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ABSTRACT

INVESTIGATION OF MICROBIOME METABOLITES AND MITOCHONDRIAL
FUNCTION IN A MODEL OF NON-ALCOHOLIC FATTY LIVER DISEASE

PAULA BOEIRA

Several dietary metabolites produced by gut bacteria have been linked to disease
including non-alcoholic fatty liver disease (NAFLD). Trimethylamine N-oxide (TMAOQO) and
phenylacetic acid (PAA) are microbiome-derived metabolites that have been associated with
early onset of NAFLD. Hypothesising that these metabolites contribute to lipid deposition in
the liver by altering hepatic mitochondrial function, we assessed how TMAO and PAA affect

hepatocyte bioenergetics in cell models of liver steatosis.

Proliferative and differentiated HepaRG cells were cultured under standard
conditions, and steatosis was established by 48h exposure to oleate and palmitate (2:1 molar
ratio). Lipid accumulation was assessed by BODIPY™ staining and quantified by CellProfiler
software. To gain insight into HepaRG mitochondrial respiration, we measured a number of
bioenergetic parameters with the Seahorse extracellular flux analyser in control cells and cells

exposed to PAA (100 uM and 200 puM) or TMAO (20 uM, 50 uM, 100 uM and 200 puM).

PAA and TMAO led to an increase in lipid deposition in HepaRG cells. TMAO caused a
42% increase in lipid accumulation in proliferative cells and 1.6% in differentiated HepaRG
cells while PAA exacerbated intracellular lipid droplets by 54% in proliferative HepaRG and by
10% in fully differentiated cells. The same effects were seen in mitochondrial function. PAA

and TMAO lowered spare respiratory capacity dose-dependently, maximal respiration and



basal oxygen consumption in HepaRG cells. In addition, the decline in mitochondrial function
preceded lipid accumulation. Our data indicate that microbiome-derived compounds
decrease mitochondrial capacity significantly and exacerbate lipid deposition suggesting a
potential link between microbiome metabolite driven mitochondrial dysfunction and NAFLD

onset.
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CHAPTER 1.
INTRODUCTION

1.1 DEFINITION OF NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) was first described in 1980 and represents a
spectrum of liver disease, ranging from steatosis to more progressive forms of non-alcoholic
steatohepatitis (NASH), fibrosis, cirrhosis and ultimately hepatocellular carcinoma (HCC) and
liver failure, in the absence of a history of excess alcohol consumption (Anstee, McPherson &
Day, 2011). NAFLD is the most common cause of liver disease worldwide (Rinella, 2015). Most
patients with NAFLD are asymptomatic and when symptoms occur, they are commonly
nonspecific. When symptoms are present, they usually include fatigue and discomfort in the
upper right side of the abdomen (Day, 2011). People who are overweight or obese are the
most affected by NAFLD. It is estimated up to 1 in every 3 people in the UK has the early stages
of NAFLD, steatosis, where small amounts of fat start to accumulate in the liver (Figure 1.1)
(Williamson et al., 2011).

A small percentage of NAFLD patients will develop NASH. NASH is a more severe state,
and it differs from simple steatosis by hepatocellular ballooning, lobular inflammation and
fibrosis. NASH prevalence worldwide ranges from 2% to 10%, and it is estimated that
approximately 5% of the UK population has NASH. Cirrhosis occurs in a minority of NASH
patients, around 5% to 12% of people with NASH will progress to cirrhosis. In addition,
cirrhosis associated to NASH accounts for nearly 13% of all cases of HCC (Delgado, 2008). The
percentage of patients receiving a liver transplant due to NASH is progressively increasing in

Europe from 1% in 2007 to 6% in 2017 (Durand, 2019).
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Healthy hepatocytes Excess fat builds up in the liver

Figure 1.1. Representative images of a healthy liver and a liver with NAFLD. Histological
images stained with haematoxylin and eosin show healthy liver with uniform arrangements

of hepatocytes (left) in contrast with NAFLD liver with macrovesicular steatosis (right).

1.2 GLOBAL EPIDEMIOLOGY OF NAFLD

Globalisation has led to an increase in office jobs, rapid changes in diet and high levels
of physical inactivity resulting in a more sedentary lifestyle with an excess of caloric intake in
many parts of the world (Popkin, 2012). This phenomenon represents a significant negative
impact on the overall health of populations, especially in developing countries and those
experiencing fast socioeconomic transition. Emerging economies, such as India and China,
have experienced a dramatic increase in sedentary lifestyle combined with dietary excess and
shift to western diet. These factors are the main drivers of obesity, metabolic syndrome and

NAFLD in most parts of the world (Misra & Khurana L, 2008).
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NAFLD is one of the most significant causes of liver disease and is projected to be the
primary cause of end-stage liver disease in the coming years, with the disease affecting both
adults and children (Younossi et al., 2018). Driven by the obesity epidemic, the global
prevalence of NAFLD is currently estimated to be 24%. NAFLD is a worrying and growing
burden on European healthcare (Schattenberg & Ekstedt, 2019). A study published in 2016
reported an average prevalence of 24% in Europe, varying from 5% to 44% in different
countries. Approximately 15 million people have NAFLD in the UK, while it is estimated that
12 million people are affected by NAFLD in Germany, 14 million in France and 10 million in

Italy (O’Hara, 2020).

1.3 NATURAL HISTORY

The natural history of NAFLD is variable. A number of risk factors are associated with
NASH development and include presence of type 2 diabetes, hypertension, dyslipidaemia,
and obesity (Fazel et al., 2016). Most patients with NAFLD will not progress to NASH; however
a significant percentage will develop hepatocellular injury (ballooning), inflammation and
progressive liver fibrosis, the features of NASH. 20-30% of the patients with steatosis alone
can progress to NASH over 3 years (Anstee, McPherson & Day, 2011). In addition, patients with
a severe stage of NASH may develop cirrhosis. Cirrhosis is then a major risk for patients
developing HCC. It is estimated that NAFLD and NASH will become the most common risk
factors for HCC and liver transplantation in the coming years (Tateishi & Koike, 2017). Even in
the absence of fibrosis and cirrhosis, NASH patients may develop HCC, with studies showing

a 2-20% 5-year cumulative HCC incidence (Onzi et al., 2019).
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1.4 DIAGNOSIS

Diagnosing fatty liver disease is a major challenge since NAFLD and NASH are
frequently silent diseases. Consequently, NASH patients remain unacquainted of their
condition until the disease develops into a more severe and life-threatening stage. 0.6% of
NAFLD is diagnosed when they are symptomatic in a more advanced stage of liver disease
(Pheasant, 2019). The presumptive diagnosis of NAFLD is made through a liver function blood
test, where patients show persistent elevated serum aminotransferases with a positive
imaging scan for hepatic steatosis and no history of excessive alcohol use. However, these
routine tests are not sufficient on their own to be used as consistent diagnostic tools for
NASH. In order to confirm NASH and exclude other coincident liver diseases, the current gold
standard for NASH diagnosis is a liver biopsy (Chalasani et al., 2018). Liver biopsy is an
invasive, costly diagnostic tool and sampling errors can result in misdiagnosis and staging
inaccuracies. Yet liver biopsies are essential to provide an assessment of hepatic steatosis,
hepatocellular ballooning, inflammation and fibrosis. The presence of hepatocyte ballooning
in association with steatosis is the main histological feature that differentiates NASH from

simple steatosis (Figure 1.2) (Dyson, Anstee & McPherson, 2014).

The 'NAFLD activity score' (NAS) is the most used grading and staging system for
NAFLD in histological samples. NAS represents the sum of scores for steatosis, lobular
inflammation, and ballooning, and ranges from 0-8 (Brunt et al., 2011). The SAF score has
been introduced more recently and is a more accurate way to identify NASH. The SAF score
comprises of an assessment of steatosis (S), activity (A) and fibrosis (F) (Hagstrom, 2017). The

majority of patients with NAFLD can be diagnosed and staged adequately using non-invasive
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approaches. However, the only feature that can predict liver-related mortality is hepatic

fibrosis determined by liver histology (Angulo et al., 2015).

S\ B
Stage 3 Fibrosis Cirrhosis

Figure 1.2. NASH Histology. Haematoxylin and eosin staining shows uniform healthy
hepatocytes (A), simple liver steatosis (B) and hepatocyte ballooning (C). Sirius red staining
shows fibrosis at stage 1 (D), stage 2 (E) and stage 3 (F). Trichrome staining shows cirrhotic

liver with fibrosis, nodular regeneration and distortion of hepatic architecture (G).

1.5 PATHOGENESIS OF NASH
1.5.1 LIPOTOXICITY

Lipotoxicity is defined as an imbalance in the intracellular lipid composition, causing
accumulation of lipids, which can cause organelle dysfunction, cell injury, and apoptosis.
Emerging data indicate that toxic lipids cause hepatocyte injury displayed as endoplasmic
reticulum (ER) stress, inflammation, apoptosis, and hepatocyte ballooning (Neuschwander-
Tetri, 2010). Hepatic lipotoxicity will trigger several pathways which will activate an
inflammatory cascade (Figure 1.3) (Marra & Svegliati-Baroni, 2018). In addition, the
production of lipotoxic lipids typically occurs alongside with the accumulation of triglyceride

droplets (steatosis), resulting in a NASH phenotype where steatosis and features of
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hepatocellular injury are present together (Neuschwander-Tetri, 2010). The activation of
lipotoxic pathways can be considered a critical event in the pathogenesis of NAFLD and NASH
(Iborahim, Hirsova & Gores, 2018). The pathogenesis of NASH is far from being fully
understood, the model describing toxic lipids implies that mitochondrial damage occurs as a
consequence of lipotoxicity. However, the sequence of events remains unknown and further

investigation is needed.

Toxic lipids =
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Figure 1.3. Putative Mechanisms of lipotoxicity. (1) Toxic lipids may directly disturb organelles

o

Cell death

like ER and mitochondria. (2) Alteration in intracellular signalling pathways by toxic lipids may
affect metabolic and inflammatory pathways. (3) Interaction between lipids and kinases
indirectly changes signalling, leading to ROS, ER stress, cell death and inflammation. Adapted
from (Marra & Svegliati-Baroni, 2018).
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1.5.2 PATHOGENESIS HYPOTHESES

The factors and sequence of cellular injury leading to progressive NASH and
inflammation are not completely understood. A generally used working model describes that
multiple “pathogenic hits” are required for the progressive development of fatty liver disease
(Ganz et al., 2015). The historic “two hit” hypothesis involves numerous insults occurring at
the same time on genetically predisposed subjects to induce NAFLD and offers a more precise

explanation of NAFLD pathogenesis.

Dietary habits, environmental and genetic factors (e.g. PNPLA3 and TM6SF2) can
trigger the development of insulin resistance and changes in gut microbiome (Anstee & Day,
2015). Altered gut microbiome leads to further production of fatty acids in the gut raising
circulating levels of molecules which induce inflammatory pathways and release
proinflammatory cytokines (Figure 1.4). In subjects predisposed by genetic factors, all these
insults affect hepatocyte lipid content and liver inflammation, consequently leading to
chronic hepatic inflammation via upregulation of cellular injury pathways, with possible
progression to hepatocellular death (Buzzetti, Pinzani & Tsochatzis, 2016). Furthermore,
injured hepatocytes secrete damage-associated molecular pattern molecules (DAMPs) that
trigger inflammation leading to the recruitment of neutrophils and macrophages (Magee, Zou

& Zhang, 2016).
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Figure 1.4. Two hit hypothesis. The first hit comprises of intrahepatic build-up of fatty acids,
which is linked to insulin resistance, and leads to hepatocytes becoming more susceptible to
secondary injuries (oxidative stress, mitochondrial dysfunction, gut dysbiosis and production

of pro-inflammatory cytokines). Adapted from (Alisi et al., 2011).

1.6 MITOCHONDRIA

Mitochondria dysfunction has recently been implicated in NASH pathogenesis.
Mitochondria serve as the powerhouse of the cells generating ATP or heat by using substrates
originated from fat and glucose. Most of the energy obtained from the breakdown of
carbohydrates or fats is derived by oxidative phosphorylation (OXPHQOS). OXPHOS is a
fundamental mitochondrial process, linking the tricarboxylic acid (TCA) cycle to the
production of ATP (Wilson, 2017). OXPHOS is a highly efficient method of producing large

amounts of ATP as energy, however the liver primarily uses fatty acid oxidation as its energy
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source (Wilson, 2017). Hepatocytes are normally rich in mitochondria and each hepatocyte
contains approximately 800 mitochondria occupying about 18% of the entire liver cell volume
(Nassir & Ibdah, 2014). Mitochondria play a key role in hepatocyte metabolism, being the

main site for fatty acid B-oxidation (Osellame, Blacker & Duchen, 2012).

B-oxidation is a process by which fatty acids are broken down by different tissues
generating energy. Fatty acids are removed from the cytosol and then transferred to the
mitochondria where B-oxidation occurs (Schulz, 1991). Mitochondrial B-oxidation is the main
oxidative pathway for the clearance of fatty acids under physiologic conditions and consists
of the oxidation of short-chain, medium-chain, and long-chain free fatty acids (FFAs). Short-
chain and medium-chain FFAs freely enter the mitochondria, while long-chain FFAs require
carnitine palmitoyltransferase | enzyme (CPT1) to be translocated across the mitochondrial
membrane (Wan et al., 2008). Impaired B-oxidation and a reduction in mitochondrial quality,
have been suggested to play a key role in NAFLD onset and progression to NASH (Ramanathan

etal., 2022).

1.7 GUT MICROBIOME

The human intestinal microbiome plays a key role in regulating metabolic and immune
functions, and alterations in microbiome composition (dysbiosis) have been linked to several
human diseases including inflammatory bowel disease, obesity, type 2 diabetes, Alzheimer,
obesity, and colorectal cancer (Wieland et al., 2015; Baptista et al., 2020). The link of the liver
and gut starts from early embryology with the liver maturing directly from the foregut. This
connection is maintained in adult life with the liver obtaining 75% of its blood flow directly
from the intestinal portal circulation. Because of the strong anatomical link between the
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intestines and the liver, it is hypothesised that gut dysbiosis may affect hepatic function and
contribute to the pathogenesis of NAFLD (Wieland et al., 2015). It has been shown that in
patients with NAFLD, the microbiome’s abundance and diversity is altered. A significant
increase of bacterial species, such as Proteobacteria, Enterobacteria, Escherichia and
Bacteroides was found in patients with NASH when compared to matched healthy individuals
(Zhu et al, 2013; Boursier et al, 2016). Faecal transplantation from mice with NAFLD into wild-
type mice caused NAFLD in mice that received the microbiome (Le Roy et al., 2013). Studies
also suggest a role for the gut microbiome in the progression of NAFLD to NASH. Miele et al.
found a higher prevalence of small intestinal bacteria overgrowth in NAFLD patients,
correlated with the severity of steatosis (Miele et al., 2009). One of the potential mechanisms
linking microbiome to NAFLD is altering the efficiency of energy harvest from food, with
description of an obesogenic gut flora that can be transmitted in germ free mice. However,
there are also potential metabolic perturbations resulting from secondary metabolites, such

as methylamines (Figure 1.5) (Zelber-Sagi et al., 2018).
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Figure 1.5. Schematic representation of the proposed mechanisms between gut dysbiosis and
NAFLD/NASH development. Gut microbiome imbalance leads to higher energy harvest,

altered lipid metabolism and increased gut permeability. Leaky intestinal tight junction barrier
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allows bacteria metabolites and microbial DNA translocation driving inflammation via Toll-

like receptors.

1.8 GUT MICROBIOME METABOLITES

Several metabolites produced by the gut microbiome from our diet have been
associated to pathologies such as atherosclerosis, hypertension, heart failure, chronic kidney
disease, NAFLD, obesity, and type 2 diabetes mellitus (Tang et al., 2017). These findings
suggest that the gut microbiome can produce bioactive metabolites that can directly or

indirectly affect host homeostasis and health (Clarke et al., 2014).

1.9 METHYLAMINES

Choline is an essential component of biological membranes and necessary for lipid
export into very low-density lipoprotein (VLDL) from the liver. Feeding mice a choline
deficient diet is a commonly used nutritional model of NASH. This diet mimics the pathological
findings of severe human NASH, however also leads to acute weight loss (Lau, Zhang & Yu,
2017). Gut microbiome is essential for catalysing the conversion of dietary choline to
methylamines (Corbin, Schwarz & Sonnichsen, 1997). Toxic methylamines will activate
inflammatory pathways leading to hepatic inflammation and injury. The conversion of choline
to methylamines also reduces the bioavailability of choline, leading to impaired VLDL export
and promoting steatosis (Figure 1.6) (Zelber-Sagi et al., 2018). Methylamines also prompt
hepatotoxicity and hepatocarcinogenicity in rats (Lin & Ho, 1992). These findings taken

together suggest that the gut microbiome may play a critical role in NAFLD progression by
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causing relative choline deficiency and by increasing toxic methylamines (Williams & Taylor-

Robinson, 2016).

Gut lumen

iy l
| VLDL secretion
Choline tintrahepatic TG
accumulation

Figure 1.6. Gut microbiome shifts can lead to NAFLD. The gut is responsible for converting
choline from our diet into methylamines, which enter the portal circulation and trigger
hepatocellular damage. Choline conversion decreases choline availability leading to lower

VLDL secretion and increased steatosis. Adapted from (Williams & Taylor-Robinson, 2016).

1.9.1 TRIMETHYLAMINE N-OXIDE

Trimethylamine N-oxide (TMAO) is a product of the oxidation of trimethylamine
(TMA). Sources of TMA are foods containing choline, lecithin, and L-carnitine (mainly fish,
meat, egg, and dairy). Gut bacteria metabolizes these dietary components forming TMA.

TMA in the gut is oxidized by hepatic flavin containing monooxygenases (FMO) FMO3 and
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FMO1 (Zhu et al., 2018). FMOs main function is to add molecular oxygen to lipophilic
compounds, making them soluble to ensure rapid excretion. In humans, FMOs are primarily
expressed in the liver, lungs, and kidneys, where most of the metabolism of xenobiotics occur.
FMO1 has a lower specific activity in the liver compared to FMO3, FMO3 is the main enzyme

responsible for the conversion of TMA into TMAO (Fennema et al., 2016).

In most studies, TMAOQO is measured in urine and plasma samples although it is can also
be measured in serum (Burton et al., 2020; Lombardo et al. 2021). Circulating levels of TMAO
are highly variable and are determined by different factors, such as diet, gut microbiome
diversity, liver FMO enzymes and kidney function. High levels of TMAO have been linked to
increased risk of cardiovascular disease and all-cause mortality (Mahdieh, 2020). Roncal et al.
observed that people with elevated TMAO levels have 60% higher risk of major adverse
cardiovascular events when compared to lower TMAO blood levels (Roncal et al., 2019).
TMAO has also been linked to heart failure and chronic kidney disease (Figure 1.7) (Janeiro et

al., 2018).

Besides cardiovascular disease, high TMAO levels have also been associated with
elevated risk of developing NAFLD. Mice fed a high-fat diet containing TMAO developed
impaired liver function (high AST levels) and increased hepatic triglyceride deposition. TMAO
supplementation also significantly increased liver weight and liver/body weight ratio after 18-
week TMAO supplementation (Tan et al., 2019). In humans, TMAO and choline levels were
significantly linked with NAFLD histology and increased NASH risk. A study showed that
Chinese adults with higher circulating levels of TMAO presented a greater severity of NAFLD

(Chen et al., 2016). While other study demonstrated that serum TMAO levels were
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approximately 4 times greater in NAFLD patients than in the controls. The link between TMAO

and NAFLD remains poorly explored (Ledn-Mimila et al., 2021).
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Figure 1.7. TMAO is a product of the oxidation of TMA. The gut microbiome metabolizes

dietary choline, L-carnitine, and betaine to form TMA, TMA is oxidized by hepatic FMOs into
TMAO. TMAO has been linked to higher risk of developing atherosclerosis, heart failure and
kidney injury. Adapted from (Metaboprofile Biomart, 2020).

1.9.2 PHENYLACETIC ACID

Phenylacetic acid (PAA) is a metabolic product of phenylalanine (PA) after its
conversion to phenylpyruvate. Phenylalanine is found in milk, eggs, cheese, chicken, beef,
pork, beans, and fish (Figure 1.8). Gut bacteria are responsible for metabolizing phenylalanine
into PAA (Wagner et al., 2019). High levels of PAA have been associated to kidney disease and
liver steatosis (Jankowski et al., 2003; Hoyles et al. 2018).
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In obese women, plasma PAA levels were positively correlated with steatosis severity.
In primary human hepatocytes, treatment with PAA induced lipid build-up and modified the
expression of genes involved in lipid and glucose metabolism. Likewise, mice fed a chow diet
supplemented with PAA showed increased hepatic triglyceride levels and hepatic lipid

accumulation (Hoyles et al. 2018).
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Figure 1.8. PAA is a metabolic product of PA. Phenylalanine is an amino acid found in several
foods, including meat, poultry, fish, and cheese. PAA is a microbial product of phenylalanine

that has been linked to inducing hepatic lipid accumulation in mice.

1.10 ANIMALS MODELS OF NAFLD AND NASH

There is an urgent need to more completely understand the pathogenetic
mechanisms responsible for NAFLD and NASH development and progression. This requires
the development of experimental models that fully resemble the human condition. Available

animal models of NASH have different utility and clinical translatability. Rodent models are
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widely used in NASH research due to their ability to mimic the aetiology, natural history and
histopathology of this complex disease (Takahashi, Soejima & Fukusato, 2012). The
pathogenesis of NASH is extremely complex and involves crosstalk between various organs
(brain-gut-liver-adipose tissue). For this reason, NASH is no longer considered an exclusively
hepatic disease, as many different systems are implicated in the pathogenesis of liver
inflammation (Van Herck, Vonghia & Francque, 2017). Animal models have become important
tools to study progression from simple steatosis to NASH, fibrosis, and HCC (Table 1). These
animal models do not replicate the complex spectrum of NASH in humans; however, they can
be used in testing hypotheses on the pathogenesis of NASH and in carrying out interventional
studies. NASH models which more precisely mimic the histopathology and pathophysiology
of the disease in humans still need to be developed in the coming years (Takahashi, Soejima

& Fukusato, 2012).
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Table 1. Most common animal models of NAFLD

Animal Models of Non-Alcoholic Fatty Liver Disease

Model Summary Ohbesity Steatosis Inflammation Fibrosis NASH
Diet is high in
sucrose and fat
MCD diet and if deficient in no yes yes yes Yes.
methionine and
choline
High fat diet with
B60% energy from
HF diet fat, 20% from yes yes no yes yes (mild)
carbohydrate and
20% from protein
Dietary
Models
High cholestercl
Cholesterol and diet [21% milk
cholate butter, 0.2% na ves ¥Es ves yes
cholesterol}
Fruct High-fructose diet
ructose s es5 es no =3
(70%) ¥ ¥ ¥ ¥
Lack functicnal
leptin dueto a i no (does not
: no (resistant to
ob/fob mice spontanecus yes yes no fibrosis) develop
mutation in the spontanecusly)
leptin gene
Spontaneous
P . no (does not no (does not
: mutation in the
dbfdb mice R yes yes no develop develop
leptin receptor " ) " )
spontaneous spantaneous|
gene p y p y
Transgenic mice
Genetic SREBP-1c overexpressing
Models | transgenic mice nuclear ne ves ves yes ves
SREBP-1c
Heterozygous no (does not no (does not
KK-AY mice mutation in the Yes yes yes (mild) develop develop
agouti gene spontaneously} | spontanecusly}
Hepatocyte-
PTEN null mice specific PTEN no yes yes yes (mild) yes
deficiency
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1.11 NASH CELL CULTURE

1.11.1 2D CELL CULTURE VS. 3D CELL CULTURE

The mechanisms and signalling pathways involved in the progression of NAFLD were
first observed using animal models and confirmed with clinical studies. However, recent
studies have utilized in vitro cultures to investigate the molecular mechanisms involved in the
progression of the disease (Kanuri & Bergheim, 2013). Cell culture has become an essential
tool to help understanding fundamental mechanisms by which cell function becomes
disrupted in disease. Two-dimensional (2D) cell culture has been the main method used to
investigate NASH, often this means that the culture will only last for a few days as primary
hepatocytes rapidly lose their metabolic features when cultured for longer (Duval et al.,
2017). Furthermore, the cellular environment in a monolayer 2D culture that is important for
differentiation, proliferation and cellular functions in vivo are lost which directly affects gene

expression profile and cellular physiology (Ravi et al., 2015).

In vitro studies investigating steatosis in human hepatocytes are still scarce. Exposure
to oleate and palmitate has been shown to trigger intracellular lipid build-up in primary
human hepatocytes (PHH). These studies are performed in 2D monolayer cell cultures where

fatty acids are added for a short incubation period usually 12-48 h (Kostrzewski et al., 2017).

In general, primary cell cultures and immortalized cell lines are broadly used as in vitro
models. Primary human hepatocytes, and non-parenchymal cells including Kupffer cells,
stellate cells and sinusoidal endothelial cells are physiologically relevant to mimic clinical
conditions; however, cell viability, ethical issues, and a limited number of human liver samples

make it extremely challenging to obtain primary human cell cultures (Kanuri & Bergheim,
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2013). To overcome these issues an alternative to primary cell cultures are immortalized cell
lines. Immortalized cell lines offer several advantages such as extended replicative capacity,
stable phenotype, cost effectiveness, and bypass of ethical concerns associated with the use
of animal and human tissue (Kaur & Dufour, 2012). In addition, cultivation of immortalized
cell lines is simpler and easier to standardize (Kanuri & Bergheim, 2013). The main
disadvantage of immortalized cell lines is that these cells are not ‘normal’, as they divide
indefinitely and can express genes that are not usually found in any cell type in vivo (Kaur &
Dufour, 2012), and exhibit proliferative mitochondrial bioenergetics, that is altered from the

differentiated state.

Recent research has shifted toward culture using three-dimensional (3D) structures.
3D cell culture is closer to the complex in vivo conditions, therefore 3D culture models have
proven to be more realistic for translating the study findings for in vivo applications
(Edmondson et al., 2014). Numerous 3D cell culture models that preserve the differentiated
phenotype of primary cells and provide more complex tissue organisation are now being
developed and tested (Kostrzewski et al., 2017) (Table 2). However, many challenges remain
in 3D cell culture, including the tissue-tissue crosstalk, the mechanical microenvironment, and
complex distributions of oxygen and nutrients to closely replicate the in vivo tissue (Duval et

al., 2017).
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Table 2. Advantages and disadvantages of 2D and 3D cell culture

Type of Culture

Advantages

Disadvantages

Primary cell culture

Mimic in vivo settings

Limited culture time
Isolation problems
Ethical issues

Easy to culture

Lack of function

2D : ; : e
Immortalized cell lines Continuous growth and characteristics of
Stable phenotype normal cells
Mimic in vivo architecture Difficult to cultivate
Co-culture ; s 5 v
Important for cross talk studies High variability
Heterotypic cell-to-cell contact| Simplified architecture
Spheroids Similar environment to in vivo Limited culture time
Inexpensive 3D method High variability
In-vivo like complexity High variability
Organoids Similar environment to in vivo | Need for specific growth
Long term culture conditions
3D

Precision-cut liver slices

Retain tissue organization
Cell-to-cell matrix interactions
High reproducibility

Short culture time
Limited availability
Special equipment needed

Liver-on-chips

Long term culture
Dynamic microenvironment
Retain tissue organization

Microbial contamination
Difficult to operate
Specific cells needed

1.11.2 LIVER SPHEROIDS AND ORGANOIDS

Liver spheroids are 3D systems that typically involve co-culture of primary human
hepatocytes, stellate and Kupffer cells. Liver spheroids have great potential to become a
robust liver model. Liver spheroids maintain differentiated hepatocyte phenotypes and
extended viability up to 5 weeks. Kozyra et al. showed that liver spheroids are a good model
for steatosis and insulin resistance, while several authors described that spheroids are a
suitable 3D model for liver injury and toxicity studies (Kozyra et al., 2018; Ingelman &

Lauschke, 2021; Fey & Wrzesinski, 2012; Feng et al., 2019). Liver organoids are clusters of cells
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similar to spheroids. The main difference is that organoids require an extracellular matrix and

are mainly developed from induced pluripotent stem cells (Prior et al., 2019).

1.11.3 PRECISION CUT LIVER SLICES

Precision cut liver slices (PCLS) represent an ex vivo tissue culture technique that
retains all heterogeneity of cells in their natural environment where intercellular connections
remain intact (Palma et al., 2019). Murine slices are more commonly used, but human liver
slices can also be cultured and are obtained from liver resections. Slices have a wet weight of
around 5 mg and are approximately 250 um thick corresponding to 10—15 cellular layers. PCLS
have been used extensively to investigate drug metabolism and toxicity. PCLS quickly
deteriorate when cultured under static conditions, therefore alternatives are being
developed such as bioreactor-cultured PCLS that remain stable up to 6 days (Paish et al.,

2019).

1.11.4 LIVERCHIP

The Liverchip is a device that allows maintenance of three-dimensional primary
human liver cells for longer period of times (> 1month) (Dehne, Hasenberg & Marx, 2017). It
consists of twelve wells that contain scaffolds for cells to attach to and culture in perfused
conditions (Figure 1.9). The scaffolds’ dimensions recreate the hepatic capillary structures of
the liver sinusoids such as including bile canaliculi and cell polarization (Kostrzewski et al.,
2017). To model the organization of hepatocytes on liver sinusoids, cells are seeded into the
scaffold and are pressed by fluidic flow against a filter encouraging cell adherence to the
insides of channels of collagen coated scaffolds. After 8 hours the flow is reversed, and the

cells are allowed to form microtissues. Differently than conventional 2D cultures, 3D fluidic
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systems are able to deliver nutrients and oxygen to the cultures at constant levels (Ortega-

Prieto et al., 2018).

In addition, cells seeded in the Liverchip maintain stable high levels of albumin
secretion and CYP450 activity. Cells seeded in the Liverchip remain viable and maintain stable
morphology for at least 40 days when compared to conventional static 2D hepatocyte
cultures where cells present de-differentiation over 10-13 days (Ortega-Prieto et al., 2018).
Primary human hepatocytes seeded in the Liverchip form viable microtissues and produce 10-
fold higher levels of aloumin when compared to 2D after 2 weeks of culture. Therefore, the
Liverchip device has the potential to recapitulate the physiological and mechanical
microenvironment of the liver and could be an alternative to animal experimentation (Ortega-

Prieto et al., 2018).
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3D microtissue composed of cryopreserved
human helpatocytes

C Media flow

Figure 1.9. Liverchip 3D cell culture platform. A: The Liverchip plate comprises of 12 isolated
wells for hepatocyte culture; B: Hepatocytes form microtissues in a collagen coated scaffold
that is placed in each individual Liverchip well; C: Schematic illustration of media flowing
through the channels of each Liverchip scaffold. The speed and direction of flow are

adjustable. Adapted from (Kostrzewski et al., 2017).
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1.12 AIMS & HYPOTHESIS OF PROPOSED PHD STUDY

Many questions remain about NASH pathogenesis and whether NAFLD and NASH are
mitochondrial diseases. There is accumulating evidence that mitochondrial dysfunction plays
a key role in the physiopathology of NASH. Furthermore, microbiome metabolite levels such
as TMAO were found to be higher in NASH patients and levels were positively correlated to
disease severity. Currently there are no studies showing whether there is a link between
microbiome metabolites and mitochondrial dysfunction in NAFLD/NASH. Our hypothesis is
that the microbiome metabolites TMAO and PAA alter mitochondrial function contributing to

lipid deposition leading to NAFLD development.

AIMS

1. Establish if TMAO and PAA contribute to lipid deposition in liver-derived cells in
lipid-rich and lipid-poor environments.

2. Investigate if and how TMAO and PAA alter mitochondrial bioenergetics, and how
this may contribute to exacerbated lipid deposition.

3. Assess the temporal and mechanistic link between increased lipid deposition and

decreased mitochondrial function and determine if this effect is reversible.

OBJECTIVES
1. Optimise primary human hepatocyte isolation from human liver resections.
2. Develop a 3D cell culture model to study the effects of TMAO and PAA on

mitochondrial bioenergetics and steatosis onset.
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3. Develop 2D cell culture models to mimic progenitor ‘unhealthy’ hepatocytes
and differentiated ‘healthy’ hepatocytes to assess the effects of TMAO and PAA on

mitochondrial bioenergetics and steatosis onset.
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CHAPTER 2.
MATERIAL AND METHODS - 3D CELL CULTURE: LIVERCHIP

This chapter describes the methods used for the data presented in Results Chapter 3 — 3D cell culture:
LiverChip

2.1 PRIMARY MOUSE HEPATOCYTE ISOLATION

Mice livers were obtained from CD1 mice aged at minimum P30. Procedures were
performed according to local ethical guidelines and conformed to the UK Animals (Scientific
Procedures) Act 1986. All mice livers were retrieved from discarded carcasses used by other
research groups at Derriford Research Facility. Mice were euthanised by carbon dioxide
inhalation and livers were obtained within 30 minutes of death. The liver was dissected and
dissociated using manual force in warm PBS, macerated tissue was then incubated in
digestion solution containing 1mg/ml Collagenase A at 37°C for 30 minutes. After tissue
digestion, cell suspension was centrifuged with percoll at 50g speed for 10 minutes, percoll
was used for density separation of viable hepatocytes from dead hepatocytes and cell debris

(Figure 2.1). Trypan blue was used to calculate cell viability.
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Figure 2.1. Mouse Hepatocyte Isolation. Mouse primary hepatocytes were isolated by
incubation with collagenase solution followed by slow centrifugation with percoll. Percoll
gradient was used to separate viable hepatocytes and trypan blue exclusion to assess cell

viability.

2.2 PRIMARY MOUSE HEPATOCYTES LIVERCHIP CULTURE

After isolation, viable primary mouse hepatocytes were seeded at a density of 600k
viable cells in the Liverchip platform (CN Bio Innovations Ltd., Cambridge, UK). The Liverchip
platform consists of 12 individual wells in which fluid is recirculated across a collagen-coated
scaffold, which enables the formation of 3D microtissues in the channels of the scaffold
(Kostrzewski et al., 2017). Cells were seeded with flow in the downward direction through

the scaffold for 24 hours at a flow rate of 1.0 uL/s. Downward flow encourages cells to seed
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within the scaffold and form microtissues. Following cell attachment, the flow was changed
to the upward direction and maintained at 1.0 uL/s for the remainder of the culture. The cells
were maintained in WEM containing Gibco™ Primary Hepatocyte Thawing and Plating

Supplements. Cells were incubated at 37°C with 5% CO,.

2.3 BIOBANK AND LIVER RESECTION PROCEDURE

Human liver tissue was obtained from patients undergoing tumour resection surgery
at University Hospitals Plymouth NHS Trust, who had consented to the use of excess liver
tissue (resection surplus) for research. All participants were anonymised with a unique code
and with the reference list held in a password protected file on a secure server within
University Hospitals Plymouth NHS Trust with access only to the investigators. The NRES
Committee London - City Road & Hampstead Research Ethics Committee (reference number

15/L0/0948) granted ethical approval for the study.

The surgeon performed the liver resection as clinically indicated; one anatomical
segment of the lobe, not involved with any metastasis, as determined by the pathologist was
separated for research purposes. The liver tissue was placed in ice cold DMEM and taken
immediately to the laboratory for hepatocyte isolation. Liver wedges were weighed, and

excess liver tissue was fresh frozen at -80°C.

2.4 PRIMARY HUMAN HEPATOCYTE ISOLATION

Primary human hepatocytes were obtained from collagenase perfusion of human liver

tissue. The two-step procedure is the method of choice for the isolation of intact hepatocytes
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in high yield. The key feature of this method is perfusion of the liver with a medium containing
collagenase. The isolation was fully performed in a Class 2 biosafety cabinet and all solutions
used were sterilized. Approximately 20 grams of human liver was placed in a petri dish and a
cannula was inserted in an accessible hepatic vessel. Using a rotatory pump at 50rpm, the
tissue was rinsed with pre-warmed PBS to remove residual blood and warm up the tissue.
Subsequently, hydroxyethyl-piperazineethane-sulfonic acid (HEPES) buffer pH 7.2 was
perfused through the liver. When the colour of the tissue became lighter, second perfusion
with digestion solution containing 1mg/ml collagenase type | was performed. The end of this
step was indicated by irreversible deformation of the tissue upon slight pressure. Following
digestion, cannulae was removed and ice cold stop solution containing PBS with 20% faetal
bovine serum (FBS) was added to prevent over digestion. Tissue was dissociated manually to
release the cells (Figure 2.2). Cell suspension was filtered through a 60 um fine mesh. Filtered
suspension was transferred to 50mL tubes containing cold DMEM with 10% FBS and
centrifuged at 50g for 10 minutes. Pellet was collected, added to 90% percoll solution and
centrifuged at 100g for 20 minutes. Following percoll purification, cells were washed twice
with 10% FBS in DMEM. After pellet resuspension in ImL of WEM medium, cell count and

viability assessment by trypan blue exclusion was performed.
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Figure 2.2. Primary human hepatocyte isolation. Isolation of human hepatocytes by two-step
collagenase perfusion: human liver section was perfused with digestion solution and
disrupted manually to release the cells. After percoll purification, cell yield was assessed using

microscopy.

2.5 FRESH PRIMARY HUMAN HEPATOCYTE LIVERCHIP CULTURE

Following primary human hepatocyte isolation, cells were plated in the Liverchip
platform. Human hepatocytes were seeded with downward flow for 8 hours at a flow rate of
1.0 uL/s. Subsequently, the flow was changed to the upward direction and maintained at 1.0
uL/s. Primary human hepatocytes were seeded at a density of 600k viable cells in 2 mL of

medium per well. The cells were maintained in WEM for the first 24 hours of culture. After 24
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hours, medium was replaced with WEM with Gibco™ Primary Hepatocyte Maintenance
Supplements. Cells were incubated at 37°C with 5% CO,. Scaffolds containing microtissues

were removed from wells, washed with PBS and visualized by microscopy.

2.6 HEPARG 3D CELL CULTURE

Undifferentiated cryopreserved HepaRG cells passage 12 were obtained from
Biopredic International (Rennes, France). Proliferative and differentiated HepaRG cells were
seeded into the Liverchip platform. HepaRG cells were plated at 1 million cells per well.
Downward flow was set for 8h at 1.0 ulL/s flow rate prior to maintenance flow rate of 1.0 pL/s
upward direction. HepaRG cells were maintained in plating medium or differentiation
medium according to their phenotype. In order to induce steatosis, HepaRG cells were
cultured in the Liverchip in “fat” media containing 0.6 mM of oleate and palmitate 2:1 molar

ratio for 7 days prior to Oil red O staining.

2.7 OIL RED O STAINING

Oil red O solution in 0.5% isopropanol was purchased from Sigma-Aldrich (St. Louis,
USA). Scaffolds containing HepaRG microtissues were removed from the Liverchip platform
and placed in a 24-well flat bottom plate. Scaffolds were washed twice with PBS and fixed
with 4% paraformaldehyde for 15 minutes at room temperature. After fixing, scaffolds were
washed twice with 70% isopropanol for 5 minutes and stained for 1 hour with Oil red O

solution. In order to remove unbound stain, scaffolds were washed three times in distilled
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water and twice in 70% isopropanol. Oil red O stain images were taken with a Leica Dmi8

microscope.

2.8 SEAHORSE XF24 EXTRACELLULAR FLUX ANALYSER

The Seahorse XF24 Analyser (Agilent Technologies, Lexington, USA) was used to study
mitochondrial bioenergetics. The instrument allows the measurement of important
parameters of mitochondrial function: basal respiration, ATP-linked respiration, proton leak,
maximal respiration, coupling efficiency, spare respiratory capacity and non-mitochondrial
respiration (Figure 2.3). The instrument continuously measures oxygen concentration and
proton flux in the cell supernatant over time. These measurements are converted in oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) values and enable a direct
guantification of mitochondrial respiration and glycolysis (Wu et al., 2007). Kinetic
measurements are made in real-time, and the assay is completely non-invasive. The XF24 has
four injection ports per well to allow up to four test compounds to be added automatically to
each well at pre-designated times. Oligomycin is injected first, secondly FCCP/BAM 15 and
last injection is a mixture of Rotenone and Antimycin A. Seahorse XF24 measured OCR and
ECAR at intervals of approximately 4 minutes. Real-time measurements of OCR and ECAR
were made by isolating a small volume (about 2 pL) of medium above a monolayer of cells
within the microplate. OCR was measured by optical fluorescent biosensors fixed in the
disposable cartridge that is placed into the XF24 microplate (‘Seahorse XF Analyzers,' 2018).

All measured mitochondrial parameters are described below.
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Figure 2.3. Representative image of the XF24 Mito Stress test. Seahorse was used to measure
key parameters of mitochondrial function: basal respiration, ATP-linked respiration, proton

leak, maximal respiration and non-mitochondrial respiration (Usmar, 2015).

2.8.1 BASAL RESPIRATION

Mitochondrial respiration is the process of energy conversion of substrates into ATP.
Basal mitochondrial respiration was determined by measuring OCR in the absence of
inhibitors. It represents the consumption of oxygen needed to maintain the vital cellular
functions under optimal physiological conditions. Basal oxygen consumption contributes to
the synthesis of ATP at complex V and proton leak. Different cell types will present highly
diverse basal respiration rates due to intrinsic properties of the cells. It is also influenced by

the availability of different substrates (glucose, pyruvate, and fatty acids), growth factors and
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pH of the cell media. Thus, experiments were performed to find the optimal concentrations
of substrates for analysis of the mitochondrial function. It is always preferable to use
concentrations similar to physiological findings (Vayalil, 2019). In addition, due to inherent
noise, many replicates were necessary for statistical significance of small changes. A change
in basal rate in each cell type indicates some bioenergetic change in the cell. Basal OCR was
calculated, by subtracting non-mitochondrial respiration from basal respiration rates. It has
previously shown that hepatocytes use approximately 30% of their maximal respiratory
capacity to sustain basal respiration (Marchetti et al., 2020). Basal respiration in the
hepatoma derived cell line, HepaRG, seems to be higher in proliferative cultures compared to

differentiated cell cultures (Young & Young, 2019).

2.8.2 NON-MITOCHONDRIAL RESPIRATION

Non-mitochondrial respiration represents oxygen-consuming processes that happen
outside the mitochondria. While the bulk of oxygen is consumed by mitochondria in any cell,
enzymatic reactions and oxygenases outside of mitochondria will also consume oxygen. Non-
mitochondrial oxygen-consuming processes are not well defined but in leucocytes they are
mainly attributed to enzymes associated with inflammation and are negative indicators of
bioenergetic health (Vayalil, 2019). Most other cells have low, but significant, non-
mitochondrial respiration, caused by desaturase and detoxification enzymes. In liver cells
cytochrome P450s also play a role in non-mitochondrial OCR (Brand et al., 2011). Non-
mitochondrial OCR is commonly increased in the presence of stressors, such as ROS, highly
reactive molecules that usually target mitochondria causing harmful effects. Non-

mitochondrial respiration was measured by the addition of the specific inhibitors: rotenone
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and antimycin A (Chacko et al., 2014). The non-mitochondrial respiration rates were needed

to be subtracted from all other respiratory rates.

2.8.3 ATP-LINKED RESPIRATION

ATP-linked respiration is the amount of oxygen consumed to generate ATP at complex
V or ATP synthase. It was determined by measuring the OCR after the addition of oligomycin.
Oligomycin is a specific inhibitor of ATP synthase which blocks its proton channel required for
oxidative phosphorylation of ADP to ATP (Vayalil, 2019). ATP-linked OCR is the capacity of the
cell to meet its energetic demands. When ATP-linked respiration is higher, it indicates an
increased ATP demand, whereas a decrease indicates low ATP demand, the absence of
substrates or great damage to oxidative phosphorylation. This prevents the flow of electrons
resulting in lower OCR (Chacko et al., 2014). ATP linked respiration was calculated from the

difference between OCR at baseline and respiration following oligomycin addition.

2.8.4 PROTON LEAK

After the addition of oligomycin, electron flow was not entirely stopped due to a
process known as proton leak. Proton leak measures protons pumped during electron
transport that results in oxygen consumption but not ATP production. Uncoupling protein
catalyses the translocation of protons from the intermembrane space of mitochondria into
the matrix. However, proton leak even occurs in cells from which uncoupling proteins are
thought to be absent such as hepatocytes (Jastroch et al., 2010). A large increase in proton

leak can mean that the mitochondria are severely damaged. Increased calcium transport can
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also manifest as a change in proton leak. In addition, oxidative stress modifies the
bioenergetic parameters and also increases ATP-linked oxygen consumption and proton leak

(Vayalil, 2019).

2.8.5 MAXIMAL RESPIRATION

The maximum respiration rate was established after the addition of uncouplers such
as FCCP or BAM15. FCCP is a potent uncoupler of mitochondrial oxidative phosphorylation.
FCCP and BAM15 have a similar function, however BAM15 was shown to be more specific,
less cytotoxic and stimulate a higher maximum rate of mitochondrial respiration (Kenwood

etal., 2013).

Uncouplers are not fully specific to the mitochondrial membrane and act as
protonophores across all membranes, disrupting the function of endosomes and other
compartments. This effect may lead to substrate supply inhibition and results in an uncoupled
rate that is lower than the real maximum respiration rate. Therefore, optimization
experiments of titrated uncoupled rates were performed to obtain the amount of uncoupler
necessary to achieve the maximum activity of electron transport by the cells under the assay
conditions. A decrease in maximum respiratory capacity is a strong indicator of potential
mitochondrial dysfunction. However, because of the nonspecificity of uncouplers, any

abnormal findings might have more complex causes than expected (Vayalil, 2019).
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2.8.6 SPARE RESPIRATORY CAPACITY

Spare respiratory capacity represents the ability of substrate supply and electron
transport to respond to an increase in energy demand. A decreased spare respiratory capacity
suggests a mitochondrial dysfunction or that mitochondrial mass is compromised. Spare
respiratory capacity is an important parameter that shows how close to its bioenergetic limit
a cell is operating, therefore being an important indicator of cell health. Spare respiratory
capacity was obtained by subtracting basal respiration from maximal oxygen consumption

after the addition of an uncoupler (Marchetti et al., 2020).

2.8.7 COUPLING EFFICIENCY

Coupling efficiency was determined from the change in basal respiration rate on
addition of oligomycin. It is defined as the fraction of basal mitochondrial OCR used to drive
ATP synthesis. It was calculated by dividing ATP production rate by basal respiration rate.
Coupling efficiency is altered by ATP demand, but is typically high: approximately 70% in
hepatocytes (Brand et al., 2011). Proliferative HepaRG cells have shown an increase in
coupling efficiency compared to differentiated cells (Young & Young, 2019). As an indicator
of dysfunction, coupling efficiency is advantageous as it is sensitive to changes in all
bioenergetic parameters, so is likely to change in any dysfunction (Brand et al., 2011) (Figure

2.4).
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Figure 2.4. Seahorse XF Cell Mito Stress Test effectors target different parts of the electron
transport chain. After basal measurements, Oligomycin is the first to be injected inhibiting
ATP synthase. FCCP/BAM15 are uncoupling agents, injected after Oligomycin, that collapse
the inner membrane gradient, allowing oxygen consumption by complex IV to reach maximal
rates. The final injection is a mixture of rotenone (complex | inhibitor) and antimycin A
(complex Il inhibitor). This last injection shuts down ETC function and allows the calculation
of non-mitochondrial respiration driven by processes outside the mitochondria. Adapted

from (Agilent Seahorse XF Cell Mito Stress Test Kit User Guide).
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2.9 MITOCHONDRIAL BIOENERGETICS IN HEPARG CELLS IN 3D CULTURE

Scaffolds with HepaRG microtissues were removed from the Liverchip platform and
cut into four pieces with a sterile scalpel. Scaffold pieces were placed into the Seahorse XF24
islet capture plate and capture screens were placed to hold the scaffolds in place (Figure 2.5).
Plates were then inserted in the Seahorse XF24 Analyser. Oligomycin, FCCP and
rotenone/antimycin A were tested at low, medium and high concentrations (1, 3, 6 and 10
KUM). Basal OCR measurement (4 cycles), injection of oligomycin port A (4 cycles), injection of
FCCP port B (4 cycles), injection of rotenone/antimycin A port C (4 cycles) were performed.

All cycles were set to mix for 1 minute, wait for 2 minutes and measure for 4 minutes.

Figure 2.5. Scaffolds with HepaRG microtissues. Liverchip scaffolds containing HepaRG
microtissues were cut and fitted into Seahorse XF24 Islet Capture Microplates for
mitochondrial analyses. Inverted Light Microscopy images: A. Liverchip scaffold B. HepaRG

microtissues formed in the scaffold C. Scaffolds cut into four pieces D. Pieces of scaffolds fitted
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in the islet captures microplates E. Microscopy image of one islet capture plate well with a

XF24 scaffold.

2.10 OXYGEN ELECTRODE

As an alternative method to measure oxygen consumption of microtissues formed in
the Liverchip scaffolds, a Clark-type oxygen electrode was used. The electrode includes a silver
chloride electrode and a platinum cathode. An oxygen-permeable Teflon membrane
separates the electrode from the sample, which is housed in a chamber. The chamber is
sealed from the air by a tight-fitting lid and the contents are constantly stirred. Changes in
OCR are measured, and addition of effectors is manually made using needle syringes through
the lid (Divakaruni et al., 2014). Scaffolds were removed from the Liverchip with sterile
tweezers and placed in the oxygen electrode chamber containing distilled water while the
electrode well contained 3M KCl potassium chloride solution. After calibration, to assess
different mitochondrial features 1 uM of oligomycin was manually injected, followed by 1 uM

and 2 uM of FCCP and 1 uM and 3 uM of rotenone/antimycin A.
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CHAPTER 3.
RESULTS - 3D CELL CULTURE: LIVERCHIP

3.1 FRESHLY ISOLATED PRIMARY HEPATOCYTES ARE NOT SUITABLE FOR LIVERCHIP 3D CELL

CULTURE

3.1.1 PRIMARY HEPATOCYTE ISOLATION FROM MOUSE LIVER

Primary hepatocyte isolation method was tested in mouse liver prior to obtaining
human liver tissue. Mouse livers were specifically chosen due to the easy access to this tissue
in our laboratory. Mouse livers were obtained, dissected and collagenase was added to
dissociate the liver tissue into cells. Hepatocytes were separated from other cell types using
slow speed centrifugation. The technique to isolate primary mouse hepatocytes presented a

high yield of viable cells calculated using Trypan blue exclusion assay (Figure 3.1).

Figure 3.1. Mouse Hepatocytes in 2D. Inverted light microscopy images of isolated primary

mouse hepatocytes in 2D cell culture. 10x magnification (left) and 20x magnification (right).
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3.1.2 PRIMARY MOUSE HEPATOCYTE LIVERCHIP SEEDING

Freshly isolated mouse hepatocytes were seeded into the Liverchip platform
(200k/well). Mouse hepatocytes are denser than human hepatocytes therefore seeding flow
was kept in downward direction for 24 hours. The Liverchip has been developed for human
cell use, seeding mouse hepatocytes in this 3D platform was performed solely for training
purposes. Mouse hepatocyte microtissue formation within the scaffolds was highly variable

showing that mouse cell adhesion was unstable (Figure 3.2).

Figure 3.2. Mouse hepatocytes in 3D. Inverted light microscopy images of isolated primary
mouse hepatocyte microtissues formed in the Liverchip scaffolds. Four different Liverchip

scaffolds A-D. 20x magnification.
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3.1.3 PRIMARY HEPATOCYTE ISOLATION FROM HUMAN LIVER RESECTIONS

Liver wedges were prepared and processed as detailed in chapter 2. 21 liver wedges
were obtained from consented patients during tumour resection surgery. Tissue weight
varied from 2 to 63 grams (Table 3). Hepatocyte isolation was performed using collagenase
perfusion. At first, Img/ml of collagenase type | was used for tissue digestion of 5 liver
resections. The digestion with collagenase type | resulted in very low number of cells
<1million. Therefore, collagenase A at 1mg/mL was tested. Incubation for 1 hour at 37
degrees with collagenase A was performed in four samples but the yield remained low. Next
step was to test a shorter incubation period, therefore from ILB21 onwards 30 minutes
incubation with collagenase A was used. Shorter incubation period significantly increased the
cell number obtained. However, hepatocyte yield and viability were still lower than expected.
The average cell yield obtained after trypan blue assay and percoll purification was 8x10° per

g (liver weight).
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Table 3. Collected fresh liver samples

Date Collected Sample | Tissue Weight | Number of cells
12/06/2017 ILBOOA 2 grams <Tmillion
28/06/2017 ILBOO3 2.4 grams <Tmillion
04/07/2017 ILB0O05 2.4 grams <Tmillion
14/07/2017 ILB0O09 7 grams <Tmillion
25/07/2017 ILBOO& 63 grams <Tmillion
31/07/2017 ILBOO7 7.5 grams <Tmillion
14/08/2017 ILB016 10.9 grams <Tmillion
21/08/2017 ILBO15 38.6 grams 5 x 10°
25/08/2017 ILB002 3 grams 700,000
31/08/2017 ILBO18 2.68 grams gx 10°
05/09/2017 ILB021 3.22 grams 28 x 10°
12/08/2017 ILB022 20 grams 16 x 10°
25/09/2017 ILBO26 24 grams 15 x 10°
26/09/2017 ILBO27 20 grams 5x 10°
021072017 ILBO28 11 grams 3x 108
03/10/2017 ILB024 21 grams 40 x 10°
04/10/2017 ILB029 11 grams 12 x 10°
11/10/2017 ILB032 17 grams 5 x 108
05/M12/2018 ILB041 20 grams 9 x 10°
15/01/2018 ILBO44 7.2 grams 4x10°
17/01/2018 ILB045 2.3 grams <Tmillicn

3.1.4 FRESHLY ISOLATED PRIMARY HUMAN HEPATOCYTES ARE GENERALLY POOR FOR

FORMING MICROTISSUES IN LIVERCHIP SCAFFOLDS

Since the first seven samples resulted in less than a million hepatocytes, they were not
cultured in 3D. ILBO15 was the first sample tested, 200k cells were seeded per well at a flow
rate of 1.0 uL/s but no cells attached. The same protocol was tested in three more samples
but no tissue formation in the Liverchip was observed. ILB022 resulted in a higher cell number,
therefore cell density was increased. 600k cells were seeded per well but no attachment to
the scaffold was seen. Previously, the downward flow was kept for 1 hour before switching
to the upward direction. A longer downward flow was then tested, cells were seeded in the
wells and media flow was kept in the downward direction for 8 hours before switching to

upward direction. Following these optimization steps, hepatocytes isolated from ILB026
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attached and formed 3D microtissues in the Liverchip scaffolds after 12 days in culture.
Microtissue formation and adhesion from ILB026 was unstable and high variability was
observed (Figure 3.3). Hepatocytes from ILB027 and 028 did not adhere, therefore a second
collagen coating to the scaffold was tested. Liverchip scaffolds were immersed in rat tail
collagen coating solution for 15 minutes to assess whether attachment would improve. After
coating, scaffolds were then transferred into the Liverchip and hepatocytes from ILB024 and
029 were tested, no viable microtissues were formed. For ILB032-045 downward flow rate
was increased since it is known that hepatocytes are dense and heavy cells, 2.0 uL/s flow rate
was tested, in addition density was increased to 1 million cells per well but again no tissue
formation was observed. After several optimisation steps, primary human hepatocytes did
not attach and form proper microtissues in the Liverchip scaffolds. For this reason, HepaRG

cells were then used for further experiments.

Figure 3.3. Primary human hepatocytes in 3D. Inverted light microscopy images of primary
human hepatocytes in the Liverchip scaffolds. Hepatocytes from 13 samples did not attach to
the scaffold (left); hepatocytes from sample ILB026 formed hepatic microtissue in the

Liverchip (right). A. 10x magnification B. 20x magnification.
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3.1.5 PROLIFERATIVE HEPARG CELLS ARE CAPABLE OF FORMING MICROTISSUES IN 3D

CELL CULTURE

Due to the low viability and lack of adherence to the scaffolds from primary
hepatocytes in the Liverchip, the next step was to test whether a hepatocyte-like cell line
would form viable microtissues in 3D cell culture. Proliferative HepaRG cells were seeded in
the Liverchip platform (1 million/well). HepaRG cells successfully attached to the collagen-
coated scaffold. Cells were sustained in 3D for three weeks and presented consistent

microtissue formation (Figure 3.4).

Figure 3.4. HepaRG cells in 3D culture. Inverted light microscopy images of HepaRG

microtissues within the channels of the Liverchip scaffolds. 10x magnification (left) and 40x

magnification (right).

3.1.6 PROLIFERATIVE HEPARG CELLS DO NOT BECOME STEATOTIC AFTER EXPOSURE

TO OLEATE AND PALMITATE IN 3D CELL CULTURE

In order to establish whether HepaRG 3D microtissues were a suitable model to mimic
fatty liver disease, proliferative cells were cultured in the Liverchip in fat media containing

0.6mM of oleate and palmitate. After 7 days, scaffolds containing microtissues were removed
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and stained with Oil Red O for one hour. Oil Red O was chosen as its use has been described
in Liverchip scaffolds (Kostrzewski et al., 2017). Unfortunately, microscopy images showed

that Oil Red O was not taken up by any of the cells cultured in 3D (Figure 3.5).

Figure 3.5. Oil Red O Staining Inverted light microscopy images of HepaRG microtissues in the
Liverchip scaffolds after Qil Red O staining. 40x magnification (left) and 20x magnification

(right).

3.1.7 SEAHORSE XF24 ANALYSER IS INCAPABLE OF MEASURING MITOCHONDRIAL

OXYGEN CONSUMPTION IN 3D SCAFFOLD CELL CULTURE OF HEPARG CELLS

Following microtissue formation of HepaRG cells in the Liverchip scaffolds, the
scaffolds were removed, cut in four pieces and placed in the Seahorse XF24 analyser. Eight
tests were performed with Liverchip scaffolds, however the scaffolds presented low OCR and
no appropriate response to the injected effectors (Figure 3.6). To eliminate the step of cutting

the scaffolds, CN Bio provided a prototype of a Liverchip containing 24 wells. Scaffolds from
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the Liverchip-24 are smaller and fit entirely in the SeaHorse XF24 plates. 400k HepaRG were
seeded per well, scaffolds were removed and placed in the XF24 plates. Again, extremely low
OCR and no effector response was observed. These results indicate that Liverchip scaffolds

are not suitable to interrogate mitochondrial function using the XF24 analyser.
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Figure 3.6. Mito stress test performed in Liverchip scaffolds. Basal OCR rates (4 cycles),
injection of oligomycin port A (4 cycles), injection of FCCP port B (4 cycles), injection of

rotenone/antimycin A port C (4 cycles). Data are presented as mean + SD, n = 3

In addition to testing Liverchip scaffolds in the Seahorse system, mitochondrial oxygen
consumption was also assessed using an oxygen electrode. The oxygen electrode was chosen
as it enables testing various concentrations of effectors in real time and altering settings
during the experiment. One scaffold containing HepaRG microtissue was inserted in the
oxygen electrode and 1 uM of oligomycin, 1-2 uM of FCCP and 1-3 uM of rotenone/antimycin
were manually injected. HepaRG cells grown in the Liverchip scaffolds presented extremely
low oxygen consumption not suitable for the oxygen electrode assay. Therefore we concluded

that the structure of the microtissues do not allow access to the effectors (Figure 3.7).
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Figure 3.7. Liverchip scaffold in the oxygen electrode. Mitochondrial respiration inhibitors
were manually injected: one injection of oligomycin followed by two injections of FCCP and

two injections of rotenone/antimycin A.
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CHAPTER 4.
MATERIAL AND METHODS - 2D CELL CULTURE & WHOLE LIVER TISSUE

This chapter describes the methods used for the data presented in Results Chapter 5 — 2D cell culture
& whole liver tissue

4.1 FRESHLY ISOLATED PRIMARY HUMAN HEPATOCYTE 2D CULTURE

In order to culture freshly isolated human hepatocytes, XF24 culture plates were
coated with 250uL of Rat Tail Collagen Coating Solution (Sigma-Aldrich, St. Louis, USA) for two
hours. Coating solution was then removed, and plates were washed twice with PBS. Cell
suspension was seeded onto plates at a density of 500k viable cells per well. Cells were
maintained in WEM with Gibco™ Primary Hepatocyte Thawing and Plating Supplements in a

humidified cell culture incubator at 37°C with 5% CO; for further bioenergetics analyses.

4.2 MITOCHONDRIAL BIOENERGETICS OF FRESH PRIMARY HUMAN HEPATOCYTES

After 4 days in culture, mitochondrial bioenergetics of freshly isolated human
hepatocytes was measured with the XF24 Seahorse analyser. Mito stress kit was performed
with final concentrations of effectors of 1 uM oligomycin, 1 uM FCCP and 1 uM

rotenone/antimycin A.

4.3 WHOLE LIVER TISSUE PREPARATION AND BIOENERGETICS

As an alternative for freshly isolated primary human hepatocytes, whole liver tissue
was also assessed in the XF24 Seahorse instrument. In a category 2 safety cabinet, fresh liver

wedges were washed with warm PBS to remove excess of blood. Using an Integra™ Miltex™
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Standard Biopsy Punch, 3mm sections of fresh tissue were cut and placed in XF24 islet capture
plates in XF base medium. Forceps were used to fit and secure the capture screen on top of

the liver tissue section.

Whole tissue requires higher concentrations of effectors in comparison to cell
suspensions, therefore oligomycin, FCCP and rotenone/antimycin A were used at 10 uM and
50 uM. Basal OCR was measured for 4 cycles, oligomycin for 5 cycles, FCCP for 4 cycles and
rotenone/antimycin A for 4 cycles. All cycles were set to mix for 1 minute, wait for 2 minutes

and measure for 4 minutes.

4.4 HOMOGENISE LIVER TISSUE PREPARATION AND BIOENERGETICS

In addition to whole liver tissue, mitochondrial bioenergetics of homogenised liver
tissue was also tested. 3-5 grams of liver tissue was placed in a Cole-Parmer Tissue Grinder
and liver tissue was macerated using manual force. Liver homogenise was resuspended in XF
base medium and transferred to XF24 islet capture plates. Seahorse bioenergetics analysis

was then carried on following same protocol as for whole liver tissue.

4.5 HEPARG 2D CELL CULTURE

HepaRG cells were seeded in 24-well SeaHorse plates at 200k cells per well. The cells
were cultured in Williams E medium (WEM) containing Gibco™ Primary Hepatocyte Thawing
and Plating Supplements for 14 days before differentiation (proliferative phenotype).
Medium was renewed every 3 days. After 14 days in culture when HepaRG were highly

confluent, plating medium was replaced with WEM containing HepaRG Differentiation
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Medium Supplement with antibiotics. After 14 days, cell differentiation was verified by

visualization of two cell types: hepatocyte colonies and primitive biliary cells.

4.6 OLEATE AND PALMITATE EXPOSURE

To induce steatosis, Oleate and palmitate were purchased from Sigma-Aldrich (St.
Louis, USA) and prepared at a 2:1 molar ratio. Fatty acids present poor solubility in the cell
culture media and in vivo free fatty acids travel in the bloodstream bound to albumin. Thus,
to allow solubilisation in the media and mimic physiological conditions, oleate and palmitate
were conjugated to BSA as previously described by Kown et al., 2014. Oleate and palmitate
were used at 100 uM, 250 uM, 500 uM and 1000 pM concentrations. BSA vehicle solution
was used for all control conditions. BSA vehicle was prepared at the highest concentration of
1000 uM. Cells were treated with oleate and palmitate or BSA vehicle control for 24 or 48
hours, cells were then washed five times with phosphate-buffered saline (PBS) prior to

intracellular lipid staining.

4.7 BODIPY™ STAINING AND STEATOSIS QUANTIFICATION

After oleate and palmitate exposure, HepaRG cells were stained in the 24-well
SeaHorse plate. HepaRG cells were first fixed with 4% paraformaldehyde for 30 minutes at

room temperature and washed three times with PBS.

BODIPY™ staining was then performed to visualise lipid droplets and measure
hepatocellular fat content semi-quantitatively. BODIPY™ 505/515 (Invitrogen, California,

USA) was prepared in DMSO to give a stock solution of 5mM and stored in a dark bottle
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protected from light. BODIPY™ 505/515 is a lipophilic green fluorescent probe that identifies
intracellular lipid droplets. On the day of the assay, 2 uM BODIPY™ staining solution was
prepared by diluting stock solution in PBS. 2 uM BODIPY™ was added to fixed cells for 15
minutes at room temperature. After staining, cells were washed with PBS and imaged.
HepaRG cells were imaged under a Leica DMi8 fluorescence microscope using 505nm
excitation and 515nm emission filters. Images were recorded and lipid droplets were
guantified using CellProfiler software. Percentage of steatotic cells was calculated by the

average of three wells scanned by the software.

4.8 TMAO AND PAA EXPOSURE

Trimethylamine N-oxide and phenylacetic acid were purchased from Sigma-Aldrich
(St. Louis, USA). 1mg/mL TMAO and PAA stock solution were prepared in ethanol and stored
at —20°C. On the day of the experiment, TMAO was diluted in plating medium at different
concentrations 20 uM, 50 uM, 100 uM and 200 uM and PAA at 100 uM and 200 uM. HepaRG
cells were treated with TMAO or PAA for 24 and 48 hours. After treatment, cells were washed

with PBS and mitochondrial bioenergetics or BODIPY™ staining were performed.

4.9 BIOENERGETIC ANALYSIS OF HEPARG CELLS

Seahorse XF24 cell culture plates, XF24 islet capture plates, sensor cartridges with
utility plates, XF base medium and XF calibrant solution were obtained from Agilent
Technologies (Lexington, USA). Oligomycin, BAM15, FCCP, rotenone and antimycin A were

purchased from Sigma-Aldrich (St. Louis, USA). The final concentrations of effectors were:
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0.25 uM oligomycin, 1 uM BAM15 and 1 uM rotenone/antimycin A. 60uL of each effector

were loaded into the injection ports.

Sensor cartridges were hydrated overnight with 1mL of XF calibrant solution at a non-
CO; incubator. Plating medium was replaced with XF base medium and HepaRG cells were
equilibrated at 37°C in a non-CO; incubator for 1h. After complete calibration, cell plate was
loaded into the Seahorse Analyser. Mito Stress protocol consisted of equilibration, basal
OCR/ECAR rates (3-4 cycles), injection of oligomycin port A (3-5 cycles), injection of BAM15
port B (3-4 cycles), and injection of rotenone/antimycin A port C (3-4 cycles). All cycles were

set to mix for 3 minutes, wait for 2 minutes and measure for 3 minutes.

4.10 SEAHORSE CELL NUMBER NORMALISATION

DAPI (4',6-diamidino-2-phenylindole) a bright blue nuclear counterstain was used to
determine the number of nuclei present in each well. DAPI (Invitrogen, California, USA) was
prepared in deionized water to give a stock solution of 5mg/mL in a dark bottle protected
from light. An intermediate solution of 300 uM was prepared in PBS and stored at -20°C. On
the day of the assay, 300 nM DAPI staining solution was prepared by diluting intermediate
solution in PBS. DAPI was then added to the final reagent of the Seahorse assay before
injection. The cells in the well were stained during the final step of the assay. Once the cells
were stained, the plate was removed from the Seahorse and placed in the Fluostar® Omega
(BMG Labtech, Ortenberg, Germany). DAPI fluorescence was measured using 350 nm

excitation and 470 nm emission filter settings.
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4.11 RNA ISOLATION

RNA isolation was performed by using Trizol® (Life Technologies, California, USA) and
Direct-zol™ RNA Miniprep Kit (Zymo Research, Irvine, USA). RNA isolation was conducted
according to the manufacturers’ protocol. In brief, Trizol® was added directly to the culture
plate to lyse cells and equal part of ethanol was added. Mixture was transfer to Zymo-Spin™
IICR Column, washed three times and eluted in 50uL of Rnase-free water. NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific, San Jose, USA) was used to assess RNA purity

and quantity.

4.12 REAL-TIME PCR

Transcription of RNA into cDNA was conducted with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, California, USA) according to the manufacturer’s
protocol. cDNA reactions were loaded into the G-Storm GS0004M Thermal Cycler (Gene

Technologies Ltd., Somerset, UK) and stored at 4°C for further real-time PCR.

The real-time PCR was carried out with the PowerUp™ SYBR® Green Master Mix
(Thermo Fisher Scientific, San Jose, USA) on a LightCycler® 480 instrument (Roche Life Science,
Penzberg, Germany). The thermal cycling procedure started with an initial denaturation at
95°C for 15 minutes. This was followed by 40 cycles of denaturation for 15s at 95°C, primer
binding for 1 minute at 60°C and elongation for 1 minute at 60°C. The procedure ended with
a final elongation at 60°C for 15 minutes and the addition of a dissociation curve step. Primers
were purchased from Invitrogen (California, USA). The primer pairs’ sequences used for the

real-time PCR are shown on table 4.
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Table 4. Primer Sequences

Gene Forward 5’ Reverse 3’-5’
HPRT1 (housekeeping) CCCTGGCGTCGTGATTAGTG TCGAGCAAGACGTTCAGTCC
Albumin GGAATTGCTGCCATGGAGATCTGC CCTTCAGTTTACTGGAGATCG
CPT-1a AGATTTTGCTGTCGGTCTTGGA CACCAGTCGCTCACGTAATTTG
CYP3A4 CATTCCTCATCCCAATTCTTGAAGT CCACTCGGTGCTTTTGTGTATCT
FXR TGGGGAACTGAAAATGACTC ACAGGCAAAGTGTTGAGGAT
HNF4a TGTACTCCTGCAGATTTAGCC CTGTCCTCATAGCTTGACCT
MRP2 CAAACTCTATCTTGCTAAGCAGG TGAGTACAAGGGCCAGCTCTA

MDR1/Pglycoprotein

CTAATGCCGAACACATTGGA

CAGTCGCTTTATTTCTTTGCC

4.13 STATISTICAL ANALYSES

All data presented are mean values * standard deviations (SDs). Statistical significance

of parametric data was assessed by one-way analysis of variance (ANOVA). Pearson’s

correlation test was used for correlation analyses. All statistical analyses were performed

using GraphPad Prism 5.0 (GraphPad Software Inc., USA). P-values less than 0.05 were

considered statistically significant.
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CHAPTER 5.
RESULTS - 2D CELL CULTURE & WHOLE LIVER TISSUE

5.1 PRIMARY HUMAN HEPATOCYTES AND WHOLE TISSUE BIOENERGETICS

5.1.1 FRESHLY ISOLATED PRIMARY HUMAN HEPATOCYTES FROM LIVER RESECTIONS

RAPIDLY LOSE THEIR PHENOTYPE IN 2D CULTURE

Since primary human hepatocytes isolated from resection tissue did not reliably
attach to the Liverchip scaffolds, Human hepatocytes were then cultured and maintained in
monolayer 2D culture to enable exploration of the primary hypothesis of TMAO and PAA
effects on mitochondrial bioenergetics. In 2D, isolated primary human hepatocytes were

cultured for 4 to 5 days before losing their morphological features (Figure 5.1).

Figure 5.1. Primary human hepatocytes in 2D. Inverted light microscopy images of freshly

isolated primary human hepatocytes in 2D cell culture. A. Hepatocytes cultured for 2 days
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maintain their hexagonal shape and double nuclei in a flat cell monolayer (10x magnification)
B. Hepatocytes aggregate and preserve their typical hexagonal shape after cultured for 5 days
(20x magnification) C. After 6 days in culture, hepatocytes lose their morphological features
presenting round shapes (20x magnification) D. After 8 days in culture, hepatocytes show a

complete loss in morphology with spherical shapes and multi nuclei (20x magnification).

5.1.2 FRESHLY ISOLATED PRIMARY HUMAN HEPATOCYTES FROM LIVER WEDGES
OBTAINED FROM TUMOUR RESECTION SURGERY ARE NOT VIABLE FOR MITOCHONDRIAL

ANALYSES

Isolation of primary human hepatocytes is extremely challenging, and it relies on the
quality of the liver tissue obtained. To analyse whether the freshly isolated primary human
hepatocytes were viable and consuming oxygen, 500k cells per well were analysed using the
Seahorse XF24. Oligomycin, FCCP and rotenone/antimycin were used to interrogate
mitochondrial bioenergetics. Freshly isolated hepatocytes did not respond to any of the
effectors injected and did not consume oxygen (Figure 5.2). This finding suggests that the
primary human hepatocytes obtained were not viable for mitochondrial analyses due to the

ischemic condition of the liver wedges used for these experiments.
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Figure 5.2. Mito stress test performed in freshly isolated primary human hepatocytes.
Mitochondrial respiration reflected by OCR levels was not detected in freshly isolated primary
human hepatocytes. Basal OCR rates (4 cycles), injection of oligomycin port A (4 cycles),
injection of FCCP port B (4 cycles), and injection of rotenone/antimycin A port C (4 cycles).

Data are presented as mean + SD, n = 3.

5.1.3 WHOLE LIVER TISSUE SLICES AND HOMOGENISED LIVER TISSUE ARE NOT VIABLE

FOR MITOCHONDRIAL ANALYSES USING THE XF24 ANALYSER

Mitochondrial bioenergetics of freshly isolated primary human hepatocytes indicated
that these cells were not consuming oxygen. Final attempts to measure mitochondrial
respiration from the liver wedges were performed. Whole tissue slices and macerated liver
tissue were tested with oligomycin, FCCP and rotenone/antimycin injected at 10 uM and 50
UM concentrations. Whole and homogenised liver tissue presented oxygen consumption;

however, they did not respond to any of the tested effectors (Figure 5.3).
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Figure 5.3. Mito stress test performed in whole liver tissue (A) and liver homogenise (B). Basal
OCR rates (4 cycles), injection of oligomycin port A (5 cycles), injection of FCCP port B (4
cycles), injection of rotenone/antimycin A port C (4 cycles), injection of media port D (3

cycles). Data are presented as mean + SD, n = 3.

5.2 INDUCTION OF STEATOSIS IN 2D CULTURE OF HEPARG CELLS
5.2.1 HEPARG CELLS PRESENT HEPATIC FEATURES WHEN EXPOSED TO DMSO

Due to the challenges involved in obtaining reliable and robust mitochondrial
measurements in ex vivo liver material, we shifted focus to work on HepaRG cells to test our
hypothesis that TMAO and PAA have effects on steatosis and mitochondrial bioenergetics.

HepaRG cells in proliferative and differentiated states were analysed to mimic different cell
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phenotypes that are found in diseased livers. Proliferative HepaRG present low CYP450
activity therefore they are similar to hepatocytes in progenitor states or aged cells.
Differentiated HepaRG cells are resistant to DMSO and present high CYP450 expression, these
cells are more representative to healthy young hepatocytes found in healthy livers. HepaRG
cells started proliferation presenting the typical fibroblastic morphology of proliferating cells
(day 3). At around day 7, HepaRG reached tight confluency and initiated the differentiation
program. Cells remained in growth medium for an additional 7 days. During that time cells
started to re arrange themselves, forming islands in which the cells adopted a hepatocyte
morphology, at that point (day 14) the medium was switched to the differentiation medium
containing 1.7% DMSO. After 14 days in the differentiation medium HepaRG cells were fully
differentiated. HepaRG cells morphologically resembled two different populations of

hepatocyte and biliary-like cells (Figure 5.4).

Figure 5.4. Inverted Light Microscopy images of HepaRG 2D cultures. Proliferative HepaRG

cells 14 days after seeding preserve epithelial-like morphology (left). At day 15, growth
medium was changed to differentiation medium and cells were cultured for 14 more days.
Differentiated HepaRG cells morphologically resemble two distinct populations of

hepatocyte-like and biliary-like cells (right). 20x magnification.
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5.2.2 OLEATE AND PALMITATE INDUCE STEATOSIS IN PROLIFERATIVE HEPARG CELLS

Steatosis was successfully induced in proliferative HepaRG cells exposed to oleate and
palmitate for 48 hours. BODIPY™ imaging and respective quantification are depicted below
(Figure 5.5). Negative control and BSA vehicle control did not present fatty acid accumulation
(Figure 5.5A and 5.5B). 100 uM of oleate and palmitate caused lipid accumulation in 10% of
HepaRG cells (Figure 5.5C), while 250 uM of oleate and palmitate promoted steatosis in 31%
of the cells (Figure 5.5D). When exposed to 500 uM of oleate and palmitate 45% of
proliferative HepaRG showed intracellular lipids (Figure 5.5E), the highest concentration of
1000 uM of oleate and palmitate induced steatosis in 73% of proliferative HepaRG cells
(Figure 5.5F). The accumulation of intracellular lipids after Oleate and palmitate exposure was
statistically significant when compared to BSA vehicle control. These results suggest that
HepaRG cells are a suitable model to study liver steatosis as lipid accumulation was consistent

and occurred in a dose dependent manner.
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Figure 5.5. Proliferative HepaRG cells exposed to fatty acids. BODIPY™ staining of intracellular
lipid droplets in proliferative HepaRG cells (left). Quantification of BODIPY™ staining using the
CellProfiler software (right). A. Negative Control B. BSA vehicle control C. Proliferative HepaRG
cells exposed to 100 uM Oleate and Palmitate. D. Proliferative HepaRG cells exposed to 250
UM Oleate and Palmitate. E. Proliferative HepaRG cells exposed to 500 uM Oleate and
Palmitate. F. Proliferative HepaRG cells exposed to 1000 uM Oleate and Palmitate. *Indicates

that the values are significantly different from negative control, p < 0.05.

5.2.3 TMAO EXARCEBATES STEATOSIS IN PROLIFERATIVE HEPARG CELLS

To elucidate whether TMAO exacerbates intracellular lipid accumulation in
proliferative HepaRG cells, oleate and palmitate combined with TMAO were added to the
culture medium for 48 hours. No lipid droplets were observed in culture medium, BSA and
TMAO controls (Figure 5.6A, 5.6B, 5.6C). 250 uM of oleate and palmitate combined with 20
UM of TMAO caused fat accumulation in 38% of cells (Figure 5.6E), while 45% was steatotic
with fatty acids combined with 50 uM of TMAO (Figure 5.6F), 77% of HepaRG cells were

steatotic with 1000 uM of TMAO (Figure 5.6G) in comparison to only 35% with 250 uM of
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oleate and palmitate alone (Figure 5.6D). These findings indicated that TMAO combined with

fatty acids significantly elevated intracellular lipid content in proliferative HepaRG cells.

Bodipy Quantification
100+

% of Fatty cells

Figure 5.6. Proliferative HepaRG cells exposed to fatty acids combined with TMAQ. BODIPY™
staining of intracellular lipid droplets in proliferative HepaRG cells (top). Quantification of
BODIPY™ staining using the CellProfiler software (bottom). A. Negative Control B. BSA vehicle

control C. Proliferative HepaRG cells exposed to 100 uM of TMAO. D. Proliferative HepaRG
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cells exposed to 250 uM Oleate and Palmitate E. Proliferative HepaRG cells exposed to 250
UM Oleate and Palmitate combined with 20 uM of TMAO. F. Proliferative HepaRG cells
exposed to 250 uM Oleate and Palmitate combined with 50 uM of TMAO. G. Proliferative
HepaRG cells exposed to 250 uM Oleate and Palmitate combined with 100 uM of TMAO.

*Indicates that the values are significantly different from negative control, p < 0.05.

5.2.4 PAA EXARCEBATES STEATOSIS IN PROLIFERATIVE HEPARG CELLS

The same determinations of BODIPY quantification of steatosis were performed in the
presence of increasing concentrations of PAA combined with 250 uM oleate and palmitate
for 48 hours. PAA exposure promoted higher lipid accumulation than TMAO. Oleate and
palmitate combined with 50 uM of PAA induced lipid droplets in 56% of HepaRG cells (Figure
5.7E), 68% of cells were steatotic with 100 uM of PAA (Figure 5.7F) and 89% of cells with 200
UM of PAA plus oleate and palmitate (Figure 5.7G). PAA alone without oleate and palmitate
did not lead to lipid accumulation (Figure 5.7C), showing that the presence of fatty acids are

necessary for the steatosis aggravation caused by PAA.
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Figure 5.7. Proliferative HepaRG cells exposed to fatty acids combined with PAA. BODIPY™
staining of intracellular lipid droplets in proliferative HepaRG cells (top). Quantification of
BODIPY™ staining using the CellProfiler software (bottom). A. Negative Control B. BSA vehicle
control C. Proliferative HepaRG cells exposed to 200 uM of PAA. D. Proliferative HepaRG cells
exposed to 250 uM Oleate and Palmitate E. Proliferative HepaRG cells exposed to 250 uM
Oleate and Palmitate combined with 50 uM of PAA. F. Proliferative HepaRG cells exposed to
250 uM Oleate and Palmitate combined with 100 uM of PAA. G. Proliferative HepaRG cells
exposed to 250 uM Oleate and Palmitate combined with 200 uM of PAA. *Indicates that the

values are significantly different from negative control, p < 0.05.

83



5.2.5 DIFFERENTIATED HEPARG CELLS ARE MORE RESISTANT TO OLEATE AND
PALMITATE INDUCED STEATOSIS THAN PROLIFERATIVE HEPARG CELLS

Differentiated HepaRG cells maintain key hepatic functions including drug
transporters such as OCT1 and MRP3 and xenobiotic-metabolizing CYP450 enzymes (Marion
etal., 2010). To gain insight whether differentiated HepaRG cells would respond in a different
way than proliferative cultures, oleate and palmitate were added to differentiation medium
for 48 hours. Negative control, BSA vehicle control and 100 uM of oleate and palmitate did
not present intracellular lipid droplets (Figure 5.8A, 5.8B, 5.8C). 250 uM of oleate and
palmitate caused lipid accumulation in 1.6% of HepaRG cells (Figure 5.8D), while 500 uM of
oleate and palmitate promoted steatosis in 2.6% of the cells (Figure 5.8E). When exposed to
1000 puM of oleate and palmitate 3.6% of differentiated HepaRG showed intracellular lipids
(Figure 5.8F). These results indicate that when HepaRG cells are fully differentiated they

become more resistant to steatosis than proliferative cells.
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Figure 5.8. Differentiated HepaRG cells exposed to fatty acids. BODIPY™ staining of

intracellular lipid droplets in differentiated HepaRG cells (left). Quantification of BODIPY™
staining using the CellProfiler software (right). A. Negative Control B. BSA vehicle control C.
Differentiated HepaRG cells exposed to 100 uM Oleate and Palmitate. D. Differentiated
HepaRG cells exposed to 250 uM Oleate and Palmitate. E. Differentiated HepaRG cells
exposed to 500 uM Oleate and Palmitate. F. Differentiated HepaRG cells exposed to 1000 uM
Oleate and Palmitate. *Indicates that the values are significantly different from negative

control, p < 0.05.

5.2.6 TMAO SLIGHTLY INCREASES STEATOSIS IN DIFFERENTIATED HEPARG CELLS

TMAO was added to differentiated HepaRG cells in combination with oleate and
palmitate for 48 hours. No lipid accumulation was observed in culture medium, BSA and
TMAO controls (Figure 5.9A, 5.9B, 5.9C). 250 uM of oleate and palmitate combined with 20
UM of TMAO caused fat accumulation in 1.6% of cells (Figure 5.9E), while 2.3% was steatotic

with fatty acids combined with 50 uM of TMAO (Figure 5.9F), 3.7% of HepaRG cells were
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steatotic with 100 uM of TMAO (Figure 5.9G) in comparison to only 1.3% with 250 uM of
oleate and palmitate alone (Figure 5.9D). These findings indicate that TMAO combined with

fatty acids slightly elevated intracellular lipid content in differentiated cells, but these results

were not statistically significant.

% of Fatty cells

Figure 5.9. Differentiated HepaRG cells exposed to fatty acids combined with TMAO. BODIPY™
staining of intracellular lipid droplets in differentiated HepaRG cells (top). Quantification of

BODIPY™ staining using the CellProfiler software (bottom). A. Negative Control B. BSA vehicle
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control C. Differentiated HepaRG cells exposed to 100 uM of TMAO. D. Differentiated HepaRG
cells exposed to 250 uM Oleate and Palmitate E. Differentiated HepaRG cells exposed to 250
UM Oleate and Palmitate combined with 20 uM of TMAQO. F. Differentiated HepaRG cells
exposed to 250 uM Oleate and Palmitate combined with 50 uM of TMAO. G. Differentiated
HepaRG cells exposed to 250 uM Oleate and Palmitate combined with 100 uM of TMAO.

*Indicates that the values are significantly different from negative control, p < 0.05.

5.2.7 PAA SLIGHTLY EXARCEBATES STEATOSIS IN DIFFERENTIATED HEPARG CELLS

BODIPY™ staining was quantified in differentiated HepaRG cells exposed to PAA
combined with oleate and palmitate for 48 hours. Oleate and palmitate combined with 50
UM of PAA induced lipid droplets in 1.6% of HepaRG cells (Figure 5.10E), 5.3% of cells were
steatotic with 100 uM of PAA (Figure 5.10F) and 12% of cells with 200 uM of PAA combined
with oleate and palmitate (Figure 5.10G). High concentrations of PAA combined with fatty
acids caused a 10% increase in lipid accumulation in differentiated HepaRG cells when

compared to fatty acids alone (Table 5).
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Figure 510. Differentiated HepaRG cells exposed to fatty acids combined with PAA. BODIPY™
staining of intracellular lipid droplets in differentiated HepaRG cells (top). Quantification of
BODIPY™ staining using the CellProfiler software (bottom). A. Negative Control B. BSA vehicle
control C. Differentiated HepaRG cells exposed to 200 uM of PAA. D. Differentiated HepaRG
cells exposed to 250 uM Oleate and Palmitate E. Differentiated HepaRG cells exposed to 250
UM Oleate and Palmitate combined with 50 uM of PAA. F. Differentiated HepaRG cells
exposed to 250 uM Oleate and Palmitate combined with 100 uM of PAA. G. Differentiated
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HepaRG cells exposed to 250 uM Oleate and Palmitate combined with 200 uM of PAA.

*Indicates that the values are significantly different from negative control, p < 0.05.

Table 5. Bodipy Quantification of Fatty Cells in Proliferative vs. Differentiated HepaRG

4Bh Exposure

2500 Fatty Acids

250pM Fatty Acids + 20uM TMAD

250pM Fatty Acids + 50uM TMAD

250uM Fatty Acids + 100pM TMAO

250uM Fatty Acids + S0uM PAA

250uM Fatty Acids + 100pM PAA

250uM Fatty Acids + 200pM PAA

Proliferative Differentiated
HepaRG HepaRG

Percentage of Fatty Cells

1% 13%
8% 16%
45% 2.5%
T 3.7%
56% 16%
B8 5.3%
B9 1%

5.3 MITOCHONDRIAL BIOENERGETICS IN 2D CULTURE OF HEPARG CELLS

The Seahorse XF24 analyser was used to interrogate fundamental parameters of

mitochondrial function: Basal respiration, ATP-linked respiration, Proton Leak, Maximal

Respiration, Spare Respiratory Capacity,

Coupling efficiency and Non-mitochondrial

respiration as previously detailed in chapter 2 (Figure 5.11).
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Figure 5.11. XF24 Mito Stress Test. OCR is measured before and after the addition of
respiration inhibitors: Oligomycin, FCCP/BAM15 and Antimycin A/Rotenone to derive several

parameters of mitochondrial respiration. Adapted from (Nicholas et al., 2017).

5.3.1 PROLIFERATIVE HEPARG CELLS ARE SENSITIVE TO BIOENERGETIC INHIBITORS

Proliferative HepaRG cells were harvested for bioenergetics studies. 200k
HepaRG cells at passage 16 were seeded in the XF24 microplate and exposed to oligomycin,
BAM15 and antimycin/rotenone. OCR was normalized to number of cells using DAPI nuclear
staining. Cells responded robustly to bioenergetic effectors with low intra-assay variability.
Proliferative HepaRG cells typically present high values of basal respiration. In the absence of
effectors, basal respiration varied from 250 to 350 pmol/min. Calculated proton leak was
fairly low with an average of 20 pmol/min, signifying intact mitochondrial metabolism. After
the addition of BAM 15 maximum respiration rate was greatly achieved, proliferative cells

demonstrated around 1000 pmol/min maximal OCR. Spare respiratory capacity was
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calculated by subtracting basal rates from maximal respiration. HepaRG cells in proliferative
state expressed appropriate cell health with high spare capacity of 800 pmol/min. Non-
mitochondrial respiration measured approximately 140 pmol/min and was used to correct
OCR calculations. HepaRG cells are a hepatoma cell line known to produce maximal ATP
synthesis through OXPHOS (Seyfried et al.,2020), ATP production varied from 200 to 350
pmol/min. As mentioned previously, proliferative cells present higher coupling efficiency
when compared to fully differentiated cells. Proliferative HepaRG demonstrated coupling
efficiency close to 100%, reflecting previous observations where hepatocytes present high

coupling efficiency (Brand et al., 2011) (Figure 5.12).
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Figure 5.12. Results from a representative Mito Stress test in proliferative HepaRG cells.

Depiction of mitochondrial bioenergetic parameters: basal respiration, ATP-linked
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respiration, maximal respiration, spare respiratory capacity, proton leak, and non-
mitochondrial respiration. Basal OCR rates (3 cycles), injection of oligomycin port A (4 cycles),
injection of BAM15 port B (4 cycles), and injection of rotenone/antimycin A port C (4 cycles).

Data are presented as mean £ SD, n = 3.

5.3.2 EXPOSURE TO OLEATE AND PALMITATE ALTERS MITOCHONDRIAL
BIOENERGETICS IN PROLIFERATIVE HEPARG CELLS

As previously described, proliferative HepaRG cells became steatotic when exposed to
oleate and palmitate for 48 hours. To elucidate whether different concentrations of oleate
and palmitate would also affect mitochondrial function, HepaRG cells were exposed to the

same high fat conditions and analysed with the Seahorse XF24 analyser.

Basal respiration was decreased when cells were exposed to oleate and palmitate. The
lowest concentration of 100 uM of fatty acids did not cause any changes when compared to
controls, however 250 uM, 500 uM and 1000 uM concentrations significantly reduced basal
respiration rates. Proton leak was considerably low and oleate and palmitate caused a further
reduction. Maximal respiration was significantly minimized in a dose dependent manner, the
higher the concentration of oleate and palmitate, the lower the maximum rates. Maximal
respiration of control cells was around 400 pmol/min while cells exposed to 1000 uM of
oleate and palmitate presented maximal OCR of no more than 50 pmol/min. Additionally,
high fat conditions caused a major reduction in spare respiratory capacity, non-mitochondrial
respiration and ATP production with stronger effects observed at 250 uM, 500 uM and 1000
UM concentrations. Exposure to fatty acids for 48 hours did not cause any significant changes
in coupling efficiency. Taken together these findings suggest that exposure to oleate and

palmitate decrease important features of the mitochondrial respiration in proliferative
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HepaRG cells (Figure 5.13).
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Figure 5.13. Results from a representative Mito Stress test in lipid loaded proliferative HepaRG

cells. Cells were exposed to different concentrations of Oleate and Palmitate for 48 hours

prior to bioenergetic analyses. Depiction of mitochondrial bioenergetic parameters: basal
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respiration, ATP-linked respiration, maximal respiration, spare respiratory capacity, proton
leak, and non-mitochondrial respiration. Basal OCR measurement (3 cycles), injection of
oligomycin port A (3 cycles), injection of BAM15 port B (4 cycles), and injection of

rotenone/antimycin A port C (4 cycles). Data are presented as mean = SD, n = 3.

5.3.3 EXPOSURE TO GUT METABOLITES TMAO AND PAA CHANGES KEY

MITOCHONDRIAL PARAMETERS IN PROLIFERATIVE HEPARG CELLS

Having demonstrated that TMAO and PAA increase steatosis in a concentration
dependent manner, next the effects of TMAO and PAA on mitochondrial function were
assessed in proliferative HepaRG cells. Cells were exposed to 20 uM and 50 uM of TMAO or
100 uM and 200 uM of PAA for 48 hours and OCR was measured with the Mito Stress test kit.
All tested concentrations of TMAO and PAA triggered a 3-fold decrease in basal respiration.
Proton leak rates were very low and for this reason high variability was expected. Maximum
OCR rates were decreased dose-dependently by both metabolites, PAA having a greater
stronger effect than TMAO at the concentrations being tested. Likewise, spare respiratory
capacity was also reduced by PAA. PAA considerably lowered capacity rates while TMAQO
changes were not statistically significant when compared to control. No significant changes
were seen in non-mitochondrial respiration, whereas ATP production declined approximately
50% with the addition of TMAO and PAA. Coupling efficiency could not be calculated since

basal and ATP production rates were identical (Figure 5.14).
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Figure 5.14. Results from a representative Mito Stress test in proliferative HepaRG cells

exposed to TMAO and PAA. Cells were exposed to different concentrations of TMAO and PAA
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for 48 hours prior to bioenergetic analyses. Depiction of mitochondrial bioenergetic
parameters: basal respiration, proton leak, maximal respiration, spare respiratory capacity,
non-mitochondrial respiration and ATP production. Basal OCR measurement (3 cycles),
injection of oligomycin port A (4 cycles), injection of BAM15 port B (4 cycles), and injection of

rotenone/antimycin A port C (4 cycles). Data are presented as mean = SD, n = 3.

5.3.4 ADDITION OF TMAO AND PAA COMBINED WITH 250 uM OLEATE AND
PALMITATE ALTERS MITOCHONDRIAL BIOENERGETICS IN PROLIFERATIVE HEPARG CELLS

Combination of fatty acids with TMAO and PAA aggravated lipid accumulation as
depicted above. In order to elucidate whether steatosis exacerbation was associated with
mitochondrial dysfunction, proliferative cells were exposed to microbiome metabolites
TMAO and PAA combined with 250 uM of fatty acids and mitochondrial OCR was measured.
In conditions of combining fatty acids with TMAO or PAA, proliferative HepaRG cells appeared
to be highly stressed since overall OCR was significantly reduced. No significant changes in
basal respiration and proton leak were detected. Maximal respiration and spare respiratory
capacity decreased by TMAO and further reduced with PAA exposure. PAA lowered non-
mitochondrial rates and ATP production, while TMAO did not show any significant effect to
these parameters. No significant change in coupling efficiency was observed. These results
indicate that the major effect of TMAO and PAA is a reduction in spare respiratory capacity
which corresponds and is associated with steatosis observed with BODIPY™ staining (Figure

5.15).

97



Mitochondrial Respiration

350.0 -

300.0

250.0 4

‘£ 200.0

OCR (pmol/min/Cells)

w 2 -
o & 8 8
o o o o

Time (min)

Basal Proton Leak

E
1=

E
e

OCR {ormal/min/Calld

e E BB

OCR {pmal/min/Cellg
setetBEB

Maximal Respiration Spare Respiratory Capacity
3500
= 3000 1
3 2500 4
E 2000 "
i 1500 - "
8 1000 4
g o
0.0 -
Non-mitochondrial OxygenConsumption ATP Production
@0 20
= 00 — 00
§ wo
00 * 4 S * %
-_E 00 £ 20
00
g o S o
g »o B o
00 00
Couplirg Efficiency (%)
o u Control m BSA control
o 2006
3 woox u TMAO 20uM + Oleate & Palmitate 250uM
E . ® TMAO 50uM + Oleate & Paimitate 250uM
-~
P B PAA100uM + Oleate & Palmitate 250uM
3 . 2
g »ox m PAA 200uM + Oleate & Palmitate 250uM
0.0%

Figure 5.15. Mito Stress test in proliferative HepaRG cells exposed to fatty acids and TMAO

and PAA. Cells were exposed to different concentrations of Oleate and Palmitate combined



with TMAO or PAA for 48 hours prior to bioenergetic analyses. Depiction of mitochondrial
bioenergetic parameters: basal respiration, ATP-linked respiration, maximal respiration,
spare respiratory capacity, proton leak, and non-mitochondrial respiration. Basal OCR
measurement (4 cycles), injection of oligomycin port A (4 cycles), injection of BAM15 port B
(4 cycles), and injection of rotenone/antimycin A port C (4 cycles). Data are presented as mean

+SD,n=3.

5.3.5 DIFFERENTIATED HEPARG CELLS RESPOND TO BIOENERGETIC EFFECTORS

Differentiated HepaRG cells present two different cell populations of hepatocyte-like
and biliary-like cells. To assess whether differentiation would impact mitochondrial
respiration, differentiated HepaRG cells were prepared and analysed identically to
proliferative HepaRG cells. The overall oxygen rates from differentiated cells were
significantly lower than proliferative. Differentiated HepaRG Cells responded appropriately to

oligomycin, BAM15 and antimycin/rotenone injections.

Differentiated HepaRG presented low basal oxygen consumption rates varying from
40 to 60 pmol/min. Proton leak remained extremely low averaging 2 pmol/min. Maximal
respiration rates reached 200 pmol/min after exposure to BAMI15. Calculated spare
respiratory capacity from differentiated cells was 150 pmol/min. Non-mitochondrial oxygen
consumption of around 23 pmol/min was used to correct rate calculations. Differentiated
HepaRG cells presented ATP production rates of 50pmol/min and coupling efficiency

averaging 95% (Figure 5.16).
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Figure 5.16. XF24 Mito Stress test in control differentiated HepaRG cells. Depiction of
mitochondrial bioenergetic parameters: basal respiration, ATP-linked respiration, maximal

respiration, spare respiratory capacity, proton leak, and non-mitochondrial respiration. Basal
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OCR measurement (3 cycles), injection of oligomycin port A (4 cycles), injection of BAM15
port B (4 cycles), and injection of rotenone/antimycin A port C (4 cycles). Data are presented

as mean +SD, n = 3.

5.3.6 EXPOSURE TO OLEATE AND PALMITATE DOES NOT TRIGGER ANY SIGNIFICANT
MITOCHONDRIAL CHANGES EXCEPT FOR SPARE RESPIRATORY CAPACITY IN DIFFERENTIATED
HEPARG CELLS

Exposure to oleate and palmitate for 48 hours suggested that differentiated HepaRG
cells are fairly resistant to steatosis. To that end, the same concentrations of fatty acids were
added to the cells to interrogate whether oleate and palmitate would cause any changes in
mitochondrial bioenergetics. Exposure to 100 uM, 250 uM, 500 uM and 1000 uM of oleate
and palmitate did not affect basal, maximal and non-mitochondrial respiration in a significant
way. ATP production and coupling efficiency also remained unchanged. The only statistically
significant reduction caused by high fat conditions was in spare respiratory capacity where a
decrease of 50% was observed. These findings are consistent with BODIPY™ quantification
showing that when HepaRG cells are fully differentiated they are barely affected by fatty acids

(Figure 5.17).
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Figure 5.17. XF24 Mito Stress test in lipid loaded differentiated HepaRG cells. Cells were
exposed to different concentrations of Oleate and Palmitate for 48 hours prior to bioenergetic
analyses. Depiction of mitochondrial bioenergetic parameters: basal respiration, ATP-linked
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respiration, maximal respiration, spare respiratory capacity, proton leak, and non-
mitochondrial respiration. Basal OCR measurement (3 cycles), injection of oligomycin port A
(4 cycles), injection of BAM15 port B (4 cycles), and injection of rotenone/antimycin A port C
(4 cycles). Data are presented as mean = SD, n = 3.

5.3.7 ADDITION OF TMAO AND PAA SLIGHTLY ALTERS MITOCHONDRIAL
BIOENERGETICS IN DIFFERENTIATED HEPARG CELLS

Since fully differentiated HepaRG were more resistant to becoming steatotic than
proliferative HepaRG, the effect of microbial metabolites in these differentiated cells (without
fatty acids) was analysed. 20 uM and 50 uM of TMAQO or 100 uM and 200 uM of PAA were
added to the cells for 48 hours prior to the bioenergetics assay. Basal respiration was reduced
significantly by exposure to PAA. Proton leak was highly variable and low, no significant
changes were observed. Maximal respiration was considerably lowered by 50 uM of TMAO
and both concentrations 100 uM and 200 uM of PAA. Likewise, same effect was seen in
spare respiratory capacity. 50 uM of TMAO and 100 uM of PAA caused a 40% reduction
whereas 200 uM of PAA decreased capacity by 75%. When compared to control, no significant
changes were seen in non-mitochondrial respiration and ATP production. Coupling efficiency

was slightly decreased but this change was not statistically significant (Figure 5.18).
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Figure 5.18. Mito Stress test in differentiated HepaRG cells exposed to TMAO and PAA. Cells

were exposed to different concentrations of TMAO and PAA for 48 hours prior to bioenergetic
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analyses. Depiction of mitochondrial bioenergetic parameters: basal respiration, ATP-linked
respiration, maximal respiration, spare respiratory capacity, proton leak, and non-
mitochondrial respiration. Basal OCR measurement (3 cycles), injection of oligomycin port A
(4 cycles), injection of BAM15 port B (4 cycles), and injection of rotenone/antimycin A port C

(4 cycles). Data are presented as mean = SD, n = 3.

5.3.8 TMAO AND PAA COMBINED WITH 250 pM OLEATE AND PALMITATE
SIGNIFICANTLY REDUCED KEY PARAMETERS OF MITOCHONDRIAL BIOENERGETICS IN

DIFFERENTIATED HEPARG CELLS

BODIPY™ demonstrated that lipid accumulation was slightly increased by TMAO and
PAA in differentiated HepaRG cells exposed to fatty acids. To further understand the
mechanisms behind the increase in steatosis, TMAO and PAA were combined with 250 uM of
oleate palmitate and added to the cells for 48 hours. Mito stress was performed with
oligomycin, BAM15 and antimycin/rotenone using the XF24 analyser. Basal respiration was
slightly reduced by TMAO and significantly reduced by PAA. Same effect was observed in ATP
production and non-mitochondrial respiration. Proton leak and coupling efficiency remained
unchanged. Maximal respiration and spare respiratory capacity were significantly lowered in

a dose-dependent manner (Figure 5.19) (Table 6).
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Figure 5.19. Mito Stress test in differentiated HepaRG cells exposed to fatty acids and TMAO

and PAA. Cells were exposed to different concentrations of Oleate and Palmitate combined
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with TMAO or PAA for 48 hours prior to bioenergetic analyses. Depiction of mitochondrial
bioenergetic parameters: basal respiration, ATP-linked respiration, maximal respiration,
spare respiratory capacity, proton leak, and non-mitochondrial respiration. Basal OCR
measurement (3 cycles), injection of oligomycin port A (3 cycles), injection of BAM15 port B
(4 cycles), and injection of rotenone/antimycin A port C (4 cycles). Data are presented as mean

+SD,n=3.

Table 6. Comparison of Spare Respiratory Capacity in Proliferative vs. Differentiated HepaRG

Proliferative Differentiated
HepaRG HepaRG
48h Exposure Spare Respiratory Capacity [pmol/min/cells)
BSA control 1710 780
250uM Fatty Acids 1630 64.0
250uM Fatty Acids + 20uM TMAD 108.0 350
250uM Fatty Acids + 50uM TMAD 1470 110
250uM Fatty Acids + 100uM PAA 96.0 80
250uM Fatty Acids + 200uM PAA 49 01
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5.4 MITOCHONDRIAL DYSFUNCTION PRECEDES LIPID ACCUMULATION IN PROLIFERATIVE
AND DIFFERENTIATED HEPARG CELLS

5.4.1 PROLIFERATIVE HEPARG CELLS DO NOT BECOME STEATOTIC AFTER EXPOSURE
TO OLEATE AND PALMITATE FOR 24 HOURS

Numerous insults are involved in NAFLD development including steatosis and
mitochondrial dysfunction; however, the sequence of events remain poorly understood
(Buzzetti et al., 2016). To elucidate whether steatosis would establish prior to changes in
mitochondrial respiration, proliferative HepaRG cells were exposed to oleate and palmitate
for 24 hours. In contrast to 48 hours exposure where steatosis was observed, 24 hours
exposure with oleate and palmitate alone or combined with TMAO and PAA did not cause
lipid accumulation. BODIPY™ staining demonstrated that longer than 24 hours exposure is

needed for proliferative HepaRG cells to become steatotic (Figure 5.20).
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Figure 5.20. Proliferative HepaRG cells exposed to fatty acids for 24 hours. BODIPY™ staining
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staining using the CellProfiler software (right). A. Negative Control B. BSA vehicle control C.
Proliferative HepaRG cells exposed to 250 uM Oleate and Palmitate. D. Proliferative HepaRG
cells exposed to 250 uM Oleate and Palmitate combined with TMAO 100 puM. E. Proliferative
HepaRG cells exposed to 250 uM Oleate and Palmitate combined with PAA 200 uM.

5.4.2 CHANGES IN MITOCHONDRIAL BIOENERGETICS OCCUR PRIOR TO LIPID
ACCUMULATION IN PROLIFERATIVE HEPARG CELLS

Given that no significant differences were found in intracellular lipid accumulation
after exposing proliferative HepaRG to oleate and palmitate combined with TMAO and PAA
for 24 hours. The effects of the two highest concentrations of TMAO and PAA in mitochondrial
function were additionally assessed after 24 hours exposure to determine whether the

mitochondrial bioenergetics was affected at an earlier time point than steatosis.

Shorter exposure of 24 hours of 250 uM of oleate and palmitate with TMAO and PAA
did not cause any significant differences in basal respiration, proton leak, non-mitochondrial
oxygen consumption, ATP production and coupling efficiency. However, proliferative HepaRG
maximal respiration and spare respiratory capacity were significantly lowered. These findings
suggest that reductions in mitochondrial function occur first, before steatosis, and lipid

accumulation develops subsequently as a consequence (Figure 5.21).
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Figure 5.21. XF24 Mito Stress test in proliferative HepaRG cells after 24 hours. Cells were
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exposed to different concentrations of Oleate and Palmitate combined with TMAOQ or PAA for

24 hours prior to bioenergetic analyses. Depiction of mitochondrial bioenergetic parameters:
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basal respiration, ATP-linked respiration, maximal respiration, spare respiratory capacity,
proton leak, and non-mitochondrial respiration. Basal OCR measurement (3 cycles), injection
of oligomycin port A (3 cycles), injection of BAM15 port B (4 cycles), and injection of

rotenone/antimycin A port C (4 cycles). Data are presented as mean = SD, n = 3.

5.4.3 DIFFERENTIATED HEPARG CELLS DO NOT BECOME STEATOTIC AFTER EXPOSURE
TO OLEATE AND PALMITATE FOR 24 HOURS

The same time course experiment was repeated in differentiated HepaRG cells.
Differentiated HepaRG cells exposed to oleate and palmitate presented small amounts of
intracellular lipids after 48 hours. When cells were exposed to oleate and palmitate combined

with TMAO and PAA for 24 hours no intracellular lipid droplets were detected (Figure 5.22).
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Figure 5.22. Differentiated HepaRG cells exposed to fatty acids for 24 hours. BODIPY™ staining

Bodipy Quantification

% of Fatty cells

of intracellular lipid droplets in differentiated HepaRG cells (left). Quantification of BODIPY™
staining using the CellProfiler software (right). A. Negative Control B. BSA vehicle control C.

Differentiated HepaRG cells exposed to 250 uM Oleate and Palmitate. D. Differentiated
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HepaRG cells exposed to 250 uM Oleate and Palmitate combined with 100 uM of TMAO. E.
Differentiated HepaRG cells exposed to 250 uM Oleate and Palmitate with 200 uM of PAA.

5.4.4 ADDITION OF OLEATE AND PALMITATE SIGNIFICANTLY REDUCES BASAL
RESPIRATION IN DIFFERENTIATED HEPARG CELLS AFTER 24 HOURS

To further understand whether mitochondrial dysfunction or lipid build-up occurs
first, differentiated HepaRG were exposed to fatty acids combined with PAA and TMAO for
24 hours and mitochondrial bioenergetics was assessed using the mito stress kit. HepaRG cells
responded to all injected effectors. Mitochondrial features were calculated after injection
with oligomycin, BAM 15 and rotenone/antimycin. No differences in proton leak, maximal
respiration, spare respiratory capacity, non-mitochondrial oxygen consumption, ATP
production and coupling efficiency were observed. Basal respiration was significantly reduced
by oleate and palmitate, TMAO and PAA. These results indicate that prior to lipid droplets
accumulating in differentiated HepaRG cells, basal respiration already begins to decrease.

(Figure 5.23).
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Figure 5.23. XF24 Mito Stress test in differentiated HepaRG cells after 24 hours. Cells were

exposed to different concentrations of Oleate and Palmitate combined with TMAO or PAA for
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24 hours prior to bioenergetic analyses. Depiction of mitochondrial bioenergetic parameters:
basal respiration, ATP-linked respiration, maximal respiration, spare respiratory capacity,
proton leak, and non-mitochondrial respiration. Basal OCR measurement (3 cycles), injection
of oligomycin port A (3 cycles), injection of BAM15 port B (4 cycles), and injection of

rotenone/antimycin A port C (4 cycles). Data are presented as mean = SD, n = 3.

5.5 LIPID ACCUMULATION IS REVERSIBLE IN PROLIFERATIVE HEPARG CELLS

To elucidate whether intracellular lipid build up can be reversed, proliferative HepaRG
were first exposed to oleate and palmitate combined to TMAO and PAA for 48 hours, then
following exposure components were removed and cells were maintained in culture medium
for additional 48 hours to recover. 39% of cells became steatotic after being exposed to 250
UM oleate palmitate and 20 uM of TMADO, the percentage of fatty cells reduced to 35% after
fatty acids and TMAO were removed from the media. When exposed to 250 uM oleate
palmitate combined with 100 uM of PAA 78% of proliferative cells presented lipid droplets,

steatosis was significantly reduced to 65% after removal of these components (Figure 5.24).
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Figure 5.24. Comparison of 24h vs 48h recovery. BODIPY™ quantification after recovery
experiments using the CellProfiler software. Proliferative HepaRG cells were exposed to fatty

acids combined with TMAQ or PAA for 48 h and components were removed for 24h or 48h.
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5.6 DIFFERENTIATED HEPARG CELLS PRESENT GREATER EXPRESSION OF LIVER SPECIFIC
GENES

5.6.1 GENE EXPRESSION OF DIFFERENTIATED VS PROLIFERATIVE HEPARG CELLS

RT-qPCR was performed to confirm the expected gene expression profile of
differentiated HepaRG compared to proliferative HepaRG cells, which may be relevant to how
differentiated HepaRG cells were more resistant to the effects of fatty acids and gut
metabolites than proliferative cells. HPRT1 was used as housekeeping gene and relevant liver
specific genes were analysed. Expression of the albumin gene which encodes a major protein
produced in the liver was increased in differentiated cells. CPT-1a gene was increased,
showing that fatty acid oxidation is higher in differentiated cells. Differentiated cells showed
an 8-fold increase in CYP3A4 gene expression. CYP3A4 belongs to the cytochrome P450
family, and it plays an important role in xenobiotics oxidation facilitating the removal of these

toxins from hepatocytes and subsequent excretion from the body in urine or bile.

A 4-fold increase was found in FXR gene expression, this suggests that fatty acid
oxidation is significantly enhanced in differentiated HepaRG. HFN4a regulates genes involved
in normal liver function and it was slightly elevated in cells that underwent differentiation.
MRP2 acts as a major efflux transporter of xenobiotics via bile acids conjugation in the liver.
MRP2 gene expression was decreased in differentiated cells. Taken together these results
indicate that differentiated HepaRG cells present enhanced hepatic phenotype when
compared to proliferative cells as expected. In addition, differentiation increases expression
of a number of genes responsible for oxidizing fatty acids and eliminating toxins from the liver

(Figure 5.25).
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Figure 5.25. Delta delta Ct of differentiated HepaRG cells in comparison to proliferative

HepaRG cells. gPCR graph showing relative up or down fold change in differentiated mRNA

levels over levels of proliferative cells. qPCR data bars indicate mean relative fold change

values + SEM of three independent sets. Error bars: + SD, n = 3.
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5.7 CORRELATIONS BETWEEN STEATOSIS AND MITOCHONDRIAL PARAMETERS

5.7.1 PERCENTAGE OF LIPID LOADED CELLS IS NEGATIVELY CORRELATED WITH SPARE

RESPIRATORY CAPACITY IN HEPARG CELLS

The analysis of the mitochondrial parameters in HepaRG cells revealed several strong
associations between key bioenergetic parameters and the amount of steatotic cells. Strong
negative correlation was found between lipid accumulation and spare respiratory capacity in
proliferative HepaRG cells (r=-0.999) but was less marked in differentiated HepaRG cells (r= -
0.774). The negative correlations suggested that as spare respiratory capacity decreased, cells
became more steatotic. In proliferative cells, spare respiratory capacity was approximately 50
pmol/min when cells were 90% steatotic, and 350 pmol/min in control cells. All mitochondrial
rates were significantly lower in differentiated cells; spare respiratory capacity measured was
around 8 pmol/min when 15% of the cells were steatotic, while capacity was 86 pmol/min in
non-steatotic cells. These findings suggest that hepatocyte-like cells are not able to cope with

the energy demand in a high fat environment (Figure 5.26).
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Figure 5.26. Correlation between spare respiratory capacity and % steatotic of HepaRG cells.
Each dot represents the mean of 3 replicates and the line represents the regression.

Correlation was calculated using Pearson’s correlation test.

5.7.2 PERCENTAGE OF STEATOTIC CELLS IS NEGATIVELY CORRELATED WITH BASAL
RESPIRATION IN HEPARG CELLS

Strong inverse correlations between lipid accumulation and basal oxygen
consumption was found in differentiated HepaRG cells (r=-0.966) and in proliferative HepaRG
cells (r="-0.856). Analysis suggested that the lower the basal respiration the higher the lipid
deposition. In differentiated HepaRG cells basal respiration was around 4 pmol/min when
15% of the cells presented intracellular lipid droplets, while basal was approximately 40
pmol/min when no steatosis was detected. Proliferative HepaRG cells demonstrated basal
rates of 43 pmol/min when 90% of cells were steatotic and 155 pmol/min without lipid

deposition (Figure 5.27).
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Figure 5.27. Correlation between basal respiration and % steatotic of HepaRG cells. Each dot

represents the mean of 3 replicates and the line represents the regression. Correlation was

calculated using Pearson’s correlation test.

5.7.3 ATP PRODUCTION IS STRONGLY NEGATIVE CORRELATED WITH LIPID BUILD-UP

IN HEPARG CELLS

Interestingly, the strongest correlation between steatosis and mitochondrial

bioenergetics was found in ATP production. Both proliferative (r=-0.909) and differentiated

HepaRG cells (r= -0.955) presented negative correlations between steatosis and ATP

production. As ATP production declined, lipid build-up increased. Control proliferative

HepaRG cells exhibited ATP production of 130 pmol/min whilst ATP production was around

40 pmol/min in 90% of steatotic cells. Control differentiated cells presented ATP rates of 40

pmol/min, contrastingly when 90% of cells were steatotic ATP production was approximately

6 pmol/min (Figure 5.28). These findings suggest that intracellular lipid accumulation is

associated with extensive damage to oxidative phosphorylation and the production of ATP.
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CHAPTER 6.
DISCUSSION AND CONCLUSIONS

This is the first study describing the effects of TMAO and PAA in mitochondrial
bioenergetics and lipid accumulation in a hepatocyte-derived cell culture model. We were
able to establish that TMAO and PAA induces steatosis and causes mitochondrial dysfunction
in proliferative HepaRG, a progenitor like hepatocyte model. When HepaRG are fully
differentiated expressing high CYP450 activity, these cells become resistant to the harmful
effects of TMAO and PAA. This may reflect the susceptibility of regenerating liver concurrent
with liver disease to further damage from microbiome metabolites, while mature and healthy
liver are less susceptible to damage. We aimed to develop and utilise more physiologically
relevant models including a 3D cell culture model using freshly isolated human hepatocytes,
but the challenges in reproducing a liver ex vivo remain too challenging apart from using
specialised proven hepatocyte lots. We aimed to couple cutting-edge models with advances
in technology of observing mitochondrial metabolism, but the challenges of ex vivo

hepatocyte culture in the Liverchip platform were unsurmountable.

6.1 QUALITY OF LIVER TISSUE IS CRUCIAL FOR THE USE OF PHH IN 3D CELL CULTURE

As described in chapter 2, in this study primary human hepatocytes were isolated from
liver wedges. The obtained human liver tissue was retrieved from patients undergoing tumour
resection surgery. The viability of fresh isolated primary human hepatocytes was extremely
low in the present study. It is important to notice that most of the patients undergoing tumour
surgery were given chemotherapy prior to the procedure leading to extensive cell

senescence. In addition, the use of vascular inflow occlusion during liver surgery to prevent
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severe blood loss induces to hepatic ischemia. Hepatic ischemia is a condition in which the

liver does not receive enough oxygen leading to acute damage to liver cells.

The Liverchip 3D platform requires extremely healthy hepatocytes and we learned
that only specific batches of commercial cryopreserved PHH seem to attach to the Liverchip
scaffolds. Unfortunately, the primary hepatocytes isolated from patients presented extremely
low viability and reproducibility and did not perform efficiently in the 3D cell culture model
and did therefore not present a viable model system to further interrogate the effects of

TMAO and PAA on mitochondrial bioenergetics.

6.2 HEPARG CELL LINE EXPOSED TO OLEATE AND PALMITATE CAN BE UTILISED AS A NAFLD

MODEL

Different immortalized cells lines have been used as an alternative to PHH culture
(Duval et al., 2017). PHH isolation is challenging from surgical resection liver tissue, and
commercially available PHH are batch dependent and extremely expensive to purchase from
a commercial supplier. In addition, PHH viability as a 2D monolayer culture time is short since
they lose their morphology in around 5 days (Kozyra et al., 2018). We chose to use a more
physiologically-relevant cell line, HepaRG, than previously used hepatoma cell lines. The
proliferative cell line HepG2 cells have been used extensively as a NAFLD model in vitro.
HepG2 is a human liver cancer cell line that was derived from a hepatocellular carcinoma.
Despite its common use HepG2 has more limitations than HepaRG cells for metabolic
mechanistic studies (Gerets et al., 2012). HepaRG cells were chosen for this study for better
resembling the liver and exhibiting a significantly higher level of CYP450 enzyme activities
when compared to other hepatic cell lines. HepaRG cells are remarkably stable, convenient
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and long living, however the full differentiation programme takes 30 days (Marion et al.,
2010). The long process of obtaining cells after a month certainly influenced and slowed down
the experiments here described. For this reason, proliferative HepaRG cells were also
investigated. Proliferative HepaRG cells are a good model to investigate hepatocytes that
present lower CYP450 activity such as hepatocytes from NASH patients. HepaRG cells have
been previously shown to be an appropriate cell line for steatosis induction in vitro (Di Cocco
et al., 2019). In addition, Yuan et al. demonstrated that HepG2 have the 1148M homozygous
PNPLA3 variant that induces steatosis, whereas HepaRG cells do not present this variant (Yuan

et al. 2020).

Anthérieu et al. detected formation of lipid droplets when exposing HepaRG cells to
500 uM oleic acid for 24 hours (Anthérieu et al., 2012). Likewise, Di Cocco et al. treated
differentiated HepaRG to 500 uM oleate and palmitate 2:1 for 48 hours prior to Oil Red O
staining. Lipid droplets were easily identified after fatty acid exposure (Di Cocco et al., 2019).
However, both studies did not quantify the lipid droplets observed. Pant et al. treated
HepaRG cells with 0.33, 0.66, or 1ImM oleate palmitate and quantification of the staining
revealed steatosis increased in a dose dependent manner, consistent to the findings in this
study (Pant et al., 2019). Nunn et al. used 250 uM oleate for 5 days to induce steatosis in
HepaRG cells, BODIPY™ staining showed bright green fluorescent lipid droplets

demonstrating that oleate on its own also causes steatosis (Nunn et al., 2016).

Oleate and palmitate are physiologically relevant as they are the most abundant fatty
acids in western diets. Both fatty acids are widely applied to induce lipid accumulation in
various cell types (Di Cocco et al., 2019). Palmitate is a saturated fatty acid toxic to cells

causing mitochondrial dysfunction, insulin resistance and inflammation, however as
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described by Kwon et al. the addition of oleate, an unsaturated fatty acid, protects cells from
these harmful effects. (Kwon et al., 2014) Similarly, Yuzefovych et al. found that oleate
ameliorates palmitate-induced mitochondrial dysfunction and apoptosis (Yuzefovych et al.,

2010)

6.3 TMAO AND PAA AGGRAVATE STEATOSIS

The effects of TMAO in the liver remain poorly investigated. In this study, the addition
of TMAO significantly increased cellular lipid content. High concentrations of TMAO caused
an increase of 42% of lipid droplets in proliferative cells and 1.6% increase in differentiated
HepaRG cells. Similar findings were indicated by Tan et al. liver histology of 10 mice being fed
a high-fat diet with TMAO showed aggravated liver steatosis scores (Tan et al., 2019). Ledn-
Mimila et al. analysed TMAO serum levels and liver biopsies from 357 obese Mexican patients.
TMAO levels were positively correlated with grade of steatosis, hepatocyte ballooning, NAS
score and lobular inflammation (Ledn-Mimila et al., 2021). Taken together, these results
demonstrate a significant effect of TMAO in increasing intracellular lipid droplet

accumulation.

Data from the described experiments demonstrated that the effects of PAA in lipid
build-up were stronger than those observed with TMAO. PAA raised lipid droplets by 54% in
proliferative HepaRG and by 10% in fully differentiated cells. Consistently, Hoyles et al.
treated primary human hepatocytes with 10mM of PAA combined with 200 uM of palmitate
for 24 hours. Oil Red O staining demonstrated that PAA significantly induced steatosis.
Furthermore, seven mice fed a standard diet supplemented with 0.8% of PAA for two weeks
displayed raised hepatic triglyceride content. The same author also analysed liver biopsies of
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105 morbidly obese women obtained during bariatric surgery. Plasma samples and liver
histology indicated that high PAA concentrations were associated with severe liver steatosis

(Hoyles et al., 2018).

6.4 STEATOSIS INCREASED BY TMAO AND PAA CAN BE REVERSED

Gut microbiome composition is highly variable and largely dependable on the diet.
Studies show that dietary alterations trigger microbiome shifts within 24 hours (Singh et al.
2017). The type and amount of gut bacteria metabolites measured in blood serum are altered
constantly by diet. For instance, high red meat intake leads to increased levels of TMAO, while
vegetarians and vegans present low levels of this metabolite (Abbasi, 2019). Turnbaugh et al.
compared the gut bacteria of lean and obese mice and noticed that microbiome
compositional changes were completely reversed after a return to a normal diet (Turnbaugh
et al., 2008). The present study revealed that TMAO and PAA exacerbate lipid deposition in
HepaRG cells, however this effect is reversible once these compounds are removed from the
culture medium. Studies showing whether gut microbiome metabolite effects can be

reversed are extremely limited.

6.5 DIFFERENTIATED HEPARG CELLS PRESENT A DISTINCT GENE EXPRESSION AND RESPONSE

TO LIPID LOAD THAN PROLIFERATIVE HEPARG CELLS

Proliferative HepaRG cells were showed to be more susceptible to fatty acid load and
the gut metabolites TMAO and PAA than differentiated HepaRG cells in this study.

Interestingly, these findings were consistent with the described distinct gene expression
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profile of HepaRG after differentiation. CYP3A4 expression was extremely increased in

differentiated cells indicating that these cells perform better in xenobiotics removal.

Gerets et al. compared CYP3A4 expression from HepG2 and HepaRG cells. HepaRG
cells presented CYP3A4 twenty times higher than the other hepatic cell line analysed (Gerets
et al., 2012). Likewise, Aninat et al. measured the expression of a number of cytochrome P450
genes in differentiated HepaRG seeded at low and high densities. CYP3A4 was increased in
high-density differentiated HepaRG cells (Aninat et al., 2006). A study performed by Oeda et
al. assessed the effect of 2% and 10% collagen coating in CYP3A4 expression of HepaRG cells.
Intriguingly 2% collagen coating slightly increased CYP3A4 expression when compared to 10%
coating (Oeda et al., 2020). Collectively, the data supports that HepaRG is a unique cell line
capable of expressing CYP3A4 at high levels. To this end, due to expressing CYP450 activity
the HepaRG cell line is an appropriate alternative to primary hepatocytes. The CYP450 system
in the liver plays a key role in drug metabolism. Fisher et al. found interesting data suggesting
significant changes in hepatic P450 activity during progressive stages of NAFLD (Fisher et al.,
20019). Further studies could be done from a clinical perspective to speculate whether
patients with CYP450 inhibition (e.g., by drugs) are more vulnerable to TMAO / PAA induced

steatosis.

MRP2 is a hepatobiliary drug transporter responsible to conjugating xenobiotics to bile
acids and eliminating them from the liver. MRP2 was downregulated in differentiated HepaRG
cells, suggesting that the removal of components like TMAO and PAA do not occur via the bile

acid route.

Furthermore, genes involved in fatty acid oxidation such as CPTl1a and FXR were

upregulated in differentiated cells in comparison to proliferative HepaRG cells. These results
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enlighten why the HepaRG differentiation programme trigger cells to become more resistant

to lipid build-up.

6.6 PROLIFERATIVE AND DIFFERENTIATED HEPARG CELLS PRESENT DISTINCT BIOENERGETIC

PROFILES

The main difference observed in oxygen consumption between proliferative and
differentiated HepaRG cultures was the lower rates presented by differentiated HepaRG cells
(Figure 6.1). These findings are in accordance with Young & Young et al. who observed that
HepaRG cells derived from proliferative and differentiated cultures showed unique
bioenergetic parameters. HepaRG from proliferative cultures showed increased basal and
ATP-linked respiration when compared to differentiated cells (Young & Young et al., 2019).
Viale et al. noted that actively proliferating cancer cells demand mitochondrial respiration to
continuously supply the high-energy molecules needed to maintain biologic pathways that
enable proliferation (Viale et al.,, 2014). Accordingly, Lewis et al. highlighted that in
mammalian cells mitochondrial respiration is essential for rapid proliferation (Lewis et al.,

2014).

The reduced oxygen rates detected in cells after differentiation are equally observed
in primary hepatocytes. Seki measured oxygen respiration in primary mouse hepatocytes
using the XF24 analyser and mouse hepatocytes presented basal oxygen consumption rates
of 100 pmol/min and maximal respiration of 200 pmol/min (Seki, 2016). In addition,
Djafarzadeh et al. measured mitochondrial respiration in primary human hepatocytes and

found basal respiration rates of 50 pmol/min (Djafarzadeh et al., 2012). Taken together these
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results indicate that differentiated HepaRG cells present similar oxygen rates to primary

hepatocytes as expected.
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Figure 6.1. Comparison between bioenergetic profiles of proliferative and differentiated
HepaRG cells. Results from representative Mito Stress tests (top). OCR measurements
showing basal respiration, maximal respiration, ATP production and spare respiratory

capacity. Data are presented as mean, n = 3.
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6.7 GUT MICROBIOME METABOLITES ALTER MITOCHONDRIAL FUNCTION IN HEPARG

CELLS

We observed that microbiome metabolites significantly altered mitochondrial
function. The exposure to TMAO and PAA reduced maximal oxygen consumption, spare
respiratory capacity and basal respiration in HepaRG cells. Various studies show evidence that
there is a strong microbiome-mitochondria cross-talk, this communication between gut
microbiome and host mitochondria during health and disease keeps rising as a major area of

research (Han et al., 2019; Clark & Mach, 2017).

Liu et al. using caenorhabditis elegans, a transparent nematode worm, discovered
that bacterial metabolites trigger a signalling cascade that modulates mitochondrial fission—
fusion balance in the gut (Liu et al., 2019). Leschelle et al. demonstrated that bacteria
metabolites inhibit cytochrome oxidase, one of the main complexes of the mitochondrial
respiratory chain (Leschelle et al., 2005). Moreover, Jiang et al. established that gut bacteria
toxins lead to a deregulation of mitochondrial activity with increased ROS levels, and strong
decrease in ATP levels (Jiang et al., 2012). A study published by MacFabe indicated that gut
bacterial fermentation products induce mitochondrial dysfunction in the brain (MacFabe,
2012). Furthermore, Rodrigues et al. described the efficiency of two species of Lactobacilli in
boosting hepatic mitochondria health leading to the improvement of lipid metabolism in high-
fat fed mice (Rodrigues et al., 2021). Microbiome-mitochondria cross-talk remains poorly

understood and requires further investigation.
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6.8 MITOCHONDRIAL DYSFUNCTION OCCURS PRIOR TO STEATOSIS IN HEPARG CELLS

Many questions remain about which “hit” occurs first triggering NAFLD development.
An important finding in this study was that changes in mitochondrial function precede lipid
accumulation. When HepaRG cells were exposed to fatty acids combined to TMAO and PAA

for 24 hours no steatosis was established, however mitochondrial function began to decline.

Hepatic mitochondria are a major site of fatty acid B-oxidation; hence, it is consistent that

lipids accumulate in hepatic cells in response to mitochondrial dysfunction (Figure 6.2).

Rector et al. published similar results in obese rats where a decrease in mitochondrial
activity preceded steatosis. Reduced hepatic fatty acid oxidation and mitochondrial enzyme
activity occurred prior to NAFLD onset; lowered hepatic mitochondrial function was present
at 5 weeks of age, followed by hepatic steatosis by 8 weeks. NAFLD advanced to hepatocyte
ballooning, fibrosis, inflammation, and elevated serum ALTs by 40 weeks of age (Rector et al.,
2010). Nassir et al. described a mouse model with mitochondrial trifunctional protein

knockout, mice with dysfunctional mitochondria developed NAFLD (Nassir et al., 2018).

Although the mechanisms responsible for NASH are still not fully elucidated, studies
have shown that mitochondrial abnormalities are closely associated with NAFLD pathogenesis
which raises the possibility that progression from healthy liver to steatosis or NASH is a
mitochondrial disease (Serviddio et al., 2011). The mitochondrial abnormalities related to
NAFLD include structural injury, depletion of mitochondrial DNA (mtDNA), reduced activity of
respiratory chain complexes, and impaired mitochondrial B-oxidation. Abnormal morphology
in liver mitochondria have been observed in patients and animal models with NASH (Pessayre
& Fromenty, 2005). Electron microscopy revealed that mitochondria in NAFLD are swollen,
limited in number, and present decreased matrix density. Liver biopsy of rats treated with
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4,4'-diethylaminoethoxyhexestrol, a drug that inhibits mitochondrial respiratory chain
activity and mitochondrial B-oxidation is associated with hepatic steatosis and steatohepatitis

that is histologically indistinguishable from NAFLD in humans (Berson et al., 1998).

Dysfunctional mitochondria

Functional mitochondria

Hepatocyte Healthy Fat Hepatocyte
Liver Accumulation

Figure 6.2. NAFLD/NASH as mitochondrial diseases. This study provided evidence that
mitochondrial dysfunction occurs prior to hepatic accumulation. This finding strengthens the

hypothesis of NAFLD and NASH being mitochondrial diseases.

6.9 MITOCHONDRIA AS A TARGET FOR NAFLD THERAPY

There are currently no approved therapies for the treatment of NALFD and NASH.
Lifestyle changes and weight loss are essential for NAFLD therapy. A Mediterranean style diet
is supported by some evidence, but which dietary factors and by which biological mechanisms
this is of benefit are not well described (Yaskolka Meir et al., 2021). This study supports

evidence that mitochondria is a promising target to treat these diseases. Accordingly, several

132



recent studies have been investigating specific agents targeting mitochondrial dysfunction for

NAFLD therapy (Ajith, 2018).

Chacko et al. tested the effects of MitoQ, a mitochondria-targeted derivative of the
antioxidant ubiquinone, with antioxidant and anti-apoptotic functions. MitoQ decreased
hepatic steatosis in ethanol consuming animals but evidence in humans is still missing (Chacko
et al., 2011). Likewise, Mao et al. examined the efficacy of MitoVit-E in thirty-two high-fat
fed mice. MitoVit-E is a mitochondria-targeted antioxidant based on vitamin E. MitoVit-E
upregulated CPT1a expression in the liver and inhibited hepatic fat deposition, suggesting that
MitoVit-E is promising to treat NAFLD by enhancing mitochondrial fatty acid oxidation (Mao
et al., 2010). Szeto-Schiller (SS) peptides are one of the most promising compounds for
mitochondrial dysfunction. SS peptides selectively target the inner mitochondrial membrane,
and it has been shown that SS prevents lipid peroxidation and inflammation being a good
alternative for patients with NAFLD (Kelso et al., 2002). In addition, Rezazadeh et al. tested
the effect of EUK-8 and 134 in rats with NASH. EUK-8 and 134 are salen manganese complexes
that exhibit potent antioxidant activities. EUK-8 and EUK-134 reduced steatosis, ballooning
degeneration and inflammation in liver of NASH rats without adverse effects (Rezazadeh et

al., 2012)
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6.10 CONCLUSION

There is an urgent need for further understanding NAFLD and NASH pathogenesis. The
gut metabolite hypothesis provides a mechanistic link to changes in microbiome and
mitochondrial toxicity. One of our objectives was to develop a 3D cell culture model to study
steatosis and mitochondrial bioenergetics in NASH. Unfortunately, lack of PHH viability,
experimental variation, delivery of effectors and oxygen electrode sensitivity prevented the
use of the Liverchip to interrogate TMAO and PAA in 3D during the time we had, therefore
we performed our experiments in 2D cell culture. 2D cell culture holds many limitations and

more robust NAFLD models are necessary.

This study investigated two different HepaRG cell populations. Differentiated HepaRG
cells are a good model of ‘healthy’ hepatocytes with high capacity of clearing xenobiotics and
showed to be resistant to steatosis and mitochondrial changes. Proliferative HepaRG cells
were used as it is known that NASH patients present an overgrowth of liver progenitor cells,
cells undergoing apoptosis and aged hepatocytes that display decreased CYP450 activity

(Czerwinski et al., 2018).

This is the first time that a study assessed the effects of TMAO and PAA in
mitochondrial bioenergetics in a steatosis model. This study provided crucial information to
the hypothesis of NAFLD and NASH being mitochondrial diseases. Acquired data indicates that

TMAO and PAA exacerbate hepatic lipid deposition by decreasing mitochondrial function.

Modulating the effects on mitochondrial bioenergetics mediated by microbiome
derived metabolites is a promising target for NAFLD and NASH therapeutic intervention

(Figure 6.3).
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Figure 6.3. Poorly differentiated hepatocytes are susceptible to harmful effects of TMAO and
PAA. TMAO and PAA exacerbate hepatic lipid accumulation by triggering mitochondrial
dysfunction. Our findings suggest that drugs that increase CYP450 activity and drugs that
enhance mitochondrial biogenesis are promising targets for NAFLD and NASH therapeutic
intervention.

6.11 FUTURE WORK

Investigating TMAO and PAA association with NAFLD/NASH onset in a model that
retains the complex physiological architecture of the liver is clearly needed. This study had
interesting findings of the effects of TMAQO and PAA in 2D cell culture but assessing the same
effects in 3D remains a priority. As future work, we aim to interrogate the same research
qguestions in other 3D models available. We will use precision cut liver slices to analyse the

effects of TMAQ and PAA in lipid deposition and mitochondrial bioenergetics (Palma et al.,
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2019). In addition, co-culture models seem to be promising to better understand the link
between gut microbiome and liver diseases. Liver organoids can be co-cultured with gut
organoids to establish the direct link between the release of TMAO and PAA and the hepatic

changes.

We intent to further explore the mechanistic links between TMAO and PAA and
CYP450 metabolism by manipulating genes responsible for the clearance of xenobiotics,
siRNA and CRISPR can be used to silence or knock-out genes such as CYP3A4.

Additionally, we aim to assess different NASH/NALFD therapeutic targets in vivo.
Different trials can be performed in NAFLD patients with the purpose of ameliorating
steatosis: dietary interventions where patients receive a diet low in TMAO and PAA, providing
prebiotics and probiotics to patients to improve their gut microbiome composition and
further investigating the effects of drugs that increase CYP450 activity and drugs that increase

mitochondrial biogenesis in NAFLD patients.
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