model because in a diseased liver (including PBC), the damage and
removal of hepatocytes and cholangiocytes is greater than the ability of progenitor cells to replace them

and one factor for this could be the death of progenitor cells.

Data in this chapter demonstrates that M80OI is toxic to all cell types tested to some degree. Of the cell
lines tested, B-13 cells were the most susceptible to M8OI toxicity and in H69 cells there was a reduced
sensitivity (Figure 4.1). B-13/H cells were less susceptible to M8OI toxicity than B-13 cells, an effect that
was also observed in the toxic soil samples where M80I was identified (Probert et al., 2018). As B-13 cells

were the most susceptible, they were used to investigate the mechanism of toxicity.

Data from the soil sample extracts suggested a mitochondrial effect and the induction of apoptosis
(Probert et al., 2018), therefore, real-time apoptosis and necrosis assays and apoptotic DNA laddering
experiments were carried out with M80OI. Apoptosis was observed in B-13, H69 and HepG2 cells before
switching to necrosis several hours later. Apoptosis assessment was based on the expression of
phosphatidylserine on the surface of apoptotic cells and thus the binding of annexin V. This along with the
cleavage of genomic DNA generating nucleosomal ladders (Figure 4.7) supports the role of apoptosis in
M80I induced toxicity. Finally, M80I induces mitochondrial swelling (Figure 4.8). Mitochondrial swelling is
induced by the opening of the mitochondrial permeability transition pore (MPTP), which causes cell death
by necrosis (though calcium overload and oxidative stress) and is believed to be involved in apoptosis

(Rasola and Bernardi, 2007; Crichton et al., 2009) as it has been shown that MPTP-induced mitochondrial
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swelling induces cytochrome c release (Petit et al., 1998). The induction of apoptosis is important in PBC
as the cholangiocytes undergo apoptosis and present the PDC-E2 antigen in the apotope formed (Odin et
al., 2001). Therefore, M80I induced apoptosis could contribute to the degradation of the bile ducts and
the presentation of the PDC-E2 antigen. However, further work using primary human cholangiocytes is

required to confirm M80I induced apoptosis in humans.

The model used for human progenitor cells cannot be cultured in basic medium or using standard plastics
and must be cultured in matrigel to form organoids. Additionally, small amounts of material were sourced
and expanded, therefore the number of experiments were limited. This meant studying cell viability was
difficult and it was not possible to use certain analytical tools such as the seahorse flux analyser. Trypan
blue staining showed a loss of cell viability in organoids treated with M80I, however MTT assays showed
active reduction to formazan suggesting the mitochondrial reductases are still functioning but the cell
membrane has become permeable (Figure 4.17 & Figure 4.18). The human progenitor cells showed
evidence of apoptosis in the form of apoptotic blebs (Figure 4.16) and TEM analysis showed mitochondrial
swelling (Figure 4.19), indicative of MPTP opening, cytochrome ¢ and apoptosis inducing factor release
and therefore suggest late-apoptosis (Petit et al., 1998; Sun et al., 2007). As assays using these cells are
limited, Western Blot analysis of cleaved caspase PARP and cleaved caspase 3 could be used to confirm

the apoptotic mechanism.

There is little literature on M8OI toxicity in vitro for comparison. One study found M80I induced toxicity
in rat pheochromocytoma (PC12) cell line (Li et al., 2012). The authors concluded that M80I induced
apoptosis in PC12 cells, as well as increasing ROS and decreasing ATP content. Finally, they suggested that
M80I caused mitochondrial dysfunction. All these findings support to the findings in liver cells presented

in this chapter.

The mitochondrial effects of M80I were studied using the seahorse flux analyser as the mitochondria play
a vital role in apoptotic cell death. It took longer for M80I to fully inhibit mitochondrial oxygen
consumption/ug protein in B-13/H cells compared to B-13 cells (Figure 4.10). It has previously been noted
in this lab that B-13/H cells have a greater number of mitochondria and a decrease in glucose consumption
compared to B-13 cells. This could be one explanation why there is a difference in cell viability between B-
13 and B-13/H cells as M8OI inhibits oxidative phosphorylation and increases glycolysis and therefore

requires glucose.

156



A 50% inhibition of the OCR was achieved at 10uM of M80I and no effects were observed at 1uM or lower
(Figure 4.11). The maximal respiration and spare respiratory capacity of M80I treated cells was inhibited
when the cells were exposed to FCCP, which under normal conditions results in uncoupling (Brand and
Nicholls, 2011). This effect was also observed in PMP experiments with complex |, M8OI inhibited the OCR
when ADP was added and partially inhibited the OCR when FCCP was added. PMP experiments with

complex Il showed that M8OI increases oxygen consumption when in the presence of succinate.

These data could be used to draw a hypothesis of the mechanism of action of M80I on the ETC. M80I is
likely to interact with multiple sites involved in oxidative phosphorylation. Firstly, M8OI appears to inhibit
ATP synthase (Complex V) as M80I inhibits the OCR in a similar manner to oligomycin as FCCP can rescue
OCR by uncoupling, although to a limited extent. If M8OI inhibited via different complex in the ETC then
FCCP would not increase oxygen consumption upon uncoupling, as seen when rotenone and antimycin A
(complex | and Il inhibitors respectively) inhibited the OCR post-FCCP treatment. This effect is also
observed in the PMP experiments for complex |. Additionally, rotenone induced inhibition is not recovered
by FCCP in complex | PMP experiments showing that this blocks the electron flow beyond complex I,
suggesting M80I does not act at the same site as rotenone. However, the increase in oxygen consumption
induced by FCCP is significantly less than control cells, suggesting that M80I may have an effect elsewhere,
either on complex | or elsewhere on the ETC. Substrate oxidation is a limiting factor during uncoupling
(Brand and Nicholls, 2011), M80I could therefore inhibit substrate supply, cause electron leakage or inhibit
substrate oxidation that is not through the inhibition of complexes I-IV. In complex Il PMP experiments,
M80OI induced a large increase in the OCR in the presence of succinate. This suggests the activation of
complex Il, an effect that has been shown with 5-Aminoimidazole-4-carboxamide 1-beta-D-ribofuranoside
(AICAR). AICAR contains an imidazole structure similar to M80OI and increases complex Il activity through
AMP- activated protein kinase (AMPK) (Pfleger et al., 2015). The mechanism of M80I induced effects on
the mitochondria require further study. However, data thus far suggests the involvement of complex V

inhibition and activation of complex Il.

Given that the mitochondria are generally considered to be highly conserved between species it is likely
that the effects observed in the cell lines tested will translate to humans as evidenced by the toxicity
induced by M80I in primary human hepatocytes. Yet it is difficult to determine whether the concentrations
examined reflect potential human exposure as it is not known. Route of exposure, the concentration at
which an individual could be exposure and the metabolism of M80I are determining factors that are

unknown and therefore further data is required to validate any potential risk.
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Mice dosed intraperitoneally above 10mg/kg bw M8OlI in a pilot study were culled within an hour of dosing
to prevent exceeding severity. These effects are highly unlikely to be hepatic due to the rapid onset of
effects. 10mg/kg bw M80OI showed evidence renal injury and is similar to acute tubular necrosis observed
in rats with renal ischemic injury (Ferreyra et al., 2013; Narayan et al., 2016), suggesting that the kidney is
the target organ of toxicity. Further studies would need to be carried out to confirm inflammation and
damage in the kidney as well as measuring serum creatinine and urea as well as urinary protein. Some
hepatic effects were observed, including an increase in the presence inflammatory cells in parts of the liver
and depletion in hepatic glycogen content throughout the liver. This glycogen depletion supports the
mitochondrial effects seen in vitro, as the inhibition of oxidative phosphorylation and the shift to glycolysis
would increase glucose consumption by the mitochondrial for anaerobic respiration, and therefore the
catabolism of glycogen to glucose. Additionally, it has been shown that AICAR increases myocardial
glycogen degradation in rats via AMPK activation (Longnus et al., 2003). Oral dosing of M80I up to 40mg/kg
body weight had no adverse effects suggesting that the bioavailability of M8OI is low and it is either
excreted or metabolised to a non-toxic metabolite. The only toxicity study using a mouse model provides
very limited data and only administered M8OI intraperitoneally for 10 hours and reports an LDso of
35.7mg/kg bw (Yu et al., 2008). It is therefore difficult to compare the in vivo results with the literature

other than at 20mg/kg bw mice were culled to ensure severity was not exceeded.

In this chapter it has therefore been demonstrated that M8OI induces toxicity in vitro. Additionally,
intraperitoneal administration of M80I suggested that the kidney is the primary target organ for M80I.
Like the soil samples from the waste tip site where M80I was identified, M80I induced apoptosis caused
by mitochondrial dysfunction, possibly via combination of ATP synthase inhibition and other mitochondrial
interactions. These mitochondrial effects could also explain why glycogen depletion is observed in mice
administered with M8OI. The induction of apoptosis is also important in the mechanism of PBC, as

cholangiocytes undergo apoptosis to present the PDC-E2 antigen.
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Chapter 5. An investigation of the metabolism of M8OI
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5.1 Introduction

Lipoic acid is an endogenously synthesised cofactor that covalently binds to the E2 subunit of pyruvate
dehydrogenase and is essential for function to reduce flavin adenine dinucleotide (FAD) to FADH, (Kaplan
and Gershwin, 2005). The carboxylic acid moiety of lipoic acid covalently binds to the lysine residue in two
lipoyl domains. It is these lipoyl domains that contain the amino acid residues that are recognised by
immune cells in patients with PBC, specifically residues 170 (glutamic acid), 172 (aspartic acid) and 173
(lysine). The lysine residue at 173 is the lysine that binds to lipoic acid, and the conjugated form is

considered responsible for the breakdown of self-tolerance (Bruggraber et al., 2003).

This lipoyl domain is also of interest in PBC as during the apoptosis of the cholangiocyte, the lysine residue
is not bound to glutathione as is the case with other cells (Odin et al., 2001). Xenobiotic modification of
PDC-E2 occurs within the lipoyl domain and it has been shown that xenobiotics can be incorporated in
PDC-E2 via the exogenous lipoylation pathway (Walden et al., 2008). Xenobiotics conjugated to BSA are
immunoreactive in vivo (Leung et al., 2003) and xenobiotically modified PDC-E2 is reactive against PBC
patient sera (Amano et al., 2005; Rieger et al., 2006). The chemical structure of these xenobiotics is
important. Currently known xenobiotics that modify PDC-E2 all contain a carboxyl moiety at the end of a

short chain of around 4-10 carbons and thus have a similar structure to lipoic acid (Rieger et al., 2006).

The structure of M80I is similar to lipoic acid in that it has a 5-carbon cyclic ring with a long carbon chain
attached (Figure 5.1). However, it does not have the carboxylic acid moiety required for it to conjugate to
PDC-E2. While M80I is persistent in the environment, it has been shown to be biodegraded through the
oxidation of the terminal carbon to form a carboxylic acid - 1-(7-carboxyheptyl)-3-methyl-1H-imidazol-3-
ium (COOH7IM) (Markiewicz et al., 2015) and is therefore more structurally similar to lipoic acid than M8OI
and has the potential for incorporation into PDC-E2. COOH7IM was synthesised and shown to covalently
incorporate into an unlipoylated fragment of PDC-E2, whereas neither M80OI or the intermediate hydroxyl-
M80I (HO8IM, 3-(8-hydroxyoctyl)-1-methyl-1H-imidazol-3-ium) were incorporated (Probert et al., 2018).
It is therefore possible that COOH7IM could modify the lipoyl domain of PDC-E2 that is recognised by

immune cells and produce AMAs.

While the previous chapter demonstrated that M80OI was toxic to liver cells, it is unknown whether the
two metabolites HO8IM and COOH7IM are also toxic. Additionally, HO8IM and COOH7IM have been
shown to be products of the biodegradation of M80OI yet it has not been shown as to if M80I is metabolised

by the human (or other mammalian) liver. Metabolism of M80OI is the most likely route of exposure to

160



COOH7IM as levels of the metabolite were negligible in the soil samples that contained M80I (unpublished
data), and therefore environmental exposure to COOH7IM is unlikely. Finally, it is unknown how likely

M8OlI is to reach systemic circulation if an individual were to be exposure to the chemical.

Therefore, the aims of this chapter were to determine the toxicity of the two metabolites and to
investigate whether M80I is metabolised by hepatocytes in vitro and in vivo in human and murine models,
and if so, what metabolites are produced. The final aim was to investigate possible routes of exposure (via
oral administration), bioavailability and excretion. These aims will aid in the understanding of the M80OI
exposure risk and the likelihood of exposure to the COOH7IM metabolite and the potential risk of an

immune response.
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Figure 5.1: Proposed metabolic pathway of M80I to a carboxylic acid and structural comparison to lipoic acid. Abbreviations:
M80I, 3-methyl-1-octyl-1H-imidazol-3-ium; HO8IM, 1-(8-hydroxyoctyl)-3-methyl-imidazolium; COOH7IM, 1-(7-carboxyheptyl)-3-

methyl-1H-imidazol-3-ium. Structures for each compound were drawn using ChemSketch (ACDLabs).

5.2 COOH7IM is not toxic to liver cells in vitro

M80OI was previously shown to be toxic to hepatic progenitors and hepatocytes, it was therefore
hypothesised that the metabolism of M80I to HO8IM and COOH7IM would reduce toxicity. To assess the

toxicity of the potential M80OI metabolites, HO8IM and COOH7IM, liver cells were exposed to a dose
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response of all three compounds and cell viability was determined using MTT assays. B-13 and B-13/H cells
were used to detect changes between hepatic progenitors and hepatocytes. As seen in chapter 4, M80I
was more toxic to B-13 than B-13/H cells (Figure 5.2A-D). In B-13 cells at 24 hours, HO8IM showed a
statistically significant reduction in cell viability from 1uM to 1000uM (Figure 5.2A). Cell viability at 500uM
and 1000pM was 29.73% and 23.55% respectively. The toxicity of HO8IM was greater after 48 hours with
a significant reduction in MTT activity observed from 0.1uM and higher (Figure 5.2B). However, B-13/H
cells were less susceptible to HO8IM induced toxicity, similarly to M8OI. At both 24 and 48 hours, a
significant reduction in MTT activity was only observed at 500uM and 1000uM with the response at 24
hours showing a reduction of cell viability to 83.02% and 81.76% respectively (Figure 5.2C). This is a
difference of 53.29% and 58.21% compared to B-13 cells. No such decrease in cell viability was observed

in either cell type after 48 hours of exposure of COOH7IM at the concentrations tested (Figure 5.2A-D).

The effects in HepG2 cells and H69 cells were also investigated. M80I was toxic to both cell lines as seen
in chapter 4, with H69 cells being more resistant. HO8IM was toxic to HepG2 cells at 500 and 1000uM,
evidenced by the reduction of MTT activity at 24 hours (Figure 5.3A). The effect was further exacerbated
after 48 hours, but this effect was not as great in HepG2 cells (Figure 5.3B). As with M80I, HO8IM appeared
less toxic in H69 cells. At 24 hours of exposure of 500uM and 1000uM there was a significant reduction in
MTT activity compared to control cells (Figure 5.3C). There was a greater reduction after 48 hours exposure
but similarly not as toxic in HepG2 cells (Figure 5.3D). As observed in B-13 and B-13/H cells, COOH7IM did
not induce any toxicity in either cells type at the concentrations implemented after 24 or 48 hours (Figure
5.3A-D). These data show that if M80OI was metabolised via the pathway hypothesised then it would be
metabolised to the less toxic intermediate compound of HO8IM and further metabolised to the non-toxic
COOH7IM. As previously described with M80I, HO8IM showed variation in toxicity between cell types with

B-13 cells being the most susceptible and H69 and B-13/H cells being the most resistant.
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Figure 5.2: HO8IM is toxic whereas COOH7IM is not toxic to B-13 and B-13/H cells. B-13 (A&B) and B-13/H cells (C&D) were
treated with indicated compounds for 24 hours (A&C) and 48 hours (B&D). Following treatment, cells were incubated with MTT
for 2 hours and reduction determined. Data are the mean and SD of 6 separate determinations from the same experiment,
typical of 3 separate experiments. * significantly different cell viability to OuM (p<0.05) tested by one-way ANOVA followed by

Bonferroni post-hoc test.
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Figure 5.3: HO8IM is toxic, and COOH7IM is not toxic to HepG2 and H69 cells. HepG2 cells (A&B) and H69 cells (C&D) were
treated with indicated compounds for 24 hours (A&C) and 48 hours (B&D). Following treatment, cells were incubated with MTT
for 2 hours and reduction determined. Data are the mean and SD of 6 separate determinations from the same experiment,
typical of 3 separate experiments. * significantly different cell viability to OuM (p<0.05) tested by one-way ANOVA followed by

Bonferroni post-hoc test.

5.3 HO8IM and COOH7IM are not toxic in primary hepatocytes

The cell viability of primary hepatocytes from mouse and human hepatocytes exposed to HO8IM and
COOH7IM was tested at 24 and 48 hours. Mouse hepatocytes were susceptible to M80I induced toxicity
at low concentrations of 0.1uM in at 24 and 48 hours. At 100uM after 24 hours cell viability was 8.6%
compared to control, demonstrating that mouse hepatocytes are highly susceptible to M80I induced
toxicity. However, unlike the immortalised cell lines used in 5.2, HO8IM did not induce cell toxicity after

24 hours up to 1000uM (Figure 5.4A). After 48 hours of exposure there was some statistically significant
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reduction in MTT activity, yet this did not fall below 85% (Figure 5.4B). COOH7IM was not toxic at the

concentrations implemented at either 24 or 48 hours of exposure.

Primary human hepatocytes exposed to M80I showed less susceptibility to this compound than mouse
hepatocytes (Figure 5.5). Chlorpromazine was used as a hepatotoxic control and showed significant
toxicity from 100uM to 1000puM. Human hepatocytes treated with HO8IM and COOH7IM showed no
reduction in cell viability compared to control cells up to 1000uM (Figure 5.5). These observations support
the data from using immortalised cell lines that COOH7IM is not toxic to liver cells. However, unlike the
immortalised cells, little toxicity was observed in mouse hepatocytes and no toxicity was detected in
human hepatocytes treated with HO8IM. The difference between the primary hepatocytes and the other
cells lines used is likely to be the metabolic capacity of human and mouse hepatocytes. Therefore, primary

cells may be capable of metabolising HO8IM before it can induce its toxic effects.
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Figure 5.4: HO8IM and COOHIM are not toxic to primary mouse hepatocytes. Primary mouse hepatocytes were treated with
indicated compounds for 24 hours (A) and 48 hours (B). Following treatment, cells were incubated with MTT for 2 hours and
reduction determined. Data are the mean and SD of 6 separate determinations from the same experiment, typical of 3 separate
experiments. * significantly different cell viability to OuM (p<0.05) tested by one-way ANOVA followed by Bonferroni post-hoc

test.
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Figure 5.5: HO8IM and COOHIM are not toxic to primary human hepatocytes. Primary human hepatocytes (Donor 1, see table
5.1) were treated with indicated compounds for 24 hours. Following treatment, cells were incubated with MTT for 2 hours and
reduction determined. Data are the mean and SD of 6 separate determinations from the same experiment, typical of 3 separate

donors. * significantly different cell viability to OuM (p<0.05) tested by one-way ANOVA followed by Bonferroni post-hoc test.

5.4 HO8IM induced toxicity does not affect the mitochondria.

As MB8OI toxicity was induced by interactions with the mitochondria, the potential of a mitochondrial
mechanism of HO8IM induced toxicity in B-13 cells was investigated using the seahorse flux analyser to
see if HO8IM acted in a similar manner as M80I. Neither HO8IM or COOH7IM at 100uM induced any effect
on the OCR or the ECAR and throughout the experiment the effects were similar to controls cells when
oligomycin, FCCP and rotenone/antimycin A were added. As previously observed, 100uM of M8OI
inhibited mitochondrial oxygen consumption (that was partially recoverable with the addition of FCCP)
and increased the ECAR (Figure 5.6). This suggests that HO8IM mechanism of toxicity differs to M80I and
does not interact with the mitochondria. However, higher concentrations of HO8IM and COOH7IM should

be investigated.
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mitochondrial function in B-13 cells was analysed with the seahorse flux analyser using the mito stress test as described in the
methods (2.15.1). Data was normalised to protein concentration calculated using a Bradford assay and OCR determined. Arrows
indicate the injection of indicated compounds. Data are the mean and SD of at least 8 separate determinations. Statistics not

determined

5.5 High concentrations of M80I form micelles

It has previously been shown that M80I can form micelles (Markiewicz et al., 2013) to confirm this,
increasing concentrations of M80OI was made up using the buffer to be used for HPLC (STIM buffer + 0.1%
phosphoric acid, see 2.17.1) containing 100nM of Nile red and SDS was used as a positive control for
micelle formation. M80I formed micelles at 1M only whereas SDS showed a dose dependent increase in
micelle formation from 10mM to 1M (Figure 5.7A). The formation of micelles during HPLC could be
different however as both temperature and pressure have an effect on the critical micelle concentration

(Kato 1997).

To determine whether M80I was metabolised by hepatocytes and if the metabolites produced were the
hypothesised HO8IM and COOH7IM, HPLC was used to analyse the medium of cells treated with M8OI.
UV/Vis was to be used for detection, and so absorbance wavelength was to be determined so M8OlI,
HO8IM and COOH7IM could be quantified. All three compounds produced a peak absorbance at 212nm

(Figure 5.7B). This meant one wavelength at 212nm could be used to detect all compounds of interest.

STIM buffer with the three compounds (M80I, HO8IM and COOH7IM) were analysed using the HPLC to

produce chromatograms to make it possible to identify the compounds. STIM buffer containing a water
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vehicle produced a peak likely made up of several components (from the STIM buffer) at 2 minutes (Figure
5.8). 100uM M8OI produced a peak retention time at 13.5 minutes (Figure 5.8). This peak had a long peak
tail compared to the peak front. HO8IM and COOH7IM had retention times close to each other of 3.2 and

2.9 minutes (Figure 5.8) respectively. The shape and intensity were different with HO8IM displaying a peak

tail and greater intensity.
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Figure 5.7: M80I forms micelles in STIM buffer and M80I, HO8IM and COOH7IM absorb at 212nm. A, a 500uM of M8OI
solution was made in STIM buffer plus 0.1% phosphoric acid. Absorbance wavelength was determined using a duel-beam
spectrophotometer. B, M80I and SDS solutions were made up at indicated concentrations in STIM buffer containing 0.1%
phosphoric acid and Nile red at a final concertation of 100nM. The formation of micelles was determined by measuring the
fluorescence of Nile red (552nmeg/636nmerm). Data are the mean and SD of 4 separate determinations from the same

experiment, typical of 3 separate experiments. * significantly different Nile red fluorescence to control (p<0.05) tested by one-

way ANOVA followed by Bonferroni post-hoc test.
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5.6 M80I is metabolised by human hepatocytes and metabolism is inhibited by ketoconazole.

The metabolism of M80I was determined by culturing the cells in STIM buffer containing M80I and taking
samples from the medium and analysing them by HPLC to detect any depletion in the M80I peak as well
as the production of any new peaks that appear that would indicate a UV absorbing metabolite. Primary
human hepatocytes were cultured with STIM buffer and 100uM M8OI. At 0, 4, 8 and 24 hours, a sample
of the medium was taken from the culture, treated with phosphoric acid before HPLC analysis. M80OI was
rapidly metabolised by human hepatocytes (donor 2, see Table 5.1). The concentration in the medium was
reduced from 111.91uM to 23.92uM after 8 hours of incubation and this was further reduced to 2.70uM
after 24 hours (Figure 5.9A). A new peak was formed at 4 and 8 hours that appeared at the same retention
time as the pure COOH7IM standard, suggesting M80OI is metabolised into COOH7IM. The concentration
of COOH7IM in the culture medium increased linearly over 8 hours (Figure 5.9B). It was not possible to
determine the concentration of COOH7IM at 24 hours as the STIM buffer peak at 1.8 minutes widened,

masking any COOH7IM peak being produced.

Human hepatocytes were also pre-treated with known CYP450 inhibitors; metyrapone (non-specific,
CYP11B1, CYP3A4), ketoconazole (CYP3A4), SKF525a (non-specific), and methimazole (FMO inhibitor).
Hepatocytes pre-treated with ketoconazole and incubated with M80I for 24 hours had a higher
concentration of M80I in the medium at 59.93uM compared to 2.70uM of the control cells (Figure 5.9A).
There was no difference between the other inhibitors and vehicle control cells after 24 hours. However,
after 8 hours there was a significant difference between vehicle cells and metyrapone and SKF525a pre-
treated cells. This suggests that ketoconazole strongly inhibits M80I metabolism whereas metyrapone and
SKF525a weakly inhibit metabolism. Similar results were observed with the production of the COOH7IM
metabolite. Ketoconazole treated cells only produced 5.06uM of metabolite compared to 37.58uM in
vehicle treated cells. SKF525a treated cells showed a decrease in the amount of COOH7IM produced and
methimazole treated cells showed an increase in COOH7IM production (Figure 5.9B). It was not possible
to determine the concentration of COOH7IM produced in metyrapone treated cells as the retention time
of the two compounds overlapped. To ensure the reason M8OI concentration did not decrease in
ketoconazole treated cells was due to cell toxicity, cells were treated with the same concentration of
ketoconazole for 24 hours and cell viability was determined and showed that 10uM ketoconazole was not
toxic to primary human hepatocytes (Figure 5.9C). These data suggest as ketoconazole is a CYP3A4

inhibitor, that CYP3A4 is one of the enzymes responsible for some of the metabolism of M8OI.
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Figure 5.9: Ketoconazole reduces M80I depletion and COOH7IM production on in metabolising human hepatocytes. A, Primary
human hepatocytes (donor 2, see table 2.1) were pre-incubated with STIM buffer and indicated chemicals for 2 hours. Cells were
then retreated with these chemicals plus 100uM of M80I. 200-500ul of STIM buffer was then taken from the culture at 0, 4, 8 and
24 hours. The samples were treated with phosphoric acid, separated by HPLC and absorbance detected at 212nm. The area under
the curve of the peak at 15 minutes was calculated and the concentration of M80I in the sample was determined from the M80I
standard curve. Data are the mean and SD of 3 separate determinations from the same donor. * significantly different M80OI
concentration to control treatment of the same timepoint (p<0.05). B, Primary human hepatocytes were treated, and the sampled
buffer was treated as described in A. The area under the curve of the peak at 3.1 minutes was calculated and the concentration
of COOH7IM in the sample was determined from the COOH7IM standard curve. * significantly different COOH7IM concentration
to control treatment of the same timepoint (p<0.05). C, Primary human hepatocytes were indicated with indicated chemicals for

26 hours. Following treatment, cells were incubated with MTT for 2 hours and reduction determined. Data are the mean and SD

of 3 separate determinations from the same experiment. * significantly different cell viability to control (p<0.05).
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5.7 CYP3A4 deficient hepatocytes do not metabolise M8OI

The comparison of two hepatocyte preparations from two separate donors (Table 5.1) showed that one
preparation contained hepatocytes capable of metabolising M80OI over 24 hours where as another could
not metabolise M80I enough to be detectable using HPLC determination (Figure 5.10A). gRT-PCR of these
two hepatocyte preparations was therefore used to examine their differences in CYP450 expression. The
largest difference was CYP3A4, mRNA expression was 277-fold higher in the M80I metabolising
preparation compared to the non-metabolising preparation (Figure 5.10B). The next greatest difference
was a 64.5-fold increase in CYP2D6 expression in the non-metabolising hepatocytes. Other significant
differences in expression that were higher in the M80I metabolising hepatocytes and included CYP1A1
(51.7-fold), CYP1A2 (13.2-fold), CYP2A6 (17.4-fold), CYP2B6 (9.5-fold) and CYP3A34 (5.6-fold). Those
higher in the non-metabolising hepatocytes included CYP4A11 and ACOX1 which showed a 4.6-fold and

2.4-fold increase respectively (Figure 5.10B).

Hepatocyte Age Sex Drugs

Prep Number

1 23 Male Propofol, fentanyl, midazolam, sertraline, fluoxetine, citalopram, lansoprazole,

gentamicin, metronidazole, teicoplanin, naproxen, co-codamol.

2 64 Female Dexamethasone, meropenem, levetiracetam.

Table 5.1: Hepatocyte donor information.
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Figure 5.10: Interindividual variation between donor hepatocyte cultures. A, Primary human hepatocytes were incubated with
100uM of M80I in STIM buffer for 24 hours. The samples were treated with phosphoric acid, separated by HPLC and absorbance
detected at 212nm. The area under the curve of the peak at 15 minutes was calculated and the concentration of M80l in the
sample was determined from the M80I standard curve. Data are the mean and SD of 3 separate determinations from the same
experiment. * significantly different M80I concentration to time = 0 hours (p<0.05). B, Total RNA was extracted from primary
human hepatocytes from the two donors and reverse transcribed. The cDNA was used as template for gPCR to measure the
expression of the indicated transcripts. Readings were normalised to 18S rRNA expression and fold change expressed relative to
the donor with the lowest expression. Bars are the mean and SD of 3 separate determinations of each donor *significantly

different expression (p<0.05).
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As CYP3A4 levels were greater in the M80I metabolising hepatocytes, protein levels and enzyme activity
of CYP3A4 were measured in the two hepatocytes cultures. Firstly, the concentration of p450 present in
each donor was determined by duel beam-spectroscopy (chapter 2.11). A peak at 450nm was not
detectable, but there was a peak 420nm. It is generally considered that p420 represents the biologically
inactive conformations of p450. It was therefore assumed that values for p420 were derived from p450 as
hepatocytes were frozen and p450 levels were retrospectively determined likely leading to the transition
from p450 to p420. The concentration of p420 was 4.45 times greater in the M80OI metabolising
hepatocytes compared to the non-metabolising cells (Figure 5.11A). Western blot analysis showed that
CYP3A4 was not detectable in hepatocytes incapable of metabolising M80I, whereas it was expressed in
the metabolising hepatocytes (Figure 5.11B). CYP2E1 and P450 reductase were both expressed at similar
levels in both hepatocyte preparations. Finally, CYP3A4 activity was greater in the M80OI metabolising
hepatocytes compared to the non-metabolising hepatocytes (Figure 5.11C). CYP2D6 activity was also
measured and found to be greater in hepatocytes from donor 2, however the difference was not as great
as the difference observed in CYP3A4 activity between the donors. These data compared two different
hepatocyte donors with differing M80OI metabolising capabilities and show that CYP3A4 is involved in the
metabolism of M8OI. These observations support the data that showed that ketoconazole, a CYP3A4

inhibitor, inhibits M80OI metabolism in culture.
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Figure 5.11: CYP3A4 expression and activity is greater in M80I metabolising hepatocytes. A, Western Blot for the indicated
proteins in extracts from indicated hepatocyte donor. Each lane contains 10ug protein/lane. B, Total p420 for indicated
hepatocyte donors. Data was normalised to protein concentration determined by Lowry protein determination. Data are the
mean and SD of 3 separate determinations from the same hepatocyte isolation. * significantly different p420 concentration
between hepatocyte isolations (p<0.05). C, CYP450 enzyme activity was determined using the Promega enzyme assays for
indicated CYP450s. Data was normalised to protein concentration determined by Lowry protein determination. Data are the
means and SD of 3 separate determinations from the same hepatocyte isolation. * significantly different P450 activity between

hepatocyte isolations (p<0.05).

5.8 Mass spectroscopy confirms the metabolism of M80I to COOH7IM

Mass spectroscopy was used to confirm the structure of the metabolites produced and identify any other

structures undetectable by the previously used HPLC method. Figure 5.12 and Figure 5.13 show the HPLC-
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MS analysis on the medium of hepatocytes treated with M8OI for 4 hours. Mass spectroscopy confirmed
the identity of both hypothesised metabolites HO8IM and COOH7IM. Three other metabolites were also
identified in low quantities; dehydro-M80I, M80I-carbonyl and dihydroxyl-M80I. The most abundant of
these metabolites was COOH7IM followed by HO8IM. Additionally, no phase Il metabolites were detected

(Dr Michael Dunn, Newcastle University, personal communication).
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Figure 5.13: Mass spectrum of M80I and metabolites, including structures. Primary human hepatocytes were exposure to
100uM of M8OI in STIM buffer for 4 hours. The sample was then treated with phosphoric acid, and analysed using an LC-HR-
MS/MS. Data processing for the identification of M80I and metabolites was performed using MasterView software version 1.1
incorporated within PeakView Software version 2.2(Sciex). Structures for each compound were drawn using ChemSketch

(ACDLabs). Data provided by Dr Michael Dunn.
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5.9 HO8IM, but not M80I, is efficiently metabolised by mouse hepatocytes

As human hepatocytes metabolise M80I, other more readily available models were tested for their ability
to metabolise the ionic liquid. B-13 and B-13/H cells as well as primary mouse hepatocytes were tested.
B-13 and B-13/H cells were not capable of M80OI metabolism. Mouse hepatocytes reduce the
concentration of M80I in the medium by 15%, but this decrease is not statistically significant (Figure
5.14A). These models were also tested for their ability to metabolise HO8IM. B-13 cells were shown to not
reduce the concentration of HO8IM in the medium over 8 hours (Figure 5.14B). B-13/H cells reduced 14.5%
of HO8IM in the medium and mouse hepatocytes reduced the concentration by 76.4%. The tested models
were therefore not efficient at metabolising M80I, with the exception of mouse hepatocytes that rapidly
metabolised HO8IM suggesting that the primary cells express some metabolising enzymes that the

immortalised cell lines tested do not.

5.10 M80I induces CYP1A1 and CYP2A6 expression.

To investigate if M8OI activates CYP inducing receptors, M80I was incubated with primary human
hepatocytes for 24 hours and the relative level of CYP450 mRNA expression was measured by real-time
PCR. Hepatocytes were treated with M80I at 20 and 100puM M8OI as well as a positive control for each
receptor; the PXR (rifampicin, CYP3A), AhR (BNF, CYP1A) and CAR (PB, CYP2). Two of the P450 enzymes
tested, CYP1A1 and CYP2A6 showed a 7.8-fold and 10.9-fold increase in mRNA expression when exposure
to 100uM of M8OI (Figure 5.15A). There was no increase in the expression of CYP1A2, CYP2B6 or any of
the CYP3A family. The majority of enzymes were induced by the known receptor inducers. Rifampicin
induced CYP3A4 and CYP3A34, however did not seem to induce CYP3A5. BNF induced CYP1A1, CYP1A2
and CYP2AG6 to highly significant levels. It was not possible to determine whether M80I activated the CAR

and induced an increase in CYP2B6 as PB, a CAR activator, did not induced CYP2B6 expression.

CYP1A1l is regulated by the LXR that is activated by BNF, T0901317 and GW3965. M80I increased CYP1A1
expression in human hepatocytes, therefore LXR activation was determined by transfecting the LXR
responsive reporter gene construct (TK-LXRE-LUC) into HepG2 cells. 24 hours of M8OI exposure
demonstrated an increase in LXR activation in a dose dependent manner (Figure 5.15B). 10uM T091517
induced a greater response than GW3965 as seen in chapter 3, as well as the concentrations of M80I

implemented. M8OI has therefore been shown to activate the LXR in vitro.
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Figure 5.14: Primary mouse hepatocytes efficiently metabolise HO8IM but not M80I. A, indicated cells were incubated with
100uM of M80I in STIM buffer for 24 hours. 200-500pl of STIM buffer was then taken from the culture at 0, 4, 8 and 24 hours.
The samples were treated with phosphoric acid, separated by HPLC and absorbance detected at 212nm. The area under the
curve of the peak at 15 minutes was calculated and the concentration of M80I in the sample was determined from the M80I
standard curve. Data are the mean and SD of 3 separate determinations from the same experiment. Typical of 2 separate
experiments tested by ANOVA followed by Bonferroni post-hoc test. B, indicated cells were incubated with 100uM of HO8IM in
STIM buffer for 24 hours. 200-500ul of STIM buffer was then taken from the culture at 0, 4, 8 hours. The samples were treated
with phosphoric acid, separated by HPLC and absorbance detected at 212nm. The area under the curve of the peak at 2.9
minutes was calculated and the concentration of M80I in the sample was determined from the HO8IM standard curve. Data are
the mean and SD of 3 separate determinations from the same experiment. Typical of 2 separate experiments. * significantly

different HO8IM concentration to time = 0 hours (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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Figure 5.15: M8OI activates the human LXR. A, Primary human hepatocytes (Donor 1, see Table 5.1) were incubated with
indicated chemicals for 24 hours. Positive control includes: CYP1 = 20uM BNF; CYP2 = 1mM phenobarbital; CYP3 = 20 uM
rifampicin. Total RNA was extracted from primary human hepatocytes following treatment. The cDNA was used as template for
gPCR to measure the expression of the indicated transcripts. Readings were normalised to 18S rRNA expression and fold change
expressed relative to vehicle control treated cells. Bars are the mean and SD of 3 separate determinations from the same
experiment *significantly different expression (p<0.05). B, HepG2 cells were transfected with pTK-LXRE3 luciferase and RL-TK
constructs for 48 hours, cells were then treated with indicated compounds for 24 hours. Following treatment luciferase and
renilla activities were determined. Data are the mean and SD of 3 separate determinations from the same experiment, typical of

3 experiments. * significantly different versus control (p<0.05).
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5.11 M80I and metabolites are detectable in murine serum after 45 days, oral exposure.

Transgenic NK-kB-luc female mice of at least 52 weeks of age were administered a daily dose of 1mg/kg
body weight M8OI via their drinking water for 45 days as in chapter 4.17 (from the same mice). Serum
from control mice and those treated with 1mg/kg body weight in the drinking water was collected
following termination and analysed by HPLC-MS. Figure 5.16 shows that mice administered with M80OI via
the drinking water contain M80I, HO8IM and COOH7IM in the serum. M8OI retention time was at 9.4
minutes, HO8IM at 5.2 minutes and COOH7IM at 5.5 minutes. The intensity was HO8IM was the lowest of
the 3 chemicals and COOH7IM was the most abundant, suggesting that M80I was metabolised to HO8IM

and rapidly converted to COOH7IM and that this is more likely to reach systemic circulation.

5.12 M80I and metabolites are renally and biliary excreted after oral exposure.

Female C56B6 mice were administered with M80I at concentrations ranging from 0-40mg/kg body weight
by oral gavage, twice over 24 hours. Following treatment, mice were terminated, and serum, urine and
bile were collected and analysed by HPLC-MS. The concentration of M8OI in the serum, bile and urine
increased as the concentration of administered dose increased (Figure 5.17A). At 40mg/kg body weight,
M8OI levels were low (180nM) in the serum, compared to in the bile and urine (4459nM and 8736nM
respectively, Figure 5.17A) suggesting that little of M8OI that was not metabolised reaches systemic
circulation and was excreted via the urine or bile. The concentration of HO8IM was greater at all time
points and concentrations compared to M8OI (Figure 5.17B). As observed with M80I, levels of HO8IM
were lowest in the serum. The concentration in the bile increased as the concentration of M80I dosed
increased. The greatest increase was in the urine. Mice treated with 5mg/kg body weight M80I had
concentration of 8736nM in the urine, and this only slightly increased at 20mg/kg bodyweight and fell at
40mg/kg body weight. The concentration of COOH7IM in the serum and bile was relatively the same at
approximately 2500nM (Figure 5.17C). The majority of COOH7IM was found in the urine, and as with
HO8IM, there was a larger increase in COOH7IM at 5mg/kg bodyweight compared to M8OI and the

concentration slightly increased as the dosing concentration increased.

These data support the metabolism of M80I to HO8IM and to COOH7IM and indicate how these chemicals
are excreted. The presence of M8OI in the serum is negligible and it is excreted via the bile and urine.
There was more HO8IM and COOH7IM present in the serum but still at lower levels than elsewhere.

However, this was only determined at termination and therefore the amount metabolised and excreted
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before termination is unknown. HO8IM was excreted in both the urine and the bile whereas COOH7IM
was predominantly excreted in the urine with not much in the bile. The concentration of HO8IM and
COOH7IM in the urine did not increase linearly with the dosed concentration one possible reason for this

is that there may be a limiting step possibly during metabolism or transport.
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Figure 5.16: M80I, HO8IM and COOH7IM are detectable in the serum of mice exposed to M80I for 45 days via their drinking

water. (Legend on next page)
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Figure 5.16: M80I, HO8IM and COOH7IM are detectable in the serum of mice exposed to M80I for 45 days via their drinking
water. Transgenic NK-kB-luc mice were administered a daily dose of 1mg/kg body weight M8OI via their drinking water. On day
27 mice were administered 50mg/kg body weight ANIT (or olive oil vehicle control) by oral gavage. On day 45 mice were
terminated by cervical dislocation and the tissue and the serum were collected. Serum samples were then sent for mass

spectroscopy to identify the presence of M80I and its metabolites within the serum. Data provided by Dr Michael Dunn.
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Figure 5.17: HO8IM accumulates in the urine and bile, COO7HIM accumulates in the urine. C57B6 mice were administered
with indicated doses of M8OI by oral gavage twice in 24 hours. After 24 hours animals were terminated by cervical dislocation
and serum, bile and urine were collected. Samples were sent for mass spectroscopy to quantify the presence of A, M80I; B,
HO8IM; C, COOH7IM in the serum, bile and urine. Data are the mean and SD of a minimum of 4 separate mice. * significantly

different versus time = 0 (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.
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5.13 Chapter discussion

The metabolism of M80I in humans is currently not known. Therefore, the potential metabolites of M80I
could be more toxic or just as toxic as the parent compound. This is also of importance as this chemical
has been discovered in the environment therefore the exposure to humans is feasible. Additionally, one
of the hypothesised metabolites, COOH7IM, has a structural similarity to lipoic acid and has been shown
to incorporate into PDC-E2 (Probert et al., 2018). This response has been suggested as a possible trigger

for the development of PBC in susceptible individuals.

Thus, M80I metabolism was investigated in multiple cell lines, primary cells and in in vivo models. The data
presented in this chapter showed that M8OI is efficiently metabolised by human hepatocytes and
metabolised by mice in vivo and in vitro. M80I was hypothesised to be metabolised to an intermediate
metabolite of HO8IM by mono-oxygenation possibly by CYP450s and further metabolised to COOH7IM by
alcohol dehydrogenase and aldehyde dehydrogenase. HPLC and mass spec data proved that M80I was
metabolised to these products with COOH7IM being the major metabolite suggesting HO8IM is rapidly
metabolised. Other metabolites were detected and likely occur through M80I metabolism via different

pathways, but none were as abundant as COOH7IM or HO8IM.

The two main metabolites, HO8IM and COOH7IM, were tested for their toxicity to liver cells. COOH7IM
was shown to be non-toxic in all cells lines tested. However, HO8IM was toxic to all immortalised cell lines
utilised with B-13 cells being the most susceptible to HO8IM induced toxicity. Seahorse mito stress test
data suggested that HO8IM toxicity does not act via the same mechanism as M80I at the concentrations

tested. The mechanism of HO8IM induced toxicity should be further investigated.

The metabolism of M80I to HO8IM was shown to be predominantly carried out by CYP3A4, evidenced by
the data from the inhibition studies and interindividual differences between donors of primary human
hepatocytes. Inhibition studies showed that ketoconazole inhibited M80OI depletion and COOH7IM
production. Ketoconazole incubation did not have any effects on cell viability, it was therefore assumed
that the observed effects were due to inhibition of metabolism. Ketoconazole is a well-known CYP3A4
inhibitor and therefore it was concluded that the oxidation of M80OI to HO8IM involves CYP3A4 activity.
The other compounds that had an effect on M80I depletion were SKF525a and metyrapone. SKF525a
(proadifen) is a non-specific CYP450 inhibitor (Ono et al., 1996; Franklin and Hathaway, 2008), confirming
the role of CYP450 in the mono-oxygenation of M80I. SKF525a and its metabolites primarily inhibit
CYP2D6, CYP2C19 and CYP3A, the enzymes responsible for the majority of drug metabolism (Ono et al.,
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1996; Franklin and Hathaway, 2008). Metyrapone is a steroid 11B-hydroxylase inhibitor (CYP11B1) used
clinically to test for pituitary function and used to treat Cushing’s Syndrome (Wright et al., 1994; Daniel et
al., 2015). It is a non-specific CYP inhibitor that has been shown to bind to the active site of CYP3A4
(Williams et al., 2004). Therefore, the reduction of M80I metabolism could be due to CYP3A4 inhibition

however the inhibition of other CYP450s could contribute.

The comparison of two sperate donors of hepatocytes revealed a interindividual variation in the
metabolism of M80I. One hepatocyte culture metabolised M80I to near completion whereas another did
not metabolise M80I sufficiently enough to be detected by HPLC analysis. One major difference between
the two isolations was the level of CYP3A4, the mRNA and protein of which was expressed more highly in
the M80I metabolising hepatocytes. CYP3A4 protein was not detectible by Western blot analysis in the
M80I non-metabolising hepatocytes. This supports the role of CYP3A4 in the metabolism of M80I. While
CYP3A4 |evels are likely to be a major contributor to the difference observed between the two hepatocyte
cultures, other factors could be involved. One of these factors is that P450 levels were greater in the
metabolising hepatocytes, therefore they could have a greater metabolising capability. Additionally, donor
information showed that the donor of the M80I non-metabolising hepatocytes was on many different
drugs, including those known to be metabolised by CYP3A4 such as citalopram. The cocktail of these drugs
would likely affect the efficiency of drug metabolising enzymes. The donor of the M80OI metabolising
hepatocytes was on dexamethasone, a drug that has been shown to increase CYP3A4 expression through

the PXR (Pascussi et al., 2000) and would therefore induce the metabolism of M80I to HO8IM.

Primary mouse hepatocytes and B-13/H cells (rat derived cells) displayed minimum depletion of M80OI over
24 hours. This suggests that these B-13/H cells and mouse hepatocytes in culture lack the metabolising
enzymes for M80I and are therefore not a suitable model for M80OI metabolism. Data using human
hepatocytes suggest a role of CYP3A4 in M80OI metabolism, a CYP450 that rats and mice lack (van
Herwaarden et al., 2007). CYP3A11 in mouse could be further investigated as it is considered the most
homologous to human CYP3A4 (Hasegawa et al., 2011). As mouse hepatocytes and B-13/H cells have
limited M80I metabolising capabilities, they could be used as a model for the mechanism of M80I induced
hepatotoxicity without the interference of metabolism. HO8IM was efficiently metabolised by mouse
hepatocytes but not by B-13/H cells. While the pathway of HO8IM metabolism to COOH7IM is yet to be
studied, the pathway that has been hypothesised involves alcohol dehydrogenase and aldehyde
dehydrogenase as these enzymes metabolise alcohols to aldehydes and carboxylic acids respectively. As

seen in chapter 3, B-13/H cells do not express active, ethanol metabolising, alcohol dehydrogenases and
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if the hypothesised HO8IM metabolism pathway is true then this lack of activity would explain why B-13/H

cells were not able to metabolise HO8IM.

Further confirmation of CYP3A4 involvement and studies into the metabolism of HO8IM still need to be
carried out. CYP3A4 induction in human hepatocytes using rifampicin (Rae et al., 2001) could be used to
increase CYP3A enzyme levels and therefore induce a more rapid decrease in M80I concentration in
culture. Alternatively, HepaRG cells could be utilised as they express functional CYP3A4 as well as other
CYP450s. HO8IM metabolism could be studied by the inhibition of alcohol dehydrogenase by pyrazole in
mouse or human hepatocytes (Li and Theorell, 1969). HepaRG cells could also be utilised as alcohol
dehydrogenases have been shown to be expressed at protein level, however activity has not been shown
(Attignon et al., 2017). HO8IM could be incubated in a mixture containing human or mouse hepatocytes
as previously shown using ethanol in chapter 3 and the method described in chapter 2.10.1 (Clemens et

al., 1995) and the solution analysed by mass spectroscopy to detect any production of COOH7IM.

M80I was shown to be metabolised in vitro, additional studies in vivo provided an insight into the
metabolism (supporting the in vitro data) and excretion of M80I, however, serum, bile and urine were
only collected upon termination. This limitation could be overcome using metabowls to collect all waste
and more accurately determine M80I metabolism and excretion. Mice orally administered with M80I
showed that the parent compound and both hypothesised metabolites were detected in the serum. When
comparing the concentrations in serum, bile and urine, levels of M80I were lowest in serum, and were
detectable in the bile and urine. The greater concentration of M80I in the bile is relevant PBC as it has
previously been shown that M80I induces apoptosis (Probert et al., 2018), therefore apoptosis could be
induced by M80I in cholangiocytes leading to the destruction of the bile duct. HO8IM was also detectable
in serum, bile and urine at higher concentrations than M8O0I. The concentration of HO8IM reaches a
maximum concentration at 5mg/kg body weight, and concentrations do not increase despite increasing
the administered dose. This could be due to a limitation in the transport of HO8IM or that the majority is
excreted via other routes. The accumulation in the bile could also lead to the degradation of the bile duct
as HO8IM has been shown to be toxic to H69 cells and B-13 cells, yet the mechanism of cell death is
unknown and studies in primary human cholangiocytes should be carried out to assess the toxicity of
HOB8IM as well as M80I. COOH7IM was primarily found in the urine, but it was also detectable in the bile
and serum. COOH7IM does not appear to be toxic so would not contribute to any cholangiocytes damage
yet the presence in the bile and serum means that COOH7IM could potentially bind to PDC-E2 in place of

lipoic acid, modifying it and inducing the breakdown of tolerance. As COOH7IM can be detected in the
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urine, this could be used to go back to the area in the Northeast of England where M80I was found in the
landfill sites and test individuals living near these sites for the presence of COOH7IM in their urine. This

would provide more insight into the potential exposure to M80I, using a non-invasive method.

Given that human hepatocytes have been shown to be capable of metabolising M80I and mouse
modelling of the oral exposure of M80I suggest some degree of metabolism in vivo, it could be suggested
that M80I would be readily metabolised by humans. Further studies in whole liver (connected to the
perfusion system, section 2.3.4) could determine the M80I metabolising capabilities of a whole liver and

indicate whether M80I and its metabolites are excreted in the bile as observed in the mouse model.

Finally, Realtime PCR analysis showed that M80I induced CYP1A1 and CYP1A2 in human hepatocytes. This
suggests the role of the LXR as the CYP1A family is regulated by this nuclear receptor (Beischlag et al.,
2008). This was supported by the LXR reporter assay in HepG2 cells, which showed that M80I did activate
the LXR. Additionally, the upregulation of CYP1A1 by M80I in mouse mammary carcinoma cells has been
reported (Li et al., 2013). However, the AhR is also responsible for CYP1A1 regulation and therefore should

also be investigated.

The data in this chapter show that M80I is metabolised by the hypothesised pathway to HO8IM and to
COOH7IM and that metabolism detoxifies the compound. It has also been shown that the oxidation of
M8OlI is primarily carried out by CYP3A4. The bioavailability of M80I appears to be low with low levels of
M8OI being detected in the serum this is supported by the ACD/Percepta data predicting a bioavailability
in mammals of 2.02% at a 10mg dose. There are other routes of exposure to be investigated, one of these
is through skin absorption, pilot data for which suggests that M80OI is readily absorbed through the skin
(data not shown). Presence of M80I and its metabolites in the bile could be a potential risk for individuals
that have a genetic predisposition for PBC and live in close proximity of sites where M80I has been found,

such as the landfill site in the northeast of England (Probert et al., 2018).
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Chapter 6. M80lI is an activator of estrogen receptors
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6.1 Introduction

Many chemicals in products used as food and cosmetics, as well as man-made chemicals released into the
environment such as pesticides have been shown to be endocrine disrupting chemicals (Diamanti-
Kandarakis et al., 2009; Zoeller et al., 2012). This results in numerous adverse effects in man and wildlife
such as reproductive, neuroendocrinological, behavioural and metabolic effects (Alonso-Magdalena et al.,
2011; Mattison et al., 2014). Xenoestrogens are endocrine disrupting chemicals that affect endogenous
estrogen signalling via the estrogen receptor (ER), biosynthesis, metabolism and for transport (Shanle and

Xu, 2011).

One hormonal target of estrogens is the liver where they play a role in the modulation of circulating levels
of estrogens via their conversion to inactive products. They are also involved in insulin sensitivity and lipid
homeostasis (Mauvais-Jarvis et al., 2013). The main hormonal target in the liver is the estrogen receptor
o (ERa). ERa is a nuclear receptor and one of two ER genes present in the human genome (the other being
ERB). The classical signalling pathway of the ER begins with ligand activation that form ER homo- or
heterodimers (Cowley et al., 1997). These ER dimers interact with specific DNA sequences (EREs, estrogen
response elements). Following ER binding, co-activators and regulators are recruited and regulate changes

in gene expression (Tsai and O'Malley, 1994; Hammes and Levin, 2007).

High levels of estrogens induce toxic effects in the liver through the disruption of bile flow and/or the
alteration of the bile constituents (cholestasis) resulting in an accumulation of bile acids that induce
necrosis and apoptosis (Woolbright and Jaeschke, 2012). It has been shown that estrogen activation of
ERa transcriptionally repress bile acid and drug transporters (Yamamoto et al., 2006), supporting a role for

ERa in cholestasis.

Elevated estrogen levels and/or presence of xenoestrogens could be involved in the pathogenesis of PBC
and indicate why there is a female bias. It has previously been shown that ERa is expressed in hepatocytes
whereas ERa and ERP are expressed in cholangiocytes and that expression of these receptors is
upregulated in diseased states (Alvaro et al., 2006). It has been suggested that estrogens modulate the
proliferative response of cholangiocytes to damage via the expression of growth factors and cytokines
(Alvaro et al., 2004; Alvaro et al., 2006). Estrogens have been shown to be cholestatic and induce periportal
injury and inflammation (Axon et al., 2012; Meyer et al., 2017a). Therefore, it has been proposed that

xenoestrogens could induce similar cholestatic effects.
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Recently it was discovered that ethanol extracts from the environment around a landfill site contained
higher levels of xenoestrogens (Meyer et al., 2017a). Samples taken from the landfill site activated the
murine and human ERa whereas the control site samples did not. This response was inhibited by the ER
inhibitor IC1182780. Mice have two variants of ERB (ERBv1 and ERBv2). It was shown that the samples from
the landfill site activated both of these receptors. IC1182780 inhibited ERBv1, however it did not inhibit
xenoestrogen activation of ERBv2, whereas E2 activation was inhibited suggesting the xenoestrogens
present in the landfill site were “super activators” (Meyer et al., 2017a). The landfill site where these
“super-activating” xenoestrogens were found was the same site as where M80I was identified (Probert et

al., 2018).

As M8O0I was identified in these samples it was hypothesised that the xenoestrogenic activity in the
samples from the landfill site was due to the presence of M8OI. To test this hypothesis, established ER
reporter gene assays for murine ERa, ERBv1 and ERBv2 as well as human ERa were used to see if M8OI
activated these receptors. A reporter gene assay was also developed for the activation of human ERP.
Evidence of M80I inducing ER activation would mean that M80OI may have the potential to induce
apoptosis, activate the ER and become metabolised to a compound capable of incorporating into PDC-E2.
This trinity of effects could suggest M80I as a potential trigger for PBC as all three effects are seen

individually as potential triggers or are involved in the pathogenesis of the disease.

6.2 M80OI is toxic to LTPA and 603B cells.

Cells lines that were to be used for ER activation reporter assays were first tested for their viability in
response to M80I exposure to determine what concentrations of M80I should be used for the receptor
activation studies. For murine ER activation, 603B cells were used as these are biliary epithelial cells and
therefore more relevant to the study of estrogenic response and PBC. However, 603B cells were resistant
to ERa expression (Meyer et al., 2017a). For ERa transfections LTPA cells were used. LTPA cells are a mouse
ductal pancreatic cell line, while not a biliary cell line themselves, biliary and pancreatic ducts are
physiologically linked (Probert et al., 2015). Cell viability studies showed that LTPA cells were not as
susceptible to M80I induced toxicity as previously observed in other cell lines such as B-13 cells (Figure
6.1). A decrease in cell viability occurred at 10uM and 100uM after 24 hours however these data were not
statistically significant. 603B cells were less resistant to M80I induced toxicity with a significant decrease
in cell viability occurring at 1-100uM, with exception of 0.1uM. Cell viability in 603B cells was similar to
H69 cells (human biliary epithelial cells, chapter 4.2) and was reduced to 49.9% at 100uM after 24 hours.
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These data show that, M80I induces toxicity in LTPA and 603B cells, similarly to the effects observed in
other cells studied in previous chapters and is likely to occur via the same mechanism of interfering with

the cell’s mitochondria.
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Figure 6.1: M80I reduces MTT activity in LTPA and 603B cells. LTPA (A) and 603B cells (B) were treated for 24 hours with
indicated concentrations of M80OI. Following treatment, cells were incubated with MTT for 2 hours and reduction determined.
Data are the mean and SD of 6 separate determinations from the same experiment, typical of 3 separate experiments.

* significantly different MTT activity to control (p<0.05) tested by ANOVA followed by Bonferroni post-hoc test.

6.3 M8OI activate the murine ERa

The ability of M80I to activate the murine ERa (mERa) was tested using an established reporter gene assay

in which LTPA cells were transiently transfected with mERa and the reporter gene construct 3XERE TATA
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Luc that is transactivated in cells expressing mERa (Meyer et al., 2017a). Cells were transfected for 24
hours before being treated with M80I, 17 oestradiol (E2) or ethinyloestradiol (EE) for a further 24 hours
in the presence or absence of the ER inhibitor ICI182780 (Wardell et al., 2011). M80I activated the mERa
at the concentrations implemented, and this activation was inhibited by 1C1182780 (Figure 6.2A). The two
estrogenic controls, 10nM E2 and 10nM EE, both activated the mERa at levels previously demonstrated
using this reporter assay (Meyer et al., 2017a). IC1182780 significantly reduced luciferase gene expression
in the vehicle control treated cells. This effect was also observed in a previous study (Meyer et al., 2017a)
and suggests that mERa expression in LTPA cells transactivated the reporter gene constitutively, likely to
be caused by estrogens present in the cell media such as phenol red (Berthois et al., 1986). The two major
metabolites of M80I, HO8IM and COOH7IM, were also tested for their mERa activity (Figure 6.2B). The
results showed that neither metabolite activated the mERa at the same concentrations tested for M80OI

suggesting that M80OI metabolism reduces the xenoestrogenic activity.
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Figure 6.2: M8OI, but not it’s metabolites, is an activator of the mERa. A, LTPA cells were transiently transfected with
pcDNA3.1 expression constructs coding for mERa, 3XERE TATA luc and RL-TK control vector (at a ratio of 6:6:1) for 24 hours.
Following transfection, cells were pre-treated with 100nM ICI182780 or DMSO vehicle (0.1% v/v) as indicated for 6 hours
followed by the treatment of indicated compounds in the continued presence of 1C1182780 or vehicle for a further 24 hours.
Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was determined by the dual
luciferase assay. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate
experiments. *Significantly different increase (p<0.05) versus OuM (DMSO vehicle) treated cells using two-way ANOVA followed
by Bonferroni post-hoc test. $ Significantly different (p<0.05) versus equivalent treatments in the absence of ICI182780 using
Student’s t-test (two-tailed). B, LTPA cells were transiently transfected with pcDNA3.1 expression constructs coding for mERa,
3XERE TATA luc and RL-TK control vector (at a ratio of 6:6:1) for 24 hours. Following transfection, cells were treated with
indicated compounds for 24 hours. Cells were then washed in PBS, lysed in passive lysis buffer luciferase and renilla
luminescence was determined by the dual luciferase assay. Data are the mean and SD of 3 separate determinations from the
same experiment, typical of 3 separate experiments. *Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells

using one-way ANOVA followed by Bonferroni post-hoc test.
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6.4 M8OI ‘super-activates’ the mouse ERP variant 1 and variant 2

Mice have two variants of ERP variant 1 (mERBv1) and variant 2 (mERBv2). Both of these have been cloned
and when transfected into 603B cells transactivate the (ERE);-pGL3promoter reporter gene construct
(Meyer et al., 2017a). M80I activated the mERBv1 significantly at 5uM and 10uM (1.96-fold and 2.04-fold
respectively) (Figure 6.3A). Reporter activity decreased at higher concentrations. 10nM E2 and EE were
more potent activators, inducing approximately a 4-fold increase in reporter activity. This response was
inhibited by ICI182780, however the M80I induced receptor activation was not inhibited by IC1182780 and
significantly increased the response observed at 25uM of M80I, inducing a 2.2-fold increase compared to
a 1.5-fold increase in the absence of ICI182780. As with mERa, the metabolites HO8IM and COOH7IM did
not activate the mERBv1 (Figure 6.3B).

MERPBvV2 was activated by M80I in a dose dependent manner and the response induced was greater than
variant 1 (Figure 6.4A). The maximum response observed at 25uM activated the mERBv2 at similar levels
to that of 10nM E2 and EE positive controls. As seen with mERBv1, ICI182780 inhibited E2 and EE induced
activation but was unable to inhibit the M80I induced response at any of the concentrations tested.
HO8IM and COOH7IM did not activate the mERBv2, however, at cells exposed to 50uM of HO8IM showed
a significant reduction in reporter activity (Figure 6.4B). These data indicate that M80OI is a super activator
of both variants for the murine ER as ICI182780 failed to inhibit the reporter activation induced by the
ionic liquid. Additionally, it has been shown that neither variants of ERB or the ERa in mouse are activated

by the major metabolites of M8OI.
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Figure 6.3: M8O0I, but not it’s metabolites, is an activator of the mERBv1. A, 603B cells were transiently transfected with
pcDNA3.1 expression constructs coding for mERBv1, (ERE)s-pGL3promotor and RL-TK control vector (at a ratio of 6:6:1) for 24
hours. Following transfection, cells were pre-treated with 100nM ICI1182780 or DMSO vehicle (0.1% v/v) as indicated for 6 hours
followed by the treatment of indicated compounds in the continued presence of IC1182780 or vehicle for a further 24 hours.
Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was determined by the dual
luciferase assay. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate
experiments. *Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells using two-way ANOVA followed by
Bonferroni post-hoc test. $ Significantly different (p<0.05) versus equivalent treatments in the absence of 1C1182780 using
Student’s t-test (two-tailed). B, 603B cells were transiently transfected with pcDNA3.1 expression constructs coding for mERBv1,
(ERE)3-pGL3promotor and RL-TK control vector (at a ratio of 6:6:1) for 24 hours. Following transfection, cells were treated with
indicated compounds for 24 hours. Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla
luminescence was determined by the dual luciferase assay. Data are the mean and SD of 3 separate determinations from the
same experiment, typical of 3 separate experiments. *Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells

using one-way ANOVA followed by Bonferroni post-hoc test.
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Figure 6.4: M8OI, but not it’s metabolites, is an activator of the mERBv2. A, 603B cells were transiently transfected with
pcDNA3.1 expression constructs coding for mERBV2, (ERE)s-pGL3promotor and RL-TK control vector (at a ratio of 6:6:1) for 24
hours. Following transfection, cells were pre-treated with 100nM ICI182780 for 6 hours to de-activate constitutively active
mERPV2. Cells were then washed twice in PBS followed by the treatment of indicated compounds in the presence of 1C1182780
or DMSO vebhicle (0.1% v/v) as indicated for a further 24 hours. Cells were then washed in PBS, lysed in passive lysis buffer and
luciferase and renilla luminescence was determined by the dual luciferase assay. Data are the mean and SD of 3 separate
determinations from the same experiment, typical of 3 separate experiments. *Significantly different (p<0.05) versus OpM
(DMSO vehicle) treated cells using two-way ANOVA followed by Bonferroni post-hoc test. $ Significantly different (p<0.05)
versus equivalent treatments in the absence of IC1182780 using Student’s t-test (two-tailed). B, 603B cells were transiently
transfected with pcDNA3.1 expression constructs coding for mERBv2, (ERE)s-pGL3promotor and RL-TK control vector (at a ratio
of 6:6:1) for 24 hours. Following transfection, cells were pre-treated with 100nM ICI182780 for 6 hours to de-activate
constitutively active mERBV2. Cells were then washed twice in PBS followed by the treatment of indicated compounds for a
further 24 hours. Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was
determined by the dual luciferase assay. Data are the mean and SD of 3 separate determinations from the same experiment,
typical of 3 separate experiments. *Significantly different (p<0.05) versus OuM (DMSO vebhicle) treated cells using one-way
ANOVA followed by Bonferroni post-hoc test.
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6.5 The human ERa is activated by M80OI

To examine the effect of M80I on the human ERa receptor (hERa), MCF7 cells were transiently transfected
with the (ERE)s-pGLpromotor using a previously established method (Axon 2012, Meyer 2017). MCF7s
were used as they express ERa that transactivates the promotor and therefore transfection of mERa into
the cell would not be required. MTT assays were used to examine the effect of M80I induced toxicity on
MCF7 cells. Data showed a significant reduction in cell viability from 5uM to 1000uM with approximately
a 50% reduction at 100uM of M8OI (Figure 6.5A). From this it was determined a range of 0.1uM to 50uM
was to be tested for hERa activity. Figure 6.5B shows that M80I induced a dose dependent increase in
hERa activation with a max response at 50uM inducing a 2.63-fold increase in activation compared to
vehicle control cells. This response was similar to that observed in 10nM E2 and EE treated cells. All
activation observed in MCF7 cells treated with M80OI, E2 or EE was inhibited by the co-incubation with
ICI1182780 (Figure 6.5B).

Trefoil factor 1 (TFF1) is a small secretory protein first found to be expressed in MCF7 cells (Pelden et al.,
2013). The TFF1 gene contains an ERE and is therefore regulated by the activation of the estrogen receptor
and it has been shown that in MCF7 cells, 1 hour of exposure to 10nM of E2 is sufficient to increase TTF1
RNA levels (Sun et al., 2005). Real-time PCR analysis was therefore used to measure TFF1 RNA levels in
MCF7 cells exposed to M80I to confirm the activation of hERa. As previously shown, 10nM of E2 treatment
increased TFF1 RNA expression (Figure 6.6). After 24 hours of exposure to E2 there was a 30-fold increase
in expression that was reduced to 4.5-fold in cells co-incubated with 1C1182780. M80OI induced a dose-
dependent increase in TFF1 expression up to 10uM at greater levels than that which 10nM E2 induced
TFF1 expression. 25uM of M8OI displayed a reduction in TFF1 expression compared to 10uM. At all
concentrations of M80I treatment and the vehicle control there was an inhibition of TFF1 expression when
additionally exposed to IC1182780. Receptor activation and TFF1 expression suggest that M80I activates
the hERa and increase the expression of genes containing EREs in vitro and this response was inhibited by

the ER inhibitor IC1182780.
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Figure 6.5: M80I activates the hERa in MCF7 cells. A, MCF7 cells were treated for 24 hours with indicated concentrations of
M8OI. Following treatment, cells were incubated with MTT for 2 hours and reduction determined. Data are the mean and SD of
6 separate determinations from the same experiment, typical of 3 separate experiments. * significantly different MTT activity to
control (p<0.05) tested by one-way ANOVA followed by Bonferroni post-hoc test. B, MCF7 cells were transiently transfected
with pcDNA3.1 expression constructs coding for (ERE)3-pGL3promotor and RL-TK control vector (at a ratio of 9:1) for 24 hours.
Following transfection, cells were pre-treated with 100nM IC1182780 or DMSO vehicle (0.1% v/v) as indicated for 6 hours
followed by the treatment of indicated compounds in the continued presence of 1C1182780 or vehicle for a further 24 hours.
Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was determined by the dual
luciferase assay. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate
experiments. *Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells using two-way ANOVA followed by
Bonferroni post-hoc test. $ Significantly different (p<0.05) versus equivalent treatments in the absence of 1C1182780 using

Student’s t-test (two-tailed).
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Figure 6.6: TFF1 expression is increased following M80I treatment. MCF7 cells were pre-treated with 100nM 1C1182780 or
DMSO vehicle (0.1% v/v) as indicated for 6 hours followed by the treatment of indicated compounds in the continued presence
of 1C1182780 or vehicle for a further 24 hours. Total RNA was extracted from cells following treatment. The cDNA was used as
template for gPCR to measure the expression of the indicated transcripts using the SYBR green master mix. Readings were
normalised to 18S rRNA expression and fold change expressed relative to vehicle control treated cells. Bars are the mean and SD
of 3 separate determinations * significantly different TFF1 expression (p<0.05) versus OuM (DMSO vehicle) treated cells using
two-way ANOVA followed by Bonferroni post-hoc test. $ Significantly different (p<0.05) versus equivalent treatments in the

absence of IC1182780 using Student’s t-test (two-tailed).

6.6 HO8IM activates the hERa

HO8IM and COOH7IM were tested for their ability to activate the hERa in MCF7 cells. Exposure to HO8IM
induced an increase in the activation of hERa after 24 hours (Figure 6.7A). This increase in reporter activity
was similar to that of 10nM E2 exposure. As seen with M80I, HO8IM activation was inhibited by 100nM
I1C1182780. COOH7IM displayed no evidence for activation of the hERa receptor at the concentrations

implemented (Figure 6.7B).

The capability of MCF7 cells to metabolise M80I was examined using the same HPLC methods
implemented in chapter 5. HPLC chromatograms suggested that M80OI is not metabolised by MCF7 cells
(Figure 6.8). This suggests that the receptor activation observed in M80OI treated cells is not due to M8OI
being metabolised to HO8IM and activating the reporter in this way. The data therefore implies that both
M80I and HO8IM are hERa activators.
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Figure 6.7: HO8IM activate the hERa. MCF7 cells were transiently transfected with pcDNA3.1 expression constructs coding for
(ERE)3-pGL3promotor and RL-TK control vector (at a ratio of 9:1) for 24 hours. Following transfection, cells were pre-treated
with 100nM 1C1182780 or DMSO vehicle (0.1% v/v) as indicated for 6 hours followed by the treatment of indicated compounds
(A, HO8IM. B, COOH7IM) in the continued presence of ICI182780 or vehicle for a further 24 hours. Cells were then washed in
PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was determined by the dual luciferase assay. Data are
the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate experiments. *Significantly
different (p<0.05) versus OuM (DMSO vehicle) treated cells using two-way ANOVA followed by Bonferroni post-hoc test. $

Significantly different (p<0.05) versus equivalent treatments in the absence of ICI182780 using Student’s t-test (two-tailed).
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Figure 6.8: M80I is not metabolised by MCF7 cells. MCF7 cells were incubated with 100uM of M80I in STIM buffer for 24
hours. 200-500ul of STIM buffer was then taken from the culture at 0, 4, 8 and 24 hours. The samples were treated with
phosphoric acid, separated by HPLC and absorbance detected at 212nm. The area under the curve of the peak at 15 minutes
was calculated and the concertation of M80I in the sample was determined from the M80I standard curve. Data are the mean

and SD of 3 separate determinations from the same experiment. No statistical significance.

6.7 Development of a model for the activation of human ER

The reporter assay for the human ERB was generated by transiently transfecting human ERB (hERB) along
with (ERE)s;-pGL3promotor and RL-TK into HEK293 cells. This reporter assay was tested using a dose
response of E2 and EE treatment for 24 hours. Figure 6.9A shows that both EE and E2 induced an increase
in the (ERE)s-pGL3promotor activity suggesting the activation of the hERB. The data showed that the
concentration used in the other reporter assays of 10nM induced a 2.2-fold and 1.9-fold increase in
promoter activity in cells exposed to E2 and EE respectively and therefore 10nM was continued to be used

as a positive control for future assays.

To test whether the hERP is constitutively active in the same way as previously described with mERBv2
(Meyer et al., 2017a), transfected HEK293 cells were treated with 100nM ICI182780 for 6 hours prior to
10nM E2 and vehicle control treatment. Pre-treatment with IC1182780 showed a significant activation of
the receptor and it could therefore not be determined if the hERP was constitutively active in HEK293 cells

(Figure 6.9B). However, I1C1182780 did significantly inhibit 10nM E2 induced activation.
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Figure 6.9: pcDNA-Flag-Erp can be used with the (ERE)3-pGL3promotor to measure estrogen induced activation of the hERp.
A, HEK293 cells were transfected with expression constructs coding Flag-Er, (ERE)s-pGL3promotor and RL-TK control vector (at
a ratio of 6:6:1) using PEI. Following transfection, the cells were treated with indicated doses of E2 and EE for 24 hours. Cells
were then washed in PBS, lysed in passive lysis buffer luciferase and renilla luminescence was determined by the dual luciferase
assay. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3 separate experiments.
*Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells using one-way ANOVA followed by Bonferroni post-
hoc test. B, HEK293 cells were transfected with expression constructs coding Flag-Erf, (ERE)s-pGL3promotor and RL-TK control
vector (at a ratio of 6:6:1) using PEI. Following transfection, cells were pre-treated with 100nM IC1182780 or DMSO vehicle
(0.1% v/v) as indicated for 6 hours. The cells were then washed twice in PBS before being treated with 10nM E2 or DMSO
control. *Significantly different (p<0.05) versus vehicle treated cells using Student’s t-test (two-tailed). $ Significantly different

(p<0.05) versus equivalent treatments not given 1C1182780 pre-treatment using Student’s t-test (two-tailed).
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6.8 M80I, HO8IM and COOH7IM does not activate the hERB in HEK293 cells

As previously described, MTT assays were carried out to determine the cell viability of HEK293 cells treated
with M80I. 24 hour incubation of M80I in HEK293 cells induced a decrease in cell viability in a dose
dependent manner (Figure 6.10). HEK293 cells appeared to be most resistant to M80I induced toxicity
compared to other cell lines with 53% of cells treated with 500uM M8OI being viable after 24 hours of

treatment. Therefore, the same concentrations implemented in the other reporter assays were used.

M80I did not induce reporter activity at any of the concentrations tested in HEK293 cells (Figure 6.11A).
The addition of 100nM 1CI182780 further induced luciferase expression in all cells treated with M80I as
well as the vehicle control treated cells. The cells treated with E2 and EE in the presence of 1CI1182780
showed an inhibitory effect compared to those treated with E2 and EE with the vehicle control. This
inhibition reduced the activation to similar levels observed in the vehicle treated and M8OI treated cells,
displaying a slight increase in luciferase expression compared to non-ICI1182780 treated control cells. These
results suggest that 1C1182780 could weakly activate the hERB in some capacity, yet it is still able to inhibit

estrogen induced activity.

Additionally, HO8IM and COOH7IM did not appear to activate the hERP in the HEK293 cell reporter assay
(Figure 6.11B). These data therefore showed that neither M8OI nor it’s metabolites activated the hERB
and the ERE reporter in this reporter gene assay, yet there could be weak agonistic effects induced by

ICI1182780 in this model.
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Figure 6.10: MTT activity is reduced in cells treated with M80I for 24 hours. HEK293 cells were treated for 24 hours with
indicated concentrations of M8OI. Following treatment, cells were incubated with MTT for 2 hours and reduction determined.
Data are the mean and SD of 6 separate determinations from the same experiment, typical of 3 separate experiments.

* significantly different MTT activity to control (p<0.05) tested by one-way ANOVA followed by Bonferroni post-hoc test.
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Figure 6.11: Neither M8OI nor its metabolites activate the hER in the (ERE)3-pGL3promotor assay in HEK293 cells. A, HEK293
cells were transfected with expression constructs coding Flag-Erf, (ERE)3-pGL3promotor and RL-TK control vector (at a ratio of
6:6:1) using PEI. Following transfection, cells were pre-treated with 100nM ICI182780 or DMSO vehicle (0.1% v/v) as indicated
for 6 hours followed by the treatment of indicated compounds in the continued presence of IC1182780 or vehicle for a further
24 hours. Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was determined by
the dual luciferase assay. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3
separate experiments. *Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells using two-way ANOVA followed
by Bonferroni post-hoc test. $ Significantly different (p<0.05) versus equivalent treatments in the absence of ICI182780 using
Student’s t-test (two-tailed). B, HEK293 cells were transfected with expression constructs coding Flag-Erp, (ERE)3-pGL3promotor
and RL-TK control vector (at a ratio of 6:6:1) using PEI. Following transfection, cells were treated with indicated compounds for
24 hours. Cells were then washed in PBS, lysed in passive lysis buffer and luciferase and renilla luminescence was determined by
the dual luciferase assay. Data are the mean and SD of 3 separate determinations from the same experiment, typical of 3
separate experiments. *Significantly different (p<0.05) versus OuM (DMSO vehicle) treated cells using one-way ANOVA followed

by Bonferroni post-hoc test.
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6.9 M80I does not activate the hERB in H69 cells

HEK293 cells were initially used to study the effects of M80I on the hERB due to their high transfection
rate (Thomas and Smart, 2005). Yet as M80I was being considered as a potential trigger for PBC (Probert
et al., 2018) and the cholangiocytes reportedly display an increase in ERP in diseased states (Alvaro et al.,
2006), H69 cells were transfected using the same constructs as HEK293 cells to investigate if there were
any changes in activity in the H69 cholangiocyte cell line. Figure 6.12 demonstrates that M80OI did not

induce an increase in luciferase gene expression and therefore does not activate the hERB in H69 cells.
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Figure 6.12: M80I does not activate the hERp in the (ERE)3-pGL3promotor assay in H69 cells. H69 cells were transfected with
expression constructs coding Flag-ErB, (ERE)s-pGL3promotor and RL-TK control vector (at a ratio of 6:6:1) using Lipofectamine.
Following transfection, cells were treated with indicated compounds for 24 hours. Cells were then washed in PBS, lysed in
passive lysis buffer and luciferase and renilla luminescence was determined by the dual luciferase assay. Data are the mean and
SD of 3 separate determinations from the same experiment, typical of 3 separate experiments. *Significantly different (p<0.05)

versus OpM (DMSO vehicle) treated cells using one-way ANOVA followed by Bonferroni post-hoc test.

6.10 Chapter discussion

The aim of this chapter was to investigate the capability of M80I to activate the human and murine ERs.
This was achieved through the use of previously established in vitro gene reporter assays in several
different cell lines. Given that it had previously been shown that extracts from soil samples taken from
around a landfill site contained xenoestrogens (Meyer et al., 2017a) and that these landfill samples
contained M8OI (Probert et al., 2018), it was hypothesised that M80OI was the cause, at least in part, of

the xenoestrogen activity of the landfill site samples.
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Mouse cell lines were selected to investigate as these cell lines had previously been shown to respond to
environmental xenoestrogens and mouse models had been used for in vivo studies in chapter 4. 603B and
LTPA cells were selected due being biliary epithelial and ductal pancreatic cells lines respectively and
therefore relevant to the study of ERs in the liver as biliary epithelial cells are considered to express both
ERa and ERB in diseased states (Alvaro et al., 2006). The 3XERE TATA luc gene reporter assay in LTPA cells
demonstrated that M8OI activates the mERa and the subsequent association with ERE promotors
(Figure 6.2). This activation was effectively antagonised by ICI182780 to levels similar to vehicle control
cells incubated with the antagonist. The decrease in the luciferase gene activity in vehicle cells treated
with 1C1182780 compared to those in absence of antagonist had been previously observed (Meyer et al.,
2017a). This indicates that the receptor is partially activated in standard culture medium and it is therefore
likely that there are estrogens present in the cell media. Partial receptor activation in control conditions is
also observed in mERBv1 but not in mERBv2 as the receptor appears to be fully activated and required the
deactivation of ICI182780 pre-treatment before a response can be observed (Meyer et al., 2017a). The
two variants of the mERP were both examined for the capability of M8OI to activate these receptors in the
603B cells using the (ERE)s-pGLpromotor reporter gene. Both mERBv1 and mERBv2 were shown to be
activated by M8OI in a dose dependent manner(Figure 6.3 & Figure 6.4), however unlike the mERa,
IC1182780 was unable to antagonise the increase in luciferase activity induce by M80OI yet it was able to
antagonise E2 and EE activation, indicating that M8OI has “super-activating” characteristics of both
mERBv1 and mERBv2. This was previously observed with the landfill soil sample extracts in mERBv2 (Meyer
et al., 2017a), suggesting that M80I could be the xenoestrogen present in the soil samples as both the
landfill samples and M80I induced the “super-activating” response in mERBv2. However, this effect was
not seen in the mERBv1 reporter assay, and ICI182780 was shown to inhibit the landfill site extracts (Meyer
etal., 2017a). As to how M80I may induce these “super-activating” effects, it has been hypothesised that
the rate of dissociation of M80I from the ligand binding domain is reduced compared to estrogens such
as E2. Another proposed reason is that M80I may activate the mERP via a different mechanism such as via
a different binding site resulting in ICI182780 unable to antagonise the response (Meyer et al., 2017a). No
increase in luciferase gene expression was observed following treatment of either of the major
metabolites HO8IM or COOH7IM, therefore it could be assumed that once metabolised, M8OI loses in

xenoestrogenic activity in mice.

To investigate whether the xenoestrogenic effects on the murine estrogen receptors translated to the
human estrogen receptors, human ERa and ERP gene reporter assays were utilised. The MCF7 cells were

transiently transfected with the (ERE)s;-pGL3promotor reporter construct (as well as RL-TK control vector)
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to generate the hERa-(ERE)s-pGLpromotor reporter gene assay. While the murine cell lines were selected
for the reasons stated above, MCF7 cells are not a biliary epithelial cell line and were selected as they
express the hERa (Axon et al., 2012). As seen with the mERa, the hERa was partially active in control cells,
as evidenced by the reduction of luciferase gene expression in ICI1182780 treated cells and as with the
mERa, this could be due to estrogenic components of the cell media. M80OI was shown to activate the
hERa to levels similar to that of 10nM E2 and was effectively antagonised by IC1182780 (Figure 6.5). This
effect was also observed in the landfill tip sample extracts where M80I was identified (Meyer et al., 20173;
Probert et al., 2018), supporting the hypothesis that M80I was the xenoestrogen within these samples. To
confirm the activation of hERa, TFF1 expression following M80I treatment was investigated. TFF1 is a small
secretory protein that contains an ERE and can therefore be regulated by estrogens (Sun et al., 2005). TFF1
was first found in the MCF7 cells and been reported to be involved in the protection against apoptosis in
various cell types in vitro and has been used to investigate the mechanisms of drug resistance of breast
cancer treatment (Pelden et al., 2013). Expression has been shown to increase when MCF7 cells are
exposed to E2 after 1 hour (Sun et al., 2005). Results in this chapter confirm that E2 induces an increase in
TFF1, as well as indicate that M8OI also induces TFF1 (Figure 6.6), likely through the ERE and therefore
activation of the hERa. This is supported by the antagonistic effect of 1C1182780 on the M80OI induced

expression of TFF1.

HO8IM induced an increase in luciferase gene reporter activity in MCF7 cells (Figure 6.7), and was
antagonised by ICI182780, whereas no such increase was observed with COOH7IM treated cells. Further
studies should investigate TFF1 expression as carried out with M80I to confirm the activation of the hERa
by HO8IM. As seen in chapter 5, M80I was metabolised to HO8IM by CYP3A4 (Figure 5.9). It has been
reported that MCF7 cells express CYP3A4 at low levels and display CYP3A4 activity, however the levels of
activity are unknown as no comparison to cells known to express CYP3A4 at high levels such as primary
hepatocyte was made (Thuy Phuong et al., 2017). It was therefore decided to investigate whether MCF7
cells can metabolise M80I. Data showed that MCF7 were unable to metabolise M80I (Figure 6.8), it can
therefore be concluded that both M80I and HO8IM activate the hERa and the activation observed in M80I

treated cells is not a product of the metabolism to HO8IM and activation by the metabolite.

The final ER to be studied was the hERB. The hERB has several variants that have been previously described
in humans (Green et al., 1986). The NCBI database indicates 7 splice variants, leading to 5 variant proteins.
The clustal alignment of these variants to mERBv1 and mERBv2 revealed that all the hER proteins lack an

18 amino acid insertion present in mERBv1 that effects the type and affinity of ligand binding and therefore
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would more likely respond to ligands similarly to the mERBv2 (Meyer et al., 2017a). The hERB-(ERE)3-
pGL3promotor gene reporter assay was first validated in HEK293 cells using E2 and EE and constitutive
activation of the receptor was then investigated. It was noted that IC1182780 appeared to weakly activate
the mERB, an effect that was observed in other experiments. Interestingly, 1C1182780 inhibited further
activation by E2 and EE but luciferase gene activity remained higher than vehicle control cells in absence
of the antagonist. This effect can also be seen in the mERv2 experiments. The reason for this could be that
ICI182780 does mildly activate the hERB or could be because ICI182780 stabilises the ERB protein
(Peekhaus et al., 2004).

When exposed to M80I, HO8IM and COOH7IM, the luciferase activity was not affected (Figure 6.11).
Suggesting that neither M80I or its metabolites activates the hERP in HEK293 cells. HEK293 cells were
selected due to their high transfection rate (Thomas and Smart, 2005), however, HEK293 cells are human
embryonic kidney cells and thus not as relevant to the expression of ERs in the liver as other hepatocyte
or biliary epithelial cell lines. Therefore, the biliary epithelial cell line, H69 cells, were transfected with the
same constructs as used in HEK293 cells. While more difficult to achieve a high transfection rate compared
to HEK293 cells, it was possible to successfully generate the hERB-(ERE)3-pGL3promotor gene reporter
assay and show that M80I did not activate the hERB in H69 cells (Figure 6.12). The ability of M80I to
activate hERa and not hERB maybe be due to the amino acid differences in the ligand binding domain
(LBD), or because the ligand-binding cavity is approximately 20% smaller in the ERB, meaning it is more

selective (Zhao et al., 2008).

While M80I does not appear to activate the hERB in this gene reporter assay, there are several limitations
that mean it could not be concluded that M80I has no effect on the receptor. One is that there are
differences in co-activators and adaptor proteins required depending on the conformation of the ER (Yi et
al., 2002). These conformational changes are ligand specific, therefore different cofactors are required for
transcriptional induction depending on the ligand bound. It has been shown in the ERa that transcriptional
activation from the same ERE differs between cell line, suggesting the availability of cofactors could
contribute to ER transcriptional activation (Klinge, 2001). Additionally, the ERE sequence found in the
promotor region of estrogen responsive genes have different binding affinities to the DNA binding domain
of the ER despite these regions being highly homologous (Yi et al., 2002). Therefore, the ERE can determine
ER transcriptional activation. Only the hERB-(ERE)3-pGL3promotor gene reporter was examined and it is
possible that 3XERE TATA luc gene reporter could generate a different result. Alternatively, a downstream

target of ERB could be examined by real-time PCR such as that observed with hERa and TFF1. This would
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ideally be carried out in primary human cholangiocytes as mouse cholangiocytes have been shown to

express ERP after several days of culture (Meyer et al., 2017a).

As discussed in chapter 4, it is difficult to determine whether the effects observed (xenoestrogenic activity)
following the exposure of M80OI are likely to be observed in humans as the potential human exposure of
M8OI is unknown. Uterine growth could be investigated in mice administered with M8OI orally for a
prolonged period as an increase in uterine growth has been linked to the exposure of estrogens (Reel et

al., 1996).

Elevated levels of estrogens or inhibition of transporters lead to cholestasis, believed to be caused by ERa
dependent suppression of bile acid transporter expression (Yamamoto et al., 2006). BSEP expression has
been shown to be repressed in the late stages of pregnancy in mice (Song et al., 2014) and bile acid and
drug transporter repression induced by ERa has been shown to be lost in ERa knockout mice (Yamamoto
et al., 2006). Additionally, ERa and ERB have been shown to be expressed in cholangiocytes in diseased
state (Alvaro et al., 2006). It is believed that ERa and ERP play a role in the proliferative response in the
liver (Alvaro et al., 2006) with several studies showing that the ER plays a role in liver regeneration after
rats and mice undergo partial hepatectomy (Francavilla et al., 1989; Umeda et al., 2015; Kao et al., 2018).
ERa is believed to bring about pro-proliferative effects where as ERP antagonises these effects (Alvaro et
al., 2006). Additionally, selective ERB agonists induce apoptosis in cholangiocarcinoma (Marzioni et al.,

2012).

Therefore, as M80I has been shown to induce the activation of different ERs it could be hypothesised that
M8O0I could induce cholestatic effects. In humans these effects would be mediated by the ERa, potentially
through the repression on bile transporters, yet further studies would be required to confirm this. The
data presented in this chapter suggests that M80I would have no effect on the ERB, however in mice the
activation of ERB could antagonise proliferative effects and induce apoptosis in cholangiocytes in diseased
states. In vivo studies with the landfill site extracts showed an increase in ALP yet no histological evidence
of cholestatic injury. Additionally, in vivo data in chapter 4 showed some evidence of liver injury but no
increase in ALP levels when mice were subjected to M8OI. Any cholestatic injury induced by the activation
of the ERs could therefore play a role in the development of PBC, with the destruction of the bile duct
being the major pathological hallmark in the disease. As M80OI activates the hERa, potentially inducing ER-

mediated cholestasis, it is possible this could factor into a mechanism of M80I as a trigger for PBC.
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Chapter 7. General discussion
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Hepatocytes are the main cell of the liver and perform the majority of its unique functions, such as the
metabolism of clearance of xenobiotics. Therefore, the liver is a primary target for the majority of drug-
and chemical-induced toxicity. The general population is exposed to many natural and man-made
chemicals daily. These include pharmaceutical drugs as well as chemicals in food consumed, cosmetics,
and chemicals released into the environment such as pesticides. As hepatocytes are a major target for
drug and chemical toxicity, in vivo and in vitro models have been developed to study the effects of these
compounds in hepatocytes. The gold standard for toxicity screening is the use of primary human
hepatocytes. However, these are limited in availability and rapidly dedifferentiate within a few days of
culture and lose their liver specific functions. The B-13/H cell line is an alternative to primary hepatocytes
that express liver specific genes and can maintain their phenotype for several weeks (Probert et al., 2015).
The initial primary aims of this thesis was to investigate lipid dysregulation using the B-13/H model and to
examine their response to fatty acids, alcohol and xenobiotics. Additionally, the potential toxic effects of

an ionic liquid found in the environment, M80I, was to be investigated using in vitro and in vivo models.

Exposure of B-13/H cells to fatty acids resulted in the accumulation of lipids in a dose dependent manner,
as demonstrated by oil red staining. This response in B-13/H cells, being rat derived, was comparable to
primary rat hepatocyte exposure to fatty acids which also showed the formation of both microsteaotic
and macrosteaotic lipid droplets at high concentrations of ImM. On the other hand, B-13 cells, a rat acinar
cell line accumulated less lipids and did not display any evidence of macrosteatosis. This suggests that B-
13/H cells, a simple model to generate without the sacrificing of animals, are just as an effective model for
fatty acid induced lipid accumulation as primary rat hepatocytes. The LXR is a nuclear receptor that
regulates SREBP-1c and ChREBP that are involved in de novo lipogenesis. The activation of the LXR by the
LXR ligands T0901317 and GW3965 promoted lipid accumulation in the B-13/H cells. This demonstrates
drug induced lipid accumulation in the B-13/H model. This model could be used to investigate new
potential therapies for NAFLD, such as the recent drugs targeting the PPARS (Staels et al., 2013; Lee et al.,
2015).

Phospholipid accumulation was modelled in B-13/H cells by exposing them to known cationic amphiphilic
drugs. PLD in B-13 cells was greater than in B-13/H cells. This is likely due to B-13/H cell expressing
functional drug metabolising enzymes and therefore the CADs exposed to the cells could be being
metabolised to a structure that is no longer cationic amphiphilic and lose their ability to incorporate into
the lysosome and induce phospholipid accumulation. Data in this thesis has also demonstrated that

methapyrilene induces PLD and as with other CADs phospholipid accumulation was greater in B-13 cells.

215



Methapyrilene induced toxicity in B-13/H cells but not B-13 cells. Additionally, nifedipine inhibited
methapyrilene induced cell death but increased PLD accumulation. These data suggest that PLD is not a
critical event in methapyrilene-induced hepatotoxicity. The addition of DTT to B-13/H cells blocked the
induction of PLD by methapyrilene, amiodarone and tamoxifen, suggesting that an oxidative redox status
and/or protein thiol oxidation is necessary for phospholipid accumulation. Finally, LYPLA2, an enzyme
responsible for the metabolism of phospholipids, was over expressed in B-13 cells through transfection
and reduced phospholipid accumulation. The data presented in this thesis has therefore shown that B-
13/H cells are an effective model for lipid dysregulation in response to several drugs and chemicals,
including fatty acid- and LXR activator-induced steatosis and CAD-induced phospholipidosis. Data has also
shown it is possible to regulate CAD induced phospholipid accumulation chemically and through the over

expression of LYPLA2.

PBC is a chronic cholestatic liver disease that is characterised by the destruction of intrahepatic bile ducts
and occurs in individuals who are genetically predisposed and is generally considered to be triggered
through the exposure to an environmental chemical(s)/toxins(s). Soil extracts from a landfill site in close
proximity of an area with a high prevalence of PBC was found to be toxic to the B-13 liver progenitor cell
line (Probert et al., 2018) and activate estrogen receptors (Meyer et al., 2017a). The ionic liquid, M8OlI,
was identified in these toxic/xenoestrogenic samples. Data on the toxicity of M8OI is limited, it was
therefore hypothesised that M80OI was the chemical in the soil that induced toxicity in B-13 cells and

induced xenoestrogenic effects.

Data in this thesis demonstrates that M8OI is toxic to several hepatic cell lines and primary human and
mouse hepatocytes (The effects of M80I are summarised in Figure 7.1). The toxicity observed was variable
between cell lines with B-13 cells being the most susceptible to M80I induced toxicity. Interindividual
variability was also observed between hepatocyte preparations. M80I induced apoptosis in these cells as
shown using a annexin V luminescent assay. Mitochondrial swelling suggested that M8OI has a
mitochondrial effect and this was confirmed using the seahorse mito stress test that revealed M8OI
inhibited oxygen consumption and induced a shift to glycolysis. The exact target of M80I inhibition of the
ETC is yet to be determined however data presented in this thesis suggests that it inhibits ATP synthase
(complex V) as FCCP partially recovered M80I induced inhibition of oxygen consumption. However, as this
recovery was only partial, it suggests that M80OI could also be acting elsewhere. M80I appeared to
stimulate the oxygen consumption rate in PMP experiments of complex Il. Yet this effect is not observed

in intact cell experiments and so the relevance of this effect to the overall mechanism is not yet known.
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In vivo studies investigating the effects of M8OI in mice revealed toxic effects in the liver and kidney.
Histological examination of the kidney showed evidence of renal tubule necrosis. Further studies should
expand and examine serum creatine and urea levels as well as examining the urine for protein and glucose.
Examination of the liver revealed evidence of periportal inflammation, however the predominant effect
was complete glycogen depletion in mice treated with 10mg/kg bw MB8OI. These data support the
inhibition of oxidative phosphorylation and a shift to glycolysis as glycolysis requires glucose to generate
ATP and therefore glycogen would need to be catabolised to generate glucose to provide energy via

glycolysis.

M80I has been shown to be acutely toxic in frogs during early embryonic development (Li 2009), genotoxic
to planarians (flatworms) (Zhang 2016), toxic to fish (Nan 2016) and affects growth of algae (Deng 2016)
and wheat (Liu 2009). However, data on toxicity in mammalian models is limited. M80I has been shown
to induce apoptosis in HepG2 cells (Li 2015) and to be acutely hepatotoxic to mice administered M80I
intra-peritoneally. Data in this thesis has therefore shown for the first time toxic effects in primary human

hepatocytes and have demonstrate a mechanism of toxicity via the inhibition of oxidative phosphorylation.

The physiochemical properties of M80I were also investigated. Based on the structure of M80I, it is likely
that it is readily able to cross the cell membrane. The ability of M80I to form micelles was investigated as
micelle formation could influence the properties and toxicity of M80OI. However, data presented in this
thesis showed that M80I only formed micelles at 1M. One study investigating the micelle formation of
imidazolium based ionic liquids of differing alkyl chain length suggested that M80I has a critical micelle
concentration of 220mM (Jungnickel et al., 2008). This concentration is over 200-fold higher than the
highest concentration implemented in any experiment in this thesis and it is therefore unlikely that micelle

formation could explain any of the effects observed.

Studies in M80I metabolism in primary human hepatocyte revealed that M80I is metabolised to hydroxyl
(HO8IM) and carboxyl (COOH7IM) metabolites. COOH7IM was not toxic and HO8IM was toxic but its toxic
effects were not as great as M80I and did not inhibit oxidative phosphorylation and the concentrations
examined. It has also been shown in this thesis that the metabolism of M80OI in human hepatocytes
involves CYP3A4, and there is interindividual variability in M80I metabolising capability. /n vivo studies
showed that M80I, HO8IM and COOH7IM were present in the serum, bile and urine. These data
demonstrated that M80I is metabolised by the mouse in vivo and that HO8IM and COOH7IM are excreted

via the bile and serum.
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These data suggest M8OI could act as a trigger for PBC, as it is possible for COOH7IM to incorporate into
PDC-E2, the enzyme that is targeted by AMAs and induce an autoimmune response (Probert et al., 2018).
COOH7IM has been shown to be present in the bile and therefore is exposed to cholangiocytes, the cells
that make up the bile duct. M80I is also present in the bile, and therefore could potentially induce the
apoptosis of cholangiocytes. Apoptosis of the cholangiocytes is a characteristic of PBC as it results in the
degradation of the bile duct leading to the increase of bile acids in the liver and cholestatic injury.
Additionally, cholangiocytes are generally considered unique as when they undergo apoptosis, PDC-E2
remains intact. It is possible that M80I induced apoptosis of the cholangiocyte could present COOH7IM

modified PDC-E2 to AMAs and trigger an autoimmune response and further damage to the bile duct.

Finally, data in this thesis has demonstrated through the use of in vitro reporter assays that M80OI is
xenoestrogenic. Murine ER variants 1 and 2 were both “super-activated” in 603B cells by M80I and were
not antagonised by the ER inhibitor 1C1182780. M80OI activated the hERa in MCF7 cells and was
antagonised by ICI182780 however it did not activate the hERB in HEK293 cells or H69 cells. hERa activation
was confirmed by expression of TFF1 in MCF7 cells that was inhibited by ICI1182780. Estrogens have been
shown to induce cholestatic injury in the liver and one mechanism of this injury is via ERa mediated
suppression of bile acid transporter expression in hepatocytes. Therefore, ER-mediate cholestatic injury
could play a role in PBC development. As M80I is a xenoestrogen it is possible that M80OI could activate

the ERa and induce cholestatic effects. However further work is required to support this hypothesis.

Both in vitro and in vivo models have been used and various species (human, rat, mouse) have been used
in the vitro models. This has shown some species differences in how M80I acts, as it activated the murine
ERPB but not the human ERB and primary human hepatocytes were more efficient in metabolising M8OI
compared to primary mouse hepatocytes and the rat derived B-13/H cells. Therefore, the use of primary
human hepatocytes is vital in the further study into M80I metabolism and xenoestrogenic effects may not
be translatable across species. This suggests that the effects observed in the in vivo mouse model could
differ in humans. However, the investigation into the toxic mechanism of action through the inhibition of
oxidative phosphorylation is likely to be conserved across species and therefore the models used (B-13, B-
13/H etc.) are translatable to potential human exposure. M80I was found in the soil around a landfill site
with a concentration of 94mg/kg soil (Probert et al., 2018), but extent of human exposure to M80I is not
known as the route of exposure and the concentration of direct exposure to humans is yet to be fully

determined.
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Overall the data presented in this thesis demonstrates the application of in vivo and in vitro models to
investigate drug and chemical toxicity. Using B-13/H cells an effective model of lipid dysregulation has
been demonstrated that could therefore reduce the requirement of primary hepatocytes. Data has also
shown the toxicity of M80I to hepatocytes and hepatocyte progenitor cells in vitro and has demonstrated
hepatic glycogen depletion in vivo. Additionally, the metabolism of M80I to COOH7IM and the
xenoestrogenic capability of M80OI has been shown. The presence of M80OI in the environment, M80I-
induced apoptosis of cells, metabolism to COOH7IM that can incorporate into PDC-E2 and the
xenoestrogenic effects induced by M80I could suggest a role of M80I as one possible environmental

trigger for PBC.
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