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ABSTRACT

The increasing rates of NAFLD worldwide are a major concern to healthcare
providers leading to an arising need to study liver metabolism in health and disease.
Metabolic analysis of specific biochemical processes by NMR spectroscopy allows
detailed study of carbohydrate and lipid metabolism dysregulation in liver disease.

In order to identify the hepatic metabolic fingerprint at different stages of NAFLD I
used in vitro, murine in vivo and human ex vivo models. Optimisation of NMR metabolic
profiling and tracer-based studies using '*C-labelled precursors were performed using
cell lines and primary cells. Furthermore, metabolic alterations that occur during disease
progression were compared between an in vitro model of steatosis and human ex vivo
liver samples. Flow cytometry, immunohistochemistry, gPCR and biochemical analysis
were also used to confirm the extent of the liver injury during NAFLD progression.

Fructose supplementation led to accelerated obesity, hepatic steatosis and insulin
resistance, as well as increased inflammation in my murine model. The use of 1D NMR-
based metabolomics and 2D HSQC spectra to follow [U-'3C] fructose confirmed
selective enhancement of the glycolytic pathway and TCA cycle intermediates together
with nucleotide production. Moreover, increase in the production of glycerol
intermediates was observed, which drives de novo lipogenesis. Lastly, the inhibition of
ketohexokinase activity in both the animal model and the ex vivo human perfusion system
highlighted its potential as a therapeutic approach in NAFLD.

Hence, these findings demonstrate the relevance of using NMR metabolomics and
tracer-based approaches to study metabolic changes in the context of human disease and
provided detailed mechanistic information that can lead to the identification of novel

diagnostic, prognostic and therapeutic tools.
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CHAPTER 1

GENERAL INTRODUCTION



1. General introduction

1.1. How does the liver work?

1.1.1. Liver anatomy and physiology

The human liver is a large essential metabolic organ that weighs 1.2-1.5 kg and is
located in the right upper abdominal quadrant, below the diaphragm. The liver is usually
subdivided into left and right lobes, separated by the falciform ligament, and has its own
blood supply and segmental bile ducts. Blood enters the liver through the hepatic artery,
carrying oxygen-rich blood from the arterial circulation and the portal vein carries blood
rich in nutrients coming from the gastrointestinal (GI) tract, pancreas and spleen. Blood
from these two routes mixes in the smaller capillaries, or liver sinusoids, within the liver
lobules, which make up the functional units of the liver. Hepatic lobules consist of liver
cells and associated vascular and biliary structures within the parenchyma and portal
tracts, which include branches of the portal vein, hepatic artery and bile ducts, surrounded
by connective tissue !>.

The main cell type of the liver is the hepatocyte, which constitutes around 80% of the
parenchymal tissue and is responsible for protein synthesis and storage, transformation
of carbohydrates, detoxification and modification of potential damaging substances, and
the formation and secretion of bile. The hepatocytes within the lobules, provide a
structural but also secretory and microcirculatory unit. This functional unit consists of
hepatocytes radiating outward from a central vein, along with the hepatic artery and bile
duct (the portal triad). The blood reaches the central vein through liver sinusoids, which
are separated from hepatocytes by the space of Disse, which drains lymph into the
lymphatic capillaries. Within the sinusoids, we can also find the non-parenchymal cells,

including endothelial cells, Kupffer cells, lymphocytes and stellate cells (see Figure 1. 1)
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Endothelial cells that line the sinusoids are fenestrated, allowing direct cell-to-cell
contact, and are characterised by an absence of tight junctions and minimal basement
membrane. Adherent to the endothelial cells, Kupffer cells play a role in defence against
foreign endotoxins, bacteria and microbial debris derived from the gastrointestinal tract
that reach the liver through the portal vein. Kupffer cells are resident liver macrophages
that act as one of the first lines of defence against blood-borne pathogens, being essential
for phagocytosis and also for the release of mediators and cytotoxic agents °.

Lymphocytes also play a role in defence against tumours and viruses and help resist
infection, being recruited to the liver and binding to hepatic endothelial cells under
different conditions. Distribution and composition of these immune-competent cells
varies according to the inflammatory status of the liver. Under basal condition,
intrahepatic lymphocytes are present in the sinusoidal lumen and include natural killer
(NK) and NK-T cells that modulate the immune response of this organ. Under conditions
of injury, increased numbers of CD4 and CDS8 positive lymphocytes are recruited and
retained in the liver along with other myeloid cells in order to remove damaging
pathogens and aid resolution of injury 7.

Lastly, hepatic stellate cells have unique features, playing vital roles in the regulation
of retinoid (vitamin A and its metabolites) homeostasis. In normal conditions, these cells
are responsible for the storage and regulation of 80% of the total retinoids in the whole
body, as lipid droplets in the cytoplasm. Moreover, they can contribute to fibrosis by
undergoing changes in their morphology, proliferation and secretory functions leading

to enhanced extracellular matrix synthesis and remodelling !,



Figure 1. 1 — Diagram of the cellular components of the hepatic lobule. Each hepatic lobule consists
of an arrangement of hepatocytes in cords separated by adjacent sinusoids lined with endothelial cells. The
sinusoids receive blood from terminal branches of the hepatic artery and portal vein and deliver it to the
central veins, while bile is secreted by hepatocytes into the bile canaliculi and drains towards the bile ducts.
Resident Kupffer cells can be found along the hepatic sinusoids, as well as stellate cell and intrahepatic
lymphocytes. Image designed with cellular components from Servier Medical Art 2 (Creative Commons

Attribution 3.0 Unported License).



1.1.2. The liver as a metabolic organ
1.1.2.1. Hepatic carbohydrate metabolism

The liver plays a central role in the control of carbohydrate metabolism by maintaining
circulating glucose concentrations within a narrow, normal range. Accordingly, its
metabolic functions that preserve blood glucose homeostasis are under hormonal control,
particularly by the release of pancreatic hormones, like glucagon and insulin 34,

The maintenance of normal blood glucose levels is kept during the absorptive
(feeding) state, when the liver stores glucose as glycogen (via glycogenesis), or the post-
absorptive (fasting) state when the liver releases glucose (via glycogenolysis) or
synthesizes glucose from non-carbohydrate sources (via gluconeogenesis). Therefore,
the liver possesses tightly regulated systems that control either glucose breakdown or
synthesis in hepatocytes '>1°.

After a meal, in the fed state, glucose is carried by the hepatic portal vein to the liver
and is taken up into hepatocytes via glucose transporter 2 (GLUT2). Hence, this
transporter is responsible for the equilibrium of glucose concentration between the cell
and the blood !”. The excess of glucose taken up by the hepatocytes is phosphorylated by
glucokinase to glucose-6-phosphate (G6P), which lowers intracellular glucose levels and
increases its uptake, under the influence of insulin. Depending on the systemic metabolic
state, GOP can be further metabolized as a precursor for glycogen synthesis, by glycogen
synthase, to increase liver glycogen storage. Alternatively, it can be processed through
glycolysis, generating adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide (NADH). In glycolysis, two molecules of pyruvate are obtained from each

glucose molecule, which can either be converted to lactate (in anaerobic conditions) or

decarboxylated to acetyl-CoA (in aerobic conditions). Acetyl-CoA can be further



processed into the tricarboxylic acid (TCA) cycle to produce energy in the mitochondria,
or be used for de novo lipogenesis in the cytosol #1817,

During sleep or in between meals, the fasting state, the a-pancreatic cells start
secreting glucagon leading to a rise in plasma glucose levels through the inhibition of
glycogen synthase and activation of glycogen phosphorylase. When blood glucose
concentrations begin to decline, the depolymerisation of glycogen (glycogenolysis)
occurs in the liver in order to export glucose back into the blood, for transport to other
tissues. Through glycogenolysis, glycogen is cleaved into glucose-1-phosphate (G1P)
that will be converted into G6P and, eventually resulting in free glucose '»142°,

In periods of prolonged fasting or starvation, the glycogen store is depleted, and
hepatocytes can synthesize glucose through gluconeogenesis. Moreover, there are
several gluconeogenic precursors that can be used, including lactate, pyruvate, glycerol,
and amino acids, which are generated either in the liver or delivered into the liver through
the portal vessels. Gluconeogenesis is not the direct opposite of glycolysis though they
share seven out of the ten steps. Indeed, there are three irreversible reactions in glycolysis
that cannot be used in gluconeogenesis. Although energetically expensive, these three
steps are essential and by-passed by another set of enzymes, including the conversion of
pyruvate to phosphoenolpyruvate (PEP), the conversion of fructose 1,6-biphosphate
(FBP) to fructose-6-phosphate (F6P), and the conversion of G6P to glucose. Therefore,
the release of glucose into the bloodstream occurs through the contribution of
glycogenolysis and gluconeogenesis, restoring the normal levels of glucose in the blood
1,20

Although glucose is the main source of energy, fructose is another simple sugar that
can be used for energetic and biosynthetic needs. Fructose is naturally found in dietary

constituents such as fruit, honey and most root vegetables, but it has also become one of



the most supplemented sources of sugar in diets worldwide, especially in sweetened
beverages such as sodas, soft and sport drinks 2?2,

Dietary glucose and fructose absorption and distribution is quite different. There are
fourteen glucose transporters (GLUTs) that can facilitate glucose transport across the
plasma membrane, nevertheless glucose uptake is regulated by insulin action and energy
needs. When glucose enters the cells, it is metabolised by glucokinase/hexokinase
(GK/HK) to form glucose 6-phosphate and can be further used to produce energy !,
Fructose on the other hand, enters the cells through two major GLUT transporters,
namely GLUTS5 and GLUT?2, independent of hormonal regulation. While GLUTS is an
exclusive fructose transporter, mostly expressed in the small intestine, GLUT?2 is a low-
affinity transporter, also capable of recognizing glucose and galactose, and located in the
liver and pancreas. Following uptake, most of the dietary fructose passes via the portal
circulation to the liver, where it can be rapidly cleared. Intracellular hepatic fructose
metabolism also differs from glucose, as the first phosphorylation reaction is mediated
by ketohexokinase (KHK) forming fructose 1-phosphate 12>,

Next, fructose 1-phosphate will be cleaved by aldolase B (AldoB) to generate D-
glyceraldehyde and dihydroxyacetone phosphate. From this step forward, the trioses can
enter glycolysis and share the same pathway as glucose or generate glycerol
intermediates to enter de novo lipogenesis (DNL). Worthy of note, fructose is able to
bypass the main regulatory step of glycolysis controlled by phosphofructokinase, where
glucose 6-phosphate is converted to fructose 1,6-biphosphate. Therefore, while glucose
would be negatively regulated by this enzyme, fructose can enter glycolysis freely to
generate pyruvate, lactate, glucose, glycogen, glycerol and acylated molecules that will
26,27

promote excess energy flux and production of triglycerides

A representation of carbohydrate metabolism in the liver can be seen in Figure 1. 2.



Figure 1. 2 — Overview of carbohydrate metabolism. Glucose and fructose are the main carbohydrate
sources for energy supply obtained through glycolysis, gluconeogenesis, lipogenesis and the electron
transport chain. While glucose is phosphorylated into glucose 6-phosphate (G6P) by glucokinase activity
(GK), fructose enters the cells to be phosphorylated in the position 1 by ketohexokinase activity (KHK).
Later, they share some metabolic steps involving the activity of aldolase B (AldoB) to produce
intermediates of glycolysis dihydroxyacetone phosphate (DHAP) and glyceraldehyde (GA). When there
is an excess of energy substrates, intermediates of lipogenesis can be obtained directly via fructolysis
(GA3P) or via acetyl-CoA (Ac-CoA), feeding lipid metabolism. Moreover, glucose can also be stored in

the form of glycogen to be later used during periods of prolonged fasting. From Herman et al 8.



1.1.2.2.  Hepatic lipid metabolism

Lipids such as fatty acids and glycerol constitute the largest energy reserve in
mammals, and homeostasis is maintained by co-operation between skeletal muscle,
adipose tissue and the liver. The liver plays a key role in lipid metabolism as it is capable
of both synthesizing and oxidizing fatty acids, but also of transporting and making them
available to the rest of the body (see Figure 1. 3) 23!,

The importance of dietary regulation of hepatic lipid metabolism is well recognized,
since it can influence several metabolic pathways, depending on the action of hormones
(insulin and glucagon) and the nutritional state. After a meal, dietary fat is digested in
the small intestine and converted into chylomicrons, lipoprotein particles that consist
mainly of triglycerides, phospholipids, cholesterol, and proteins. This solubilisation
occurs to aid intestinal lipid absorption, where lipid droplets are emulsified by bile acids,
synthesized within the hepatocytes. In this way, lipid molecules become accessible to
lipase hydrolysis, facilitating the digestion of the chylomicron triglycerides (TGs) into
fatty acids and glycerol. Also, non-esterified fatty acids arise from this hydrolysis, being
secreted into the lymphatic system, and transported, via the blood to the liver and adipose
tissues 192031,

Circulating fatty acids, bound to albumin, can enter the hepatocytes through
endocytosis or passive diffusion. Once inside the cell, a CoA group is added to the fatty
acid so it can be broken down by B-oxidation. In the human liver, f-oxidation occurs in
the mitochondria and it is responsible for the oxidation of short-chain (<4 carbons),
medium chain (4-12 carbons) and long chain (10-20 carbons) fatty acids. Oxidation can
also occur in peroxisomes during periods of increased influx of fatty acids to the liver.

In each cycle of this pathway, one acetyl-CoA molecule is produced, that enters the TCA

cycle in the mitochondria and produces ATP. However, when fatty acids are abundant,



the acetyl-CoA is converted to ketone bodies (via ketogenesis) which are important
energy sources for certain extrahepatic tissues, including the brain 2°32,

Fatty acids taken up by the liver can also be converted via esterification to
triglycerides (TG) and stored as cytosolic lipid droplets or incorporated in the membrane
of the hepatocytes. Afterwards, TG can be used by the liver to synthesize very low-
density lipoproteins (VLDL) and release them into the bloodstream . The extraction of
lipids from VLDL and the loss of some apolipoproteins, progressively converts some of
it to low-density lipoproteins (LDL), delivering cholesterol to extrahepatic tissues or the
liver. In the hepatocytes, cholesterol is an essential component of cell membranes,
regulating their structure and function and is present as unesterified (free) cholesterol,
and cholesteryl ester. The esterification of free cholesterol is tightly regulated in order to
protect the hepatocytes from cholesterol accumulation. Nonetheless, the excess of
cholesterol in other tissues can be transported back to the liver as high-density

lipoproteins (HDL) and excreted in bile after its conversion to bile acids 20334,
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Figure 1. 3 — Overview of lipid metabolism. The main pathways of lipid metabolism and homeostasis
are maintained due to the collaboration between skeletal muscle, adipose tissue and the liver. After the
ingestion of dietary fat and cholesterol, the small intestine converts them into chylomicrons with the aid
of bile acids produced within the hepatocytes. Later they can be hydrolysed and made available for the rest
of the body. Moreover, the liver is also able to synthesize and oxidise fatty acids, transport them in the
form of VLDL and making lipids available for extra-hepatic tissues. From Goodman & Gilman’s The

Pharmaceutical Basis of Therapeutics 3.
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1.1.2.3. Hepatic amino acid metabolism

Similar to glucose and fatty acids, amino acids represent a large source of energy in
the body. Almost all amino acid catabolism takes place in the liver, with the exception
of branched chain amino acids that are preferentially taken up by the skeletal muscle *°.
However, amino acids are not stored just for energy production, as they are also needed
for protein synthesis which have important biological functions. Amino acids can either
be obtained from proteins in food, through the hepatic portal vein and metabolized in the
hepatocytes, or through hepatic protein degradation %7,

One of the most important amino acid reactions is characterised by the transfer of the
amino group to an o-keto acid, termed the transamination reaction. Transaminases
activity in hepatocytes involves alanine (ALT) and aspartate (AST) transaminases that
convert L-alanine and L-aspartate into a-ketoglutarate and pyruvate or oxaloacetate,
respectively. Subsequently, the keto acids can undergo oxidation and provide substrates
that can either enter gluconeogenesis to generate glucose and feed other tissues or be
catabolised into the TCA cycle to produce energy. These reactions are reversible and
therefore dependent on the substrate concentration and availability. Consequently, these
transaminases activities are a great indicator of hepatocyte status, providing information
about the metabolic processes of cells during health and disease states ¥4,

In order to maintain energy homeostasis in situations of prolonged fast or starvation,
amino acids such as alanine and glutamine can be released from muscles into circulation.
Usually, alanine is taken up by the liver and ALT converts it into pyruvate, so it can enter
gluconeogenesis and produce glucose. Afterwards, the glucose can be released by the
liver into circulation and can in turn be used by the skeletal muscles as an energy source.
This links the liver and the skeletal muscle, and can occur with other gluconeogenic

amino acids, such as aspartate, glutamate and others '*2%%,

12



Amino acid catabolism generates a supply of amino nitrogen resulting from amino
acid oxidation, which will be excreted in the form of urea and some ammonia. The liver
is responsible for urea synthesis, and this relatively non-toxic compound is excreted by
the kidneys. Ammonia generated in extrahepatic tissues also travels to the liver, in the
form of amino groups such as glutamine and glutamate, for conversion to the excretory
form 2041

Substrate supply is the main restraint of short-term amino acid catabolism and urea
synthesis which depends only on the availability of dietary amino acids. However, in a
long-term starved state, these metabolic pathways are dependent on glucagon and cortisol

signalling as they rely on body protein breakdown 3*4! Therefore, the liver is able to

regulate overall amino acid metabolism in the organism, as represented in Figure 1. 4.
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Figure 1. 4 — Overview of hepatic amino acid catabolism. The main pathways of amino acid
metabolism occur in the liver. The main metabolic events involve protein turnover, which includes the
continuous degradation and synthesis of proteins; catabolism of surplus amino acids, since they cannot be
stored; and production of metabolites for other synthetic pathways. A key step in amino acid metabolism
includes the transamination reaction where the a-amino group is separated from the carbon skeleton and
shunted into the pathways of amino group metabolism. While the a-oxoacids can enter the main metabolic
pathways as precursors of glucose or TCA cycle intermediates, the excess nitrogen will be excreted as

ammonia, uric acid or urea. From Frayn et al *8.
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1.1.3. The liver as an immunological organ

As well as being an essential player in metabolic, nutrient storage and drug
metabolism, the liver is also responsible for modulating immune responses. The liver is
continuously exposed to pathogens, toxins, dietary and microbial products from the
systemic circulation, and thus must maintain good equilibrium between tolerance to
harmless material and appropriate inflammatory responses to pathogenic or damaging
molecules >,

In a healthy liver, immune homeostasis depends on the cooperation between innate
and adaptive immunity. This is achieved by the production of cytokines, chemokines and
acute phase proteins by a diverse range of resident immune cells, which include

lymphocytes, Kupffer cells, natural killer cells, stellate cells, and dendritic cells 4>,

1.1.3.1. Lymphoid cells

Lymphocyte populations usually reside in the portal tract in homeostatic conditions
but can also be found through the parenchyma. Hepatic adaptive lymphocytes comprise
T and B cells, and innate lymphocytes include natural killer (NK) cells and natural killer
cells expressing T-cell receptor (NKT) 746,

T cells get their name due to the presence of a cell surface aff-chain T cell receptor
(TCR) that can be identified using CD3, a pan T-cell marker. Cells positive for this
antigen receptor also express either CD8 glycoprotein, denominated CD8" T cytotoxic
cells, or CD4 glycoprotein and are called CD4" T helper cells. Depending on their
physiological function and cytokine secretion, T cells can differentiate into different
subsets and regulate either pro- or anti-inflammatory immune processes. CD4" T helper

cells, play an important role in cytokine secretion and supporting the adaptive immune
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system against intracellular pathogens. On the other hand, CD8" cytotoxic T cells are
responsible for the secretion of cytokines such as tumour necrosis factor (TNF)- o and
interferon (IFN)-y, which will induce elimination of infected or malignant cells %47,
The most abundant constituents of the innate immune system in the liver are NK and
NKT cells and they are quick responders to numerous pathological signals. NK and NKT
cells act as pro-inflammatory cells that can kill other cells following exposure of
pathogens and toxins from the gut, virus infection or tumours. NK cells are able to
modulate inflammation through the release of cytokines and chemokines, enhancing
macrophage activation. Inflammation mediated by lipids can also be facilitated by NKT
cells, as these cells have a T cell receptor able to recognise lipid antigens presented by
the molecule CD1d. CD1d can recognize antigens of dietary fatty acids, which ultimately

will lead to NKT activation and increased influx of NKT cells in the liver 44,

1.1.3.2. Myeloid cells

Immune homeostasis in the liver is also dependent on the myeloid populations acting
as the first line of defence against bacteria, toxins and injury of the tissue. This is
achieved by resident liver cells such as macrophages, and recruited monocytes and
neutrophils >4,

The liver innate immune system hosts the majority of tissue macrophages in the body,
the Kupffer cells and monocyte-derived macrophages. Macrophages are involved in
removing gut-derived foreign and toxic substances via phagocytosis and lysosomal
activity %2, In addition to phagocytosis of pathogens, macrophage activation leads to

the production of cytokines, chemotactic and immunosuppressive factors, such as

interleukin (IL)-1, IL-6, IL-10 and TNF-a. These mechanisms promote the generation of
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regulatory T cells, and recruitment of monocytes which will ultimately modulate the
inflammatory response and fibrogenesis >>*.

In response to infection there is a rapid neutrophil infiltration followed by the
recruitment of monocytes, and together they are able to regulate bacterial infection and
stimulate liver regeneration. Their presence in the liver reflects the hepatic inflammatory
status, as the flux of these cells is promoted by hepatocyte damage due to carbohydrate
and cholesterol stimulus, production of reactive oxygen species (ROS) and intestinal
bacteria delivered through the portal vein >>°¢, Neutrophils are also able to enhance the
activity of macrophages, influencing macrophage polarisation and heterogeneity, which
will determine their function. More importantly, the balance between neutrophils and
monocyte-derived macrophages is tightly regulated as they can easily switch between a
pro-fibrotic and pro-inflammatory functional phenotype to an anti-inflammatory pro-
resolution state °’.

Therefore, the recruitment, activation and action of lymphocytes and myeloid cells

play an important role in liver homeostasis, and these cells are notably essential in

understanding the initiation and progression of liver diseases.
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1.2. The evolving landscape of Non-Alcoholic Fatty Liver Disease

As described in the previous section, the dynamic regulation of carbohydrate, lipid
and protein metabolism is essential for metabolic homeostasis and adaptation to nutrient
availability and deficiency. Despite the complexity and organisation of the liver
machinery, when any alteration at cellular or molecular level occurs, it can lead to organ
function impairment and subsequent pathologies 3%,

Nowadays, the increasing rates of obesity, alcohol consumption and environmental
pollution all over the world, are related to an increased occurrence of the metabolic
syndrome. The hepatic manifestation of the metabolic syndrome is reflected by the
increase in incidence and prevalence of non-alcoholic fatty liver disease (NAFLD).
NAFLD is characterized as a spectrum of liver diseases from simple steatosis
(intrahepatic lipid accumulation) through inflammation (non-alcoholic steatohepatitis —
NASH), to cirrhosis and hepatocellular carcinoma (HCC). These liver histological
alterations occur in the absence of significant alcohol consumption or other causes of
chronic hepatic liver disease **°!,

NAFLD affects around 25% of the world population, and the progression of disease
is usually associated with several co-existing risk factors. These include weight gain,
obesity and diabetes, associated with high-calorie diets in the Western world, and genetic
factors, such as race and ethnicity. Among patients with NAFLD, mortality can also be
related to non-hepatic causes, such as cardiovascular events, kidney disease,

hypertension, hyperlipidaemia and others -3,
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1.2.1. Pathophysiology of NAFLD

Fatty liver is the earliest manifestation of NAFLD, and it is characterised by excessive
intrahepatic lipid accumulation affecting more than 5% of hepatocytes. The progression
of liver disease depends on the interaction of multiple variables, including hormonal,
nutritional and genetic factors, and has been explained based on the “two-hit” model,
proposed by Day et al in 1998 4.

The first hit is characterized by the accumulation of triglycerides and fatty acids in the
hepatocytes which is a consequence of insulin resistance, obesity and increased hepatic
lipogenesis. As a result of this lipid metabolism dysregulation, insulin signalling is
inhibited, glycogen synthesis decreases and gluconeogenesis is induced, thus further
damaging glucose metabolism. Nevertheless, liver disease does not usually progress
unless additional cellular events occur, known as the second hit. If the liver is
continuously exposed to some of the factors that induce the first hit, the liver will trigger
immune cells infiltration and inflammation, lipid peroxidation and mitochondrial
dysfunction leading to hepatocyte damage and inflammation. Mechanisms driving
lipotoxicity and cellular disfunction will ultimately lead to the development of fibrosis

and subsequent progression to NASH %67,

Emerging evidence suggests that nutrient intake and energy expenditure have major
impact on the severity of NAFLD outcome. Increased calorific intake derived from a
high fat feeding and carbohydrate consumption play an important role in the initial
process of fat deposition. Excessive fructose consumption in particular has been
suggested to induce adverse metabolic effects associated with lipogenic processes in the

liver, favouring NAFLD progression 628,
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Bearing in mind that fructose consumption has increased in parallel with the global
rise in NAFLD, there have been several investigations conducted in animals and humans
to understand the causal relationship between them %74, Dietary fructose has a distinct
absorptive and metabolic process from glucose, being mainly absorbed in the small
intestine. Subsequently, fructose is transported to the liver via the portal vein, where it
will be metabolised by the ketohexokinase into fructose 1-phosphate. Fructose clearance
in the liver occurs rapidly and efficiently, as the KHK activity is not dependent on the
cellular energy status or hormonal feedback regulation. From here, aldolase B will cleave
the molecule to produce dihydroxyacetone phosphate and D-glyceraldehyde, which can
either enter the glycolytic pathway or be directed towards triglyceride synthesis 2>%°.

In murine studies, fructose supplemented diets lead to accelerated obesity, hepatic
steatosis and insulin resistance, by upregulating key lipogenic transcription factors such
as Sterol Response Element Binding Protein lc¢ (SREBPIc) and Carbohydrate-
Responsive Element-Binding Protein (ChREBP). These will increase lipogenic enzyme
expression. Consequently, fructose intake seems to stimulate de novo lipogenesis,
increase in triglyceride and fatty acids and mitochondrial function impairment 77475,

In humans, the biological effects of fructose as a pivotal driver of NAFLD are still not
fully understood, and additional studies are necessary ’°. Stanhope et al ® studied the
effects of sugar-sweetened beverages providing 25% of the energy requirements with ad
libitum diets, during 10 weeks for 32 adults. They have found that fructose consumption
promotes higher total and visceral adipose tissue deposition than glucose. Furthermore,
this study demonstrated that long-term fructose but not glucose consumption increases
hepatic DNL and limits fatty acid oxidation in the liver via production of malonyl-CoA.
This leads to mitochondrial dysregulation, but also increased availability of fatty acids

in circulation.
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In a different approach, Abdelmalek et al 7’ have used cross-sectional analysis with
data from 427 adults registered in the NASH Clinical Research Network. Dietary
information collected within 3 months of liver biopsy was used together with histological
analysis and other study variables, such as age, sex, ethnicity and race. This revealed that
a link between fructose consumption and metabolic abnormalities exists but is dependent
on multiple factors. Worse outcomes were seen for older patients with high fructose
intake, exhibiting exacerbated liver injury with increased fibrosis, which is seen at the
histological level with lobular inflammation and ballooned hepatocytes. A few years
later, the same team was able to link hepatic oxidative damage and lipid peroxidation
with ATP depletion and uric acid generation due to fructose consumption ’8. A cohort of
25 diabetic adults was subjected to an intravenous fructose challenge to evaluate the
relationship between dietary fructose, uric acid levels and hepatic adenosine triphosphate
(ATP) depletion. Their study showed that, the higher the fructose consumption levels the
less ATP would be found in the liver. ATP depletion during fructose metabolism
generates adenine di- and mono-phosphate (ADP and AMP), which can either regenerate
ATP or lead to uric acid accumulation. In more severe ATP depletion scenarios,
hyperuricemia can occur which will lead to worse NAFLD prognosis.

More recently, Berneis and co-workers 7 have performed a crossover study in 34
healthy men, measuring the effects of adding different types of sugar in sweetened
beverages on fatty acid metabolism, during a three-week intervention. Results were
obtained after each intervention from a fasting total plasma fatty acid composition
measurement. The study showed that only fructose was able to increase fatty acid
synthesis, showing increased palmitate abundance, whereas both fructose and sucrose

were able to increase fasting long-chain acyl-carnitines impairing -oxidation flux.
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In summary, even though the impact of fructose in NAFLD development and
progression has been suggested to affect lipid metabolism and insulin sensitivity, further
and more complete clinical studies are necessary. The precise mechanisms by which
fructose impacts liver metabolism are still unknown. Most studies using animal models
do not accurately represent specific properties and hepatic consequences that occur
during human disease progression as the diet choices are still lacking consistency in
terms of nutrient sources and feeding formulations. Furthermore, experimental times and
length of exposure to high fat diets and sugar consumption have been quite short, which
ultimately are inadequate when trying to understand long-term effects of fructose
consumption. In human studies, even though improvements have been made in the past
years to understand the relationship between fructose and NAFLD development, a high
number of variables has still not been addressed. Genetics, gender, diet and
environmental factors should also be accounted when trying to understand the metabolic
alterations. Therefore, specific metabolic pathway analysis can be extremely valuable
when performing new clinical studies, trying to investigate the efficacy of new diagnostic

methods and therapies.
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1.3.Diagnostic approaches and current therapies for NAFLD

Livers of patients with steatosis, usually contain large and small lipid droplets within
the hepatocytes. Sometimes, localised inflammation can also be present (steatohepatitis)
and this distinguishes the progressive form of NASH from the non-progressive form.
However, diagnosis and staging of fatty liver disease still represents a major challenge,
as there is much overlap in biochemical and serological characteristics with other chronic
liver conditions. Similarly it is important to measure where a person lies on the NAFLD
spectrum as mortality and outcome, as well as likely clinical management strategies vary
depending on disease stage *’.

Diagnosing NAFLD appearance and progression poses a challenge to clinicians
because the occurrent metabolic disturbances are both multifactorial and complex. Most
commonly used techniques are based on serum and imaging tests as well as the
interpretation of liver specimens after a biopsy 8. Initial monitoring and diagnosis of
liver injury and disease is performed by investigating multiple serum markers including
transaminases (alanine and aspartate transaminases, ALT and AST), y-glutamyl
transferase (GGT), alkaline phosphatase (ALP), bilirubin and albumin !, Briefly, their
value as diagnostic tools is associated with maintenance of liver functions such as
synthesis, excretion and detoxification. While elevated serum ALT or AST are associated
with hepatocyte damage and inflammation, increased ALP levels are indicators of biliary
obstruction 3*#*2. Albumin is a protein synthesised by the liver only, so reduced levels in
serum are usually an indicator of impaired hepatic synthetic function. Thus alterations in
albumin concentration are seen during sepsis, inflammatory disorders or fibrosis *.
Bilirubin on the other hand, is a product of haemolysis that is transported to the liver to

be excreted. Hyperbilirubinemia is usually associated with parenchymal liver disease or
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obstruction of the biliary system, and patients exhibit signs of jaundice * when levels in
blood exceed 2-3 mg/dl.

Nevertheless, although initial abnormal liver blood tests provide valuable information
on the liver status, their fluctuations can be influenced by other mechanisms such as
cardiovascular disease and diabetes. They are also non-specific signs of injury rather than
pointers to a specific aetiology. Therefore, they should be interpreted together with past
medical information (BMI, comorbidities, family history). A clear diagnosis should be
obtained together with further clinical testing, either with non-invasive techniques such
as ultrasound and computed tomography to detect hepatic fat, or by following a more
invasive approach like a liver biopsy .

Considering that NAFLD encompasses a spectrum of liver diseases, it is difficult to
assess in which stage patients find themselves using non-invasive methods. Thus, the
liver biopsy is still the “gold standard” practice to stratify and separate patients with only
steatotic features from those who demonstrate inflammatory infiltration and fibrosis.
Even though performing a liver biopsy permits direct histological evaluation of the
tissue, allowing for grading and staging, it is too expensive and invasive to use widely as
a screening tool ¥>%7. Any new non-invasive clinical test should meet the requirement for
diagnostic sensitivity and specificity and ability to follow-up progression of disease for
treatment and prognosis. Therefore, the aforementioned methods still have limitations,
variable diagnostic accuracy and lack of validation. This has led to significant advances
in other techniques such as nuclear magnetic resonance (NMR) spectroscopy, and

magnetic resonance imaging (MRI) and elastography 638789,

Accurate prediction of disease progression based on unique drivers of disease, such

as genetic and metabolic factors is still missing. There is also as yet, no licenced therapy
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for NAFLD *°. To improve metabolic factors driving hepatic steatosis, involving glucose
and lipid metabolism, the first-line therapeutic option still relies on lifestyle intervention
measures. Modification of diet and exercise leading to weight loss have been shown to
improve liver function tests, degree of steatosis and even histological resolution of
steatohepatitis °1%3.

Regardless of the benefits from lifestyle measures, resolution of NAFLD with long-
term intervention still faces challenges and motivation limitations. Additional
pharmacological intervention is recommended for the management of disease as there
are multiple conditions co-occurring with liver disease, such as insulin resistance,
hypertension and hyperlipidaemia. Therefore, many therapeutic approaches and clinical
trials have been developed based on new molecular targets, including insulin sensitizers
(metformin, thiazolidinediones), lipid lowering drugs (statins, polyunsaturated fatty
acids), anti-oxidants (vitamin E, betaine) and probiotics 8%,

Efforts have been made to address the knowledge gap regarding NAFLD diagnosis
and prognosis with clinical trials outcomes. The application of metabolomics can provide
a better understanding of the safety, robustness and durability of new treatment options
5. The detection of essential non-invasive biomarkers is relevant for disease
phenotyping, to identify metabolic pathways variations and linking to risk factors in the
general population. Thus, novel clinical approaches involving the integration of
metabolomics in liver disease diagnosis and treatment efficiency are promising for

patients in the future 39697,
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1.4. Metabolic studies using NMR spectroscopy

Biological systems can be defined as a complex network of cellular metabolites that
exist and interact in a dynamic steady state with their surroundings. These metabolites
are endogenous small molecules (<1000 Da) that participate in the major metabolic
pathways in nearly every cell and compose the metabolome. They include the building
blocks for macromolecules such as amino acids, lipids, nucleic acids and carbohydrates.
Therefore, the determination and quantification of metabolites that compose the cellular
metabolism allows to estimate cellular function and the overall physiological status of an
organism 78190,

The field of metabolomics refers to the analysis of metabolite concentrations and
fluctuations in biological systems and may be used to characterise metabolic disturbances
in response to stimuli, including disease, genetic modifications or even drugs.
Assessment of metabolic profiles and understanding pathway activity can provide
valuable biological insights about human health and also determine the efficacy of new
therapies '1:102,

The most commonly used analytical techniques in metabolomics studies are mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy as they enable
the detection of numerous metabolites in a single measurement. Both techniques have
different strengths and limitations, hence the choice of the analytical platform will
depend on the study purpose. Despite the lower sensitivity, NMR-based metabolomics
has significant advantages that are beneficial to biomedical research. NMR spectroscopy
has excellent reproducibility and quantitative accuracy, it enables unambiguous
identification of unknown molecules (important when analysing complex mixtures) and

samples remain intact after analysis, allowing the combination with other methods such

as MS 1037105.
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1.4.1. Basic principles

NMR spectroscopy is an analytical technique based on the physical properties of
atomic nuclei that can be used to determine molecular structures. An atomic nucleus can
be seen as a charged particle in motion; therefore, it has an angular momentum (P) which
can be quantified as a nuclear spin quantum number (/). The overall spin of an atom
depends on its nucleon content and when /> 0 it generates a magnetic moment () which
is detectable by NMR !%¢1%7_ The relationship between magnetic moment and angular
momentum can be obtained by the following equation (Equation 1.1):

Equation 1.1 yP

=
Il

where, u is the magnetic moment, vy is the gyromagnetic ratio (a characteristic constant
of a specific nucleus) and P the angular momentum. The magnetic quantum number is
dependent on spin orientations (nuclear spin states) in relation to the spinning axis of the

nucleus, and can them be defined as follows (Equation 1.2 and 1.3):

Equation 1.2 P=hm

Equation 1.3 u=yhm

Where m; is the magnetic quantum number, h=h/2x being h is Planck’s constant. The
magnetic quantum number for detectable nuclei by NMR can have 2/ + 1 orientations
relative to an axis. For an I = %2 nucleus this allows for two possible states, o and B with
m; =+ (o state) or -7z (B state).

The most commonly observed spin ¥ nuclei in NMR include protons (‘H) (99.08%

natural abundance), the carbon isotope *C (1.11% n. abundance), phosphorus (*'P)
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(100% n. abundance) and the nitrogen isotope >N (0.37% n. abundance). These atoms
have opened avenues for NMR to be used to characterise biological molecules due to
their ubiquity in proteins and metabolites. When spin 72 nuclei are placed in an external
static and homogeneous magnetic field (By) these spins are observed in two different

energy levels, with an energy difference of AE= h By, as depicted in Figure 1. 5 106108,

Field off Field on
(B,=0) (B,> 0)
mp=- Ve

ol p

AE= yhB,

my=+%

=) a

Figure 1. 5 — Schematic representation of the nuclear spin energy levels of a spin- 2 nucleus in a

magnetic field. The energy difference between the two states is given by AE= yhBo, where AE is the
energy difference between the two states, m; the magnetic quantum number, h=h/2n (where h is Planck’s

constant 6.6260693(11) x 10-** J.s) and Bo the magnetic field.

After polarisation builds up in a magnetic field, detectable transverse magnetisation
can be generated by a radio frequency (RF) pulse at a frequency that matches AE. As a
consequence, the spins start to precess around the z-axis with the Larmor frequency. This
precession gives rise to an alternating magnetic field in the x,y-axis that can be observed
by areceiver coil. The simplest NMR experiment would therefore consist of an RF pulse
applied to spin %2 nuclei in a magnetic field, followed by acquiring the signal arising from
the resonance that was induced by the initial pulse. After the RF pulse is turned off, the

magnetisation is re-established along the z-axis (longitudinal relaxation process, 77), and
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nuclei return to the low-energy state. In addition, transverse relaxation (7>) causes loss
of coherence in transverse plane, leading to a decaying signal, termed free induction
decay (FID).

The longitudinal relaxation, 77, refers to the time that a sample needs to recover the
magnetisation in the z-axis, approaching a thermal equilibrium state (equation 1.4).
Therefore, 77 determines the interscan delay (recycle time) that needs to be sufficiently
long to avoid saturation. Full relaxation between scans is required if one wants to
interpret intensities quantitatively. On the other hand, transverse magnetisation, 7>, is
defined by spins interactions, where they can modify their precession rate causing a loss
of phase coherence in the x,y-direction. Thus, as the signal is under the influence of 7>
relaxation observed in the form of an FID it can determine the signal line width (equation
1.5). The superimposition of the frequency of nuclei in the sample subject to exponential

T relaxation can be converted into a frequency domain spectrum using a Fourier

transformation %110,
t
Equation 1.4 M,(t) = My(1 — eT1)
t
Equation 1.5 M, ,(t) = M, e T2

Where M, is the magnetisation of the sample in the z-axis over time (¢), Mxy is the
magnetisation in the x,y-axis over time (¢), and My refers to the thermal equilibrium

magnetisation of the sample.
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In order to obtain an NMR signal, the number of nuclei populating the two energy
levels must be different, and the detected signal will be proportional to the total magnetic
moment of the sample. The population difference which determines the signal intensity
of the total number of spins (N) that are aligned in parallel with the By field and those
that are anti-parallel, is dependent on the magnetic field strength. When the By field
strength is increased this will lead to a larger energy gap between the spin energy states,
which will ultimately lead to a more intense signal.

Other important factors that influence the sensitivity of the NMR signal are the
gyromagnetic ratio of a specific nuclei and the temperature of the NMR measurements
11 Lower temperatures reduce the noise levels by cooling the wires of the detection coil
and the preamplifier. Factors that influence the sensitivity of the NMR detection are

summarised in equation 1.6 and equation 1.7 allows to calculate the percentage of

polarisation 0112113,
N AE N YhBg YhBg
. a = a - -
Equation 1.6 — =g kT > —=¢ kT — N,=NpXe kT
q Ng Npg a B
Ny —N N 'ngo N ‘YZBO h
. - Xe —Npg e T -1 YhBg
E jon 1. o 5" = = tanh
quat 0 7 Na"‘ NB yhBo YhBO ( kT )

NBXB_ kT +Nﬁ e kT +1

Where N, and Np represent the population of nuclei in o and B energy states, AE is the
energy difference between them, k is the Boltzmann constant (1.3807 x 10> joules per
Kelvin), y is the gyromagnetic ratio of a specific nucleus, By is the external magnetic

field, h=h/2n where h is Planck’s constant, and T is the temperature in Kelvin.
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1.4.2. Significant features of NMR instrumentation

The acquisition of NMR spectra is performed by NMR systems that are composed of
a magnet, a probe, a RF transmitter, a receiver and a signal-recording device. In the past
decades, the sensitivity of NMR spectroscopy has been improved with the introduction
of stronger magnets, more sensitive receivers to amplify the NMR signals, and in
particular with improved probes !!4!13

If we consider equation 1.7, we can see that the sensitivity of NMR is proportional to
the By field strength and the distribution of energy states of specific nuclei.
Superconducting magnets with higher field strengths have improved the signal to noise
(S/N) ratio of the NMR signal and spectral resolution due to larger signal dispersion.
Nowadays, design of new magnets has led to the significant increase in magnetic field
strengths, ranging from 40 MHz to 1.2 GHz for proton resonance frequencies. However,
these high fields are not necessarily practical for small molecule NMR spectroscopy as
strong couplings increase with field strength yielding more complex spectra that require
simulations for interpretation, '0%-116.117

Another significant improvement for the field of metabolomics is related to probe
performance. NMR probes are placed in the centre of the magnetic field, containing RF
coils that can be tuned at specific frequencies to excite specific nuclear spins and detect
the NMR signal. Besides the probe diameter reductions, primarily associated with the
NMR tubes used (10 mm to 1.7mm in diameter) allowing smaller sample size, the major
contributor to sensitivity rise is related to the introduction of cryogenic probes. Initially
demonstrated by Styles et al in 1984 !>, the sensitivity enhancement in the cryogen probe
is accomplished by keeping the RF receiver coils at low temperature, reducing their

resistance ''*!17118 Modern probes also keep the preamplifiers at 20 K in order to

minimise thermal noise impairing the small amplitude of the NMR signal. By using
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cryogenic probes the S/N ratio gain obtained is between 4 and 10, as it was demonstrated
in 2001 by Serber et al ''° and more recently by our group 2, offering great advantages
for the field of metabolomics. Cryoprobes have a disadvantage for salty samples ''°,
mainly owing to losses caused by the electric field, although modern probes have coil
designs that minimise such losses, as well as the use of lower volume and specially
shaped NMR tubes '?!. Moreover, the 1.7mm cryoprobes now available offer much
improved mass sensitivity yielding a significant S/N advantage specifically for mass
limited samples.

Although not explored in this thesis, other approaches offered significant sensitivity
enhancements in NMR spectroscopy, including hyperpolarisation techniques such as
dynamic nuclear polarisation (DNP) 22123 optimisation of sample volume and solubility

124125 " as well as pulse sequence refinements %119126.127 ‘\While hyperpolarisation has

I 128 its potential is currently too limiting in

great potential in conjunction with MR
resolving signals from a wide range of metabolites. The main constraint is that the
dissolution DNP approach is massively limited by the 7'/ relaxation time of the observed
metabolites. Efforts have been made to use probes with longer relaxation times, as
Wilson et al '*° demonstrated using [1,1-'3C] acetic anhydride with amino acid mixtures

in order to hyperpolarize biomolecules of interest. Nevertheless, these approaches are not

ready to be used to determine label incorporations in a wide range of metabolites.
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1.4.3. Fundamentals of NMR acquisition and interpretation
1.4.3.1. Chemical shifts and spin-spin interactions

In the previous section, the physical principles on which NMR spectroscopy is based
were briefly described to show how an NMR spectrum can be obtained. An NMR signal
from a given molecule depends on ratio and distribution of nuclei populating the different
energy levels when placed in an external homogeneous magnetic field. Also, the different
chemical environments of the nuclei give rise to NMR signals at different frequencies as
a result of the nuclear shielding effect. The magnetisation experienced by each nucleus
depends on the interactions occurring between the nuclear spins and the effect of the
electrons surrounding them, giving rise to signals at different positions of the NMR scale
106

To set the NMR scale, reference compounds such as tetramethylsilane (TMS) are used
to define the zero in the chemical shift scale. The chemical shift of a specific nucleus is
measured as the distance between the TMS signal and the sample signal. Chemical shifts
of a nucleus (< 6000 Hz) are much smaller than the total field strength (600 MHz, for
example) and can be presented in parts per million (ppm), which is a constant unit
independent of the frequency of the operating spectrometer '°¢!'0, Frequency values are

converted to as follows:

Equation 1.§  § = Jsmple”Ustandard 106 |, 5= A 106

Vspectrometer Vspectrometer

where 8 is the chemical shift in ppm, Vsample 1s the resonance frequency of the sample,
Vsandard 18 the resonance frequency of the standard (TMS), and vspectrometer 1S the
spectrometer frequency in Hz. As the standard is set to zero by definition, the equation

can be simplified as the second form.
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For a proton spectrum, the absorption regions of functional groups generally fall
within a range of 8 0 — 12 ppm. The shift of resonances is dependent on the degree of
shielding from the surrounding electrons, where more shielded nuclei resonate at lower
frequencies (lower chemical shifts), whereas less shielded nuclei, such as those with
electronegative neighbours (e.g., N, O, CI), resonate at higher frequencies (higher
chemical shift). The characteristic functional groups in organic compounds and their

chemical shifts in a 'H spectrum are presented in Figure 1. 6 195113,

RNH,
R'CO'NHZ —————
R-CH-OH
Alpha - H
—
H.0 TMS
: R-CH-0O
Aromatic- H 2
| —————— = R-CH-NR2
RCHO R-CH-CI
— ————
R- COOH Olefinic- H Saturate - H
——————— | ——————————— ———
T T T T T T T T T T T " T T T T T T T T T Tt ppm(§)
12 11 10 9 8 7 6 5 4 3 2 1 0

Figure 1. 6 — Typical 'H chemical shift ranges (in ppm) of some functional groups. Based on

Metin Balci’s book 1.

Interactions between neighbouring spins in the same molecule that are linked via
chemical bonds give rise to scalar or J-couplings. The coupling between spins is usually
observed if they are separated by less than 5 chemical bonds and can occur as
homonuclear scalar couplings (e.g. 'H-'H) or as a heteronuclear coupling (e.g. 'H-13C).
Nuclei under the influence of a scalar coupling will experience the external magnetic
field By differently and will resonate at different values creating coupling patterns. The
distance between the nuclei under consideration, in Hertz, corresponds to the coupling

constant, J. These couplings will distribute the signal intensity over smaller peaks, hence
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the multiplicity and magnitude of the couplings will provide information about the

number of neighbouring protons and the molecular structure %13,

1.4.3.2. 1D and 2D NMR experiments

Analysis and characterisation of multiple metabolites in biological samples (cells,
tissues, biofluids) is usually performed by acquiring one-dimensional (1D) 'H NMR
spectra. Structural and quantitative information can be obtained, as the signal in a
spectrum is proportional to the number of protons from which the resonance arises.
Therefore, metabolite concentrations can be obtained, providing information about the
intra- and extracellular environment. Metabolite variations can then be associated with
changes in particular metabolic pathways, overall cellular metabolism in response to
external stimuli, availability of substrates, pH changes and temperature '%*13!,

NMR-based metabolomic analysis of biological samples is usually carried out in
aqueous solutions (which can be deuterated), thus the spectrum will be dominated by a
strong water signal which, if unsuppressed, would saturate the dynamic range of the
receiver. To improve the overall quality of the spectrum, solvent suppression schemes
need to be employed !2. The effective use of pre-saturation pulses to selectively saturate
the water signal and improve the information content of the spectra was already reported
in 1983 by Haasnoot and Hilbers '33. Since then, several pulse sequences have been
developed to improve water suppression, including WATERGATE !**, 1D diffusion-

edited spectra !¥

and 1D NOESY (nuclear Overhauser effect spectroscopy) pre-
saturation (NOESYpresat) 3¢,

The most widely used pulse sequence in metabolomics studies has been the 1D

NOESYpresat, as stated by Beckonert et al '*7 and explained by McKay et al 2. The
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water suppression in a 1D NOESYpresat is achieved by adding a pre-saturation
preparation block at the water frequency during relaxation delay and mixing time (see

Figure 1. 7) 18,

Figure 1. 7 — Schematic illustration of the 1D NOESYpresat pulse sequence. The sequence begins
with a long, lower power saturation period during the relaxation delay allowing for the selectivity of the
solvent resonance. After the delay (for equilibrium recovery) and pre-saturation period, there are two 90 °
pulses followed by a mixing period (specific delay) and to finish another 90 ° pulse and acquisition. (Based

on noesyprld sequence from Bruker topspin pulse sequences library)

Following improvements in solvent suppression and improved quality spectra,
analysis of 1D 'H spectra can provide information regarding chemical shifts, signal
multiplicities, coupling constants and relaxation times. However, complex biological
samples comprise many overlapping signals due to the narrow range of metabolic shifts,
thus metabolite assignment becomes very difficult and ambiguous. For better spectral
resolution, the acquisition of 1D '3C NMR spectra can be useful, as the chemical shift
range for '3C is much higher than for protons. Still, the '*C nuclei have a long T}
relaxation delay, which requires long repetition delays and as a consequence long
acquisition times. This approach would not be suitable for large sample numbers as
acquisition of spectra with acceptable S/N would be very time consuming (compared

with IH) 130,139.
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Two-dimensional (2D) NMR spectroscopy is usually employed to aid spectral
interpretation of complex samples and overcome chemical shift overlap. The 1D NMR
spectrum is obtained as a single time variable in a FID and is represented as a function
of one frequency variable. On the other hand, the 2D NMR spectrum is a result of the
FID signals collected from multiple experients with two evolution times (#; and #,) in a
constant time interval, plotted as a function of two frequency dimensions '3,

Any 2D experiment will be composed of four building blocks, including preparation,
evolution, mixing and detection. During the preparation time, the spins of the first
nucleus are excited by one or more pulses, and the resulting magnetisation will evolve
during the inter-pulse delay #; (evolution). During the evolution time, a further pulse or
sequence of pulses are applied, and a transfer of magnetisation will occur within an
interacting pair of spins (scalar coupling — bonds, or dipolar interaction through space —
NOE). Finally, the signal will be recorded as a function of 7, acquisition time. The
experiment is repeated using increasing #; values until sufficient data is recorded, and an
FID as a function of # for each value of #; can be obtained. After applying a Fourier
transformation, the resulting plots allow to investigate interactions between pairs of spins
that create cross-signals depending on the transfer of magnetisation that occurred during
the pulse sequence 1%%110,

Most commonly applied metabolomics experiments include homonuclear
experiments, revealing information on 'H-'H spin connectivities, such as correlation
spectroscopy (COSY) and total correlation spectroscopy (TOCSY). For tracer-based
metabolism experiments, these are particularly important as the gyromagnetic ratio of

protons is about four times higher than the '3C gyromagnetic ratio (yin = 4 X y13¢).

Therefore, 'H-observed experiments are more sensitive than their '3C-observed
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counterparts. Nevertheless, the use of heteronuclear experiments to investigate the
interaction between two different nuclei offers improved information for assignment
purposes as it resolves peaks that are still overlapped in homonuclear 2D spectra.

The application of heteronuclear single-quantum correlation spectroscopy (HSQC) is
particularly important as it permits to study the scalar coupling between two different
types of nuclei, usually 'H with '3C or 'N. This becomes particularly significant for
tracer-based metabolic approaches, using '*C-labelled precursors to follow 'C-
enrichments in metabolites of specific metabolic pathways. When acquired with high
resolution, signal intensity increases, multiplicity and *C-13C coupling (Jcc) information
can be obtained providing valuable details about metabolic features. For example, the
use of 1*C-glucose tracers allows to follow glycolysis by observing '*C-isotopomers of
pyruvate, lactate and alanine and, if *C-labelled carbons are transferred through the TCA
cycle, 13C-isotopomers of glutamate, malate and aspartate are also commonly identified.
Therefore, 2D 'H-13C HSQC experiments can provide information related to metabolite
transformations through glycolysis and the TCA cycle, by analysing the specific position

of 13C in key metabolites *%137-13%:140,

In a 2D 'H-'3C HSQC experiment, as the natural abundance and gyromagnetic ratio
of protons is much higher than the heteronucleus (*C), the sequence starts with proton
magnetisation, and is later transferred to the '*C using an INEPT (insensitive nuclei
enhancement by polarization transfer) block to allow for evolution under the influence
of 13C chemical shifts and '*C-related couplings during ¢;. After the evolution period (¢/),
the magnetisation is transferred back to the proton for acquisition (inverse experiment),

for acquisition at the sensitivity of the proton 9141,
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The pulse sequence of an HSQC can be better understood by describing its building
blocks, as represented in Figure 1. 8. As said before, the sequence starts with an INEPT
pulse train, which permits the polarisation transfer between the 'H to the '3C if they are
directly bonded (Jcn). Next, the '*C magnetisation evolves during the evolution period
t1, and a 180 ° pulse in the proton sequence is applied in the middle of this period to
refocus 'H-'3C coupling constants. Then, another INEPT-like pulse train is applied to
convert the '3C magnetisation to in-phase 'H magnetisation to be observed. In the end,

proton acquisition is performed while '*C are continuously decoupled '%°-127:142,

Figure 1. 8 — Schematic illustration of the 'H-'3C HSQC pulse sequence. (Based on hsqcph

sequence from Bruker topspin pulse sequences library).
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1.5. Scope of this work

The increasing rates of non-alcoholic fatty liver disease worldwide have become a
major concern in health care leading to a rising need to study and understand liver
metabolism in healthy and diseased contexts. The influence of dietary constituents on the
severity of NAFLD outcome has gained special attention over the past few years, where
fructose has been considered particularly harmful ®-'4>!44 In order to understand the
hepatic response to fructose and high fat diet feeding, and its pathological consequences,
new models able to recreate the human disease have been developed and extensively
reviewed '*71%. However, further research is necessary to develop more accurate and
robust models to provide increased clinical significance when testing new therapeutic

approaches.

Therefore, the overall aim of this thesis was ‘to study the metabolic fingerprint of the
liver at different stages of NAFLD pathogenesis and progression’. This was achieved by
employing a variety of immunological and analytical techniques, including flow
cytometry, histological examination and NMR spectroscopy in both human and animal
models. To do this I focused on a series of specific experimental objectives:

First, I needed to characterise and optimise the best method for NMR metabolic
profiling and disease characterisation using mammalian cells lines and primary cells
(chapter 3).

Then I wanted to validate my optimised methodology using an in vitro model of
steatosis where the metabolic effects of lipid accumulation on the cellular metabolome
could be assessed. Subsequently, I compared these in vitro metabolic adaptations to

human ex vivo samples to understand how liver metabolism adapts during NAFLD
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progression, and whether in vitro models recreate the physiological picture in humans
(chapter 4).

Next, I sought to develop a mechanistic understanding of the weight gain and hepatic
metabolic changes in carbohydrate and lipid metabolism, inflammation and liver
enzymes alterations following external stimuli such as a high fat diet and sugars using a
murine model. This meant I had to characterise a murine NASH model (chapter 5).

Finally, to validate my findings and test whether my methodology could be applied to
a potential therapeutic situation in humans, the potential of a ketohexokinase inhibitor as
anovel therapeutic target in NAFLD was investigated. Here I used both the animal model

and a human perfusion model that I developed during this project (chapter 6).
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CHAPTER 2

MATERIALS AND METHODS
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2. Methodology

2.1. Isotopes and antibodies used in this study

Table I — Cortecnet isotopes used for metabolic tracer-based studies

Catalog # Description

CC790P10 D-Fructose-[U-13C], 99% 13C
CC858P1 D-Glucose-[1,2-13C], 99% 13C
CC860P1 D-Glucose-[U-13C], 99% 13C

Table II — Antibodies for Flow Cytometry

Company (Ref #) Description Species/Clone Format Size
BD Biosciences NK-1.1 (NKR-P1B
Mouse, PK136 FITC 0.5 mg
(553164) and NKR-P1C)
BD Biosciences
CD4(L3T4) Mouse, RM4-5 PE 100 ng
(553048)
BD Biosciences CD45 (Leukocyte PerCP-
Mouse, 30-F11 100 ug
(550994) Common Antigen) Cy5.5
BD Biosciences
CD8a (Ly-2) Mouse, 53-6.7 APC 100 pg
(553035)
BD Biosciences CDI11b (Integrin
Mouse, M1/70 PE 200 pg
(553311) oM chain, MAC-1a)
Biolegend (108412) Ly-6G/Ly-6C(Gr-1) Mouse, RB6-8C5 APC 100 ug
Biolegend (100233) CD3 (T3) Mouse, 17A2 BV510 125 pl
Biolegend (115538) CD19 (B4) Mouse, 6D5 BV421 500 pl
Biolegend (123108) F4/80 (EMRI1, Ly71) Mouse, BM8 FITC 500 pg
Biolegend (100214) CD3 (T3) Mouse, 17A2 PB 100 pg
Zombie NIR™ Fixable
Biolegend (423105) Mammalian cells APC/Cy7 100 tests
Viability




Table IIT — Ketohexokinase (KHK) study (antibodies and inhibitors)

Company (Ref #) Description Species/Clone
ATLAS Ab Anti-KHK HPA007040 (0.05 Rabbit
KHK total
mg/ml) polyclonal
Insight Biotechnology KHK-A #21708-2 (1 Rabbit
KHK A
mg/ml) polyclonal
Insight Biotechnology KHK-C #21709-2 Rabbit
KHK C
(1mg/ml) polyclonal
Thermo Fisher B-actin # PA1-46296 Rabbit
B-actin
(1mg/ml) polyclonal
Dako (P0448) Goat Anti-Rabbit Horseradish peroxidase- Rabbit
Immunoglobulins/HRP conjugated antibody polyclonal
TAKEDA (confidential) KHK inhibitor -
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2.2. Human cell-based model systems

2.2.1.1.  Cell culture methods

The hepatocellular carcinoma cell line, HuH7, was available in house. Cells were
grown as monolayer cultures in Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen) supplemented with 1% penicillin-streptomycin, and 10% (v/v) heat
inactivated fetal bovine serum (FBS, both Invitrogen), in a humidified atmosphere of 5%
CO; at 37°C in 75 cm? Corning flasks. The cultures were routinely subcultured every 3
days (when they reached 80% confluency) using trypsin to detach the cells from the flask.
Briefly, the spent media was discarded, the flask was washed with 10ml phosphate-
buffered saline (PBS) and the PBS was discarded. Then, 2 ml of trypsin was added to the
flask and incubated for 5 minutes. After microscopic assessment to confirm the cells
were detached, 5 ml of media was added to the flask to inactivate the trypsin. In triplicate,
Iml of this mixture was then inoculated into 9 ml of media and the flasks were incubated

again at 37°C.

2.2.1.2.  Invitro model of hepatocyte steatosis
To generate an in vitro model of hepatocyte steatosis, HuH7 cells were grown as
explained above (2.2.1.1). To induce fat-overloading of cells, they were exposed to
oleic acid for 24 hours at a concentration of 2 mM when they reached around 70%

confluency.

2.2.1.3. Isotopic labelling of cells
For tracer-based metabolic analysis, cultured cells were transferred to a glucose-free
DMEM (Thermo Fischer, UK) and then supplemented with labelled precursors. Pilot

experiments indicated that sufficient time should be given before metabolite extraction
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in order to obtain an average cell yield of 10-15 x 10° cells per sample, the required cell
density to provide a strong signal for NMR analysis. Cells were cultured with tracers for

varying time points (0.5 - 24 hours) prior to intracellular metabolite extraction.
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2.3. Studies using whole tissue samples from human and mouse livers

Human liver samples used for analysis were taken from explanted organs collected
during transplantation or tumour resections performed at the Queen Elizabeth Hospital
(Birmingham, UK) after written, informed consent was gained from patients and under
local ethics committee approval (Local Research Ethics Committee: reference number
06/Q2702/61). Samples were collected from patients with Alcoholic Liver Disease
(ALD), Non-Alcoholic Steatohepatitis (NASH), hepatocellular carcinoma (HCC)
Primary Biliary Cholangitis (PBC) and donor material was collected from livers surplus
to requirements for transplantation. These donor tissues typically exhibited signs of
steatosis. Slices from human tissue explants approximately 8 cm?® were stored in DMEM

at 4 °C before processing, and material was used within 6 hours of collection.

For mouse studies, all procedures were performed under Dr Patricia Lalor’s Home
Office Project License number P2DFI9DBO6E and my Personal License number
I3879CBCA. All procedures had been reviewed and approved by the local research
ethics committee. Upon sacrifice, mouse livers were collected and divided into three
blocks: one for formalin fixation and histological analysis; a second one for liquid
nitrogen snap freezing and storage at -80 °C; and a third one was placed in cold Roswell
Park Memorial Institute (RPMI) 1640 Medium for isolation of resident hepatic immune

cells and staining using flow cytometric analysis.
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2.3.1.1. Histology
2.3.1.1.1. Haematoxylin and Eosin (H&E)

Haematoxylin and Eosin (H&E) staining of human and mouse liver tissue was
performed in order to assess the tissue morphology, and presence of steatosis and
fibrosis.

For the staining procedure, 5 um sections of human and mouse liver tissue were
stained with Haematoxylin and Eosin, according to in house protocols with sequential
baths in the reagent series indicated in Figure 2. 1 for various time points as indicated.
Following completion of the staining protocols, sections were then mounted in DPX
mountant (Leica, UK) and covered with a 24x40 mm coverslip according to standard
protocols. Sections were allowed to dry for 24 hours before representative bright field

images were collected using a Zeiss Axioscope microscope and Axiovision software.

HE Xylene 2 min (3x)
staining

Alcohol 2 min (2x)

Water 2 min (2x)

Haematoxylin Harris 4 min

Water 2 min

Acid Alcohol 30s

Water 2 min

Scott's Tap Water Substitute 30s

Water 2 min

Eosin 1 min

Water 2 min (2x)

Alcohol 2 min (4x)

Xylene 2 min (3x)

Mount in DPX

Figure 2. 1 — Protocol for histological staining using H&E.
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2.3.1.2. Immunohistochemical analysis of KHK expression in human
tissue

To assess the cellular expression of KHK in human tissue samples I performed an
indirect immunochemical detection on 6 um paraffin-embedded tissue sections. Staining
was performed on material from normal (from deceased patients of non-hepatic causes
and from livers surplus to requirements for transplantation), steatotic, non-alcoholic
steatohepatitis (NASH), alcoholic liver disease (ALD), hepatocellular carcinoma (HCC)
and primary biliary cholangitis (PBC) patients. Sections were immersed in xylene and
alcohol wells for dewaxing, followed by rehydration in water. A heat-induced antigen
retrieval step was performed to improve antibody-epitope binding using an antigen
unmasking solution (pH 6) and microwaving the sections for 30 minutes in this solution.
Sections were allowed to cool down and then were transferred into a buffer solution (Tris
Buffered Saline with 0.1% Tween 20— TBS-T, pH 7.6) for 5 minutes to permeabilize the
tissue.

Using a hydrophobic barrier pen, circles were drawn around the tissue. Next, 2-3 drops
of BLOXALL blocking solution (SP-6000) was used to cover the tissue for 5 minutes
and to block endogenous peroxidase activity. After, sections were incubated with a casein
2x working solution to block any non-specific binding for 20 minutes in a humidified
chamber. Subsequently, sections were incubated for 20 minutes at room temperature with
diluted normal blocking serum (2.5% horse serum in TBS-T).

For the antibody staining, primary antibody solutions and isotype matched control
antibodies (IMC) were prepared in diluted horse serum (1 pl of primary + 100 pl of
diluted horse serum). Sections were incubated for 1 hour at room temperature (or
overnight at 4 °C) in a humidified chamber. Sections were washed in buffer and incubated

for 30 minutes with InmPRESS secondary reagent anti-rabbit Immunoglobulin G. The
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immunoreaction was then visualised with InmPACT NovaRED peroxidase (HRP) after
4 minutes incubation. Sections were rinsed with tap water, counterstained with filtered
Mayers haematoxylin, dehydrated and mounted in DPX. After each step, the sections
were washed for 5 minutes with TBS-T.

Representative images were obtained using Zeiss Axioscope microscope and

Axiovision software.

2.3.1.3.  Western blot for KHK

Frozen liver tissue (70-90 mg) or cell pellets (10%-107 cells) were lysed in CelLytic
MT lysis buffer (Sigma) supplemented with proteinase inhibitor (Roche) and DNasel
(Sigma). Next, they were placed in gentleMACS M-Tubes (Miltenyi Biotec) prior to
homogenization using a gentleMACS Dissociator with the program “protein 01”.
Protein concentrations were determined by Pierce™ BCA Protein Assay Kit
(ThermoFisher Scientific) and lysates (20-40 pg/lane) were separated on a 10% sodium
sulphate polyacrylamide gel, blotted onto Hybond ECL membrane (GE Healthcare) and
membranes were blocked in PBS/5% milk/0.1% Tween 20 with constant agitation (1
hour, room temperature). The membrane was then immunoblotted with primary
antibodies KHK, KHK-A, KHK-C or B-actin at a working dilution of 1:1000 (Table III)
with constant agitation (1 hour, room temperature). Membranes were washed with
PBS/0.1% Tween three times for 5 minutes and incubated with horseradish peroxidase-
conjugated secondary antibody diluted in PBS/5% milk/0.1% Tween 20 for 1 hour at
room temperature, and then washed as described for 30 minutes. Detection of the bound
antibody was performed using enhanced chemiluminescence Western blotting substrate
(ThermoFisher Scientific). ImageJ software v.1.70 75 was used to analyse western blot

images.
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2.3.1.4. Isolation of primary hepatocytes

Hepatocytes were isolated from marginal human donor liver. An encapsulated wedge
of tissue was flushed with PBS to remove blood and initial dissociation buffer was used
to loosen cell junctions (10 mM HEPES, 0.5 mM EGTA, Sigma). After another wash
with PBS, tissue was dissociated using a combined enzymatic digestion buffer (0.5% w/v
Collagenase A (from Clostridium Histolyticum, Roche, Hertford, UK, Lot number
70273822), 0.25% w/v Protease (Type XIV from Streptomyces Griseus, Sigma, Lot
number 076K1177, 4.5 units/ mg), 0.125% w/v Hyaluronidase (from bovine testes,
Sigma, Lot number 025K7015, 451 units/mg) and 0.05% w/v Deoxyribonuclease (from
bovine pancreas, Sigma, Lot number 107K7013, 552 units/mg) as previously described
148 Following this the liver was mechanically disaggregated in media (DMEM + 10%
FCS). The cell suspension was sieved and centrifuged at 50 x g to pellet hepatocytes.

These were counted using trypan blue and plated out onto collagen-coated plastic.
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2.3.1.5. Digestion of mouse liver for flow cytometric analysis

In order to isolate hepatic immune cells (HICs), livers were collected and weighed
upon termination of experiment. For flow cytometry, the left liver lobe was used, and
samples were kept on ice in a six well plate containing RPMI medium before processing.
The tissue was mechanically disrupted using a 5 ml syringe plunger and passed through
a 70 um strainer, using cold RPMI to facilitate the digestion. The homogenates were
transferred into 15 ml falcon tubes and centrifuged for 5 minutes at 430 x g. The
supernatant was discarded, and the pellets were rewashed in 10 ml of cold RPMI. To
obtain the HICs cell populations, the previous suspension was divided into two 15 ml
tubes and layered over 7 ml Optiprep™ Density Gradient Medium (Sigma) diluted with
PBS in a 4:11 ratio. These samples were subjected to density gradient centrifugation at
1000x g, for 25 minutes at brake 3.

To isolate the immune cells from the gradient interface, the middle layer was collected
using a sterile plastic pipette, pooling cells from the same liver sample (see Figure 2. 2).
The new 15 ml tube was topped up with cold RMPI and cells were subjected to another
5 minutes centrifugation at 800 x g. This was then followed by a new wash with MACS
buffer (PBS + 2% FBS + 1 mM EDTA) and another centrifugation at 800 x g for 5
minutes.

Next, the supernatant was discarded, and cells were resuspended in 500 pl of cold
PBS. 200 pul of each sample were added to the respective lymphoid (L) and myeloid (M)
wells of a 96 well plate, to test for both populations. The remaining volume of different
samples was combined in a bijoux tube to use in the single colour (S), Zombie NIR™
Fixable Viability (Z) and negative control (NC) wells to test for cell viability and have
gating controls. At this point, 100 pl of Zombie stain were added in darkness in the L, M

and Z wells to assess live vs. dead status, using a dilution of 1:1000 in PBS. Samples
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were mixed using a multichannel pipette and left to incubate for 30 minutes, covered in
foil.

Whilst samples were incubating, the antibody master mix for lymphoid and myeloid
panels were prepared as stated in Table IV. Supplier information for each reagent was

described earlier in section 2.1.

Figure 2. 2 — Isolation of lymphocyte and monocyte populations using an Optiprep™ Density

Gradient Medium and centrifugation step.

After the Zombie stain incubation, samples were washed twice as before, and the
supernatant was discarded. All samples were reconstituted in 100ul of MACS buffer.
30ul per well of the lymphoid master mix was added to the lymphoid samples, while
22ul per well of the myeloid master mix was used in the myeloid samples. In the single
colour wells, the relevant antibody was added, as described in Table IV. Cells were left
incubating in the dark for 30 minutes, followed by washing as described previously.

Samples were acquired with a 9-colour CyAn ADP flow cytometer running Summit
v4.3 software (both Beckmann Coulter, UK). Offline analyses (compensation, gating,
generation of plots and population statistics) were carried out with FlowJo v.10 (FlowJo,
LLC, USA).
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Table IV — Antibody master mix for lymphoid and myeloid combinations

Mixtures Singles no. | Antibody | Fluorochrome | Volume per sample

S1 anti-CD3 BV 510 Sul

S2 anti-NK1.1 FITC Sul

S3 anti-CD4 PE Sul

T-cell/Lymphoid combination

S4 anti-CD45 PerCPCy5.5 Sul

S5 anti-CD8a APC S5ul

S6 anti-CD19 BV 421 Sl

S7 anti-CD3 PB Sl

S8 anti-F4/80 FITC 2 ul

Myeloid Combination S9 anti-CD11b PE S5ul
- anti-CD45 PerCPCy5.5 Sul

S10 anti-Gr-1 APC Sul

Note 1 — All volumes were sampled directly from manufacturers stock (See Table IT).
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2.3.1.6. Metabolic assessment of human liver tissue by perfusion ex
Vvivo

Ex vivo liver perfusion was used to assess human livers after surgical removal. This
protocol was developed and refined during the course of my project to allow me to
evaluate human liver metabolism, to study responses to substrates, and to test the efficacy
of'novel therapeutic targets. DMEM (glucose and glutamine free) was supplemented with
1% penicillin-streptomycin, and 10% (v/v) heat inactivated FBS and placed in the
incubator to warm up to 37 °C in advance of the fresh tissue being received in the
laboratory. Depending on the experiment, glucose or fructose were also added to DMEM
at a concentration of 4 g/l. For experiments using KHK inhibitor, a solution of 1 mM
inhibitor (2.4 mg) was prepared in 5 ml of DMEM for a further dilution to 10 uM when
used in the perfusion system. Samples of 1 ml of each media were saved before perfusion
started as a time zero control.

As soon as fresh liver tissue was received in the lab, a small amount of tissue was
immediately snap frozen by immersion into liquid nitrogen and was subsequently stored
at -80 °C. Another piece of tissue was placed into formalin for histological analysis.
Before starting the perfusion, the liver wedges were weighed, and clean and sterile
catheters was stitched into the bigger vessels to facilitate infusion of media. If necessary,
the other superficial vessels were stitched to minimise loss of media from the cut face of
the tissue. The catheters were connected to independent tubes all connected to the
perfusion pump (Watson Marlow 505S system, 0.88 mm bore size, flow rate of 1.62
ml/min) and an initial flush with DMEM was performed to clear any remaining blood
and clots inside the tissue (see Figure 2. 3).

When performing KHK inhibition, a pre-treatment was performed for 30 minutes

prior to exposure to media containing sugars. For this, one wedge was perfused with
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KHK inhibitor (10 uM) in unlabelled DMEM whilst a matched control wedge was
perfused with unlabelled DMEM only. After this, used media was aspirated and a new
perfusion started using 15-20 ml of '*C-labelled media through both wedges.

The labelled DMEM was re-perfused through the tissue for the total duration of the
experiment: the medium entered through the larger vessel which had the attached catheter
and leaked through smaller ones across the cut face of the tissue. The other end of the
tube connected to the catheter was collecting the same medium outside the wedge (that
eventually filled the cup), which was perfusing the tissue. The perfusion was maintained
for 3 hours, and media and pieces of 100-150 mg tissue were collected for both histology
(in fixative) and NMR (snap freezing), at intervals varying between 0.5 and 3 hours.
During collection of tissue, the wedge was cut as close as possible to the catheter without

compromising tissue integrity and perfusion routes.

Figure 2. 3 — Workflow of perfusion system setup. From left to right: 1. fresh human liver after
surgical removal; 2. liver wedge with visible vessels to insert catheter for perfusion; 3. perfusion setup of
ex vivo liver wedges, while being perfused. Each condition was tested using individual liver wedges, from

the same liver, to compare perfusion of unlabelled substrates with '*C-labelled substrates in DMEM.
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2.3.1.7.  Gene expression analysis using RT? Profiler™ PCR Array
A RT? Profiler™ PCR array (Mouse fatty liver: PAMM-157Z, Qiagen) was used to
investigate the expression of 84 key genes involved in the mechanisms of NAFLD in our
murine liver samples. These genes are involved in hepatic insulin and adipokine
signalling, metabolic enzymes and transporters, genes related with non-insulin dependent
diabetes mellitus as well as genes involved in inflammatory response and apoptosis. The

gene list can be found in Table V.
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Table V- Gene list from RT? Profiler™ PCR Array Mouse Fatty Liver

Insulin Signalling

Aktl, Foxa2 (Hnf3b), Gsk3b, Igfl, Igtbpl, Insr, Irs1, Mapk1 (Erk2),
Mapk8 (JNK 1), Mtor, Pik3ca (p110alpha), Pik3r1 (p85alpha), Pklr,
Ppargcla (Pgc-lalpha), Prkaal (Ampk), Ptpnl (PTP1B), Slc2a4 (Glut4),

Socs3, Srebfl.

Adipokine Signalling

Adiporl, Adipor2, Aktl, Cd36, Irs1, Lepr, Mapk8 (JNK1), Mtor, Nfkb1,
Ppara, Ppargcla (Pgc-1alpha), Prkaal (Ampk), Rxra, Serpinel (PAI-1),

Slc2al, Slc2a4 (Glut4), Socs3, Stat3, Tnf.

Non-Insulin
Dependent Diabetes

Mellitus

Gck, Insr, Irs1, Mapkl (Erk2), Mapk8 (JNK1), Mtor, Pik3ca (p110alpha),

Pik3r1 (p85alpha), Pklr, Slc2a2, Slc2a4 (Glut4), Socs3, Tnf, Xbpl.

Metabolic Pathways

Carbohydrate Metabolism: Acly, G6pc, G6pdx, Gek, Gsk3b, Mlxipl,
Pck2, Pdk4, Pklr, Rbp4.

Beta-Oxidation: Acadl, Acox1, Aktl, Cptla, Cpt2, Fabpl, Irs1, Mtor,
Ppara.

Cholesterol Metabolism & Transport: Abcal, Abcgl, Apoal, Apob,
Apoc3, Apoe, Cd36, Cnbp, Cyp2el, Cyp7al, Hmger, Ldlr, Lepr, Nr1h2,
Nr1h3, Nr1h4, Ppara, Ppard, Pparg, Prkaal (Ampk), Rxra, Srebfl, Srebf2.
Other Lipid Metabolism & Transport Genes: Acaca, Acsl5, Acsm3,
Dgat2, Fabp3, Fabp5, Fasn, Gk, Hnf4a, Lpl, Ppal, Scdl, Slc27a5.

Oxidative Phosphorylation: Atp5cl, Ndufb6, Ppal.

Inflammatory

Response

Cebpb, Fas (Tnfrsf6), Iftng, 1110, Il1b, 116, Nfkb1, Rxra, Tnf.

Apoptosis

Aktl, Casp3, Cebpb, Fas (Tnfrst6), Mapk1 (Erk2), Mapk8 (JNK1),
Nfkbl, Pik3ca (p110alpha), Pparg, Prkaal (Ampk), Rxra, Serpinel (PAI-

1), Socs3, Tnf.

58



2.3.1.8. RNA extraction

For the ribonucleic acid (RNA) extraction, the following solutions were prepared
before the experiment:

- Buffer RLT Plus: adding 10 pl of 2-mercaptoethanol per 1 ml of buffer.

- Buffer RPE: adding 44 mL of 100% ethanol to 11 mL of buffer.

- 70% ethanol: diluting 100 % stock with RNase-free water.

RNA was isolated from approximately 30 mg of frozen mouse liver tissue using the
RNeasy® Plus Mini Kit from QIAGEN as per manufacturer’s instructions. Briefly, the
tissue was disrupted using gentleMACS M tubes and homogenized in 600 ul of buffer
RLT Plus. The lysate was centrifuged for 3 minutes at 800 x g and the supernatant was
transferred into a gDNA eliminator spin column placed in a 2 ml collection tube. After a
new 30 s centrifugation at 8000 x g, the column was discarded and the flow-through was
saved. 600 ul of 70% ethanol were added and mixed immediately by pipetting. Up to
700 pul of the sample were then transferred to a RNeasy spin column placed in a 2 ml
collection tube, a quick 15 s centrifugation at 8000 x g was done and flow-through
discarded. The next two steps were similar, either adding 700 pl of buffer RW1 (as
provided) or 500 pul of buffer RPE. One last addition of 500 ul buffer RPE was used in
the RNeasy spin column and centrifuged for 2 minutes at the same speed. Then, the
RNeasy spin column was placed in a new 1.5 ml collection tube and 30-50 pl of RNAse-
free water were added directly to the spin column membrane. One last centrifugation was
carried out at 8000 x g for 1 minute to elute the RNA.

The concentration of the eluted RNA from all samples was assessed, as well as the
purity and integrity using a NanoPhotometer (Implen). Purity was estimated based on the
260/280nm and 260/230nm ratios, where a value of 2 is indicative of relatively pure

RNA. Samples were then stored at -80°C until needed.
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2.3.1.9. c¢DNA synthesis

Complementary deoxyribonucleic acid (cDNA) was synthesised from an RNA
template to further use in the Polymerase Chain Reaction (PCR). Sample preparation was
carried out using the cDNA synthesis RT? First Strand Kit from Qiagen.

Briefly, the genomic DNA elimination mix was prepared for each RNA sample, using
the same concentration of total RNA. For this mix, each sample was prepared in a total
volume of 10 pl, using 2.5 pg of RNA, 2 ul of buffer GE together with variable volumes
of RNase-free water. Each sample was gently mixed by pipetting and then centrifuged
for 30 seconds. Next, the genomic DNA elimination mix was incubated for 5 minutes at
42 °C, then placed on ice for at least 1 minute.

A reverse-transcription mix was prepared using 4 pl of 5x buffer BC3, 1 pul of control
P2, 2 ul of RE3 Reverse Transcriptase Mix, 3 ul of RNase-free water for a final volume
of 10 ul per sample. Then, 10 pl of this mix was added to each tube containing 10 pl
genomic DNA elimination mix, and gently mixed. Samples were further incubated at 42
°C for exactly 15 minutes, immediately followed by an incubation of 5 minutes at 95 °C
to stop the reaction. 91 pl of RNase-free water was added to each reaction and gently
mixed. Samples are then ready for real-time PCR and were stored in a -20 °C until further

analysis.

2.3.1.10. Real-Time PCR for RT? Profiler PCR Array
Real-time PCR using RT? Profiler PCR array was used in combination with a SYBR
Green Mastermix.
After a brief centrifugation, the PCR component mix was prepared in a loading
reservoir using 650 ul of RT?> SYBR Green Mastermix, 548 ul of RNase-free water and

102 pl of the cDNA synthesis reaction for each sample. Next, the PCR components mix
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was added to the RT? Profiler PCR Array according to the manufacturer’s instructions,
using one plate for each four samples. 10 pl of the PCR components mix was added to
each well and in the end the array was tightly sealed with optical adhesive film. Lastly,
the plate was centrifuged for 1 minute at 1000 x g at room temperature to remove bubbles.

Next, the RT? Profiler PCR array was placed in the real-time cycler Roche
LightCycler 480 to start the run. The threshold cycle (Ct) was calculated for each well
using the real-time cycler software for data analysis. A melting curve analysis was also

carried out to verify PCR specificity.
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2.4. In vivo model of NAFLD

2.4.1.1. Mouse husbandry
Six to eight-week old C57BL/6 male mice (Charles River, UK) were group housed in
temperature and humidity-controlled specific pathogen—free rooms on a 12-hour light-
dark cycle with ad libitum access to water and food in accordance with the Animals

(Scientific Procedures) Act (1986). Four mice were kept per individually ventilated cage.

2.4.1.2. Mouse diets
Mice were maintained either on a low-fat control diet (D12450Ji, Research Diets, Inc)
or in a high fat diet (D12492i, Research Diets, Inc) for up to 21 weeks. While mice on
the low-fat diet were given ad libitum access to regular water, mice on the high fat diet
were also given ad libitum access to water, either regular or sweetened with 20% fructose
or 20% glucose. Both diets were acquired from the same company, to properly match
control low fat diet with the high fat experimental diet '*°. Information relating to dietary

composition and comparison with a “standard chow” diet can be found in Table VI.
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Table VI — Diet composition of low fat diet (LFD) D12450Ji, high fat diet (HFD)

D12492i and Standard Chow diet D10001i (AIN-76A Rodent Diet)

LFD HFD
D12450Ji * D12492i *

Chow
D10001i ®

Product #

g% keal% g% keal % g % keal %
Protein 19.2 20 26 20 20 21
Carbohydrate 67.3 70 26 20 66 67
Fat 43 10 35 60 5 12
kcal/gm - Total 3.85 100 5.24 100 3.86 100
Ingredient ‘ g keal g keal g keal
Casein, 80 Mesh (LFD and
HFD). 30 MESH (Chow) 200 800 200 800 200 800
L-Cystine (LFD and HFD),
DL-Methionine (Chow) 3 12 3 12 3 12
Corn Starch 506.2 2024.8 0 0 150 600
Maltodextrin 10 (LFD and
HFD), Cellulose, BW200 125 500 125 500 50 0
(Chow)
Sucrose 68.8 275.2 68.8 275 500 2000
Cellulose, BW200 50 0 50 0 50 0
Soybean Oil (LFD and HFD),
Corn Oil (Chow) 25 225 25 225 50 450
Lard 20 180 245 2205
Mineral Mix S10026 (LFD and
HFD), $10001 (Chow) 0 v R v = v
DiCalcium Phosphate 13 0 13 0
Calcium Carbonate 5.5 0 5.5 0
Potassium Citrate, 1 H,O 16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40 10 40
Choline Bitartrate 2 0 2 0 2 0
FD&C Dye 0.05 0 0.05 0 - -
Total 1055.05 4057 773.85 4057 1000 3902

Note 2 — Values obtained on April 2018 from the website of the company supplying the diet:

a) https://researchdiets.com/opensource-diets/dio-series-diets;

b)https://www.researchdiets.com/formulas/D10001i.
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2.4.1.3. Dosing with KHK inhibitor by intraperitoneal injection
As the ketohexokinase (KHK) inhibitor was not easily soluble in phosphate-buffered
saline, a low concentration solution of 0.5 mg/ml was prepared. This was carried out on
the same day that the injections were performed so that the inhibitor would remain
dissolved before the injections. The KHK inhibitor was administered via intraperitoneal
injection (i.p.) to minimize stress to the animal and avoid any need for anaesthesia. For
the greatest accuracy in dosing, each individual animal was weighed, and the dose was

calculated as follows:

mouse weight (Kg) X Dose required (%g)

Injection volume (ml) = Mg
Concentration of KHK inhibitor (W)

As an example, for a 50 g mouse, the injected volume would be:

0.05 (Kg) x 15 (M)

kg
0.5 (%)

=1.5ml

Injection volume (ml) =

The administration volume represents an i.p. injection of 30 ml/kg, following good
practice guidelines '°°, without compromising animal welfare.
Individual mice were weighed and dosed with KHK inhibitor at 15 mg/kg, 4 hours

prior to culling. Records of all dosings were kept in the laboratory notebook.

2.4.1.4. Intraperitoneal injection of [U-3C] fructose
In order to assess in vivo metabolic changes of mice with fatty liver disease, [U-13C]
fructose was used. Similar to the KHK inhibitor, fructose was dissolved in PBS and
administered to animals by i.p. injection at 1M (volume of 0.1 ml, mass of 0.2 g) -
optimised by Dr. Volpari for her PhD thesis in November 2015, University of

Birmingham. Animals were euthanised 30 minutes after administration of the tracer to
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allow for absorption, metabolization in the liver and accumulation of downstream
labelled metabolites.
2.4.1.5. Blood samples

During the course of the experiment, blood was collected from mice at pre-determined
time points by tail vein bleeding. For tail vein blood sampling, the animals had to be kept
in a warming cabinet, for no more than 10 minutes, in order to dilate the blood vessels.
One blood sample up to 200 pl of blood was collected from each mouse and was stored
in a 1.5 ml Eppendorf, using a 25-gauge needle while the mouse was in a restraint tube.

The last blood collection was performed at the end of the experiment, while animals
underwent general anaesthesia with isoflurane. Induction of anaesthesia was undertaken
with 4% isoflurane using pure oxygen as a carrier gas. Maintenance of anaesthesia was
carried out with 2% isoflurane with oxygen. Pedal reflex testing was performed in order
to confirm the effectiveness of anaesthesia. Cardiac puncture was done with a 25-gauge
needle under anaesthesia and blood samples were placed in 1.5 ml Eppendorfs.

In order to obtain serum of high quality, blood samples were allowed to form a clot at
room temperature for 60 minutes. To remove the clot, blood was centrifuged twice for
10 minutes at 13 400 x g (MSE MicroCentaur). Serum was collected and transferred to
a clean Eppendorf. The serum was then transferred into 0.5 ml Eppendorfs to further
storage at -80 °C. For biochemical analysis, 100 pl of serum was diluted in a saline
solution (1:2) in a clean polypropylene tube. Samples were taken to the chemistry lab in
the Women’s Hospital in Birmingham to determine of serum enzymes activity and urea

concentration using standard clinical analysers.
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2.5.NMR spectroscopy of biological samples

2.5.1.1. MeOH/CHCIs extraction protocols for NMR samples from
cells

PBS and purified water were kept at 4 °C, and the methanol and chloroform at -20 °C
prior to use. For the quenching process, the spent medium was collected, and each flask
was washed twice with cold PBS. Then, intracellular aqueous metabolites and lipids were
extracted using a dual phase extraction procedure adapted from Teng et al. °!. Briefly,
600 pul of cold methanol (HPLC grade) was added to stop metabolic activity, and the cells
were scraped off the flask. Afterwards, the suspension was transferred into a labelled
glass vial and vortexed for 30 s. Chloroform (200 ul + 200 ul) and purified water (300
ul) were then added to each sample, each addition was followed by vortexing for 30 s.
Samples were left to rest on ice for 10 min. After centrifuging at 1720 x g for 10 min, in
a swinging-bucket rotor centrifuge, the upper aqueous phase (~ 500 ul) and the lower
organic phase (~ 200 ul) were then carefully transferred into new vials using a 500 pl
Hamilton Syringe. The upper (polar) phase was dried under vacuum while the lower

organic phase was left to dry overnight in the fume hood.

2.5.1.2.  Extraction protocols for NMR samples from tissue
Liver samples (approximately 150 mg) were added to gentleMACS M-Tubes in cold
(-20 °C) methanol (8 ul/mg) and purified water (2 ul/mg). They were homogenised using
a gentleMACS Dissociator (Miltenyi, UK), using the program “m_spleen 01 for two
minutes. The resultant suspension was decanted into a 15 ml glass vials. Cold (-20 °C)
chloroform (8 pl /mg) and water (4 ul/mg) were added and samples vortexed for 30
seconds. The mixture was left to stand on ice, around 10 minutes, before centrifugation

(5 mins at 670 x g followed by another 5 mins at 970 x g). The upper layer of the resultant
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multiphasic solution was carefully pipetted into a sterile Eppendorf tube (~ 400 pul) and
dried using a speed vacuum dryer for 4 hours. The lower layer containing lipids (~ 200
ul) was carefully transferred into new vials using a 500 pl Hamilton Syringe and left to

dry overnight in a fume hood.

2.5.1.3. NMR sample preparation from cells and tissue

Aqueous extracts were reconstituted in 50 pl of deuterated sodium phosphate buffer
(100 mM, pH 7.0) containing 0.5 mM TMSP, 3 mM sodium azide and 10% D20 or 100%
D>0, while organic phase extracts were reconstituted in deuterated chloroform (dCHCI3)
containing 0.5 mM TMSP. Each sample was sonicated for 10 minutes and vortexed
briefly, before a volume of 35 pul was transferred into 1.7 mm NMR tubes, either using a
GILSON Sample preparation unit (10% DO buffer) or manually for samples in 100%
D>0 buffer and samples in dCHCls;. Media samples were prepared by dissolving 162 pl
of media in 18 pl of 10% D0 buffer, vortexed and transferred into 3.0 mm NMR tubes.

All samples were kept at 4°C prior to NMR acquisition.
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2.5.14. NMR acquisition

All spectra were acquired at 300 K on a 600 MHz Bruker Avance III spectrometer
with a proton-optimised triple resonance NMR “inverse” (TCI) 1.7mm z-axis pulsed
field gradients (PFG) cryogenic probe using a cooled Bruker SampleJet autosampler,
except for the spectra acquired for the probe comparison study. For this, additional
probes were tested including a TCI Smm z-PFG cryogenic probe and a Smm double
resonance broadband inverse (BBI) z-PFG room temperature probe, all using 600 MHz
Bruker Avance III spectrometers. In all experiments, the 'H carrier was set on the water
frequency and the 'H 90° pulse was calibrated at a power of 0.256 W. Typically pulse
widths of 9.5 us were achieved.

For the 'H 1D spectra, the standard Bruker pulse sequence noesygpprld for a 1D
NOESY with water pre-saturation was used. Key parameters were as follows: spectral
width 11.97 ppm/7183.9 Hz; complex points, TD 32768; interscan delay, d1 4 s; short
NOE mixing time, d8 10 ms; number of scans, ns= 128; dummy scans, ds= 8. The
grad blk option was used as this extra lock blanking gave a better signal line shape. Total
experiment time was 14 minutes.

For 'H-'3C HSQC spectra in water, the pulse sequence used was based on the Bruker
standard pulse program hsqcetgpsp, which uses echo/anti-echo TPPI gradient selection,
with added gradients during the INEPT periods. For the "H-'*C HSQC spectra in D,0,
the pulse sequence used was a modified version of the Bruker standard pulse program,
hsqcgphprsp. In both cases additional gradient pulses were added during INEPT echo
periods to improve signals and to help suppress 77 noise in D>O and soft 180°-pulses
were used for 1*C. For the 'H observe dimension, a spectral width of 7812.5 Hz/13.02
ppm with 1024 complex points (i.e. 2048 total points) was used. For the *C indirect

dimension, 2048 complex points (4096 increments) were acquired with a spectral width
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of 24154.6 Hz/160.1 ppm. Spectra were acquired with 2 scans and an interscan delay of
1.5 s giving a total experiment time of ca. 16h. For all NUS-HSQC spectra, a 25% non-
uniform sampling (NUS) schedule with 4096 increments was used to yield 8192
complex points after processing, using Wagner’s schedule generator

(http://gwagner.med.harvard.edu/intranet/hmsIST/gensched new.html) with a tolerance

of 0.01 and other parameters with default values, reducing the total experiment time to

ca. 4 hours.
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2.5.1.5. NMR data processing
2.5.1.6. One-dimensional NMR spectra
1D 'H NMR spectra were processed using Metabolab program '°? within Matlab,
version R2017a (MathWorks, Massachusetts, USA). The free induction decay (FID)
signals were multiplied by a 0.3Hz exponential window function and zero-filled to 65536
points prior to Fourier transformation. Spectra were phased, referenced to TMSP at §
0.00 ppm, baseline corrected and the water region and regions devoid of signal at the
edges of the spectrum were excluded. Furthermore, segmental alignment using the
icoshift software!*® was performed in several metabolites aligning resonances that could
be slightly shifted by small differences, for example, in sample pH. Finally, the spectra
were scaled to a constant total spectral area (TSA-scaling). Resonances were assigned
using Chenomx (Alberta, Canada, 2015), and by consulting the NMR metabolic profiling

human metabolome database (HMDB) >,

2.5.1.7. Two-dimensional NMR spectra

2D HSQC spectra were processed using Metabolab within Matlab, version R2017a
(MathWorks, Massachusetts, USA). Cosine-squared window functions were applied to
both dimensions and spectra were phased manually. Calibration was carried out manually
using the L-lactic acid methyl signal as a reference (6 1.31/22.9 ppm). Metabolite
identification used the MetaboLab!>? library with reference to HMDB. For 2D NUS-
HSQC spectra, data processing was initially performed using NMRPipe'>® with the
Hyberts extension for processing NUS spectra'>® and subsequent analysis was then

performed with Metabolab as described above for regular HSQC spectra.
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2.5.1.8.  Scaling of HSQC spectra

1D '"H NMR spectra allow the identification and accurate quantification of
metabolites, since the integrated signal of a specific metabolite is directly proportional
to the number of protons in the mixture. However, in 2D NMR spectra, metabolite
quantification is more complex since it is dependent on additional factors such as peak
multiplicity, non-uniform relaxation, evolution times and homonuclear coupling
constants *""1%° Determining exact metabolite concentrations from 2D peak intensities
is a challenge, which would require longer experimental times and complex calibration

data, so relative intensities were obtained for this thesis.

In theory, the ratio for *C incorporation could be calculated as follows:

Peak intensity from 13C labelled sample (Ilab)

.13
Rat C=
atto Peak intensity from matched unlabelled sample (Ict)

However, inter- and intra-variability of biological samples makes it almost impossible
to prepare appropriate matched unlabelled samples as a reference for natural abundant
13C. Besides, signal intensities in HSQC spectra depend on metabolite concentration as
well as on label incorporation. Therefore, a normalisation step needs to be employed to
obtain true peak intensities. One recurring option has been the use of a chemical shift
referencing standards (usually TMS, TMSP or DSS) with a known concentration, but
this is unsuitable for intensity referencing since it is added after the sample has been
prepared so it cannot be used to identify changes arising from varying cell numbers.

In this work, corresponding 1D 'H spectra of the same sample were used to determine
total metabolite concentration, by calculating the total spectral area (TSA) and using this

as a scaling factor for the 2D HSQC spectrum. This is based on the assumption that the
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total concentration of all observed metabolites should be the same for similar samples.
These scaling factors were then applied to scale the associated HSQCs for both labelled
and unlabelled samples, and ratio of *C incorporation in specific metabolites was

obtained as follows:

Ilab X TSA scaling factor from labelled sample (Slab)

.13
Rat C=
ato Ict X TSAscaling factor from matched unlabelled sample (Sct)

With this approach, metabolite intensities are normalised according to total metabolite
concentration in each sample instead of relying in one reference metabolite. Hence,

intensities between HSQC spectra were compared using this method.
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2.6.Statistical analysis

Statistical analysis was carried out using GraphPad Prism version 7.0 (Graphpad, US).
For multiple group comparison ordinary one-way analysis of variance (ANOVA) was
used. Data was considered significant when p-values were below 0.5 and were
represented in figures following the standard convention: * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001. Statistical hypothesis testing was performed, followed by
Bonferroni’s correction when data had different sample size and Tukey’s correction
when equal samples sizes were tested. Figure legends contain information about the
number of samples for each experiment and all data was represented as mean + standard
deviation unless otherwise specified.

For 2D 'H-13C HSQC data, to find the '*C ratios standard error of the mean (Ratioerror),
additional calculations were carried out using Microsoft Excel (Microsoft, US). Average
and standard deviation (SD) of each mean (unlabelled control — ct, and *C-labelled
spectra — lab) were used to obtain the error associated with the ratio calculation as

follows:

13 ] Average Ilab
Ratio “°C(multiple samples) = ———
Average Ict

SDct 2 SDlab 2
) +( )

Ratio = Ratio 13C x (—
error \/ Average Ict

Average Ilab
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CHAPTER 3

WHEN BEING GOOD IS NOT ENOUGH
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3. Refinement of techniques towards sample preparation for

metabolomics investigation

3.1. Overview

In this chapter I will describe techniques optimised in our laboratory in order to
establish a protocol for NMR metabolic profiling and liver disease characterisation '%°.
Thus, I begin by exploring the growth characteristics of hepatic cells prior to sample
preparation for metabolomics applications. Quenching methods to extract the largest
number of metabolites with regards to differing physical and chemical properties of the
cellular metabolome were also tested. In light of recent technological developments,
NMR probe performance was verified for the analysis of limited mass biological
samples, for routine 1D and 2D NMR measurements. Once suitable sample preparation
and NMR methodology were defined, a comprehensive characterisation of human
hepatocytes metabolome was performed by 1D and 2D NMR spectroscopy when using
13C-labelled precursors. The tracer-based metabolism data was evaluated to assess best
culture time, optimal precursor use and how labelled compounds are integrated into
hepatic metabolism.

The work described in this chapter establishes the ground for NMR metabolic
profiling and tracer-based metabolism of Non-Alcoholic Liver Disease (NAFLD) studies

which are described in the next chapters 4, 5 and 6.
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3.2. Optimal cellular performance for metabolomic studies

In order to assess the growth characteristics of the HuH7 cell line and determine the
best time range for evaluating their metabolic activity, a growth curve was been
established (Figure 3. 1). The initial cell density plated on each T75 cm? flasks
(approximately 3 x 10° cells) was chosen in order to have sufficient cells for
metabolomics every two days, while splitting them at a ratio 1:3. Cells were found to
reach confluence about day 3 (Figure 3. 2) and to be in the exponential growth phase
from 24 to 72 hours, after attachment to the new growth surface and initiation of
proliferation. From 72 hours onwards, cells were very confluent, and medium was found
to be extremely yellow, which reflects a pH lower than 7 by the indicator phenol red
present in the DMEM, which is less than ideal conditions. Thus, the time range selected
for the HuH7 cells used in metabolomics studies was between 24 and 72 hours, as during
this phase the cells should be most responsive to external stimuli. Hence, to investigate
cellular responses using enough cells to obtain a good signal in the NMR spectrometer,
my experiments were performed within the first 72 hours of plating them, minimizing

assay artefacts due to confluence.
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Figure 3. 1 — Growth curve of HuH?7 cells. Approximately 3x10° cells were plated on a T75 cm?
flask and cell growth was monitored daily. (n=3 independent experiments. Error bars represent standard

deviation).

Figure 3. 2 — Examination of the culture for general cellular morphology and confluency using
an inverted microscope and macroscopic evaluation of the medium pH shifts, indicated by the colour

change.
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3.3.Metabolite extraction using methanol, water and chloroform

The metabolic analysis of biological systems, such as cells or tissues, requires the
acquisition of reproducible and reliable data sets. Also, high spectral resolution, global
detection capability and ease of sample preparation are desired. Therefore, metabolite
extraction is a crucial step for NMR-based applications of metabolomics 24123160 For
biochemical analysis and quantification of metabolites profiles through NMR
spectroscopy, the extraction procedures most commonly used are the liquid-liquid
extractions. Liquid-liquid extraction, also known as solvent extraction, is a separation
process based on different solubilities of components in two immiscible, or partially
miscible, liquids '®"1%2, For my studies, in order to detect the entire cell metabolome,
intracellular metabolites were extracted using a methanol, chloroform and water system,
described elsewhere '2>137:163 Whereas methanol is miscible with water and may be used
to enhance solubility of less-polar metabolites during the extraction process, chloroform
is volatile, immiscible with and denser than water. This system then allows the
simultaneous extraction of hydrophilic compounds, such as lactate, amino acids,
tricarboxylic acid cycle intermediates, and hydrophobic metabolites like fatty acids, from
the same sample 24162163,

This two-phase liquid system was further optimised to improve the yield of
metabolites by changing the ratio of solvents used. Hence, several volumes of chloroform
were tested (see Figure 3. 3) in order to investigate which ratio would enhance aqueous
metabolite extraction. Using 600 pl of methanol and 300 pl of distilled water, the volume
of chloroform tested ranged from 350 pl to 600 pl, in 50 pl intervals.

Changing the volume of chloroform used caused the intensities of some metabolites

to change, although the number of metabolites observed was virtually the same.
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Figure 3. 3 — The effect of different solvent extraction ratios on 600 MHz '"H NMR spectra from
HuH?7 cells. The volume of methanol (600 puL) and water (300 uL) was maintained equal in all extractions;
however, the volume of chloroform was used within a range of 350-600 uL, as shown in the colour key.
Dashed boxes highlight specific metabolites within the spectra: Val valine, Ile isoleucine, Leu leucine,
Lactate, Acetate, Glucose, Phe phenylalanine, NAD" nicotinamide adenosine dinucleotide and PCholine

phosphocholine.

79



The solubility of metabolites is related with their polarity, thus the more polar
extraction solution (350 ul chloroform) will dissolve more polar compounds and
conversely, the least polar solution (600 pl chloroform) will dissolve less polar
compounds. In agreement with this, the results show metabolite yields with substantial
differences in branched chain amino acids, aromatic amino acids, lactate, formate,
acetate, serine and choline compounds levels depending on solvent used.

Most of these metabolites are organic acids, such as amino acids and lactate, which
have acidic properties. This acidity is usually related with their carboxylic group -COOH,
which is strongly hydrophilic, therefore it is natural that their intensity changes according
to polarity of the extraction solution. A quantification of these individual metabolites was
performed from the 'H NMR spectra to support these findings. In Figure 3. 4 we can see
that most organic acids are more concentrated (have a higher signal intensity) when the
volume of chloroform used is 400 ul. Therefore, as organic acids are the end products
and intermediates of a wide range of metabolic pathways that [ am interested in studying,

the selected methanol/CHCI3/H2O ratio was of 2.0:1.3:1.0, using 400 pl of chloroform.
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Figure 3. 4 — Individual metabolite intensities change depending on the chloroform volume used
for extractions. HuH7 cells from 6 individual T75 flasks were extracted at the same time, using a methanol
water and chloroform extractions, with varying volumes of chloroform, ranging from 350-600 pL, as

shown in the colour key.
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3.4. Use of a smaller cryoprobe permits reduced sample size

Modern cryoprobes have driven advances in NMR spectroscopy for the study of
biomolecules, by increasing the sensitivity by a factor of two or three-fold and allowing
better quality spectra to be generated. However, the performance of these cryoprobes is
always dependent on the sample concentration, viscosity and salt interactions, which
might affect line shape and chemical shifts 13164,

In this study, spectra from equal mass samples were acquired with a 5.0mm room
temperature (RT) probe, a 5.0mm cryoprobe and a 1.7mm micro-cryoprobe. The
sensitivity discrepancy between different probes can be seen in Figure 3. 5. For this
comparison, two sucrose samples were prepared from a solution of sucrose with a
concentration of 0.1 M, one diluted in 35 pl for the 1.7 mm micro-cryoprobe and another
one diluted in 600 pl for the 5.0 mm probes. Using 32 scans, almost no signal was
observed in the RT probe and a signal to noise (S/N) ratio gain of at least 10 was seen
from using the 1.7mm cryoprobe instead of the Smm cryoprobe (Figure 3. 5. A).

When analysing intracellular polar extracts from the HuH7 cell line, similar results
were obtained (Figure 3. 5.B). For this, two matched samples of the same mass were
prepared from the same flask, and equal volumes from the polar layer of the
methanol/chloroform/water extraction were dried under vacuum. They were then
resuspended in different volumes, as for the sucrose experiment. The NMR analysis was
carried out using 128 scans, and whilst the RT probe showed very low-intensity signals,
the cryoprobes generated a huge improvement with a further signal enhancement factor
of 4-5 for the micro-cryoprobe. Overall sensitivity improved by a factor of at least 40
with this probe technology for both samples (Table VII). Importantly, the salt tolerance

of the micro-cryoprobe (1.7 mm) is much better than that of conventional cryoprobes but
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shimming becomes more challenging due to the large length/width ratio and the

temperature gradient along the sample length of the NMR tube.
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Figure 3. 5 — Modern probe technology improves sensitivity for NMR metabolomics analysis.
Comparison of 1D spectra obtained from two equal mass samples, either sucrose (A) or hepatocarcinoma
cell line extracts (B) using a 1.7mm micro-cryoprobe (blue), a 5 mm cryoprobe (black) and a 5 mm room

temperature (RT) probe (red).

This figure is published in '?°, but it is my own work.
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Table VII — Comparison of peak intensities from sucrose and cell extract equal
mass samples acquired with a 5.0mm room temperature (RT) probe, a 5.0mm

cryoprobe and a 1.7mm micro-cryoprobe

A

Intensity 1.7mm cryoprobe Smm cryoprobe Smm RT probe
Peak @ 3.479 ppm 1.28E+07 7.40E+05 6.10E+04
Peak @ 3.684 ppm 4.12E+07 1.88E+06 2.33E+05
Peak @ 3.770 ppm 1.32E+07 7.53E+05 2.73E+04
Fold change 1.7mm cryo/Smm cryo | Smm cryo/ S mm RT | 1.7mm cryo/Smm RT
Peak @ 3.479 ppm 17.3 12.1 209.5
Peak @ 3.684 ppm 21.9 8.1 177.0
Peak @ 3.770 ppm 17.5 27.6 482.7

B. HuH7 cells

Intensity 1.7mm cryoprobe Smm cryoprobe Smm RT probe

Acetate @ 1.923 ppm 5.03E+07 1.12E+07 1.03E+06
Glutamate @ 2.338 ppm 2.10E+07 4.56E+06 5.63E+05
Aspartate @ 2.796 ppm 8.28E+06 1.82E+06 2.32E+05

Fold change 1.7mm cryo/Smm cryo | Smm cryo/ S mm RT | 1.7mm cryo/Smm RT

Acetate @ 1.923 ppm 4.5 10.9 48.8
Glutamate @ 2.338 ppm 4.6 8.1 37.2
Aspartate @ 2.796 ppm 4.5 7.8 35.7

Note 3 — Intensity values were obtained from the integration of the 'H 1D NMR spectra at the
defined spectral region (in ppm) for all tested probes. Fold change is the ratio obtained by dividing the

intensity of a specific peak from two different probes.
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3.4.1. Increased sensitivity of cryogenic probes benefits 2D NMR

Improvements in technology have opened new avenues for NMR metabolomics,
enabling data from 2D NMR experiments to be acquired in a reasonable time without
compromising resolution. 2D NMR spectroscopy has advantages over 1D NMR since it
reduces spectral overlap due to increased spectral dispersion. Commonly used 2D NMR
experiments in metabolomics include proton homonuclear ('H-'H) experiments such as
Correlation Spectroscopy (COSY), Total Correlation Spectroscopy (TOCSY) and J-
resolved NMR spectroscopy (J-Res), as well as heteronuclear ('H-'3C/'H-'°N)
experiments like Single Quantum Coherence (HSQC) and Multiple Quantum Correlation
(HMQC). Although all these experiments are valuable to determine stable isotopic
labelling at specific atomic positions, HSQC experiments provide straightforward
information and offer a sufficiently high resolution to identify *C-enriched isotopomers
by correlating 'H and '*C (or '°N) chemical shifts. In order to achieve this, HSQCs were
employed to obtain signal intensities, '*C chemical shifts and coupling patterns 10165,

In HSQC spectra, signals arise only from protons attached to '*C, therefore, levels of
label incorporation can be estimated comparing labelled samples with matched
unlabelled controls. In both samples there will be signal intensities arising from the 1.1%
natural abundance of '°C, therefore '*C-incorporation in specific positions can be
determined by measuring intensities from unlabelled and labelled HSQC samples.
However, correction for sample variability affecting the overall concentration is required,
as described in section 2.5.1.8. Briefly, the overall intensity of HSQC signals is a product
of concentration and label incorporation, and the relative concentration can be estimated
from the total spectral area of the corresponding 1D spectrum, which does not depend on

label incorporation.
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Another advantage of the HSQC spectra for isotopomer analysis arises from the

quantitative information in the multiplet structure in the incremented *C-dimension, as

originally suggested by Szyperski . For example, in a mixture of isotopomers for the

central carbon of a 3-carbon fragment, there is a superimposition of resonances arising

from isolated '*C singlets, two possible '3C-'C doublets, and the possibility of doublets

of doublets when all three carbons are labelled as shown in Figure 3. 6:

(1) the observed carbon position is a terminal C3 fragment which gives rise to a
singlet, symbolised in black, and a doublet indicated in blue, as the coupling
pattern from one-bond scalar coupling constant 'Jcc. This is observed for carbon-
3 of alanine.

(2) the observed carbon is in a C3 fragment and the scalar coupling constants to the
adjacent carbons are identical within the HSQC resolution. This yields a singlet
(black), a doublet (blue) and a triplet (black and blue combined), which can be
found in the spectral region of carbon-5 of glucose.

(3) finally, the observed carbon is embedded in a C3 fragment with different scalar
coupling constants since the chemical environment of the neighbouring carbons is
different. In a situation where 'Jcc<!Jxcc we can see a singlet (in black), two
different doublets (one from 'Jcc and other from 'Jxcc,), and a double of doublets

in the final spectrum (all in blue). This is seen in carbon-2 of alanine.

Nevertheless, to obtain information regarding Jcc values involving the labelled

carbons, high-resolution HSQC spectra are needed. For this, high-resolution HSQC

spectra need to be acquired with 16384 real points, leading to long acquisition times

(around 16 hours) even when using 2 scans. Due to advancements in software and

technology, HSQC spectra can now be acquired with non-uniform sampling (NUS),
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leading to overall decrease in acquisition time without compromising resolution. Hence,
for my experiments, NUS HSQC spectra were acquired with 512 complex data points
for 'H and 8192 complex data points for '3C with 25% sampling rate (2048 complex
points, 4096 increments), taking approximately 4.5 hours of acquisition time. Using the
IST algorithm from Wagner and co-workers !>, NMR data was reconstructed with zero
filling and applying a Fourier transformation, ultimately doing a convolution of the zeros
with the data and increasing final resolution.

To test the performance of the NUS HSQC spectra reconstruction, a sample from
HuH7 cells was acquired with regular sampling and with 25% NUS sampling. Figure 3.
7 displays both the HSQC spectra acquired and the multiplet patterns from glutamate.
The NUS-HSQC spectrum is virtually indistinguishable from the one with regular
sampling, where all metabolites are visible without the presence of artefacts from the
NUS scheduling. Moreover, multiplet patterns arising from the 'Jcc scalar coupling are

observable at the same level with little or no differences in resolution.
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Figure 3. 6 — Labelling patterns and corresponding multiplets as observed in 'H-'*C HSQC

spectral regions of typical metabolites after '*C-enrichment (adapted from '),
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Figure 3. 7 — HSQC data for "H-'3C-HSQC spectrum acquired with regular sampling (red) vs a
spectrum with a 25% non-uniformly incremented schedule (blue), using 16384 (16k) data points.
Panel A shows an overview of the HSQC from HuH7 cells exposed to [U-'"*C] glucose for 12 hours and
panel B shows spectral regions of glutamate from both spectra. The resulting spectra are virtually
indistinguishable, and the main difference is related with the noise. NUS-HSQC spectra were processed

using Hyberts’ hmsIST!*® module in nmrPipe!>’.

This figure is published in '?°, but it is my own work.
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3.5.Tracer based metabolism in hepatic cells

3.5.1. How to choose a time point?

Cells are complex dynamic living systems, it is therefore important to understand how
they behave in changing culture conditions and assess what influence sampling time has
on the metabolic profile. As an open system, some metabolites are exchanged between
the intracellular and extracellular environment in order to sustain cell growth needs and
maintain homeostasis. Therefore, by characterizing cellular metabolism parameters, such
as substrate uptake and metabolite secretion rates (fluxes), intracellular metabolite levels
and pathway activities, it will be possible to understand the biochemical reaction network
167,168

To investigate the metabolic regulation that occurs during cellular growth and
proliferation, HuH7 cells were plated in 75 cm? Corning flasks and nutrient availability
and consumption was determined by 1D "H NMR spectroscopy. For this, analysis of the
intracellular and extracellular metabolic profile was performed, reflecting metabolite
variations. Medium and intracellular polar extracts were collected at different times,
ranging from 30 minutes to 12 hours after the beginning of the exponential growth phase
(Figure 3. 8 to Figure 3. 11).

Figure 3. 8 shows representative '"H NMR spectra for the intracellular variations in
HuH7 over culture time, reflecting the metabolic adaptation during growth. Selected
metabolites are shown in Figure 3. 8B to aid visualisation. Figure 3. 9 shows quantitative
analysis of the intracellular metabolites within these samples and includes integration of
the metabolites that participate in the main metabolic pathways. It is clear that glucose
and branched chain and aromatic amino acids are consumed with increasing culture time
while glycolysis and TCA cycle intermediates such as lactate, alanine, acetate, glutamate

and succinate are being produced. This reflects anabolic metabolism characteristic of cell
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growth and proliferation; however, these trends shift slightly after the 9 hours’ time-
point. During cell growth, the accumulation of several acidic metabolites, such as lactate,

pyruvate, acetate and malate is clearly visible, which will decrease the pH in the cell.
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Figure 3. 8 — Representation of 1D '"H NMR spectra obtained in a 600 MHz spectrometer of
aqueous extracts from the hepatocellular carcinoma cell line (HuH?7) over culture time. Section A.
shows the superimposition of all representative spectra of the HuH7 cell aqueous extracts at each time
point (n=3). Section B. shows expansions of the 'H NMR spectra containing the resonances from lactate,

threonine, acetate, glutamine, glucose and phenylalanine.
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Figure 3. 9 -Graphical representation of the quantification of metabolites from intracellular
polar extracts of HuH?7 cells. Graphs are a representation of peak intensity + standard deviation, with n=3
independent samples. This graph includes metabolites involved in amino acid metabolism, glycolysis and

TCA cycle to help derive metabolic pathways contribution over culture time.

93



Figure 3. 10 displays the standard 'H NMR spectra of the variations in HuH7 culture
medium over culture time, as well as spectral regions for specific metabolites. Graphical
representation of the metabolite intensities is shown in Figure 3. 11 which illustrates the
dynamic exchanges that occur between the culture medium and the cells. Analysis of
overall metabolite fluctuations shows that glucose is rapidly taken up from the medium
to supply the cell with precursors for synthetic pathways. The up-regulation of glycolysis
seems to be producing enough energy to meet the demand of the proliferating cells since
the concentration of amino acids in the medium barely changes. Moreover, the increase
in the glycolytic flux is also reflected by the excretion of acidic metabolites in the
medium, such as pyruvate, lactate, acetate and glutamate.

To further investigate hepatocyte function and preferred metabolic pathways, changes

in metabolism were followed using '*C-labelled precursors.
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Figure 3. 10 — Representation of 1D 'H NMR spectra obtained in a 600 MHz spectrometer of
medium samples over culture time. Section A. shows the superimposition of all representative spectra
of the medium samples at each time point (n=3). Section B. shows expansions of the '"H NMR spectra

containing the resonances from acetate, pyruvate, lysine, glucose and lactate.
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Figure 3. 11 — Graphical representation of the quantification of metabolites from extracellular
samples of HuH7 cells. Graphs are a representation of peak intensity + standard deviation, with n=3
independent samples. This graph includes metabolites involved in amino acid metabolism, glycolysis and
TCA cycle to help derive overall uptake of nutrients from the medium and cellular excretions over culture

time.
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3.5.2. Incorporation of 3C from [U-'3C] Glucose in HuH?7 cells

In order to study *C enrichment in specific carbon positions, high-resolution 2D 'H-
13C HSQC spectra were obtained from polar intracellular extracts of HuH7 cells, from
the same time points as in 3.4.1 (Figure 3. 12). The HSQC spectra permit evaluation of
distribution of carbon fluxes by measuring signal intensities, *C-'3C coupling patterns,
and identification of contributions of labelled precursors to diverse metabolic pathways
169-171 " Metabolite identification in the HSQC spectra was carried out using the
MetaboLab!”? library based on the Human Metabolome Database (HMDB)'”® and
Biological Magnetic Resonance Data Bank!™*. The ratio of relative '*C-enrichment was
obtained for all individual carbon atoms by comparing the signal intensity in labelled
samples derived from [U-'*C] glucose with the signal intensity of control matched
samples which reflect the '*C natural abundance.

Figure 3. 13 shows how incubation of HuH7 cells with [U-'*C] glucose would label
several downstream metabolic intermediates in biosynthetic reactions. Glucose is
oxidised via glycolysis to produce pyruvate, which is transformed into lactate or alanine,
depending on the energy and substrate needs of the cells. Moreover, the hepatocytes are
further oxidising pyruvate into acetyl-CoA by the pyruvate dehydrogenase (PDH)
complex to feed the TCA cycle. Doing this, cells are not only improving the energy
metabolism yield but also providing intermediates of the cycle to serve as precursors for

the production of amino acids, nucleotides and other key pathways.
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Figure 3. 12 — A representation of an '"H-3C HSQC spectrum of HuH7 polar cell extract after 9
hours labelling with [U-13C] glucose. Several metabolites with !3C fractional enrichments, such as amino
acids, sugars and nucleotides are generated and have been assigned. Assignments are indicated as follows:
three-letter code used for amino acids, Lact lactate, Ace acetate, Mal malate, ATP adenosine triphosphate,

NAD nicotinamide adenine dinucleotide, PC phosphocholine, UDP uridine diphosphate, Un unassigned.
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Figure 3. 13 — Graphical representation of label distribution in the main metabolic pathways

when HuH?7 cells are incubated with [U-3C] glucose.
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For each time point during culture, intracellular steady state '’C-enrichment was
calculated and the analysis of the distribution of labelled carbons in various intermediates
was plotted as shown in Figure 3. 14. Taurine is shown as an example of an unlabelled
metabolite when glucose is used as a precursor, demonstrating that when ratios are
calculated from natural abundance the fold-change is indeed 1. Glucose was incorporated
by the HuH7 cells and a gradual increase in '*C-enrichment was observed for one carbon
metabolism metabolites like glycine and serine. Also, the downstream glycolytic
products lactate and alanine, are labelled in carbon 2 and 3, which indicates that [U-!*C]
pyruvate is being produced. Pyruvate entry into the TCA cycle can occur either via
pyruvate dehydrogenase producing [1,2-!*C] acetyl-CoA or via pyruvate carboxylase
(PC) originating [2,3-'°C] oxaloacetate. TCA cycle intermediates are then produced via
PDH/PC and label incorporation is visible in metabolites such as glutamate, glutathione,
malate and aspartate.

At early time points, there was high incorporation of '*C in carbon 4 of glutamate,
reflecting the presence of isotopomer [4,5-13C] glutamate and only later (over 3 hours)
showed a higher ratio in carbon 2 and 3, revealing that the molecules underwent two
passages through the TCA cycle and had a contribution from PC products to generate
[2,3,4,5-13C] glutamate. On the other hand, pyruvate carboxylase activity is reflected in
labelling patterns in aspartate and malate '“°, which are labelled in position 2 and 3 at
higher levels than glutamate.

As a result of high glycolytic and TCA cycle fluxes, ATP seems to be incorporating
13C at a consistent rate, as well as NAD". Although HuH7 cells don’t seem to reach an
isotopic steady state by the end of 12 hours, metabolic tracing can be achieved with a

high label incorporation from 3 hours onwards. Ratios of at least 10-fold can be measured
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in these cells for glycolysis, TCA cycle and serine biosynthesis in this short time-frame,

providing a global picture of metabolic profile in a timely manner (Figure 3. 14).

A. Biosynthesis of serine and glycine and ATP production
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Figure 3. 14 — [U-3C] glucose is incorporated in metabolites of several metabolic pathways in
time. '*C-incorporation was calculated as a ratio of '*C/">C using labelled and matched control samples

(n=3). Ratios were expressed as means + standard error of the mean.
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3.5.3. The importance of choosing the right precursor
3.5.3.1.  Cellular behaviour adapts to nutrient availability

Nowadays, non-alcoholic fatty liver disease is the most common chronic liver
condition worldwide and this has been closely linked with the increase of fructose
consumption 22#!% Alteration in the homeostasis of carbohydrates, such as fructose
and glucose, will lead to steatosis and inflammation in the liver. Although fructose and
glucose share similar metabolic pathways, their entry into and regulation by cells is quite
different. Hepatocellular expression of glucose and fructose transporters expression can
change during the development of diseases, thereby altering carbohydrate regulation >!7>.

To investigate whether fructose is incorporated and metabolised by hepatic cells in
vitro and how it performs relative to glucose, HuH7 cells were incubated for 3 different
time-points in complete medium containing 20 mM '2C- or [U-!*C] glucose or 20 mM
2C- or [U-8C] fructose. The !'’C-enrichments were calculated for metabolites
participating in glycolysis, TCA cycle and one-carbon metabolism as represented in
Figure 3. 15.

For the first 30 minutes, glucose seems to be incorporated and metabolised at a higher
ratio than fructose, and label is expressed mainly in metabolites from glycolysis and
aspartate, derived from pyruvate carboxylase activity. After 2 hours incubation, fructose
incorporation occurs at a greater extent and shows '*C-enrichment in the same
metabolites as when glucose was used, albeit at a lower ratio than glucose. However,
after 6 hours, there is a higher expression of labelled metabolites across all the analysed
metabolic pathways with a slightly different trend between the precursors. While glucose
derived metabolites are more pronounced in the glycolytic metabolites and TCA cycle
intermediates there are some major changes when fructose is used. Although fructose

can be metabolised and enter glycolysis at the level of the triose-phosphates, it can also
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be directed to the production of lipids. In support of this, significant decreases can be
seen at the level of acetate and lactate. Acetate can also be directed towards de novo

lipogenesis, but further studies are needed to confirm the fate of the labelled carbons.
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Figure 3. 15 — 3C-enrichment in several key metabolites of HuH7 cells after exposure to [U-'3C]

glucose or [U-13C] fructose occurs at different rate depending on precursor used. Three distinct time

points (30 minutes, 2 hours and 6 hours) were analysed by 'H-'*C HSQC in comparison to unlabelled

matched samples.
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3.5.3.2.  Challenges using human ex vivo liver for metabolic studies

Tracer-based metabolism in primary liver samples has great potential for diagnostic
purposes in translational medicine, particularly in the context of understanding glucose
and lipid metabolism in fatty liver disease. Therefore, there is a need to obtain a reliable
model to track metabolic changes in human liver disease using '*C precursors on human
samples. Although the Birmingham Liver Group has access to fresh human tissue
specimens, in my hands tracer studies have proven to be a challenge. Difficulties were
related to delays between tissue collection from patient and availability in the research
laboratory, sample preparation, difficult handling of small samples and even the method
to deliver the *C-labelled precursor. However, below I show two distinct tested methods
that allowed tracing of 1*C-enrichment in ex vivo samples, either by extracting and plating

primary human hepatocytes or by ex vivo human liver tissue perfusions.

3.5.3.2.1. Extraction and plating of primary cells

Primary human hepatocytes were prepared from liver tissue, as previously described
in 2.3.2. The hepatocytes were plated in collagen-coated T75 cm? Corning flasks,
allowed to attach to the new surface and microscopically assessed for viability. In order
to investigate if they were still metabolically active, these hepatocytes were exposed to
[U-13C] glucose for 4.5 hours. Label incorporations were observed for several
metabolites, such as alanine, lactate, glutamate and glutathione, as demonstrated in
Figure 3. 16. [U-'3C] glucose was incorporated within this time frame and was converted
to metabolites from glycolysis and TCA cycle. Nevertheless, metabolic activity was still
minimal considering the long incubation time with the [U-'3C] glucose, which is
unsatisfactory considering that my main goal is looking for metabolic variations in

disease. Therefore, a new method was tested, exploring the use of an intact liver wedge.
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Figure 3. 16 — Feasibility of tracer-based analysis from donor liver samples represented by
overlaid sections from "H-3C HSQC of polar extracts from hepatocytes isolated from a donor liver
sample. Black and blue resonances arise from samples exposed for 4.5h to media containing unlabelled
glucose and [U-*C] glucose, respectively. Panels show the spectral regions for L-Alanine C3 (a), L-Lactic
acid C3 (b), L-Glycine C2 (c), L-Glutamic acid C2 (d), Phosphorylcholine C1 (e) and L-Glutathione C3
(f). Phosphorylcholine was not enriched and is included as a scaling reference but the other metabolites

were enriched by [U-3C] glucose.

This figure is published in '?°, but it is my own work.

106



3.5.3.2.2. Perfusion of human livers ex vivo

Despite a reduction in metabolic rate, human ex vivo livers continue to be functional
at least 24 hours, as demonstrated by several teams in the recent years !7*'7°. Therefore,
ex vivo liver perfusion was explored as a potential alternative for me to study real time
metabolism.

I began using freshly harvested liver tissue wedges from a patient with primary biliary
cholangitis (PBC) which were perfused with basal media containing 20mM of [U-'*C]
glucose or fructose. Matched unlabelled controls from the same donor were also tested.
In Figure 3. 17 we can see expansions of 'H-'*C HSQC spectra from a representative
control sample (blue), one labelled with [U-'*C] glucose (red) and another with [U-13C]
fructose (green), after 1 hour of perfusion. At this time-point I observed the incorporation
of both labelled precursors by the liver as well as downstream '*C-incorporation in
several metabolites. In the glucose sample, I was able to see coupling patterns in glucose
(precursor), lactate and alanine. However, although this experiment was carried on for
longer than one hour, *C-incorporation was not seen in any other metabolites as time
progressed. On the other hand, when the PBC liver wedge was perfused with labelled
fructose, a higher number of metabolites were enriched in *C together with a high
incorporation of fructose. Fructose was converted to lactate and alanine, similar to the
glucose sample, but was also metabolised into sorbitol, glycerol and glycerol 3-
phosphate that could enter de novo lipogenesis. With this I have shown that labelled
precursors work in the context of human ex vivo liver perfusions, for real time assessment

of metabolism.
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Figure 3. 17 — Tracer-based analysis of PBC liver sample, analysed by '"H-'*C HSQC spectra.
Comparing with the unlabelled matched control sample (in blue), the incorporation of [U-3C] glucose (in
red) or fructose (in green) is visible using a perfusion system. The labelled precursors are integrated and

metabolised by the tissue, forming intermediates of glycolysis and fructolysis.
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3.6. Discussion

3.6.1. Sample preparation and improvements in NMR technology

The assessment of the cellular metabolism and study of regulation of biological
systems has been achieved with NMR-based metabolomics. This is important for the
investigation of disease mechanisms, identification of new biomarkers and monitor
therapeutic outcomes. Therefore, optimising sample preparation and data acquisition in
a metabolomics workflow is crucial to obtain reliable and reproducible results 193180,

In my thesis, an extraction procedure was optimised for the hepatocarcinoma cell line
HuH7 as it was the chosen cell line for all in vitro studies. The growth characteristics of
this cell line were assessed for 5 days and a growth curve was created. Cells were found
to reach confluency 3 days after splitting them, reaching approximately 1 x 107 cells per
flask, the optimal number for analysis by NMR spectroscopy '°!. Considering that I was
interested in studying the metabolic variations in response to different proliferative
stimuli, such as different carbohydrate sources or fat-overloading, cells should be studied
while in the proliferation phase. This allow me to follow the metabolic activity of healthy
cells providing information about cellular energy metabolism and biosynthetic pathways,
which is also specific for each cell type and environment '8'"183 Thus, HuH7 cells
metabolism was studied after 48 — 72 hours of plating them into a new flask.

Next, I evaluated the metabolite extraction method and compared the variations in
specific metabolites caused by the polarity change in the quenching solvent mixture. The
overall metabolic content was not significantly altered by the different volumes of
chloroform used, however the concentration of several organic acids showed substantial
differences. Bearing in mind that the polar fraction of the metabolome is of most interest
for this thesis, using a final volume of 400 pl of chloroform provided optimal results for

a wide range of metabolites of interest and different polarities '*%!34, This allowed me to
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obtain higher concentrations of amino acids, carboxylic acids and choline containing
compounds, whilst minimising the extraction of lipids and other macromolecular

components.

Following the optimisation of sample preparation, I sought to evaluate the
improvements in signal to noise in NMR spectra, enabled by the use of micro-
cryoprobes, especially when analysing mass-limited samples. Here, two different
samples were studied, including a sucrose solution (0.1M) and an intracellular polar
extract from HuH7 cells. The result was similar for both samples, revealing that the use
of cryogenic temperatures generates great sensitivity improvements, by a factor of 4 to
10 when compared with a room temperature probe, which is in agreement with Serber et
al 19

This signal to noise ratio was further enhanced when the 1.7 mm micro-cryoprobe
was used, leading to a rise of at least 4 times comparing to the 5 mm cryoprobe. The use
of these micro-cryoprobes in NMR-based metabolomics offers great advantage when
only small sample amounts are available, for example when using primary cells, and high
throughput rates are required. Moreover, the sensitivity increase obtained by using
cryogenic probes improves efficiency of metabolite determination by NMR, especially
when using *C-labelled substrates -8,

Determination of '*C-incorporation in specific positions of metabolites requires
acquisition of high resolution 2D NMR spectra, which is usually very time consuming
185 Thus, the combination of a micro-cryoprobe for sensitivity enhancement and
acquisition of non-uniform sampling (NUS) 2D HSQC spectra was assessed for
metabolomics applications. My analysis has shown that a regular high-resolution HSQC

acquired for 16 hours was virtually identic to the HSQC acquired with a 25% NUS
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schedule for around 4.5 hours. Using non-uniform sampling, only a specific number of
indirect data points was collected, which later needed to be reconstructed using
algorithms to generate a spectrum '%. As a result, the acquisition times were reduced and
the resolution in the indirect dimension was maintained '3!3, This is particularly
important for my research as the NUS-HSQC spectra retained multiplicity information,
providing highly resolved carbon multiplet patterns and allowing to determine the *C

flux through the metabolic pathways and specific isotopomers.
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3.6.2. Metabolism in hepatic cells

Investigation of cellular metabolism and its impact during cell growth and
proliferation can provide information about metabolite fluxes, nutrient availability and
metabolic energy state of cells 131188189,

For this study, adherent HuH7 cells were plated and were allowed to attach to the new
growth surface to initiate proliferation. A time-point experiment was performed during
the exponential growth of the cells, in which they spread over the surface until space
becomes limiting, up until they passed to the stationary phase characterized by

maintenance metabolism 138187

. When mammalian cells are in the growth and
proliferation phase, they need to increase their uptake of nutrients and reprogram
glycolysis and TCA cycle towards the generation of building blocks for macromolecular
synthesis, such as large proteins and DNA. When cells start entering the maintenance
phase, signalling pathways are activated and metabolite concentrations start to stabilize
190,191

When analysing intracellular polar extracts, it was possible to confirm that as time in
culture increased there was consumption of glucose and branched chain amino acids, as
previously reported 182183190 Moreover, intermediates of glycolysis and TCA cycle such
as lactate, alanine, acetate, glutamate and succinate were increased over culture time.
These metabolites can supply other metabolic pathways in response to biosynthetic
demand and energetic needs of the cells. This can either be towards lipid metabolism,
protein synthesis and nucleotide formation, which increases biomass formation of
proliferating cells 88192,
On the other hand, when analysing medium samples, consumption of available

nutrients to preserve the cellular energy metabolic needs was detected. Hence, uptake of

glucose by the cells was reflected in the decreased levels of glucose in the medium, but
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amino acids levels were barely altered. More importantly, increased cellular glycolytic
flux was confirmed by the rising excretion of organic acids in the medium, including
pyruvate, lactate, acetate and glutamate, which will ultimately alter medium pH, as
reflected by the colour change in the media over time. These changes in pH can also alter
intracellular activity, inhibiting enzymes such as phosphofructokinase, leading to a
decrease in glucose consumption and an increase in glutamine utilisation °191%4_ This
was confirmed in my cells, as they started consuming glutamine from the 9h time-point
forward, reflected in the decreasing intracellular concentration as well as the glutamine
levels in the medium.

Although the dynamic nature of the cell metabolome is perfectly traceable using NMR
analysis, it is very dependent on sampling time. Thus, to follow metabolic interaction in
HuH7 cells during cell growth at a steady metabolic rate and whilst avoiding cellular
stress, my data would suggest that metabolism should be studied between 6 and 9h after

the start of the growth phase.

To better understand glucose utilisation by HuH7 cells during anabolic metabolism, a
tracer-based study was performed using [U-'2C] glucose. Using the same time points as
the previous study, the incorporation of *C in specific metabolites led to further
information regarding metabolic rates and regulation of metabolic pathways. My results
have shown that [U-'*C] glucose is taken up by the cell, enters glycolysis to produce
pyruvate and, according to cellular needs, it can further be transformed in lactate or
alanine, or enter the TCA cycle via acetyl-CoA !. '*C-enrichments were observed for
TCA cycle intermediates such as glutamate, malate, aspartate and glutathione, which
reflect pyruvate flux. One-carbon metabolism intermediates were also formed during this

time course, with high levels of labelled serine and glycine being generated.
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Hepatic metabolism involves all reactions related to carbohydrate oxidation, de novo
lipogenesis, amino acid metabolism and TCA cycle activity. During the cellular growth
phase, glucose is oxidised through glycolysis at a high rate, producing high levels of
alanine, lactate and pyruvate. Next, pyruvate can enter the TCA cycle via two alternative
routes to generate intermediates of lipogenesis, amino acid synthesis and to produce ATP
19195 Using [U-13C] glucose, fully labelled isotopomers of pyruvate were produced at the
end of glycolysis, which can either enter the TCA cycle via pyruvate dehydrogenase
(PDH) to generate acetyl-CoA or via pyruvate carboxylase (PC) to produce oxaloacetate.
When pyruvate enters the TCA cycle via PDH activity, isotopomers of [4,5-13C]
glutamate are formed, while PC activity originates [2,3-°C] oxaloacetate. From this,
gluconeogenic activity of the liver can be assessed by measuring the TCA cycle
intermediates isotopomers that are produced via PDH/PC. In this study, higher rates of
labelled malate and aspartate where detected than of glutamate and glutathione during
the proliferative phase. Therefore, we show that enzymatic activity is regulated in
response to metabolic needs as it could also change to replenish the TCA cycle when
intermediates are shunted to other pathways 19%!7,

Study of the TCA cycle activity in particular, provided significant information in the
context of NAFLD, and this pathway has previously been related to disease progression
197199 Similarly, metabolic homeostasis is affected by the regulation of PDH/PC activity,
which has also been shown to contribute to hepatic steatosis 2°°2°2. However, perhaps
the most interesting set of data derives from my experiments using fructose exposed cells.
Carbohydrate metabolism in HuH7 was studied comparing both [U-'3C] glucose and [U-
(] fructose uptake and metabolism. Although both metabolites share similar metabolic
routes, their regulation is quite different. Using HuH7 cells, the ratio of *C-incorporation

revealed a faster glycolytic rate for glucose than fructose in the first 30 minutes, which
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could be related to an initial faster uptake. By the end of 2 hours, these differences were
not as substantial and some metabolic products were found to be incorporating the *C at
the same rate, including TCA cycle intermediates glutamate, succinate and proline, as
well as one carbon-metabolism intermediates serine and glycine. Interestingly, '*C-
incorporation ratios of alanine, lactate and acetate were lower than when glucose was
used as the substrate, which demonstrates the differences in metabolic flexibility when
using different carbohydrate sources 2%, At the end of the experiment (6 hours), the
metabolic activity was enhanced, and ratios of '*C-incorporation were quite similar for
both substrates. Thus, my studies demonstrate the feasibility of employing both glucose
and fructose as a 1*C-labelled precursor using hepatic cells, opening possibilities to study
the effect of different precursor carbohydrates in the context of NAFLD. This concept is

developed further in subsequent chapters.
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3.6.3. Human ex vivo liver for metabolic studies

To test the feasibility of use of ex vivo human livers for metabolic studies using '*C-
labelled precursors, two different methods were considered. First, primary hepatocytes
were extracted from the liver tissue as previously explored in our laboratory '*®. Using
[U-13C] glucose 1 was able to confirm that freshly isolated hepatocytes are still
metabolically active following the extraction procedure. Furthermore, glucose was
incorporated and metabolised within approximately 4 hours, which was visible in 2D
HSQC spectra by the appearance of '*C coupling patterns in glycine, glycolytic end
products alanine and lactate, and in TCA cycle intermediates such as glutamate and
glutathione. These results are in partial agreement with Winnike et al ***, who only
detected *C-enrichment of the metabolites in rat primary hepatocytes, but not in human.
Moreover, they only used 1D '"H NMR spectra to detect the presence of satellite peaks,
which is more difficult to accurately measure *C-isotopomers in complex mixtures.

Although these results show that this technique is feasible to study *C-incorporations
in human tissue, the process used to obtain the intact primary hepatocytes is quite long
(ca. 6-8 hours) and most of the cells isolated were not viable. In my hands, live cells
constituting only 40% of the obtained hepatocytes, as reported previously '**. Hence, 1
felt that an alternate methodology was required in order to obtain reliable results and that

mimic the overall cellular interactions and metabolism in an intact liver.

Several studies demonstrate the benefit ex vivo perfusion for improving organ
preservation, functionality and suitability for transplantation '76-295206 Therefore, using
a perfusion method for studying metabolic alterations in response to external stimuli
seemed a suitable alternative, and indeed this has been formerly explored by Bruinsma

et al *.
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Metabolism of *C-labelled carbohydrates was assessed in an ex vivo liver perfusion
setup using intact human liver wedges. In the first instance, similar weight liver tissue
wedges were collected from a patient with PBC and perfused with basal media containing
20 mM of [U-"3C] glucose or fructose, or their matched unlabelled controls. Analysing
the unlabelled control liver wedge, it was possible to detect metabolites that compose the
main metabolic pathways involving glucose and fructose. When a '*C-labelled substrate
was used, their uptake was observed and the transfer of 1*C from glucose and fructose
was observed in glycolytic metabolites, by displaying coupling patterns in the HSQC
spectra. Both liver wedges were able to uptake the carbohydrate source and metabolise
it to produce several metabolites.

The wedge perfused with labelled glucose only revealed '*C-enrichments in lactate
and alanine, even after one hour of perfusion, which is consistent with the reduction in
metabolic rate and cellular function referred by Barbas et al >%. However, when [U-13C]
fructose was the source substrate, it was further metabolised into sorbitol, glycerol and
glycerol 3-phosphate. These differences may arise from the lack of regulation of fructose
metabolism, while glucose is dependent on hormonal signalling and enzymatic
regulation 26,

Nevertheless, this method allowed study of hepatic metabolism in human ex vivo
tissue, and tracing the fate of '*C-substrates in real time. Therefore, I selected this as my
method of choice to work with intact human tissue rather than using extracted primary

liver cells.
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CHAPTER 4

METABOLIC CHANGES DURING THE

PROGRESSION OF LIVER DISEASE
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4. Metabolism in liver disease

4.1.0verview

Non-alcoholic fatty liver disease (NAFLD) affects a large number of the world
population and its incidence and prevalence are increasing to epidemic proportions®!.
Assessment of the severity of liver disease progression or regression has limitations at
present. Currently used techniques are based on serum and imaging tests, such as
ultrasound and computed tomography, as well as the interpretation of liver specimens
after a biopsy. Their variable diagnostic accuracy, limitations, invasive nature and lack
of validation has led to significant advances in other techniques such as nuclear magnetic
resonance (NMR) spectroscopy, magnetic resonance imaging (MRI) and elastography
65,87-89

The application of metabolomics has significantly improved the field of disease
phenotyping and the discovery of novel biomarkers. Therefore, finding biomarkers to aid
with assessment of disease prognosis and diagnosis is essential since it will provide a
better understanding of the multiple risk and pathogenic factors for NASH, a more
serious form of NAFLD ¢!#¢_ In particular, the generation of tests that can be use on less
invasively collected samples or by imaging platforms, and which have good accuracy
and predictive powered across the full spectrum of disease would be hugely significant.

This chapter describes characterization of metabolic and pathogenic alterations in
NAFLD from simple steatosis and progression to non-alcoholic steatohepatitis (NASH).
I began by studying the effect of oleic acid-induced steatosis on the intracellular
metabolism of hepatocytes, in a quantifiable in vitro model. Next, human liver tissue was
used to assess the severity and extent of the liver injury during NAFLD progression.
Histological analysis of human samples was performed, followed by a metabolomics

analysis using 1D '"H NMR spectra of intracellular polar and organic extracts.
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4.2.Induction of steatosis in controlled experiments

4.2.1. Quantification of lipid accumulation in HuH7 cells

Accumulation of lipids to form fatty droplets in hepatocytes is a pathological marker
of non-alcoholic fatty liver disease that can progress to NASH. Livers are histologically
defined as steatotic when there is a visible accumulation of lipid droplets in at least 5%
of hepatocytes. When fat accumulates intracellularly, lipids form large droplets filling
the cytoplasm (macro-steatosis) and/or form small vesicles in the cytoplasm (micro-
steatosis) 2%21%, To explore the utility of the hepatoma cell line HuH7 as an in vitro
model of hepatic steatosis, cells were treated in culture with oleic acid (OA). Oleic acid
is an 18-carbon length monounsaturated fatty acid (C18:1) which is present in animal
and vegetable oils 2%,

HuH?7 cells were treated with a high concentration of OA (2mM) for 24 and 48 hours
and lipid accumulation was visualized in the form of lipid droplets. Lipid accumulation
was observed in the form of macro- and micro-vesicular steatosis (see Figure 4. 1). In
the first 24 hours, cells maintained a 80-90% viability with little cellular death, however,
if they were exposed for a longer period, such as 48 hours, their viability rapidly
decreased, with only 50-60 % of viable cells (data not shown, but in agreement with
Gomez-Lechén et al *'%).

Overall, oleic acid at a concentration of 2 mM has induced steatosis in HuH7 cells,

mimicking the effect of lipid accumulation in fatty liver disease.
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Figure 4. 1 — Fatty acid accumulation occurs in HuH?7 cells when exposed to oleic acid for a period
of 24 hours. HuH7 cells were exposed to 2mM of oleic acid for 24 hours and representative microscopic
pictures from n=6 flasks were obtained. A comparison between cells under control conditions (left)
demonstrates that cells exposed to oleic acid (right) are able to incorporate free fatty acids and form lipid
droplets in the cytoplasm. A higher magnification (20x) allows to observe simple steatosis in the HuH7

cells which also increase in size.

121



4.2.2. Effects on the metabolome of hepatocytes assessed by 1D 'H NMR
spectroscopy of cellular polar extracts

Considering that 24 hours of treatment with oleic acid at 2 mM resulted in
accumulation of lipids intracellularly with minimal cell death, I next assessed changes in
cell metabolism. HuH7 cells were treated with oleic acid for 24 hours, and intracellular
polar extracts were obtained for NMR analysis. Figure 4. 2 represents the metabolites
identified in the 1D "H NMR spectra of both control and OA exposed samples that were
used for quantification purposes. Approximately 30 metabolites were identified,
including amino acids, organic acids, carbohydrates and choline-containing compounds,
which are involved in the main biochemical processes of a cell.

The addition of oleic acid in the medium for 24 hours induced small changes in overall
cellular metabolism (see Figure 4. 3). Although there were no significant alterations
between both conditions, there was a trend for increased amino acid metabolism,
reflected by the increase in branched chain amino acids (leucine, isoleucine and valine),
as well as aromatic amino acids and serine. The decreased levels of fructose, the main
carbon source in this experiment, and the slightly elevated levels of acetate and ATP
could be indicators of higher glycolysis rate and energy metabolism. Nevertheless, the
most noteworthy trend is the increase of both glycerophosphocholine (GPC) and the

antioxidant taurine.
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Figure 4. 2 — Representative 1D '"H NMR spectrum of HuH?7 cells cultured with glucose-free
DMEM supplemented with fructose acquired in an 800 MHz spectrometer, Smm cryoprobe (in
Denmark Technical University). Metabolites used for integration and metabolic analysis are represented

in the spectrum.
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Figure 4. 3 — Induced in vitro steatosis in HuH7 cells did not significantly change the

overall cellular metabolism. Bar graphs were obtained from the integration of metabolites from

n=6 independent experiments. Error bars represent standard deviation.
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4.3. Progression from steatosis to NASH

To investigate the changes that occur during the human progression of liver disease,
metabolic characterization of explanted human liver tissue was performed. Human liver
tissue is superior to use of single cells lines in culture as it retains appropriate liver

structure, it contains all the cell types found in vivo and accounts for human variability

147,211

4.3.1. Histological analysis of human liver disease

Histological staining of cells and tissues is an important technique that allows to study
structures of cells and tissue characteristics under a microscope. One of the most used
combinations of stain dyes for medical diagnosis are haematoxylin and eosin 2!2,

Haematoxylin and Eosin (H&E) stain contains two dyes which will act upon the pH
of the tissue structures, giving important structural information about the condition of the
tissue. Haematoxylin which is a basic dye, stains acidic or basophilic structures violet
and dark blue such as nuclei of cells. On the other hand, eosin is an acidic dye and stains
basic or eosinophilic structures in several shades of red and pink, such as cytoplasm and
collagen 213214,

Using H&E staining, I started by categorising the morphological appearance of
normal and diseased tissue (normal, steatotic and NASH). As shown in Figure 4. 4,
normal donor samples exhibited normal liver architecture with distinguishable lobes,
liver cells arranged around the hepatic venules and small portal tracts (black arrows). At
higher magnification, hepatic artery branches and bile ducts were visible as were
branches of the portal vein, forming the portal triad (asterisk). This was surrounded by

strands/sheets of hepatocytes. In contrast, fatty donor livers (steatotic) were structurally

similar but showed the presence of macro- (red arrow) and micro-vesicular steatosis (blue
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arrow). In NASH livers, significant structural change was evident. Some steatosis was
visible (red arrow) alongside lobular inflammation (green arrow). Bridging and extensive

fibrosis was also visible (yellow arrow).
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Figure 4. 4 —- H&E staining of human livers over the progression of NAFLD. A) HE stained donor,
B) fatty donor and C) NASH liver. Explanted livers were fixed and cryo-sectioned for H&E staining.
Representative images are shown from n= 3-5 resected/donor and NASH livers at increasing
magnifications. Arrows in black represent hepatic venules and central veins, black asterisk represents the
portal triad, arrows in red macro-steatosis, arrows in blue micro-steatosis, arrows in yellow fibrosis and
arrows in green inflammatory cells. Digital images of whole tissue were captured with the AxioScanZ.1

slide scanner.
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4.3.2. NMR metabolomics of liver disease

Analysis of metabolomic data from different human liver specimens allows us to
obtain information about the organ state and to measure its variations under different
pathological processes. The ability to measure and quantify relative intensities of
metabolites by NMR spectroscopy is important to obtain a comprehensive overview of
the metabolome. Since I have shown the profound changes in pathological appearance
of the liver as NAFLD progresses, metabolite extractions were performed as described
in the previous chapter, in order to measure metabolite changes that accompany these
processes. By obtaining two distinct fractions from each liver sample, one polar and one
organic phase, it was possible to investigate the main metabolic pathways which can be

disturbed following hepatocyte damage.

4.3.2.1. Polar extracts

Figure 4. 5 shows an example of average 'H NMR spectra of polar extracts from donor
(black), fatty donor (blue) and NASH (red) livers. A comparison between the three stages
was performed using the integration of key metabolites from glycolysis, TCA cycle,
amino acid metabolism and others, as represented in Figure 4. 6. This showed that while
there were no single specific notorious difference between the samples, there were
metabolic variations that reflect adaptation during NAFLD progression. For example,
there was a trend for increase in amino acid metabolism and glycolytic ratio, as well as

increased TCA cycle activity towards the more severe form of NAFLD.
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Figure 4. 5 — Representative 1D 'H NMR spectra of intracellular polar extracts from donor livers

(NL in black), fatty livers (FL in blue) and non-alcoholic steatohepatitis livers (NASH in red).
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Figure 4. 6 — Comparison of individual intracellular polar metabolites from donor livers (NL in
black), fatty livers (FL in blue) and non-alcoholic steatohepatitis livers (NASH in red) that
participate in glycolysis, TCA cycle metabolism, amino acid metabolism, choline metabolism and
other pathways. (n=3-5 independent samples. Error bars represent standard deviation and p-values as

follows: *p<0.05, **p<0.01, **%p<0.001).
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4.3.2.2. Lipid extracts

Next the lipid fraction of the metabolome of the donor, fatty and NASH livers was
analysed by 'H NMR spectroscopy. A representative spectrum from a donor liver is
shown in Figure 4. 7, with typical peak assignments of lipid components in Table VIII
based on 2'5. Although the overall spectrum displays broad signals from various fatty
acyl chain resonances with similar chemical shifts, the main lipid constituents in a cell
were observed and quantifiable. These included the lipid components of the
phospholipidic membrane, cholesterol and cholesterol esters, phosphatidylcholine (PTC)
and phosphatidylethanolamine (PTE), as well as sphingomyelin (SM) and smaller
amounts of neutral lipids.

A quantification of the main components of the lipid extract was carried out from the
1D 'H spectra of all the human liver explants and it is represented in Figure 4. 8. No
significant difference (* p < 0.05) was observed in the NMR-based analysis of the lipid
profile except for the glycerophospholipid backbone between normal and cirrhotic livers
(NASH). Nevertheless, the quantities of triglycerides, cholesterol, PTC, and fatty acyl

chains show a small trend for the reduction of lipid content as disease progresses.
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Figure 4. 7 — Representative 1D 'H spectrum of the liver lipid extracts. Assignments are labelled
as following: Chol — Cholesterol; ChE — Cholesterol ester; FA — Fatty acids/Fatty acyl chains; PTC —

phosphatidylcholine; PTE — phosphatidylethanolamine; SM — Sphingomyelin; TG — Triglyceride.
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Table VIII — Typical "TH NMR spectroscopy based assignment of lipid

components in the organic extract of cells.

Lipid components Assigned Resonance protons Chemical shift
(ppm) in CDCI;
Cholesterol (Chol) - CH3 (C18 methyl group) 0.66
Fatty acyl chain - CH; (CH2)a 0.85
Free Cholesterol (FChol) - CH; (C19 methyl group) 0.98
Fatty acyl chain (FA) - (CH2)n 1.23
Phospholipid (PTE) - CH2 — N (phosphatidylethanolamine) 3.10
Sphingomyelin (SM) - N(CHa)3 3.32
Phospholipid (PTC) - CH2 — N (phosphatidylcholine) 3.71
Triglyceride (TG) - CH; (glycerol backbone) 4.13 & 4.26
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Figure 4. 8 — Comparison of individual intracellular organic metabolites from donor livers (NL
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4.4. Discussion

4.4.1. Invitro model

In vitro models of hepatic steatosis have been developed to investigate the adverse
effects of excessive free fatty acids and its relationship with NAFLD pathology '47-21021,
A fatty liver gets its classification when there is the accumulation of fat in over 5% of
hepatocytes. Hence, exposing the hepatocarcinoma cell line (HuH7) to a high dose of
oleic acid to induce fat-overloading and accumulation can provide evidence regarding
the metabolic and cytotoxic effects of exposure to fat.

In our experiment, the exposure of HuH7 to a high dose of oleic acid has shown that
lipid droplets are accumulated intracellularly in the form of macro- and micro-vesicular
steatosis. Despite lipotoxicity was observed, cell viability was maintained over 80% for
the first 24 hours of exposure to oleic acid. As cells continue to be metabolically active,
intracellular polar extracts were obtained to analyse metabolic alterations by 'H NMR
spectroscopy. Overall cellular metabolism was not significantly altered; however, some
trends were observed in terms of energy metabolism related with increased amino acid
levels and glycolysis rate.

A trend for increased glycerophosphocholine (GPC) and adenosine triphosphate
(ATP) was observed and both are closely associated with phospholipid metabolism in
mammalian cells. GPC is the main component of the cell membrane and it’s a catabolic
product of the phosphatidylcholine, when fatty acids are removed. Therefore, when in
the presence of oleic acid, cells seem to produce more GPC and a reduction of PC is seen.
Cells can be incorporating fatty acids in the membrane in order to challenge the amount

of oleic acid incorporated by the cells and maintain homeostasis 2!7-!8,
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Although some studies suggest that triglycerides accumulation due to the overflow of
free fatty acids in hepatocytes can have a protective effect 222!, cellular metabolism is
still dependent on complex dynamic cellular-response networks and toxicity pathways.
Additional stimuli, such as inflammation, are usually required to more closely resemble
human NAFLD manifestation 4?*°. Therefore, in vitro models of NAFLD such as this
one still have significant limitations in terms of reproducing metabolic changes that occur

in an human steatotic liver 208210,

4.4.2. EXVivo specimens

To address the limitations of the in vitro model to study fatty liver metabolism, ex vivo
human liver samples were used to investigate the metabolic adaptations that occur during
NAFLD progression.

In the first instance, H&E staining was used to assess the morphological appearance
of the normal and diseased tissue. Distinguishable characteristics were observed for each
liver section of normal, fatty donors and NASH livers. While the normal livers have
revealed a normal lobular architecture and lean cells, fatty donors and NASH livers were
quite distinct. Fatty donors revealed a similar structure as the normal liver, but with the
additional presence of vesicular steatosis. As disease progresses towards a more
aggressive form (NASH), steatosis is less evident, and inflammation and fibrosis take
place, as described in 2,

Next, samples from the same tissue blocks analysed by H&E were subjected to
intracellular extraction of polar and organic metabolites. This allowed to have a better
understanding of the characteristic metabolic profiles of the liver tissue during different
NAFLD stages. Relative to polar metabolites, the most significant changes were

observed when normal tissue was compared with NASH samples, while steatotic livers
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had a similar profile to the normal samples. In NASH samples, key metabolites of
glycolysis were changed with increases visible for alanine, lactate and ATP + ADP,
together with increased levels of TCA cycle intermediates including glutamate, fumarate,
malate and aspartate. Elevated hepatic TCA cycle activity has been previously reported
for patients with NAFLD and NASH, which is related with impaired mitochondrial
metabolism and inflammation '°®!'%°. Likewise, transition of a steatotic liver towards
NASH has been associated with modifications in mitochondrial oxidative metabolism,
which include alterations at the ATP synthesis level, reactive oxygen species generation
and mediation of inflammatory responses 22*224,

Despite altered hepatic lipid homeostasis being used as an indicator of NAFLD,
analysis of the organic fraction has revealed less impressive metabolic changes. Although
numerous lipid species were identified by 'H NMR spectroscopy, a high variability
across human samples was observed which made it difficult to assess metabolic
alterations accurately. Still, as the amount of steatosis reduces and fibrosis increases
(NASH samples), the lipid content seems to be lower as well. In a NASH liver,
hepatocyte viability is highly influenced by the interactions between fatty acids and pro-
inflammatory signalling, which will ultimately affect their function and leads to fibrosis.
The presence of less viable hepatocytes might be linked with the decreased overall levels
of lipid constituents in the organic extract, however not directly indicating reduced lipid
metabolism 2%

Numerous metabolic changes in lipid metabolism were also seen in a lipidomics study
by Puri et al **%, however only the distribution of lipid species and ratios were related
with liver disease progression. A review by Kawano et al ?*” has focused on identifying
the lipid species linked with the progression of NAFLD, but the mechanisms responsible

for the lipid metabolic dysregulation in NASH patients is still not fully understood. More
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recently, Chiappini ez al **® have reported the quantification of lipids in 61 liver biopsies
by gas phase or liquid phase chromatography coupled to mass spectrometry (GC/LC-
MS) together with machine learning approaches. Again, even though the complete lipidic
profile allowed the discrimination between control and NASH patients, no specific lipid
could be used as a unique biomarker. Hence, a better approach is necessary to study the
metabolic alterations that occur during disease progression.

In order to understand the dysregulations of the main metabolic pathways involved in
the appearance and progression of NAFLD, new approaches are necessary. Although our
methods have been proven to work with both cellular and tissue samples, similar
biochemical features in our models/approaches still require further testing. To do so, a
new murine model of NASH was characterised in the next chapter to help reducing the
knowledge gap regarding specific metabolic pathways alterations, biomarkers and liver

pathology.
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CHAPTER 5

IN VIVO MODEL OF NAFLD
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5. How can mouse data be valuable to pre-clinical trials?

5.1. Overview

Use of conventional in vitro techniques may not be the best approach to understand
metabolic alterations in NAFLD. Multiple processes contribute to fatty liver disease
development and are related to fat synthesis and accumulation, reduction in fatty acid
oxidation, mitochondrial dysfunction, inflammation and ultimately fibrosis 22?223,
Furthermore, multiple cell types contribute to disease pathogenesis and there is a clear
interplay between other tissues such as the muscle and adipose tissue 2*!. This plus the
fact that mechanisms associated with the progression of the disease are not yet fully
characterised, several animal models of NAFLD have been developed and reviewed 46

Mouse and rat animal models have been frequently used to understand major
pathophysiological mechanisms of NAFLD. Several studies have focused their attention
towards the C57BL/6 mouse strain since good hepatic responses are usually obtained in
terms of obesity, steatosis, insulin resistance and inflammation in response to dietary
regimens 462327234 Therefore, adjusting various factors such as dietary constituents and
also external factors (cage environment and temperatures) will allow us to mimic the
histopathology and pathogenesis of human NAFLD.

In this chapter, cohorts of C57BL/6J mice were used to study the implications of
consumption of a high fat diet in the development of fatty liver disease. Two different
cohorts were used to assess whether in a 10 week experiment it would be possible to
observe hepatic steatosis and inflammation, or if a longer experimental time frame of
over 20 weeks would be needed. The addition of fructose- or glucose-sweetened water
on top of a HFD was also investigated in order to characterise the different metabolic

profiles and responses in mice. For this, histological assessments of the liver were done,

together with a multicolour flow cytometric analysis. Finally, to further understand
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mechanistic alterations during liver disease progression, NMR metabolomics was used

in combination with a gene profiler PCR array.
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5.2. Fatty Liver model — 10 weeks

A cohort of thirty-two, six to eight-week old, C57BL/6J male mice were fed a low fat
diet (LFD 4057 kcal) or high fat diet (HFD 4057 kcal) and given ad libitum access to
regular water or water supplemented with 20% (w/v) fructose or glucose. At the end of
a 10-week period, mice fed a LFD weighed 30.2 + 2.7 g, whereas mice on HFD with
regular water weighed 41.0 £ 4.4 g. When HFD was accompanied by water supplemented
with sugars, mice showed significantly increased body weight. When glucose (HFD +
20% Glc) was used, mice weighed 43.2 £+ 3.8 g on average, which was similar to when
fructose (HFD + 20% Fru) was used (43.4 + 3.6g, Figure 5. 1 and Table IX). The
additional weight gain in these animals was associated increased liver weight, as the HFD
+ sugar mouse livers were larger than the control LFD and HFD alone. We also observed
accumulation of body fat as the waist circumference of sugar exposed mice was much

larger (Figure 5. 2).

Figure 5. 1 — Body weight gain of mice on LFD or HFD, with either regular, 20% fructose, or
glucose-sweetened water for 10 weeks. (B) Liver weights of the same mice at sacrifice. (n=8 mice per
group, and bars represent mean * standard deviation and p-values as follows: *p<0.05, **p<0.01,

*#%p<0.001). #####p<0.0001 when comparing with LFD in graph A.
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Figure 5. 2 — Visual representation of mice after feeding of low fat diet (A) or high fat diet,

supplemented with either regular (B), 20% fructose (C), or 20% glucose(D)-sweetened water for 10

weeks. The panel shows a frontal view of representative animals under anaesthesia to highlight body

proportions.

Table IX — Body and liver weight of mice on LFD or HFD, supplemented with

either regular, 20% fructose, or glucose-sweetened water for 10 weeks.

BODY WEIGHT (g) LIVER WEIGHT (g)
LFD | 302+2.7 12403
HFD | 410+ 4.4 15+02

HFD +20% Fru | 43.4+3.6 1.8+0.3

HFD +20% Gle | 432+38 20404

Note 4 - n=8 mice per group and values represent mean + standard deviation.
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Liver morphology from mice after the 10-week feeding was assessed with
haematoxylin and eosin (H&E) staining (Figure 5. 3). In LFD fed mice, the tissue has a
normal liver morphology only displaying minimal fat deposition in some areas. This was
variable between animals, as 4 of them revealed a normal healthy liver and the other 4
exhibited small areas of fatty hepatocytes. Normal hepatocytes are marked with black
arrows denoting normal cellular organization in the tissue (Figure 5. 3).

In contrast, mice on a HFD showed severe morphological changes in the tissue. All
HFD-fed animals had a significant amount of fat deposition in hepatocytes across the
lobule, with areas of marked macro- (red arrows) and micro-steatosis (blue arrows). At
this stage, no inflammatory cells were found in the tissue which suggest that the liver is
still in the initial stages of NAFLD. Also, there was no evident difference between
animals on HFD alone and animals on a HFD supplemented with sweetened water at this
point. Similar to LFD animals, interindividual variability was observed in mice on a HFD
alone and mice on a HFD + 20% fructose. Here, half of these cohorts had a quite normal
liver and the other half were highly steatotic. An example of this variability across groups
is shown in Figure 5. 4.

This analysis allowed me to confirm the accumulation of fat in the liver following 10
weeks of high fat diet, and also that the calorically matched low fat diet replicates the

effects of chow diet which is normally used as a control diet.
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Figure 5. 3 — H&E staining of mouse livers on a low fat diet (LFD) and high fat diet (HFD), with
either regular, 20% fructose, or 20% glucose-sweetened water for 10 weeks. At the time of collection,
livers were fixed in paraffin and sectioned for H&E staining. Representative images are shown from n= 8
livers per group at increasing magnifications (5x, 10x and 20x). Arrows in black represent hepatocytes,

arrows in red macro-steatosis, arrows in blue micro-steatosis.
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Figure 5. 4 — Variability in fat deposition in mice on a HFD and HFD+ 20% fructose, but not in
HFD + 20% glucose. At the time of collection, livers were fixed in paraffin and sectioned for H&E

staining. Representative images are shown at 5x original magnification.
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5.2.1. Clinical biochemistry analysis of serum

Liver function tests and urea concentration were measured in serum samples from all
mice at the end of the study (Table X). Even though the liver appearance and body weight
composition in HFD animals was notoriously different from LFD mice, the liver function
tests did not reveal any significant alteration. An exception was seen for alkaline
phosphatase (ALP), which was increased in the LFD group. Enzyme activities of alanine
transaminase (ALT) and aspartate transaminase (AST), were found to not significantly
change between diets. One important detail is that, in agreement with our histological
findings (Figure 5. 4), the biochemical data showed a big variability between samples
within the same diet group. On the other hand, urea levels were quite different between
dietary groups, being specially decreased in mice on a HFD + 20% glucose when
compared with the others. LFD and HFD fed animals seem to have a similar serum
concentration of urea, while HFD supplemented with sweetened-water induces a

significant reduction of its levels (Figure 5. 5).

Table X — Serum parameters in liver function tests and urea levels in mice after
10 weeks on a LFD or HFD, supplemented with either regular, 20% fructose, or

glucose-sweetened water.

GROUP ALP UM ALT U/ AST U/ UREA mmol/l
LFD ‘ 133.0+ 78.5 120.3 +100.9 243 £192.2 103£1.7
HFD ‘ 63.3+6.3 81.3+61.5 152.8 £ 131.3 109+1.6
HFD + 20% Fru ‘ 77.5+19.8 56.0+31.8 112.5+45.9 86+1.8
HFD +20% Glc ‘ 72.5+13.6 120.3+62.3 143.5+ 131.7 6.1 +0.8

Note 5 — n=8 mice per group and values represent mean + standard deviation.
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Figure 5. 5 — Serum biochemistry parameters for ALP, ALT and AST enzyme activities and urea

levels in mice at week 10. The blood collection was done by cardiac puncture under anaesthesia. (n=8

mice per group, and bars represent mean = standard deviation and p-values as follows: *p<0.05, **p<0.01,

4k <0.001)., **#*#%p<0.0001)
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5.2.2. Flow cytometry and NMR spectroscopy at 10 weeks

Upon culling, a proportion of the liver was digested in order to perform multicolour
flow cytometric analysis of resident immune cells. However, at this timepoint no
significant degree of inflammation was observed (not shown). The yield of inflammatory
cells observed was low and as soon as we started selecting subpopulations according to
lymphoid or myeloid gating strategies, the number of cells in each gate was extremely
low or cells in that population were non-existent. This is consistent with observations
made in the H&E analysis for these animals, where no inflammatory cells were observed
in any of the livers across the different dietary groups.

The 1D "H NMR analysis did not reveal any significant metabolic differences as the
overall metabolic response from all groups was very similar. No significant alterations
between groups were observed regarding ca. 40 metabolites identified and analysed.
Realistic conclusions about metabolic changes could not be drawn since there was a high
variability observed between samples and this complicated the normalisation of NMR
data.

Consequently, we decided to concentrate all our efforts in a more detailed analysis for
the 21-week experimental group which displayed more promising metabolic alterations,

higher levels of steatosis and inflammation and more significant injury.
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5.3. NASH model — 21 weeks

A cohort of forty, six to eight-week old, C57BL/6J male mice were fed a low fat diet
(LFD 4057 kcal) or high fat diet (HFD 4057 kcal) and given ad libitum access to regular
water, or water supplemented with 20% (w/v) fructose or glucose. At the end of a 21-
week period, there was a significant difference between mice fed a LFD weighing on
average 35.9 0.2 g, and mice fed a HFD diet, weighing around 50 g in all groups (Figure
5. 6 and Table XI). Mice on HFD with regular water weighed 50.3 + 2.4 g, mice that had
water supplemented with fructose weighed 51.7 £ 4.0g and mice with glucose 49.2+ 2.8
g on average. Overall, HFD induced a greater weight gain than LFD, which was
accompanied by increased liver weight. Livers from mice fed LFD weighed 1.7+ 0.2 g
whereas mice fed a HFD had larger and heavier livers. Mice on HFD alone had a liver
weight of 2.5 = 0.6 g, similar to mice on HFD + 20% glucose at 2.8 = 0.6 g, whereas
mice on a HFD + 20% fructose had livers weighing 3.2 + 1.0 g.

In humans, clinical signs of non-alcoholic fatty liver disease (NAFLD) include
overweight, high levels of subcutaneous fat, liver enlargement and discoloration. As
shown in Figure 5. 7, body mass and proportions were very different when comparing
LFD and HFD fed animals. Mice fed LFD had a standard appearance, a healthy red
blushing liver and no visible subcutaneous fat in the abdominal area. Mice on a HFD
however displayed a high body mass index and waist circumference, which is a known
risk factor for NAFLD ®1%3. Also, livers look discoloured and contained fat deposits
which were visible to the naked eye. Although all groups of animals on HFD
demonstrated steatosis and high body weight, HFD animals which had water
supplemented with fructose had a greater accumulation of subcutaneous fat in the
abdominal area and an even paler liver. In order to confirm the degree of steatosis and

liver injury, histology studies were performed.
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Figure 5. 6 — Fructose supplementation on HFD leads to higher weight gain and enlarged liver.
On the left, weight gain of mice on low fat diet (LFD) and high fat diet (HFD) with either regular, 20%
fructose, or 20% glucose-sweetened water for 21 weeks. On the right panel, liver weights of the same mice
at sacrifice. (n= 7-12 mice per group, and bars represent mean =+ standard deviation and p-values as follows:
*p<0.05, **p<0.01, ***p<0.001,****p<0.0001, and ####p<0.0001 when comparing with LFD in graph

A.

Table XI - Body and liver weight of mice on LFD or HFD, supplemented with

either regular, 20% fructose, or glucose-sweetened water for 21 weeks.

HFD +20% Glc 492+28 2.8+0.6

GROUP BODY WEIGHT (g) LIVER WEIGHT (g)
LFD | 35.9+0.2 1.7£0.2
HFD | 50.3+2.4 25406
HFD +20% Fru 517+ 4.0 32+1.0

Note 6 — n = 7-12 mice per group and values represent mean =+ standard deviation.
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Figure 5. 7 — Visual representation of mice after feeding of low fat diet (A) or high fat diet with
either regular (B), 20% fructose (C), or 20% glucose(D)-sweetened water for 21 weeks. The upper
panel is a frontal view of animals under anaesthesia at the culling time showing body proportions. Middle
panel is the macroscopic view of their livers after collection. Bottom panel is a close-up view of abdominal

area and subcutaneous fat.
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Sections of liver were stained with haematoxylin and eosin (H&E) to assess the
general histological appearance of the liver (Figure 5. 8). In LFD fed mice, the tissue had
a normal liver architecture displaying hepatic cells distributed around portal areas and
central venules. At higher magnification, hepatocytes were arranged into cords and
separated by sinusoids (black arrows) as expected. On the other hand, mice on a HFD
showed very distinct characteristics. Both HFD alone and HFD with 20% fructose
samples showed immense fat accumulation in the hepatocytes, presenting macro- (in red
arrow) and micro-vesicular steatosis (in blue arrow). Importantly, in the samples from
mice fed HFD with glucose-sweetened water, liver tissue revealed elevated levels of
macro-steatosis but also a high degree of inflammatory cells around the portal areas (in
green arrows). This analysis confirmed the accumulation of fat and inflammation in the
liver following 21 weeks of high fat diet, whilst the low fat diet samples were

histologically normal in appearance.
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Figure 5. 8 — H&E staining of mouse livers on a low fat diet (LFD) and high fat diet (HFD),
supplemented with either regular, 20% fructose, or 20% glucose-sweetened water for 21 weeks. At
the time of collection, livers were fixed in paraffin and sectioned for H&E staining. Representative images
are shown from n=7-8 livers per group at increasing magnifications (5x, 10x and 20x). Arrows in black
represent hepatocytes, arrows in red macro-steatosis, arrows in blue micro-steatosis, and arrows in green

inflammatory cells.
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5.3.1. Clinical biochemistry analysis of serum

In order to obtain information about the state of the mouse liver, several liver function
tests were performed during the progression of the study. Blood was collected at three
different time points from the same animals, at weeks 4 and 13 via tail vein bleeding and
at the end of the experiment via cardiac puncture under anaesthesia, at week 21 (Figure
5.9, Figure 5. 10 and Table XII).

As alkaline phosphatase (ALP) is predominantly produced by the biliary cells, its
elevation suggests biliary obstruction or epithelial damage. Although there were no
significant intra- and inter- dietary group changes in ALP during the progression of the
study, there was a trend for higher ALP in HFD fed animals with access to sweetened

water (Table XII). Nevertheless, according to Triverdi et al >3

, the predominant source
of ALP in C57BL/6 strains is the skeletal tissue, being absent in liver and gut. Therefore,
any ALP present in the circulation will not reflect liver-derived changes in this enzyme.

Regarding hepatocellular injury, both alanine transaminase (ALT) and aspartate
transaminase (AST) are good markers, as they are released into the blood in greater
amounts when hepatocytes are damaged. Dissimilarly to ALP, variations in ALT and
AST between dietary groups were quite striking. ALT levels for LFD animals are
maintained at a reasonably low level during the 21 weeks, whereas for mice on HFD
ALT levels were abnormally high from 13 weeks onwards. This is especially the case for
animals fed HFD + 20% fructose, where ALT values were found to be twice as high as
any other group by week 21. A similar trend was observed for AST values, where again
LFD animals showed lower enzymatic activity than HFD groups. Similarly, HFD + 20%

glucose animals had extremely elevated serum enzymes which reflects the pronounced

liver damage and inflammation observed in the H&E analysis.
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Urea levels were also measured and were higher for the LFD group at 10.3 + 1.2
mmol/I at the end of the experiment, but still within reference values 2*¢. HFD alone and
HFD with 20% fructose samples revealed similar levels with 7.8 £ 0.6 mmol/l and 8.9 +
1.0 mmol/l, respectively, being within the normal range as well. On the other hand, urea
values for HFD fed animals with 20% glucose are quite low with a concentration of 5.0
+ 0.8 mmol/l, suggesting the presence of liver injury.

To further investigate the degree of the liver injury and the inflammatory state of the

liver, flow cytometry analysis was then performed using cells extracted from the liver.

Table XII - Serum parameters in liver function tests and urea levels in mice after
21 weeks on a LFD or HFD, supplemented with either regular, 20% fructose, or

glucose-sweetened water.

GROUP ALP U/ ALT U/ AST U/l UREA mmol/l
LFD \ 60.5+3.2 38.5+10.2 128.0+ 70.6 103+12
HFD \ 79.5+15.7 141.8+95.4 1954+ 1173 7.8+0.6
HFD + 20% Fru \ 117.0 +20.5 547.1 +352.0 458.6+179.3 89+1.0
|

HFD +20% Glc 135.0+46.4 2749+ 96.9 215.1+£973 5.0=£0.8

Note 7 — n = 6-8 mice per group and values represent mean + standard deviation (at week 21).
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Figure 5. 9 — Serum biochemistry parameters for ALP, ALT and AST enzyme levels in mice at
week 4, 13 and 21. The first two collections (week 4 and 13) were obtained by tail vein blood sampling
and the last collection was done by cardiac puncture under anaesthesia. (n= 6-8 mice per group, and bars
represent mean =+ standard deviation and p-values as follows: *p<0.05, **p<0.01, ***p<0.001,
*x4%p<0.0001 in regard to HFD +20% fructose 21 weeks). Note: 13 weeks AST levels for HFD + 20%

fructose group could not be measured due to haemolysis and serum contamination.
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Figure 5. 10 — Serum biochemistry parameters for urea levels in mice at week 21. The blood
collection was carried out by cardiac puncture under anaesthesia. (n=7-8 mice per group, and bars represent

mean + standard deviation and p-values as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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5.3.2. Multicolour flow cytometry analysis of mouse livers at 21 weeks
To investigate immunological responses to liver injury, multicolour flow cytometric
analysis was used. The simultaneous detection of multiple parameters was used to detect
the phenotype of the immune cells in the liver either at baseline or during an

inflammatory response, retrieving information about the immune status of the tissue 237~

239

Intrahepatic immune cells were freshly isolated from the liver through mechanical
disruption into a single cell suspension. Then, the immune cells were isolated with an
Optiprep™ Density Gradient Medium, eliminating cellular debris. Lastly, lymphoid and
a myeloid lineage panels were used to identify the major populations of both innate and
adaptive immune cells including B, T and natural killer (NK) T cells, as well as
macrophages and granulocytes.

In order to identify the different subsets of the cellular populations, the lymphoid panel
was analysed as demonstrated in Figure 5. 11. An initial gating strategy was used to
firstly identify lymphoid cells and to exclude dead cells and doublets. To identify specific
lymphocytes, live cells were then gated with NK1.1 to investigate NK T cell subsets or
gated using the expression of CD45" cells to identify T-cells. T-cells were then further
sub-grouped into CD4" and CD8" T-cells.

Analysis of intrahepatic lymphocytes has revealed a difference in most cell
populations between the LFD and the HFD, especially when sweetened water was used
(Figure 5. 12). Starting by gating on live cells, CD45 was used to identify immune cells
as it is expressed on all leucocytes. When comparing with LFD, HFD diet alone did not
show any significant differences in CD45" cell frequency. However, CD45" cell
population was significantly increased in the HFD + 20% fructose and glucose groups.

To further phenotype T cells, antibodies for CD4" and CD8", were used as markers for
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helper and cytotoxic T cells, respectively. CD4" population was lower than CD8" for
LFD animals. Regarding HFD fed animals, they had a higher frequency of CD8" cells
than CD4", in agreement with the CD45" expression. This suggests the presence of more
pro-inflammatory cells in the HFD tissue.

NK T cells are able to modulate immune response through cytokine signalling when
danger signals are released. Detection of NK T cells in LFD mice is quite low, confirming
the low level of inflammation, but for HFD groups NK T levels were elevated. Even
though there was no significant difference between fructose and glucose samples, it
becomes quite clear that these sugars induced a worse outcome in terms of inflammation

than HFD alone.
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Figure 5. 11 — Representative flow cytometry plots demonstrating the gating strategy of lymphoid
panel for T-cell characterisation. Lymphocytes were gated on live single cells, then separated in two
sub-populations between NK cells expressing NK1.1 and CD45" cells. The remaining T cell population

from CD45" cells was split into two populations based on CD4" and CD8* cells.
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Figure 5. 12 — Increased T-cell populations were detected when mice are fed a high fat diet,
especially when complemented with sweetened water for 21 weeks. (n=5-8 mice per group, and bars
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Infiltration of myeloid cells was analysed according to the gating strategy shown in
Figure 5. 13. This strategy was used to firstly identify myeloid cells, gating according to
size and singularity, as well as viability.

Myeloid cells (monocytes, macrophages, dendritic cells and granulocytes) were
identified from the live cell population gating on the CD45" and CD3" cells. Figure 5. 14,
shows an increase of myeloid cells population in mice fed an HFD, which is significantly
altered for HFD + 20% fructose or glucose groups when compared with the LFD. Using
the combination of the antibodies CD11b and F4/80, the populations of macrophages,
monocytes and granulocytes can be obtained. Again, these populations showed an altered
immune response in HFD fed animals with sweetened water in comparison with the LFD
ones. To further understand the effective immune response, anti-Gr-1 antibody (the
combination of anti-Ly6C and anti-Ly6G antibodies) was used identify granulocytes and
macrophages. | observed no significant alterations in these populations across the diet
spectrum.

In summary, my flow cytometric analysis revealed some differences in the immune
status of the mouse liver when animals are fed a low or high fat diet. A more pronounced
hepatic inflammation occurs when mice are fed a HFD, which was further aggravated
when water was supplemented with sugar. Here, fructose and glucose seemed to trigger
a very similar response with enhanced recruitment of both lymphoid and myeloid cell

populations.
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Figure 5. 13 — Representative flow cytometry plots demonstrating the gating strategy of myeloid
panel for myeloid cell characterisation. Myeloid cells were identified from the live single cell population
and then gated on the CD45" and CD3" population. Next, the combination of the antibodies CD11b and
F4/80 allowed to obtain the macrophage, monocytes and granulocytes populations, which were further

split into neutrophils and monocytes based on Grl expression — Grl* and Gr1- cells.
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Figure 5. 14 — Hepatic macrophage number increases when mice are fed a high fat diet
supplemented with sweetened water for 21 weeks. (n=5-8 mice per group, and bars represent mean =

standard deviation and p-values as follows: *p<0.05, **p<0.01, ***p<0.001)
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5.3.3. NMR metabolomic analysis of hepatic cells at 21 weeks
Cell metabolism refers to the substrate consumption and production in the metabolic
pathways and processes within a living cell. Therefore, the metabolic composition of
cells under different conditions may help to assess the cells’ pathophysiological status
and their response to different stimuli °>!9!20, Hence, to understand the disease-

associated metabolic changes driven by the high fat diet, NMR spectroscopy was used.

5.3.3.1. 1D analysis of control samples

Intracellular hepatic metabolic profiles were obtained from 1D 'H NMR spectra of
aqueous cell extracts and are represented in Figure 5. 15. Mouse livers have a complex
metabolic composition, and over 30 compounds were unambiguously identified
including amino acids (leucine, isoleucine, valine, alanine, glycine, phenylalanine),
organic acids (lactate, acetate, succinate) and nucleotides (UMP, IMP, ATP, GTP,
NAD"). Additional intracellular metabolites were detected, including glutathione,
taurine, glucose, and choline containing compounds.

To investigate the metabolic alterations induced in mice by the different diets, a
quantification of hepatic metabolites was carried out (Figure 5. 16). Amino acid
metabolism was shown to be variable across all groups, with altered patterns of changes
depending on the amino acids measured. However, on balance there was no significant
change seen with a particular diet. Still, other metabolic pathways seemed to show trends
for change. Of note, there was a trend for higher production of TCA cycle intermediates
in mice fed a HFD + sugars, which was more distinct for glucose than fructose. The
opposite trend was seen at the level of nucleotide production, where LFD and HFD alone
displayed higher levels of UMP, IMP, AMP and GTP, for example. Among the measured

metabolites, the most intriguing changes were related with energy production metabolic
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pathways and intermediates, as well as the phospholipid-precursor phosphocholine
(Figure 5. 17).

The high fat diet alone seemed to induce similar variations to the low fat diet, while
the sugar supplementation led to the opposite response. Hepatic glucose levels were
higher in the first two groups and are significantly decreased in the HFD + sugar diets.
This had an impact towards the further end of glycolysis, which is seen at the level of
enzymatic substrates, such as adenosine mono-, di- and tri-phosphate (AMP, ADP and
ATP) and guanosine triphosphate (GTP), as well as in some substrates of the TCA cycle
(fumarate and malate). Here, TCA cycle intermediates are significantly increased in the
HFD + sugars, with particular increase in the glucose supplementation. Furthermore, the
adenosine phosphates are significantly reduced in HFD + sugar when compared with the
LFD and HFD alone. At the GTP levels, the trend is similar, however only comparison
with the glucose supplementation seems to be significant.

Another significant change was seen at the level of the phospholipid precursors,
especially for the metabolite phosphocholine. This metabolite behaves similarly in the
LFD and the HFD + 20% glucose, where both are significantly decreased when compared
with the other two. No difference was observed though between HFD alone and when

fructose was added to the water.
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Figure 5. 15 — Representative 1D 'H spectra of all dietary groups. Colour coded as: LFD in black,

HFD in blue, HFD + 20% fructose in red, HFD + 20% glucose in yellow.
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Figure 5. 16 — Hepatic intracellular variations induced by diet are surprisingly small considering
how different the source of nutrients is in a LFD versus a HFD. (n=4 mice per group, and bars represent

mean =+ standard deviation).
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5.3.3.2. 2D analysis of control and 3C-labelled samples

As 1D metabolomics only offers an instant, static measurement of the physiology of
a living organism, a tracer-based analysis was performed using this animal model. Using
13C-labelled precursors, one can determine metabolic products and their contribution to
multiple pathways '2%!140:17! Mice were given an intraperitoneal injection of 1M [U-13C]
fructose 30 minutes before culling allowing me to trace fructose metabolism in vivo.
Next, the liver was collected and immediately immersed in liquid nitrogen to stop
metabolism, followed by a metabolite extraction.

2D 'H-13C- HSQC spectra were used for this study as they provide information about
directly linked protons ('H) and carbons ('*C). Hence, signal intensities in HSQC spectra
allowed quantification of site-specific label incorporation ratios in metabolites. The level
of label incorporation was obtained by comparing signal intensities in the labelled and
natural abundance reference spectra, i.e., between animals that received an injection of
[U-13C] fructose and the control animals.

Observing representative HSQC spectra for all groups in Figure 5. 18, it becomes
evident that once fructose had entered the circulatory system it was further metabolised
in the liver. Comparing control livers (top panel) and livers from animals that received
an injection of labelled fructose (lower panel), it is possible to observe J.c couplings for
alanine, glucose and glycerate, which occurs when neighbouring carbons have '*C-
incorporation. These metabolites display *C-incorporation in several carbons which can
only occur if they were produced from the given [U-'*C] fructose, and this is also visible
for glutamate, glutamine and succinate (Figure 5. 19).

Signal intensities were obtained from matched spectra (control and labelled), ratios of
13C-incorporation were calculated and are represented in Figure 5. 19. Interestingly, it

seemed that in 30 minutes after fructose has entered the organism it was completely
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cleared. Therefore, parent fructose signals were very weak or even absent in the HSQC
spectra collected at 30 minutes. As fructose enters the cell, it can enter glycolysis
producing glycerate, alanine and lactate, and move towards the TCA cycle, giving rise
to glutamate, glutamine and succinate. If there is enough energy available, fructose can
also enter gluconeogenesis and produce glucose and sorbitol.

It might be expected that animals on diets with different nutrient sources would
metabolise fructose at different ratios depending on demand, however this does not seem
to be the case with these mice. Nevertheless, there was a trend for higher production of
glucose in animals fed HFD + 20% fructose compared with the other groups. The
opposing trend is observed for alanine and lactate, exhibiting a small reduction in its
levels, as well as TCA cycle intermediates. Another minor trend was also visible at the
level of glycerate production as this seems to be produced at a higher ratio when animals

were given sugars in the water with HFD, particularly glucose.
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Figure 5. 18 — Representative HSQC spectra for all groups: LFD, HFD, HFD + 20% fructose, HFD + 20% glucose in control mice vs [U-*C] fructose injected
g Y

mice at culling time. Designations of metabolites are: Fru fructose, Glc glucose, Ala alanine, Lact lactate, Sb sorbitol. (n= 4 independent samples from mice livers per group).
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5.3.4. Gene expression profiling using qPCR array

The combination of different biochemical approaches offers great advantages to
investigate the potential molecular mechanisms involved in the development and
progression of NAFLD ?*°, Therefore, in addition to NMR-based metabolomics analysis,
hepatic gene expression was also quantified using a RT? profiler PCR array focused on
the main pathways involved in fatty liver disease, including insulin and adipokine
signalling, carbohydrate and lipid metabolism, inflammatory response and apoptosis.
Using this array to investigate a total of 84 genes simultaneously allowed me to obtain a
complete profile of pertinent genetic expression changes in mouse livers following a
HFD and sugar supplementation. The data from these studies is represented in Figure 5.
20.

Using the hepatic gene expression of LFD-fed animals as a control group, HFD-fed
animals showed increased expression of genes involved in lipid metabolism and
transport, insulin signalling and decreased carbohydrate metabolism. These are
exemplified by epidermal fatty acid-binding protein (Fabps), glucose 6-phosphate 1-
dehydrogenase (G6pdx), insulin-like growth factor-binding protein (Igfbp 1), interleukin-
1 beta (//1b) and sterol regulatory element-binding protein 1 (SrebfI), which were all
downregulated in HFD-fed animals, along with increased in CD36 antigen (Cd36)
expression..

Addition of fructose or glucose to HFD induced further changes in apoptosis and
inflammatory response genes, adipokine signalling and other lipid metabolism and
transport. However, fructose induced more changes in genes related with fatty acids,
triglyceride and cholesterol metabolism while glucose affected genes involved in
glycolysis and gluconeogenesis, inositol-related metabolites and saturation of acyl-

CoAs.
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In the HFD + 20% fructose, the main significant changes in gene expression were for
acetyl-CoA carboxylase 1 (Acaca), hepatic fatty acid-binding protein (Fabpl),
lipoprotein lipase (Lpl), serine/threonine protein kinases (Mapk8 and Mitor),
phosphatidylinositol 3-kinase regulatory subunit alpha (Pik3r), inorganic phosphatase
(Ppal) and solute carrier family 2, facilitate glucose transporter member 1 (Slc2al).
There was also a down-regulation of epidermal fatty acid-binding protein (Fabp5). On
the other hand, using a HFD + 20% glucose induced down-regulation of peroxisomal
acyl-CoA oxidase 1 (4cox1), CCAAT/enhancer-binding protein beta (Cebpb), epidermal
fatty acid-binding protein (Fabp3), glucose 6-phosphatase (G6pc) and glucose 6-
phosphate 1-dehydrogenage (G6pdx), and over-expression of oxysterols receptor LXR-
beta (Nrih2), phosphatidylinositol 4,5-biphosphate 3-kinase catalytic subunit alpha

isoform (Pik3ca) and pyruvate kinase PKLR (Pklr).

Taking advantage of heatmaps allowed me to discern broad patterns in the global gene
expression in the liver and notable variations, although not all changes were statistically
different. Increased expression of genes involved in insulin signalling pathways was
observed when using a HFD, with the greatest impact observed for HFD + 20% glucose
animals. For example, insulin-like growth factor 1 was over expressed in HFD alone and
fructose supplemented animals, and its expression was decreased for the glucose group.
In contrast, genes involved in carbohydrate metabolism were mainly down-regulated
when using a HFD, but when glucose was added, upregulation of phosphoenolpyruvate
carboxykinase (Pck2) and glycerol kinase was detected (Gk). The most important
variation was seen in carbohydrate-responsive element-binding protein - ChREBP
(Mlxipl), and pyruvate kinase (Pklr) which were only upregulated when sugar

supplementation was used and not by the HFD alone.
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Regarding cholesterol metabolism and transport, a similar pattern was observed
between HFD alone and HFD + 20% fructose and not glucose. Here, apolipoprotein
related genes were upregulated (Apob, Apoc3, Apoe) in HFD and HFD + 20% fructose,
while nuclear receptors of subfamily 1(Nr/h-) and peroxisome proliferative activated
receptors (Ppar-) were upregulated similarly across all groups. Interestingly,
upregulation of genes involved in beta-oxidation, lipid metabolism and transport, and
oxidative phosphorylation was observed in all groups, but in particular for sugar
supplemented animals. Overall, hepatic gene expression was affected by the HFD
feeding and most evident changes were observed for animals with sugar

supplementation.
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Figure 5. 20 — Hepatic gene expression is affected by the consumption of a high fat diet and sugar
metabolism. Heatmaps represent fold regulation of gene expression obtained by gPCR and compared with

the LFD group as a control. n= 3-4 animals per group and *p-value <0.05.
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5.4. Discussion

5.4.1.1. The influence of diet on liver inflammation and disease

Animal models of NAFLD and NASH have been developed in order to investigate
the relationship between metabolic abnormalities and disease progression. A high fat diet
(HFD) will lead to excess supply of free fatty acids, which will accumulate in the liver
inducing insulin resistance, decreased fatty acid oxidation, and de novo lipogenesis all
culminating in steatosis. This is similar to the effect seen when I exposed hepatocyte cell
lines to free fatty acids in my culture experiments in Chapter 4. Therefore, mice will gain
weight and develop hepatic steatosis on HFD-feeding ****!%*2, These effects are seen
during human NAFLD progression, which is characterised by obesity, hepatic steatosis
and inflammation, insulin resistance and dyslipidaemia 4>-14°,

As we were also trying to investigate the contribution of glucose and fructose to the
development of NASH, it was very important to understand the dietary components and
their sources as this will directly affect metabolism and behaviour. Therefore, using a
matched control diet with similar total daily intake of calories (kcal) and nutrient source
to the HFD was of utmost importance '*°. We have chosen to use a low fat diet as a
control diet instead of a traditional chow diet, to minimise the metabolic variables and
control for calorific intake. This way, both dietary groups had access to matched caloric
intake with the same purified ingredients, including fibre type, source of carbohydrates
and fats 4.

In our animal model, the low fat diet has proven to be a good control as the mice
displayed a normal liver morphology and no hepatic lipid accumulation, even though it
contained 7% sucrose to match the high fat diet content. On the other hand, animals on a

high fat diet had elevated weight gains and fat accumulated subcutaneously, as

previously described 72145:232.244.245
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Mice on a HFD had a substantial liver enlargement and histopathological examination
revealed high levels of steatosis. While all mice on a HFD developed macro- and micro-
vesicular steatosis within hepatocytes, only mice on a HFD + 20% fructose or glucose
featured inflammatory cell infiltration in the H&E analysis. The combination of sugars
and fat has resulted in a higher hepatic steatosis and inflammation, thus caused disease
progression from simple steatosis towards NASH. As previously described, the immune
system contributes to NASH progression by secretion of cytokines from the cross-talk of
CDS8" T cells, NKT cells and hepatocytes, as well as increase in oxidative stress and
collagen deposition. As transition from simple steatosis to NASH in humans is
characterised by inflammation and fibrosis leading to a worse outcome in patients, this
model using HFD + sugars offers advantages over a simple HFD alone which only causes
simple steatosis 244246,

One limitation of this study was the difficulty to determine whether the addition of
the sugar acted synergistically with the high fat content from the diet or if the effects
observed are only due to the higher caloric intake compared to HFD alone. A possible
solution to determine the influence of the added caloric intake by the sugar
supplementation would be to have a separate group of LFD animals with fructose- or
glucose-supplemented water in this study. However, a recent study by Softic et al **” has
demonstrated that mice on a chow diet supplemented with sugars did not induce any
major physiological difference.

Another constraint in metabolic studies is the social interaction that occurs within
cages. Behavioural dominance among male mice was also observed, which will
ultimately influence the eating routine of some animals 2*3. As a result, some greedier
mice would eat more than others in the first few weeks while establishing dominance,

resulting in a higher interindividual and intraindividual variation. These were assumed
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to contribute to the observed variability of response at the first ten-week experiment,
where several animals within the same group displayed such different phenotypes.

Even though the effects of both fructose and glucose have the same caloric value and
were similar in hepatic lipid deposition (H&E) and weight gain, fructose has induced an
overall poorer outcome. Fructose supplementation has led to a greater accumulation of
abdominal fat, higher liver enlargement and higher transaminase levels, as previously

reported 7224
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5.4.1.2. Blood biochemistry analysis

Assessment of biochemical liver function tests in mice allowed me to screen the status
of the liver during the disease model progression. According to a publication by Otto et
al %3¢ stating refence intervals for C57BL/6J mice, normal alkaline phosphatase (ALP)
values for male mice should be between 80-100 U/I. Although there were inconsistent
values for animals on a LFD in the first weeks, all other mice have shown to have very
consistent levels of ALP throughout the experimental time, being just slightly elevated
when compared with the described normal values reported by Otto et al. Nevertheless,
there was no significant alteration induced by the high fat diet and variations, which
seems to reflect normal biliary function, without sign of cholestasis %81,

As both alanine transaminase (ALT) and aspartate transaminase (AST) are used as
markers of hepatocellular injury, these variations are the most significant for our study.
Even though both enzymes are present in a wide variety of tissues, ALT is considered to
be the most liver specific of the two as it is mostly found in the liver. Nevertheless, AST
levels are considered more sensitive markers of liver disease 8!23%2%0,

To be considered within normal and healthy values, ALT should be below 40 U/I.
This was observed in animals fed LFD until the end of the experiment but was quite
different for the remaining groups. Mice on a HFD alone seemed to have normal levels
until week 13, however by the end of the 21 week these values were significantly

increased. As shown in several studies 146232231

, progression of simple steatosis to NASH
occurs from week 12 onwards, which seems to be compatible with our serological and
histological observations. On the other hand, when fructose and glucose are used to
supplement the water, an increase of ALT was observed much earlier. Our results have

shown that by week 13, mice have elevated transaminase levels which are only observed

by week 21 when HFD only is used. The effects are enhanced during the remaining time
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of the experiment. By the end of the 21 weeks, these ALT values seem to rise steeply for
animals with fructose supplementation, reaching on average 547 U/l, whereas animals
with glucose supplementation didn’t increase as steeply, reaching only around 275 U/1
on average. This is a good indicator that fructose is causing a more significant liver injury
and inflammation than glucose.

Finally, the normal range for AST is usually 40-60 U/l for C57BL/6J mice, which is
somewhat lower than the levels observed for the LFD animals. Normal levels were
maintained in the HFD alone mice until week 13, but were slightly increased by the end
of 21 weeks. Similar to the ALT elevations, animals with access to sweetened water had
an earlier increase of AST levels, being abnormal by the end of 13 weeks. Again, mice
with HFD + 20% fructose revealed a more significant increase by the end of the
experiment. All these alterations in transaminase levels are in agreement with the
observations made macroscopically regarding body weight and abdominal fat
accumulation, where animals on a HFD + 20% fructose had a worse outcome.

Human NAFLD patients at increased risk for steatohepatitis feature multiple factors
associated with insulin resistance, carbohydrate excess and metabolic diseases, including
obesity, dyslipidaemia, sugar consumption and sedentary lifestyle 2, Hence, my
model of mice on a HFD + sugar confirms that these metabolic factors are closely
associated with NAFLD progression, and more importantly confirms the utility of this
system as a preclinical model of human disease.

Initial diagnosis of human NAFLD and assessment of its severity is usually achieved
through the analysis of plasma concentration of liver enzymes, bilirubin and albumin.
More specifically, AST and ALT are the commonly the only indicators for hepatic
alteration. Disease progression using AST/ALT ratio is particularly useful in

distinguishing alcoholic liver disease (ALD) and NAFLD. An elevated AST/ALT ratio
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usually is associated with long term pathologies such as fibrosis and cirrhosis, where a
ratio greater than 2 usually is attributed to alcoholic hepatitis. Regarding steatosis, both
enzymes are normally elevated, but it is more likely that ALT will be higher in the first
instance. Only when steatosis starts to progress towards NASH, will AST/ALT levels
consequently increase allowing a good prediction of NAFLD stage 23-2%,

Overall, our findings describe a model where NAFLD is occurring and progressing
towards NASH and that is consistent with previous studies; Liu ef al have described that
increased serum ALT is directly correlated with liver cell steatosis and apoptosis 2.
Fraulob et al have also demonstrated that C57BL/6 mice fed a high fat diet (60% fat)
have increased levels of transaminases when compared with mice on a standard chow
diet 7. More recently, Gallego-Duran et al also verified that ALT and AST levels in

HFD-fed C57BL/6 mice are related to liver damage, where AST levels are higher than

controls at earlier time points.

In this study, urea levels were also measured at the latest time point, after 21 weeks
on diet. Urea is a waste product synthesised in the liver when combining nitrogen with
metabolites that result from the breakdown of proteins and amino acids. Urea is released
into the bloodstream and carried to the kidneys where it can be filtered and excreted in
the urine. Although elevated urea is usually used as a marker for acute renal disease,
when urea levels are low this could reflect severe liver damage *"3¢. In LFD and HFD
groups, urea levels are within the normal range, however when the water was
supplemented with sugars and a HFD, mice reveal a decrease in urea levels. Furthermore,
HFD + 20% glucose seems to be inducing a higher effect.

Lower levels of blood urea nitrogen are usually associated with inadequate protein

intake, reduced urea synthesis and abnormal excretion of urea. Our mice had a similar
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protein intake across the dietary groups, so it is highly unlikely that the reduction
observed for urea levels in HFD + sugar mice is related with protein intake. Also, there
are studies showing that when metabolic liver function is compromised, urea synthesis
capacity can be noticeably decreased 2332, To confirm this, it would have been optimal
to obtain urea concentration at the beginning and during the experimental time and
evaluate how it changes with progression of liver disease.

Moreover, patients with NAFLD have demonstrated a higher risk of developing renal
function impairment, sharing common risk factors such as type 2 diabetes and obesity
83.260.261 "Therefore, lower levels of urea can also be related with the decline in kidney

function, but further testing would be necessary.
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5.4.1.3. Flow cytometric analysis

To assess whether the high fat diet and sugar supplementation would cause liver
inflammation, a functional characterization of the adaptive and innate immune cells was
carried out using flow cytometry analysis.

My analysis has revealed that damage arising from exposure to long term HFD led to
liver inflammation when compared with a LFD group. This was especially stimulated
when sweetened water was used in addition to the HFD, as seen with the increased
frequency in the expression of CD45" cells. To further phenotype T cells, they were
subdivided in different subsets regarding their physiological functions. Subsets were
organized as T helper subsets (CD4"), cytotoxic T cells (CD8"), and lastly natural killer
cells (NK1.17).

Although livers from animals on a LFD showed little histological evidence of immune
infiltration, we did see some evidence of resident lymphocytes and CD4" proportions
were lower than CD8". Whilst this reflects previous T cell ratios seen in normal uninjured
livers 262, a better approach in future would be the use of counting beads in the acquisition
setup, so a total number of cells could be obtained in relation to the mass of liver used
for the digestion. Of note however, HFD fed animals also had a higher proportion of
CD8" cells than CD4", in agreement with the CD45" expression, with greater cell
frequency for sugar supplemented groups. This suggests the presence of more pro-
inflammatory cells in the HFD tissue, which is consistent with the observations made in
the H&E analysis. This data agrees with the observations made in human pathology, as
the activation of several T cell subsets is recognised as a driver of NAFLD progression
?. Similar to our study, progression from steatosis to NASH has been described to shown

increased levels of CD4" and CD8" in humans #3-263:264,
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NK T cells are highly abundant in the liver and are involved in liver injury
regeneration and fibrotic responses. They also contribute to NAFLD pathogenesis acting

as proinflammatory cells 2%

. While in the LFD group the quantity of this subset was quite
low, the combination of a HFD and sugars led to increased abundance of NK T cells. It
is noteworthy that a HFD alone is insufficient to induce substantial inflammation, yet no
significant differences were found between the effects of added fructose and glucose.
Some NK T cells are able to recognise glycolipids together with CD1d, so NK T cells
can be rapidly activated in the presence of lipids. Following the continued exposure to a
HFD, altered lipid metabolism and hepatic steatosis can therefore modulate antigen
presentation to hepatic T cells leading to hepatic inflammation #°. In humans, NK T cells
have been reported to contribute to the pathogenesis of NAFLD as the cytotoxic cells
increase in number according to disease progression. NASH patients reveal increased
number of hepatic NK T cells than patients with simple steatosis, which is influenced by

the fibrosis severity °*-2%

. Thus again, our murine model is recreating human
pathophysiology.

When the liver enters an inflammatory state, the first responses activate key players
of the innate immune system, particularly myeloid cells which were also analysed by
flow cytometry. Our study has shown that similar to the lymphoid populations, these
cells increased in number in the HFD livers when compared with the LFD, and this
change was significant when sugar was added to the water. Here there was a proportional
increase in the myeloid CD45%/CD3™ and CD11b"/F4/80" subsets within injured livers.
Whilst the total myeloid population was clearly increased in HFD animals + sugar, when
subsets of neutrophils, monocytes and macrophages were split according to Grl1™/Grl-

expression. While CD11b"/Gr1" cells include monocytes, neutrophils and eosinophils,

CD11b"/Grl” will include monocytes, but there was no significant difference between
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groups. This may be due to the large variation between individuals and the fact that my
data is expressed as proportion of cells rather than absolute number. Thus, in a liver of
increasing size it would be possible to have a significant increase in total number of
inflammatory cells whilst the proportion of each subset within the total remains
unchanged. Again, as noted for our lymphoid populations it would be worth using
counting beads to determine absolute cell counts.

In an effort to maintain the tissue immune homeostasis, macrophage infiltration
occurs, and neutrophils are recruited when pro-inflammatory cytokines and chemokines
are released. In healthy conditions, the main function of macrophages is to induce a
regenerative response by detecting and destroying pathogenic products, as well as
cellular debris from the hepatic circulation. Neutrophils, on the other hand, are the first
line of defence regarding infection response and play an important role in controlling gut

bacterial translocation >>°°

. When the liver is continuously exposed to sources of
inflammation, such as hepatic steatosis and lipotoxicity, hepatocyte damage is recurrent
and lobular inflammation will be promoted 2%?%®, This was observed in our HFD + sugar
animals, which showed increased lymphoid and myeloid populations as shown in
previous studies with increased number of F4/80" macrophages 24+267-26%  Several studies
report that the intestinal immune responses are also implicated in NAFLD pathology,
which ultimately influence hepatic neutrophils and monocyte recruitment and function.
This is due to the release of cytokines and exposure to pathogenic molecules as a
consequence of gut permeability changes 227!, Although bacterial products can be
detrimental (cytokine release), they can also be beneficial for liver regeneration and play

a role in neutrophil accumulation 2>273, Thus, although our data supports the idea that

increased lymphoid and myeloid cell number in the liver is a hallmark of NAFLD, I
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would need to do further functional studies to determine whether this balance is
beneficial or detrimental in the murine model.

Hence, for further comprehension of the immune state, flow cytometric analysis using
functional markers could also be helpful. Identifying different subsets of macrophages,
such as the polarisation markers for M1 and M2 populations, and their function state,
analysing the secretion of proinflammatory cytokines such as IL-6 and TNFa, or cytokine
drivers of T cell differentiation like the Thl, Th17 and Th22 subsets, would help
understand the cellular responses. These approaches have previously been used to
phenotype both human and animal samples to obtain a better mechanistic understanding
of the immune response during NAFLD progression, as reviewed in **,

An alternative technique that could be used to expand our findings, would be
immunohistochemistry. Here, immune cell distribution across the liver tissue could be
further assessed in order to gain insight as to which cells are interacting with hepatic
immune components 27,

In summary, we were able to detect macrophage infiltration along with lymphocytes
involved in NAFLD pathogenesis, which activation is facilitated by the consumption of
a HFD with sweetened water supplementation. Notably, both adaptive and innate
immune systems are involved during the progression of liver disease. Thus, we can
conclude that fructose and glucose supplementation do accelerate the progression of
NAFLD by increasing inflammation and triggering immune response. Still, specific

mechanisms that drive this progression are not yet fully characterised and cellular

exchanges between the liver, gut and adipose tissue should be also considered.
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5.4.14. Metabolic alterations studied by NMR spectroscopy and
genetic expression

NMR spectroscopy metabolomics has been widely used to measure the physiological
state of biological systems, mechanisms of toxicity and metabolic interactions between
different organs. Moreover, it helps understanding the metabolic disturbances that occur
during disease progression which is important for improved disease therapies and
biomarker discovery %1927 Fyrthermore, the identification of key genes in NAFLD is
also useful for the discovery of pathophysiological alterations during disease
progression. In the past this analysis was carried out based on bioinformatic and meta-
analysis, GeneChip microarrays and real-time PCR using liver biopsy samples 24%-276-27,
The analysis of liver-specific metabolic profiles by NMR spectroscopy and hepatic
gene expression by qPCR has provided an overview of the impact of the low and high
fat diet in liver disease progression. Although the results in the preceding sections have
demonstrated a clear physiological effect of the diet in liver steatosis and inflammation,
metabolomic analysis has shown only a few significant metabolite level alterations, even
with the progression of NAFLD. Intracellular variations of polar metabolites indicate
that a HFD alone has a similar metabolic profile to the LFD-fed animals, whereas the
sugar supplementation has led to a more pronounced effect in the liver metabolism.
Significant differences were observed in key metabolites of the glycolytic pathway and

nucleotides, as well as in the level of choline-containing compound phosphocholine.
When comparing intrahepatic glucose levels between the dietary groups, LFD and
HFD groups are quite similar, while the HFD + sugar animals demonstrate a clear
reduction. Glucose regulation in the liver occurs in response to blood sugar levels and it
is regulated by insulin and glucagon. As most of these animals were continuously

exposed to a HFD supplemented with sugars, they developed a fatty liver and insulin
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resistance, a common effect of NAFLD 2%:280281 Thjs fits with my gene expression
analysis, as insulin-like growth factor 1 (Igf7) was over expressed in HFD alone and
fructose-supplemented animals, and its expression was decreased for the glucose group.

Important unique variations in the glucose group included increased insulin receptor
substrate 1 (/rs/), and solute carrier family 2 member 4 (Slc2a4), as well as genes
involved in glycolysis. These involved the up-regulation of phosphoenolpyruvate
carboxykinase (Pck2) and glycerol kinase (Gk), which lead to an increase in glucose
transport and metabolism, as well as insulin resistance. When using the fructose
supplementation, a more specific response was seen with an over-expression of genes
related with triglyceride metabolism (Lpl), fatty acid metabolism (Acaca, Fabpl and
Fasn) and cholesterol metabolism (apolipoproteins). This could explain why mice on this
diet had a higher subcutaneous fat accumulation and a fat and heavier liver. Commonly
altered genes in both sugar supplementations and that are associated with the metabolic
phenotype analysed by NMR, are related with carbohydrate-responsive element-binding
protein — ChREBP (MIxipl), and pyruvate kinase (Pklr) which were only upregulated
when sugar supplementation was used and not by the HFD alone. This was previously
described by Softic et al "**" and directly related with liver fat content accumulation in
human fatty liver disease 2%

Another interesting variation visible for all groups was the down-regulation of
epidermal fatty acid-binding protein (Fabp5). Fabp5 is a fatty acid-binding protein
isoform co-expressed in adipocytes and macrophages responsible for enhancing free fatty
acids solubility and transport to the endoplasmic reticulum 2%2. Therefore, down-
regulation of this protein can be a compensatory mechanism to stop net lipid

accumulation in cells that are related with hepatic fatty acid infiltration 253,
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As lipid synthesis is promoted, metabolic state transitions occur towards a higher
energy availability for other tissues. In agreement with this are the levels of TCA cycle
intermediates fumarate and malate, which demonstrate a trend towards higher
production, especially for glucose fed mice. Sun et al *** have reported that an HFD
intake stimulated glycolysis and overall energy metabolism, including TCA cycle
intermediates fumarate and aspartate (produced from malate), which is consistent with
our results. Increased TCA cycle activity and hepatic mitochondrial metabolism have

198.223.285 and humans '?%?%¢, contributing to NAFLD pathology.

been reported for mice
Moreover, the balance between ATP+ADP and AMP seem to be dysregulated.
Alterations in adenosine phosphates homeostasis, as well as GTP, are related with
fundamental metabolic processes that control metabolic pathways 27, The loss of hepatic
ATP has been associated with compromised mitochondrial respiratory chain activity, as
previously reported for a rodent model of NASH *% and NASH patients 2*°, but further
understanding of the metabolic implications is still needed.

Lastly, significant changes in the phospholipid content was also observed for the
phosphocholine. Both Dumas et al *° and Chao and co-workers *°! have reported
increased phospholipid content in urine and serum when using a HFD when compared
with the control group, and linked this to the relationship between gut and liver
metabolism. Choline can be either phosphorylated to generate phosphocholine or be
converted to methylamine by the gut microbiota, therefore alterations in these metabolite
levels can reflect the interactions between the mammalian pathways and gut microbiota.
As mentioned by Jian et al *°?, availability of choline and its intermediates is also related

with apolipoprotein-B secretion, which will ultimately affect LDL receptors and can lead

to accumulation of triglycerides in the liver.
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Analysis of 1D 'H NMR profiles only provides a static picture of metabolism, not
reflecting cellular biochemical regulation over time. To investigate whether fructose
metabolism would be altered following a prolonged high fat diet and sugar consumption,
a stable isotope tracer-based analysis was performed. The injection of [U-3C] fructose
in mice 30 minutes before culling allowed exploration of the usage of fructose in vivo
and its accumulation into downstream metabolic products.

The complete consumption of fructose after a single i.p. injection was observed for
all dietary groups as no labelled fructose signals were detected in the 2D 'H-13C HSQC
spectra after 30 minutes. Moreover, fructose was directed towards glycolysis generating
glycerate, alanine and lactate, and it was further metabolised in the TCA cycle producing
glutamine, glutamate and succinate. The conversion of fructose to sorbitol was also
observed, as well as the production of glucose via gluconeogenesis, which was similar
across all dietary groups.

Previous studies have demonstrated the fate of labelled precursors in vivo following a
HFD, in order to study the contribution of specific metabolites in the main biosynthetic
pathways and was reviewed by Sun and Empie in **. Here, even though different
labelling schemes were employed, sugar oxidation was observed generating '*C
1sotopomers of glucose, lactate, glycerol, lipids, glycogen and ATP + CO», in agreement
with my observations.

The conversion of fructose to glucose has been observed in several human studies 2%+
2% and was dependent on exercise, gender and health status. In agreement with this, we
found a trend for increased glucose production in HFD alone and HFD + 20% fructose
animals, whereas HFD + 20% glucose was not so high when compared to LFD-fed
animals. This may occur due to differences in carbohydrate regulation, as fructose is able

to avoid rate limiting steps in glycolysis and gluconeogenesis. Moreover, the continuous
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exposure to fructose may alter the expression of specific GLUTs and lead to increased
absorption of sugars, as it was demonstrated by Karim et a/ in the context of human liver
disease 2. Furthermore, the production of intermediates of glycolysis included higher
levels of glycerate, alanine and lactate, which can later enter the TCA cycle.

Using fructose as our initial substrate, we have shown that glutamate, glutamine and
succinate are being produced. Although quite variable, there is a trend for increased TCA
cycle activity when mice are fed a HFD, especially when supplemented with glucose.
Satapati et al '*® has also demonstrated that in vivo hepatic TCA cycle activity is
enhanced following a HFD, with higher oxidative fluxes at 16 weeks and persisting until
week 32. Increased CO; and fatty acid oxidation were also confirmed for mice with fatty
livers; however, their analysis was performed using blood samples and different labelled
precursors which could explain the difference observed between their results and our
study in terms of metabolic impact.

The use of *C-labelled fructose in metabolic studies is still limited, but recently Jang
et al *7 have described the fate of dietary fructose using both *C-labelled glucose and
fructose. The contribution of liver, kidney, pancreas and small intestine were evaluated
in fructose metabolism, suggesting that the small intestine is the main location for
fructose absorption and metabolism. In a case where a high dose of dietary fructose is
given to mice, fructose is transported to portal circulation and enters the liver where it
can be further converted to other metabolites. Similar to our study, they also demonstrate
that the liver is able to synthesise glucose via gluconeogenesis, be converted to glycolysis
and TCA cycle intermediates and also glycerate. Interestingly, glycerate can be produced
from fructose but not glucose, which can eventually induce liver toxicity by activating

/ 298

lipogenesis. Supporting this, Tran et al ~°° also demonstrated that a high dose of fructose

195



given to adults was able to increase glycerol levels as well as VLDL palmitate levels,
which reflects increases in DNL.

While our results fit with the picture seen in human studies, analysis of serum samples
and other contributing organs to fructose metabolism would be extremely valuable to
understand the specific mechanisms involved in NAFLD progression. Also, a different
method of fructose delivery and time-frame should be tested in order to understand how
the absorption process would affect availability of substrates. Hence, in the next chapter
[U-13C] fructose was delivered to ex vivo human samples to compare metabolic routes
and products generated according to the system used. Lastly, a ketohexokinase inhibitor
was tested to investigate its impact in hepatic metabolism when fructose cannot be

regularly metabolised.
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CHAPTER 6

THERAPEUTIC INTERVENTION WITH

KETOHEXOKINASE INHIBITOR - THE

GAME CHANGER
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6. Therapeutic intervention using a KHK inhibitor

6.1. Overview

Over the last few years, the prevalence rates for NAFLD and NASH have been
associated with the increasing intake of dietary fructose 2’. Fructose enters the liver
through the hepatic circulation and is initially phosphorylated by the ketohexokinase
(KHK, also known as fructokinase) hepatic enzyme in carbon 1. Since fructose
metabolism is not dependent on insulin signalling, fructose 1-phosphate is rapidly
cleaved by aldolase B to form D-glyceraldehyde and dihydroxyacetone phosphate. By
bypassing the main rate limiting steps in glycolysis, fructose can provide a relatively
unregulated source of carbon precursors to drive lipid production and glycolytic
intermediates 2!2°3% (See Figure 6. 1 for more details).

Some recent studies in mice with a KHK knockdown have demonstrated that the
inhibition of ketohexokinase can protect from diet-induced hepatic steatosis, insulin
resistance and obesity **>=%. Therefore, KHK inhibition could be clinically relevant in
protecting human liver steatosis, inflammation and profibrotic activity. However little
human data exists to support the potential mode of action.

In this chapter, human liver tissue was subjected to immunohistochemistry analysis
and western blot to assess the expression of total KHK and its two isoforms, A and C,
and how this varies with disease. Next, to evaluate the efficacy of KHK inhibition under
steatogenic conditions, a perfusion system centred on viable human liver tissue wedges
was used. Using *C-labelled fructose, the mechanisms by which the KHK inhibitor alters
hepatic lipid accumulation and the glycolytic pathway were studied. Lastly, *C-fructose
clearance in vivo was studied using the mouse in vivo model of NAFLD described in the
previous chapter. This was done by assessing the '*C-enrichment in intermediates of

fructolysis, glycolytic end products and TCA cycle intermediates in mice livers.
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Figure 6. 1 — Main pathways for fructose and glucose metabolism within hepatocytes. In
Fructolysis, initial phosphorylation of fructose occurs via ketohexokinase (KHK) activity. In Glycolysis,
glucose is initially phosphorylated by glucokinase (GK). A critical regulatory step in glycolysis is mediated
by phosphofructokinase 1 (PFK-1) which catalyses the conversion of fructose 6-phosphate and ATP to
fructose 1,6-bisphosphate and ADP. Another important reaction is mediated by pyruvate kinase (PK), the
enzyme responsible for the final step of glycolysis, in which phosphoenolpyruvate is converted to pyruvate
with the production of ATP. Common to both pathways is the formation of the trioses dihydroxyacetone
phosphate and glyceraldehyde 3-phosphate, catalysed by aldolase B (ALDOB). Enzymes involved in de
novo lipogenesis are also represented, including acetyl-CoA carboxylase alpha (ACACA) and fatty acid

synthase (FASN).
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6.2. Expression of KHK in the human liver

The ketohexokinase enzyme is mostly abundant in liver, renal cortex and small
intestine, but it can also be present in other tissues such as brain, lung, muscle and optic
nerve 303% KHK exists in two isoforms generated by alternative splicing in exon 3,
consisting of KHK-A and KHK-C. While both isoforms are able to metabolise fructose,
their kinetic properties and expression in tissue differs. KHK-A is expressed at low levels
in a wide range of tissues and has a high Michaelis constant (K.,) for fructose, suggesting
that it is unlikely that KHK-A plays a significant role in metabolism of dietary fructose.
On the other hand, KHK-C is expressed primarily in the liver, kidney and intestine, has
a greater affinity and lower Ky, for fructose, therefore being considered to be the primary
enzyme involved in fructose metabolism 302395307,

To investigate the human expression of KHK in the liver, qPCR analysis was
performed (with support from Dr. Emma Shepherd). In Figure 6. 2A it is possible to
observe a similar expression of total KHK RNA in normal and NASH livers. There is
also a comparable expression with livers from patients with other chronic liver diseases
where cirrhosis is derived from autoimmune cholangiopathies, such as PSC and PBC.
When using cultured primary liver cells (Figure 6. 2B), hepatocytes revealed a
predominant KHK expression, whereas fibroblasts (aLMF) and epithelial (BEC)
populations demonstrate a lower expression of the KHK.

To support these findings, the histological localisation of KHK in diseased and normal
human liver specimens was determined using a pan KHK antibody for
immunohistochemical staining (Figure 6. 3). In a normal liver (Figure 6. 3A), staining
was uniformly observed across the lobule, where both the nuclei and cytoplasm of
hepatocytes expressed the KHK. Still, hepatocytes were found to be more intensely

immunolabelled near macro-vesicular steatotic areas, in peripheric hepatocytes. Nuclear
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staining for KHK was also shown by Diggle et al ** in normal liver, however with a high
variability as not all nuclei intensely immunolabelled were positive. Therefore,
immunohistochemistry data for this protein should be interpreted carefully.

In cirrthotic NASH livers (Figure 6. 3B), expression was also concentrated in
hepatocytes within regenerative nodules, but intensity of expression within hepatocytes
was similar between normal and fatty donor liver specimens. Also, some KHK positive
staining was found at the level of biliary epithelial cells of bile ducts.

To determine which isoforms of KHK (KHK-A and KHK-C), are expressed under
normal and cirrhotic liver conditions, a western blot analysis was carried out (Figure 6.
4 — by Dr. Emma Shepherd). A decrease in the total expression of KHK was observed
for cirrhotic livers, both ALD and NASH, when compared with normal donors (NL).

Also, KHK-C was shown to be the most abundant expressed isoform in the liver.
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Figure 6. 2 - Quantification of total KHK mRNA in whole human liver (A) or isolated primary
human liver cells (B) by qPCR. Data represents individual values and mean £ SEM expression
compared to SRSF4 housekeeping gene in (A) whole liver: normal (NL), non-alcoholic steatohepatitis
(NASH) and chronic liver disease (CLD); or (B) primary liver cells: hepatocytes (Heps), hepatic stellate
cells (HSC), activated liver myofibroblasts (aLMF) or biliary epithelial cells (BEC). Data acquired by

Emma Shepherd and used with consent.
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Figure 6. 3 -Immunohistochemical localisation of KHK in normal human liver tissue (A) and
NASH liver (B) using a pan-KHK primary antibody. KHK positive staining is observed in
hepatocyte nuclei (HN), hepatocyte cytoplasm (HC) and biliary epithelial cells of bile ducts (BD).

(Data is representative of n>10 livers, scale bar 100 pm). IMC — isotype matched control.
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Figure 6. 4 — Comparison of protein expression of total KHK and isoforms A and C in human
liver from normal donors (NL), alcoholic liver disease (ALD) and non-alcoholic steatohepatitis
(NASH) by western blotting. Top right panel shows the representative blot, whilst the graphs show
quantification from n=4 samples in each category. Data is shown as mean + SD expression normalised
to B-actin. Paired #-test indicated significant reduction vs NL livers *p< 0.05. Data acquired by Emma

Shepherd and used with consent.
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6.3. Does targeted KHK inhibition alter fructose metabolism in

human liver?

6.3.1. Exvivo human perfusion system

In order to address the efficacy of the ketohexokinase (KHK) inhibitor from
TAKEDA pharmaceuticals in ex vivo human livers, a perfusion system delivering [U-
13C] fructose was used. In this experiment, paired small wedges of ex vivo livers were
perfused with glucose-free DMEM to remove blood. Then, samples were perfused with
media alone or with KHK inhibitor (10 uM), in glucose-free DMEM containing
unlabelled fructose for 30 minutes. Afterwards, the wedges were perfused with glucose-
free DMEM containing 20mM [U-3C] fructose for a period of 3 hours. Tissue samples
were collected during the period of perfusion, at 0.5, 1, 2 and 3 hours, as snap-frozen
sections for NMR analysis or in paraffin for histological assessment.

Figure 6. 5 shows that the liver wedges maintained good integrity throughout the
perfusion period as the H&E tissue morphology at the beginning of the experiment is
similar to that after 3 hours. Additionally, analysis of tissue samples by NMR
spectroscopy allowed me to confirm that the liver remains metabolically active and
capable of incorporating and metabolising fructose throughout the experimental time
frame. Figure 6. 6 shows a representative 'H-'>*C-HSQC spectrum of a control sample
after 1-hour exposure to [U-'2C] fructose, revealing the presence of the labelled precursor
as well as other metabolites that participate in specific pathways of fructose and glucose
hepatic metabolism. Some metabolites such as glycerol, glycerol 3-phosphate, sorbitol,
glucose, alanine and lactate display !*C-labelling patterns, reflecting the flux of *C-
carbons from fructose in the liver, and can be seen in the augmented spectral regions A

and B.

205



To follow these *C-enrichments in a more precise way, high resolution 'H-'*C-HSQC
spectra were obtained and compared for each time-point and condition (Figure 6. 7). In
the first 30 minutes of perfusion with [U-'3C] fructose, there is an accumulation of
fructose in the liver and the formation of sorbitol in both conditions. After 1-hour of
perfusion, the control liver starts to produce metabolites needed for lipid metabolism,
including glycerol and glycerol 3-phosphate, but also metabolites from the last stages of
glycolysis such as alanine and lactate. However, when KHK was inhibited, metabolism
of fructose was severely slowed down, reflected by higher levels of fructose and sorbitol.

HSQC spectra bear considerable information in coupling patterns arising from scalar
couplings between chemically bonded '*C-labelled carbon atoms. As [U-'*C] fructose
was used, couplings can be seen in metabolic products downstream. Unlabelled
metabolites are represented as a central signal of usually lower intensity (arising from
1.1% natural abundance '°C), while *C-enriched metabolites display coupling patterns.
An example of this phenomena can be seen in Figure 6. 8, where the alanine peak in
control samples displays a coupling pattern with high intensity peaks, whereas peaks in
KHK inhibited samples are much weaker.

At the end of 3-hours of perfusion, the control sample shows the increasing production
of glycerol intermediates from fructose, which may suggest that fructose overload can
stimulate de novo lipogenesis. A similar trend is observed in glycolytic intermediates,
where alanine and lactate demonstrate high levels of '*C-incorporation. On the other
hand, in KHK inhibited samples, where the usual pathway of fructose is blocked, the
accumulation of fructose inside the cell is observed as well as the build-up of sorbitol.
These findings confirm that a single dose of the KHK inhibitor can impair fructose

metabolism by slowing it down considerably.
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To aid interpretation, peak intensities were obtained from metabolites identified in the
HSQC spectra and are shown in a diagrammatic representation of the major fructose
metabolism pathway in Figure 6. 9. Over the experimental time course (0.5 to 3 hours),
we can see the variation in peak intensities in control (blue) or KHK-inhibited (red)
livers.

Worthy of note, as the fructose concentration used in the perfusion system is quite
elevated and not all substrate is needed to produce energy, the liver was able to activate
the gluconeogenic pathway in the control liver wedge. This is confirmed by the coupling
pattern observed in glucose carbon-4 but not carbon-1 (Figure 6. 10). For this to happen,
glucose can only be formed via !*C-labelled trioses such as glyceraldehyde and
dihydroxyacetone phosphate and not via the polyol pathway *°%. Interestingly, this pattern
is not observed in the KHK-inhibited samples, which suggests its higher need of glucose

for downstream products of glycolysis.
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Figure 6. 5 -Human liver wedges maintain structural integrity during perfusion.
Sections of liver were collected at each time point of the ex vivo human perfusion, fixed in
paraffin and sectioned for H&E staining. Representative images were obtained and are

shown from the beginning and end of perfusion time (magnification of 5x).

208



Figure 6. 6 — Representative "H-'3C-HSQC spectrum of a control ALD liver perfused with [U-
13C] fructose for one hour. A and B are augmented spectral regions from the spectrum on top. The
abbreviations indicate Glc Glucose, GPC Glycerophosphocholine, Fr Fructose, Sb Sorbitol, Gly Glycerol

and Lact Lactate.

209



Figure 6. 7 — 'H-'3C-HSQC spectra from control (CT) and KHK-inhibited (KHK) human liver
wedges for the indicated periods (0.5 to 3 hours). Peak assignments are indicated by hashed lines and

circles.
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Figure 6. 8 — 'H-3C-HSQC spectral region of alanine carbon-3 in control samples (blue) and in
KHK inhibited samples (red). Bar graphs depict the peaks intensities at all time-points. In an 'H-'*C-
HSQC spectrum, the central peak represents the natural abundance of '3C in alanine carbon-3, while the
outer peaks arise from the coupling to the adjacent *C in carbon-3 and carbon-2, transferred from carbons

of 13C-labelled fructose.
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Figure 6. 9 — Diagrammatic representation of the major fructose metabolic pathway overlaid
with peak intensities obtained from the integration of HSQC peaks for indicated metabolites in an
ALD liver. Bar graphs represent control (blue) or KHK-treated (red) liver wedges over the experimental

time course (0.5 to 3 hours).
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Figure 6. 10 — 'H-"*C-HSQC spectral region of glucose carbon-1 (C1) and carbon-4 (C4) in
control samples (blue) and in KHK inhibited samples (red). Bar graphs depict the peaks intensities at
all time-points. The coupling patterns resulting from '3C-incorporationin in neighbour carbons are only

visible in control samples carbon-4, reflecting gluconeogenic activity.
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To investigate the efficacy of the KHK inhibitor at different stages of NAFLD, the
perfusion system was also tested using two fatty donor samples and a NASH liver. The
experiments were carried out using the same protocol where the concentration of KHK
inhibitor, time-points and liver wedges sizes were standardised (Figure 6. 11 to Figure 6.
13). Analysing the HSQC spectra (not shown) from these three livers for the duration of
the time-course under control and KHK-treated samples, I observed that the effects were
similar to the ALD liver results for most time points.

[U-13C] fructose was incorporated by all liver wedges but is metabolised faster in
control samples than in KHK inhibited samples. Similar to the ALD liver (Figure 6. 9),
fructose levels in the KHK-inhibited wedges reflect increase in peak intensity along the
time course. Similarly, increases in sorbitol levels are observed across all samples and
support the idea that the KHK inhibition activates the polyol pathway to clear fructose
intracellular levels thereby generating sorbitol as a metabolic product.

Relative to glycolytic substrates (alanine and lactate), '*C-incorporation is observed
for all samples under control conditions, with increasing rates throughout the
experimental time. In the KHK -treated samples, even though the KHK inhibition did not
stop fructose metabolism completely, rates of *C-incorporation in these metabolites are
clearly reduced. Metabolism of fructose is then compromised, and less substrate is used
for glycolysis.

In the fructolysis pathway branch that generates glycerol and glycerol 3-phosphate,
the variation between samples is quite different. While in the first fatty donor liver the
production of these metabolites is almost completely inhibited (Figure 6. 11), as in the
ALD liver (Figure 6. 9), for the other two samples this is not as linear. The second fatty
donor liver (Figure 6. 12) displays a good inhibition of glycerol production, when

comparing with the control sample for the duration of the experiment, however the
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glycerol 3-phosphate intensities are irregular. In the NASH liver (Figure 6. 13), the KHK
inhibitor only seems to be effective for the first two hours. While glycerol levels seem to
be low when compared with the control condition, suggesting a good inhibitory efficacy
at all time-points, glycerol 3-phosphate levels at the 3™ hour of perfusion increases
rapidly. Even so, it continues to be lower than levels in control livers without the KHK

inhibitor.
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Figure 6. 11 — Diagrammatic representation of the

major fructose metabolic pathway overlaid

with peak intensities obtained from the integration of HSQC peaks for indicated metabolites in a

fatty donor liver. Bar graphs represent control (blue) or KHK-treated (red) liver wedges over the

experimental time course (30min to 3hours).
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experimental time course (30min to 3hours).
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Figure 6. 13 — Diagrammatic representation of the major fructose metabolic pathway overlaid

with peak intensities obtained from the integration of HSQC peaks for indicated metabolites in a
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6.4. How does KHK inhibition impact fructose metabolism in the

mouse model of NAFLD?

6.4.1. Overview

Following the positive outcomes from the perfusion system using human ex vivo livers
to explore fructose metabolism and KHK inhibition, a murine in vivo approach was
explored. The human liver model does not account for the whole complexity of NAFLD
in vivo, especially regarding metabolic interactions with other organs. Therefore, a model
that closely resembles the human disease was needed to evaluate the impact of KHK
inhibition.

In this thesis, the mouse model of NAFLD developed and characterised in the previous
chapter was used. Similar to the human model, *C-labelled fructose was used to
determine how fructose is delivered to the tissue and how the KHK treatment would alter
metabolism. For this, mice on a high fat diet for 21 weeks were weighed and dosed with
KHK inhibitor at 15 mg/kg, 4 hours prior to culling. 1M [U-'*C] fructose was injected
into the mice 30 minutes before they were euthanised, giving enough time for fructose
to be absorbed, delivered and metabolised in the liver. Finally, while mice were under

terminal anaesthesia, blood was collected to further determine liver enzymes levels.
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6.4.2. Liver enzymes levels are reduced when KHK is inhibited

As liver enzymes are widely used as biomarkers of liver injury, their levels were
measured at the end of the experiment. Only animals on a high fat diet with water
supplemented with sugars were given a KHK inhibitor injection, as these had the most
significant liver pathology. Even though the injection of the KHK inhibitor was only
given four hours before culling the animals, a clear reduction in serum alkaline
phosphatase (ALP) and transaminase (ALT and AST) levels was observed (Figure 6. 14
and Table XIII) after administration of inhibitor.

ALP levels were reduced in both groups when KHK inhibitor was given, however
only the group with glucose sweetened water had a significant decrease (p <0.05). On
the other hand, transaminase levels were significantly more affected by the KHK
inhibition in the fructose group than in the glucose one. Enzyme activity of alanine
transaminase (ALT) and aspartate transaminase (AST) were found to significantly
decrease in the HFD + 20% fructose group (p <0.05 and p <0.01, respectively). In the
glucose group, although a slight reduction was observed, it was not significant (Figure

6. 14).

Table XIII — Serum parameters in liver function tests in mice after 21 weeks on
a HFD supplemented with 20% fructose or glucose-sweetened water, either with or

without injection of the KHK inhibitor (KHKi) before culling.

GROUP ALP U/L ALT U/L AST U/L
HFD + 20% Fru ‘ 117.0+20.5 547.1 +£352.0 458.69 +£179.3
HFD + 20% Fru + KHKi ‘ 70.5+17.8 128.3+44.2 147.0 +57.5
HFD + 20% Glc ‘ 135.0+46.4 274.9 + 96.9 215.1+97.3
HFD + 20% Glc + KHKi ‘ 68.3+13.5 201.75+£37.2 160.5+42.5

Note 8 — n = 4 mice per group and values represent mean + standard deviation.
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Figure 6. 14 — Blood biochemistry reveals a reduction in liver enzymes of mice on a high fat diet
for 21 weeks, when they receive an i.p. injection of KHK inhibitor four hours before culling. (n=4-8
mice per group, and bars represent mean =+ standard deviation and p-values as follows: *p<0.05, **p<0.01,

*x5p<0.001).
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6.4.3. KHK-treated animals have reduced fructose metabolism

To replicate the pharmacological inhibition of KHK in the human experiments, mice
fed a high fat diet for 21 weeks were given a single dose of KHK inhibitor via intra-
peritoneal injection. Also, additional injection of [U-'3C] fructose has permitted the study
of metabolic changes based on '2C labelling patterns in response to KHK inhibition.
Using 2D 'H-'3C-HSQC NMR spectra, we were able to identify '3C-enrichments in
intermediates of glycolysis such as glucose, alanine and lactate, TCA cycle intermediates
succinate, glutamate and glutamine, as well as fructolysis intermediates glycerate and
sorbitol.

In Figure 6. 15, we can see that mice on a HFD + 20% fructose sweetened water that
received an injection of [U-'*C] fructose display '*C-labelled intermediates in the liver
as shown in the previous chapter. More importantly, when mice were treated with the
KHK inhibitor, we can see the appearance of signals from labelled fructose and sorbitol,
which under normal conditions were not present, as well as the loss of the glycerate
peaks. A similar trend was observed for mice on a HFD + 20% glucose, where there is a
recovery of fructose peaks and accumulation of sorbitol, as shown in Figure 6. 16.

Figure 6. 17 shows the quantification of the signal intensities obtained from the HSQC
spectra for both groups and corresponding ratios of '*C-incorporation. A noteworthy
increase in the fructose signal was observed for animals treated with the KHK inhibitor,
especially for animals with fructose supplementation (p <0.01). Although not statistically
different, sorbitol peaks also display a rise in intensity when compared to untreated
animals in both diets. All the remaining labelled metabolites identified in the HSQC
spectra were quantified and revealed a reduction in '*C-incorporation when KHK was
inhibited. The most interesting decrease is seen at the glycerate level, where KHK

inhibition caused a four-fold reduction in the incorporation of 1*C. This final ratio is equal
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to 1, which is usually obtained from natural abundant metabolites. This means that the
remaining glycerate in these samples may derive from the basal liver metabolism in
HFD-fed mice and not from metabolism of the labelled fructose. Glycolysis and TCA
cycle intermediates have revealed less impressive reductions at the level of '*C-
enrichments, however the trend for metabolic decline is reflected in glucose, lactate,

alanine, glutamate, glutamine and succinate levels.
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Figure 6. 15 — Representative HSQC spectra of HFD +20% fructose fed animals, either in control
conditions or when given an injection of 1M [U-!*C] fructose. Mice that received '*C-labelled fructose
were also divided into two groups, with half of them being given an injection of the KHK inhibitor.
Designations of metabolites are: Fru fructose, Glc glucose, Ala alanine, Lact lactate, Sb sorbitol. (n= 4

independent samples from mice livers per group).
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Figure 6. 16 — Representative HSQC spectra of HFD + 20% glucose fed animals, either in control
conditions or when given an injection of 1M [U-!C] fructose. Mice that received '*C-labelled fructose
were also divided into two groups, with half of them being given an injection of the KHK inhibitor.
Designations of metabolites are: Fru fructose, Glc glucose, Ala alanine, Lact lactate, Sb sorbitol. (n= 4

independent samples from mice livers per group).
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Figure 6. 17 — Ratios of '3C-incorporation in fructolysis intermediates from [U-'3C] fructose in
mouse livers with or without injection of KHK inhibitor in vivo. (n =4 independent samples from mice
livers per group. Bars represent mean + standard error of the mean and p-values as follows: *p<0.05,

#£p<0.01).
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6.1.Discussion

6.1.1. KHK hepatic expression

Fructose has been considered a driver of obesity, metabolic syndrome and fatty liver
disease. This could correlate with the reported upregulated expression of the major
fructose transporter GLUT-5 in disease, namely in alcoholic liver disease (ALD) and
non-alcoholic steatohepatitis (NASH) 2?*. Once transported into the cell, KHK is the
main enzyme responsible for the metabolism of fructose. We were able to provide
evidence that the ketohexokinase is abundantly expressed in liver cells, mostly in the
cytoplasm of hepatocytes. Moreover, the predominant expression of the KHK-C isoform
in the liver was confirmed in livers with simple steatosis, but also ALD and NASH 39239,
Li et al "7 have also shown the expression of KHK in NASH patients, especially the
KHK-C isoform. However, they also reported a shift occurring between isoform C to A
in hepatocytes, which was usually seen in severe NASH patients developing HCC. This
fits with our expression as highest prevalence of the C isoform was seen in fatty donor
material rather than end stage NASH samples. In agreement with this, Lanaspa et al 3
used fructose-sensitive mice to show that tissues expressing the KHK-C isoform and not
A are able to confer protection against impaired fructose metabolism. Thus our samples
from fatty donor livers may have increased KHK-C to deal with dietary circulating
fructose.

Inversely to what Ouyang et al *°! has shown, the expression of KHK was not directly
correlated with the progression of NAFLD. In our study, patients with simple steatosis
(NL) display higher total protein expression than cirrhotic patients (ALD and NASH).
However, the reduction in total KHK protein in cirrhotic patients may simply relate to
decrease in hepatocyte viability as well frequency due to the presence of fibrotic areas in

the liver. Thus, the proportional area of hepatocytes decreases. In diseased livers, tissue
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injury triggers inflammation and hepatocellular death, which will play a role in the
exacerbation of impaired liver function. Cell death in hepatocytes contributes to
fibrogenesis and carcinogenesis *%. Therefore, depletion of total KHK in NASH livers
when compared with simple steatosis might be a mere indication of hepatocyte death
rather than quantitative protein expression per cell and this would fit with our RNA and

staining data.
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6.1.2. Human liver perfusion

The development of a new human liver perfusion assay has permitted detailed study
of metabolic processes. This system yielded important mechanistic information
regarding the consequences of fructose overload in non-alcoholic fatty liver disease. I
was also able to provide valuable proof-of concept pre-clinical data to support use of
KHK inhibition as a strategy in NAFLD patients.

By adding '*C-labelled fructose into media perfused through intact human ex vivo
liver wedges, I was able to confirm that fructose accumulates intracellularly and that it
activates both glycolytic and lipogenic pathways. While fructose accumulation led to the
enhancement of glycolysis seen by the production of alanine and lactate, de novo
lipogenesis (DNL) was enabled by the unregulated generation of glycerol and its
derivatives.

Increased consumption of dietary fructose goes hand in hand with NAFLD incidence,
and several studies have demonstrated that fructose uptake is able to induce a higher
expression of enzymes linked to the first steps of fructose metabolism; these include
KHK and aldolase B, as well as glycolytic enzymes phosphofructokinase 1 and pyruvate
kinase 2674310 In control conditions, alanine and lactate levels rise following fructose
exposure of my tissue samples, which is in agreement with a "H MR spectroscopy study
in patients with NAFLD !, Here, assessment of hepatocellular metabolism of alanine
and lactate has revealed potential for biochemical discrimination between simple
steatosis and NASH, especially when combined with triglyceride concentrations.

High fructose accumulation in hepatocytes also leads to excessive production of
acetyl-CoA in mitochondria, which enters the TCA cycle to form citrate and then it can
be released in the cytosol to induce DNL 3!2. De novo lipogenesis stimulated by

carbohydrates such as fructose, is mainly mediated by ChREBP and SREBP-Ic, and
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these transcription factors regulate the expression of several lipogenic enzymes in the
liver. According to some recent studies "#*#7313 " fructose can induce hepatic expression
of these factors in patients with fatty liver disease, leading to the upregulation of lipid
synthetic and storage enzymes which contribute to lipogenesis. Moreover, high TCA

198,199

cycle activity was detected in NAFLD patients , leading to increased oxidative

stress in mitochondria and contributing to the inflammation during disease progression

314

In order to investigate the potential of targeting fructose metabolism to modify hepatic
steatosis and improve fatty liver disease outcome, ketohexokinase activity was
pharmacologically inhibited. I was able to demonstrate that fructose metabolism in the
liver was severely affected when KHK was inhibited. As expected 2°, reduced levels of
alanine, lactate and glycerol were seen in the KHK-treated samples. Moreover, when
KHK is inhibited and fructose metabolism is impaired, intracellular levels of fructose
were elevated and the polyol pathway was activated. Thus, sorbitol levels have risen in
these samples suggesting that KHK inhibition may serve as a useful target for fatty liver
disease treatment.

Interestingly, the analysis of HSQC spectra from all perfused livers revealed that the
KHK inhibition was equally effective for all liver disease stages. Even though the donor
livers with simple steatosis had higher levels of KHK protein expression than cirrhotic
livers, the impact of KHK inhibition on fructose metabolism was comparable across all
tested samples. This could be relevant for clinical therapy as my data suggests that KHK
inhibition could be employed even in the most progressive stages of liver disease, without

reducing its efficacy.
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However, some odd exceptions were seen in this study, namely the 2-hour time-point
of the donor liver in Figure 6. 12 for fructose. This could be explained by normalisation
errors of HSQC peak intensities. As explained in chapter 2 (materials and methods), 1D
NOESY total spectra area values are used to normalise signal intensities from HSQCs to
account for variability in the metabolite pools from each tissue sample, but if variations
are too great then this method is no longer the best approach. Furthermore, even though
metabolite levels of glycerol seem to be lower in KHK-inhibited samples at all time
points, glycerol 3-phosphate levels seem to increase after 3 hours for both the donor and
NASH livers (Figure 6. 12 and Figure 6. 13). Even though these levels are still lower
than the matched control samples, this information is vital when considering the time
course of inhibitory action and efficacy. The concentration of KHK inhibitor was
maintained throughout all experiments, but drug efficiency was dependent on liver
wedge weight and healthy/damaged hepatocyte ratio. Therefore, when translating these
findings into human patient studies, the dose and concentration of KHK inhibitor should
be adapted according to the level of steatosis and fibrosis of the liver tissue, reflecting
the extent of healthy hepatocytes in the liver. Also, multiple dosing schemes should be
considered to deliver the correct concentration and preserve efficiency of KHK inhibition
at various time frames. This would form part of the Phase 1 and 2 studies required to
secure approval for use of these therapeutics.

In summary, my NMR-based metabolomic analysis highlighted the hepatic metabolic
consequences of fructose administration in an intact human tissue setup for the first time.
I have shown that pharmacological inhibition of KHK can be useful to modify fructose
metabolism, reducing hepatic lipogenesis in patients with NAFLD. Nevertheless,
analysis of a larger number of samples is needed to confirm these findings, together with

an improved optimisation of inhibitor concentration for specific liver disease stages.
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6.1.3. In vivo inhibition of KHK

Using an in vivo model of NAFLD and the pharmacological inhibition of KHK, I was
able to demonstrate that KHK activity has a great impact on systemic metabolism. As
demonstrated in the previous chapter, animals on a high fat diet with access to water
supplemented with sugar reveal severe transaminitis and steatosis at the end of a 21-week
experiment. By giving an injection of KHK inhibitor prior to culling the mice, an
impressive decrease in transaminase levels was observed. KHK inhibition was more
effective for animals with fructose supplementation than glucose, which reflects the
different metabolic disturbances triggered by these carbohydrates 26-31°,

Alanine transaminase (ALT) and aspartate transaminase (AST) are present in high
concentration in liver cells and act to catalyse the transfer of an amino group from alanine
and aspartate, respectively, to a a-keto group. These reaction products are glutamate and
either pyruvate or oxaloacetate, which are intermediates in major metabolic pathways
important to maintain energy homeostasis. ALT and AST are usually elevated in serum
in response to hepatocyte injury, but since they have diverse physiological functions
aside from amino acid metabolism, decreases observed following KHK inhibition should
be carefully interpreted 38!

Serological ALT and AST levels reflect the level of these liver enzymes that are
spilled into the blood stream. Therefore, this rapid change could be related to the
downregulation of liver enzymes or even an indicator of the improvement of hepatocyte
status. Healthier cells will leak less enzymes into the serum, which will ultimately alter
the level of circulating liver enzymes 3!%2. In this study, histological assessment of the
liver tissue has revealed that animals treated with KHK inhibitor had a similar

morphology as the control samples. The degree of necrotic hepatic cells found in control

samples was comparable with KHK inhibited samples, which indicates that detected
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changes are due to metabolic alterations rather than a consequence of dramatic reduction
in hepatocyte necrosis. To support this, from a single dose of KHK inhibitor, liver levels
of alanine and TCA cycle intermediates were effectively reduced, as confirmed in the 2D
NMR analysis. Thus, even in a short period of time (4 hours), ALT and AST reactions
could be regulated and detected according to fructose and glucose metabolic product
availability.

Nonetheless, the ease by which liver function tests results can be altered without
evident amelioration of hepatic inflammation and steatosis is interesting. As previously
described 2439316 KHK knockdown animals demonstrate lower levels of
transaminases, which is usually accompanied by reductions in inflammation and
steatosis. The effectiveness achieved with the pharmacological inhibition of KHK in just
a few hours is quite promising in terms of liver enzyme amelioration, but information
regarding systemic metabolism would be tremendously helpful. Metabolic analysis of
the serum would provide a better understanding of the underlying metabolic mechanisms
responsible for these alterations, and identification of substrates and products following
KHK inhibition in the serum would allow us to confirm why transaminases respond so

fast.

To further investigate the metabolic fate of [U-'3C] fructose when KHK is inhibited,
NMR analysis was carried out. My results have shown that intermediates of glycolysis
and fructolysis are reduced in KHK-treated mice, demonstrating that a single dose of
KHK inhibitor is able to induce an overall reduction of fructose metabolism in vivo.
Despite the significant impact of KHK inhibition in fructose and sorbitol levels,

intermediates from glycolysis and the TCA cycle were not as substantial.
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Interestingly, some studies have demonstrated that the consumption of carbohydrates
and polyols can promote the growth of bifidobacteria and alter the microflora in healthy
individuals 3!'"3!°. Following pharmacological KHK inhibition, the production and
accumulation of sorbitol can become relevant for NAFLD patients. The shift in the
microbiome towards the production of beneficial prebiotics could help resolve
inflammation that typically arises from the gut-liver axis interaction. Although this would
not be the case in the time frame of our murine experiments.

Since other regulatory mechanisms are involved in the production of alanine and
lactate, as well as TCA cycle intermediates, it is not a surprise to see a less significant
decrease in these metabolites when KHK was inhibited. Considering that other substrates
can feed glycolysis and enter the TCA cycle, additional contributions from alternative
pathways should not be overlooked. Glucose can be generated from several sources
including dietary components and glycogen storage, amino acids can be obtained through
the breakdown of proteins and lipids can also enter different pathways depending on
energy requirements 26293320 Therefore, although an isotope tracer was used to follow
fructose metabolism, in steatotic conditions there is a dysregulation in metabolic
pathways that contribute to this energetic imbalance, as it was verified in the previous
chapter.

As I only analysed metabolites in the liver, there is also the possibility that I am not
accurately accounting for the total amount of '3C-labelled metabolic products. Some
studies have also shown the importance of the kidney and intestine in metabolising
circulating fructose 277304321322 For example, Jang et al **’ demonstrated that the
intestine plays a significant role in the clearance of fructose, converting fructose to
glucose and other circulating metabolites before reaching the liver. This shielding

capacity can be interrupted following a high dose of fructose, impacting hepatic function.
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In another study, Miller et al *** have shown that even when KHK is knocked down in
mice, residual metabolism of fructose in these animals can be observed. Nevertheless,
KHK KO animals had reduced liver weight and triglyceride levels even when they had a
dietary fructose challenge. Hence, these studies together with our results provide further
confirmation that KHK manages sugar and lipid metabolism in a tissue-specific manner.

In conclusion, I have demonstrated how fructose administration affects hepatic
metabolism using NMR-based metabolomics. Also, human and murine models have
been used to support the benefit of inhibiting ketohexokinase activity in order to attenuate
diet-induced hepatic steatosis and protect against fructose toxicity in patients with

NAFLD.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK
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7. Conclusions and future work

7.1. Summary of main findings

Non-alcoholic fatty liver disease affects a large portion of the world population and
its incidence and prevalence are increasing to epidemic proportions. However, methods
for accurate diagnosis and prediction of disease progression are still not optimal. Hence,
the main goal of this thesis was to determine the hepatic metabolic fingerprint at different
stages of NAFLD, since a better understanding of underlying mechanism will accelerate
pre-clinical discovery.

At first, the best method for NMR metabolic profiling based on in vitro and ex vivo
samples was optimised, and sample preparation and improvements in NMR technology
were tested. Analysis of both mammalian cell line (HuH7) and human hepatic tissue
revealed that metabolite extraction methods and tracer-based fluxes should be adapted
according to the specific type of cell in a study '?°. To obtain the maximum number of
metabolites from a proliferative cell, metabolism was stopped between 48 and 72 hours
after plating, which provided the best time frame to study metabolic adaptations that
occur during disease progression. Additionally, the feasibility of using *C-glucose and
BC-fructose was assessed for tracer-based studies using both biological systems (cells
and tissue), demonstrating that both are easily incorporated and metabolised in the
hepatocytes.

Furthermore, developments in NMR technology were assessed and the use of
cryoprobes led to improvements of at least 4 to 10 fold in signal to noise ratio in NMR
spectra of sucrose and hepatocytes, and these were further increased when a smaller
probe (1.7 mm cryoprobe) was used. Also, the use of non-uniform sampling schedules
to acquire faster 2D HSQC spectra confirmed that acquisition times can be significantly

reduced without compromising the resolution in the indirect dimension.
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Next, the optimised methodology was validated using an in vitro model of steatosis,
where HuH7 cells were exposed to a high concentration of oleic acid (2 mM) to mimic
the effect of lipid accumulation in fatty liver disease. In the first 24 hours a good cell
viability was maintained (80-90 %) and macro- and micro-steatosis was observed. My
optimised 1D 'H NMR spectroscopy workflows were applicable to these samples, but
interestingly it didn’t show gross alterations. This shows how liver cells can
accommodate short term changes in metabolic loading by increasing carbohydrate and
lipid consumption and export to maintain homeostasis. Hence, these studies did also
show that there were acute changes related to energy metabolism (higher ATP), and
trends for increased amino acid levels and glycolysis rate in cells supplied with excess
oleic acid.

Nevertheless, the use of a single layer hepatocyte culture does not provide the best
model to study the changes that occur during the human progression of human disease
since it does not account for interactions with other cells and 3D structure that exist in a
liver. Thus, ex vivo samples were analysed to understand how whole liver metabolism
adapts during NAFLD progression and how this compared to standard in vifro models.
Here, after an H&E analysis to confirm the morphological appearance and class
identification of these specimens, NMR analysis of both polar and lipid layers was
performed. Metabolic profiles of the liver tissue were obtained for different NAFLD
stages and, while normal livers resembled steatotic liver metabolism with only a few
changes, NASH samples had the most significant alterations. Key metabolites of
glycolysis were increased in the context of NASH, especially alanine, lactate and ATP,
together with increases in TCA cycle intermediates, glutamate, fumarate, malate and
aspartate. Regarding the lipid metabolism, the organic phase fraction did not show

significant alterations, although a high number of species were identified.
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As these models were still limiting to understand the precise metabolic mechanisms
involved in NAFLD progression over time in the same individual, an in vivo murine
model was used to investigate physiological, metabolic and gene expression alterations
that occur during weight gain, hepatic steatosis and inflammation after prolonged
exposure to HFD with and sugar supplementation. Using numerous techniques, including
flow cytometry, qPCR and NMR spectroscopy, my main findings highlighted the inter-
related changes in liver enzyme levels and metabolic changes in carbohydrate and lipid
metabolism. The animal model was representative of the human disease as I was able to
demonstrate increased hepatic steatosis in mice after HFD consumption, accompanied
by transaminitis, obesity and accumulation of subcutaneous fat. The addition of sugars
to the HFD led to an aggravated phenotype, especially when fructose was used.
Importantly, a resultant inflammatory response to this hepatocellular stress was activated
in these animals, as shown by inflammatory cell infiltration in the H&E analysis, and
flow cytometry data which revealed an increase in hepatic lymphocyte and myeloid
populations as injury progressed.

Mice with access to the sweetened-water also displayed a selective enhancement of
the glycolytic pathway and TCA cycle, as well as increases in nucleotides. Tracer-based
studies using [U-13C] fructose allowed me to follow its fate in vivo, and production of
glycerol intermediates needed for de novo lipogenesis was observed for these obese
mice. This was also accompanied by changes in gene expression for genes involved in
cholesterol and lipid metabolism. Thus, my accumulated data from the fructose fed
animals highlights the utility of this models as a tool for preclinical biomarker discovery
and testing of novel therapeutic interventions that may be useful in the context of human

medicine.
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Finally, to support the preclinical value of this model I tested use of a ketohexokinase
inhibitor as a potential therapeutic strategy in NAFLD patients. Here both the human ex
vivo perfusion system and the in vivo model of NAFLD were applied. Key metabolic
benefit of using a ketohexokinase inhibitor was documented for both systems, as fructose
metabolism was proven to be significantly reduced, with decreases seen in both
glycolytic and lipogenic intermediates, as well as lower transaminases levels in serum.
Hence, in an environment where increased rates of NAFLD in the human population are
attributable at least in part to increased fructose content in food, I have not only been able
to describe the mechanisms by which this leads to steatohepatitis, but have also shown
the potential of targeting this pathway therapeutically.

In summary, NMR-based metabolomics approaches were proven to be relevant for
the study of metabolic adaptations during disease progression, improving understanding
of molecular mechanisms involved in steatosis and inflammation. Application of
metabolomics, together with biological methods such as H&E analysis, qPCR and flow
cytometry, can be very useful for the diagnosis and staging of liver disease, and help

identifying new biomarkers and therapeutic strategies.
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7.2. Future work

Even though I have accomplished several specific aims of this project, many questions
still remain to be answered. As I believe a good project is never really finished, a natural
progression of this work would be to expand the in vivo model and the ex vivo perfusion
system, to allow me to test the long term efficacy of targeting ketohexokinase in
established disease. Here, for example, several weeks-long treatments with the inhibitor
could be considered in a weekly basis, given at the end of the dietary feeding protocol to
see if long term physiological and pathological improvement in disease scores are
achievable. This would be more directly applicable to the likely human presentation and
treatment of disease.

For the mouse model of NAFLD, further experiments using serum or analysing
kidney, intestine and pancreas tissues could shed more light on the relative contribution
of specific and multiple extra-hepatic organs to fructose absorption and metabolism. This
could be achieved by performing NMR-based metabolomics, to obtain a more complete
picture of the mouse metabolome during disease progression. The use of labelled tracers
would also allow tracing of the build-up of '*C-enriched metabolic products and their
fate in vivo by observing flux rates within the different organs.

To validate the application of the ex vivo perfusion system in pre-clinical studies,
research should be carried out in additional livers, involving a broader range of liver
diseases. For example, assessment of metabolic profiles, and response to
pharmacological inhibition in different liver diseases/stages would be an important part
of the preclinical work up for securing FDA approval for a new drug. Information on
how a drug works in a diseased vs normal liver is normally generated using mammalian
models and there are clear incidences where such testing has failed to predict efficacy

(or detrimental effects) in subsequent human trials. In my example, the application of
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this system to establish the optimal concentration for ketohexokinase inhibitor while
avoiding toxicity would be of great help when trying to translate these findings to human
clinical studies. Further research could also be conducted to determine the length of
effectiveness of the inhibitor, as well as multiple dosing strategies to establish the ideal
therapeutic intervention and efficiency. Additionally, the application of '*C-labelled
precursors in vivo is safe, and '*C MRI is a functional medical imaging technique that

could be applied to investigate cellular metabolism iz vivo in a non-invasive manner.

7.3. Final remark

Increased prevalence of non-alcoholic fatty liver disease is a major problem
worldwide, yet, advances in non-invasive approaches for disease detection and follow-
up, as well as to establish proper therapeutic interventions are still lacking. Using a NMR-
based technique I have developed new methodologies and added new mechanistic
knowledge to increase understanding of NAFLD pathogenesis, providing mechanistic
information about steatosis and inflammation, as well as carbohydrate and lipid
metabolism. My work has also had direct clinical impact since I have also highlighted
the clinical significance of a ketohexokinase inhibitor (see list of outputs) which may
eventually be used in human patients.

Briefly, I believe my findings have important implications for future practice in the
field of fatty liver disease and will contribute towards the study and development of

effective therapeutics to treat NAFLD.
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