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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a condition characterized by
the accumulation of fat in the liver of persons who do not consume alcohol, commonly associated
with metabolic dysregulation. MASLD is rising globally, particularly in Canada, impacting more
than 7 million people. MASLD is a serious condition that can elevate the likelihood of developing
heart disease and type 2 diabetes (T2D). No medication has yet received approval to treat this
serious illness. Recent research indicates that glucose metabolism is disrupted in MASLD, and the
rate-limiting enzyme in glucose metabolism, pyruvate dehydrogenase (PDH, gene Pdhal), is
suppressed. Thus, we posit that enhancing PDH activity to boost glucose metabolism in the liver
could alleviate the impact of MASLD. Our laboratory has demonstrated that ranolazine, a
medication prescribed for heart disease, can effectively treat MASLD in obese mice, which was
correlated with elevated PDH activity. We aim to investigate whether ranolazine exhibits similar
beneficial effects in T2D. We induced experimental T2D in male mice (15 weeks of high-fat diet
along with a single low-dose injection of streptozotocin [75 mg/kg] at 4 weeks). The mice were
administered either a vehicle control or ranolazine (50 mg/kg) once daily through oral gavage. We
evaluated blood glucose levels by monitoring glucose tolerance, insulin tolerance, and pyruvate
tolerance, while hepatic steatosis was evaluated by measuring triacylglycerols (TAGs) content.
Ranolazine did not affect blood glucose levels in mice with experimental T2D or influence the
amount of fat stored in the liver. Ranolazine’s beneficial effects on MASLD may be restricted to

obese persons and not extend to those who are obese with T2D.



MASLD raises the risk of developing insulin resistance and T2D associated with obesity. Recent
research from our laboratory has shown that activating PDH may mitigate MASLD caused by
obesity using the antianginal drug ranolazine. Our goal was to investigate if ranolazine’s capacity
to alleviate obesity-induced MASLD and hyperglycemia depends on the enhancement of hepatic
PDH activity. Therefore, we generated hepatic PDH knockout mice (Pdhal“V"") and fed a high-

fat diet for 12 weeks to promote obesity, while lean controls were given a low-fat diet. Pdhal"“"Ve"

"~ mice and their AIb®™ littermates were randomly assigned to receive either a vehicle control or
ranolazine (50 mg/kg) once daily through oral gavage for the last 5 weeks. Subsequently, we
evaluated body composition, glucose tolerance, and pyruvate tolerance. Hepatic TAGs were

measured using the Bligh and Dyer lipid extraction technique. Pdha """

mice did not show any
noticeable variations in physical characteristics (such as fat mass, body weight, and glucose

tolerance) compared to their AIb“™ littermates, but a little tendency towards a modest deterioration

in pyruvate tolerance was noted. Ranolazine therapy improved glucose tolerance and slightly

bCre Ji Liver-/-

reduced hepatic TAG concentration in obese Alb~" mice but not in Pdha obese mice. The
former was not influenced by alterations in hepatic mRNA levels of genes that control lipogenesis.
Ultimately, liver-specific PDH loss does not effectively induce an MASLD phenotype. However,
hepatic PDH activity plays a role in the mechanism by which the antianginal drug ranolazine

improves glucose tolerance and reduces hepatic steatosis in obesity.

We have shown that pimozide, an antipsychotic drug that typically inhibits dopamine 2 receptors
(D2R), can effectively reduce glucose levels in mice with an experimental obesity/T2D model.
The observations were linked to the unconventional effects of pimozide in binding and inhibiting

succinyl-CoA:3-ketoacid CoA transferase (SCOT) in skeletal muscle. Additionally, the Similarity

il



Ensemble Approach (SEA) was utilized, identifying X-box binding protein 1 (XBP1) as a
promising target for pimozide. Due to the significant role of XBP1 in the unfolded protein response
(UPR) and its influence on endoplasmic reticulum (ER) stress regulation, we shifted our attention
to inositol-requiring enzyme 1 (IRE1). We aimed to determine the extent of this connection using
both in vitro and in vivo experiments. HepaRG cells were grown in Williams® Medium
supplemented with 2 mM oleic acid and treated with either a vehicle or pimozide (12.5 nm) for 16
hours. We induced experimental T2D in 8-week-old male C57BL/6J mice by feeding them a high-
fat/high-sucrose diet for 10 weeks. Additionally, a single dose of streptozotocin (STZ; 75 mg/kg)
was given to the animals fed the high-fat diet at 4 weeks. After 8 weeks of the regimen, all mice
were randomly assigned to receive either a vehicle control or pimozide (10 mg/kg) every other day
via oral gavage until the study ended. Two weeks after administering pimozide, we evaluated
glucose regulation using a glucose tolerance test and assessed hepatic steatosis by measuring TAG
levels. HepaRG cells treated with pimozide showed a notable reduction in steatosis and increased
levels of IRE1 and XBP1. Our data showed that pimozide enhanced glucose levels in mice with
experimental T2D without affecting hepatic TAG content. These results indicate that pimozide
may be beneficial in reducing hepatic steatosis, as shown by its significant influence on steatosis
in HepaRG cells. The improvement in blood glucose levels without changing the amount of fat in
the liver of mice with experimental T2D suggests that pimozide has a complex effect that warrants

more investigation into its processes and potential use in treating metabolic diseases.
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Chapter 1: Introduction

1.1 Comprehending Metabolic Dysfunction-Associated Steatotic Liver Disease

1.1.1 Overview of Metabolic Dysfunction-Associated Steatotic Liver Disease

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously referred to as non-
alcoholic fatty liver disease (NAFLD)/hepatic steatosis, is a condition in which excess fat
(triacylglycerols [TAGs]) accumulates (>5% within hepatocytes, primarily in the form of lipid
droplets, in the liver of an individual in the absence of alcohol abuse or other attributable causes
such as hepatitis C infection (1, 2). MASLD replaces NAFLD as the comprehensive name to
include hepatic steatosis in patients with at least one of five cardiometabolic risk factors (3, 4).
Non-alcoholic steatohepatitis (NASH) is now referred to as metabolic dysfunction-associated
steatohepatitis (MASH), highlighting the metabolic aspects of liver inflammation. The new
phrases aim to offer a more thorough explanation of the metabolic factors linked to fat
accumulation in the liver. The terminology change is necessary due to the absence of sufficient
nomenclature since the initial description of the ailment. The term ‘NAFLD’ was coined in 1986;
however, the significant increase in NAFLD publications began prominently in 2000 (5, 6). A
recent study has revealed that most disorders categorized as NAFLD are linked to metabolic
variables such as obesity, insulin resistance, and elevated cholesterol or lipids. The American
Association for the Study of Liver Diseases has proposed a change to reduce stigma by deleting
the words ‘fatty’ and ‘alcohol’. It is crucial to have a name that indicates the underlying reasons
for the ailment. Understanding the source of liver illness is crucial as addressing it can aid in the

liver’s recovery.



Chapters 2 and 3 were published before the terminology update. We will continue using the current

language, incorporating new terms as needed to maintain awareness of this severe liver condition.

Unfortunately, MASLD is increasing exponentially and has become one of the leading causes of
morbidity worldwide, where it is estimated to affect nearly one-third of the adult population in
Western nations (7-9). The excess lipid/TAG storage in MASLD does not necessarily worsen liver
function. Still, in the presence of inflammation, it may progress to a more advanced form referred
to as MASH, which can also increase the risk for hepatocellular carcinoma (1). The liver
clinicopathologic entity is increasingly recognized as a major health burden in developed
countries. Within this estimate, liver cancer accounts for 600,000 to 900,000 deaths (10).
Currently, liver disease is the eleventh-leading cause of death, accounting for over two million
deaths annually (1 out of every 25 deaths); in the last three decades, the prevalence of MASLD
has increased globally by more than 50%, rising from 25.3% in 1990-2006 to 38.0% in 2016—

2019 (11).

While MASLD can often be relatively benign, the progression of MASLD is tightly correlated
with systemic insulin resistance and can also increase the risk for type 2 diabetes (T2D) and
cardiovascular disease (1, 12). One of the primary drivers of MASLD is underlying obesity. Thus,
there has been extensive interrogation into understanding the mechanisms contributing to the
pathology and natural progression of MASLD, as this may lead to novel therapies for preventing
insulin resistance and/or T2D. Whether MASLD is necessarily causal toward insulin resistance

and/or T2D is a complex issue and a topic of ongoing study, as clear dissociations between hepatic



steatosis and insulin resistance have also been reported, whereas insulin resistance may also cause

MASLD (13).

Obesity is strongly associated with MASLD, and it is more common in individuals with higher
body mass index (BMI) (14), rising from 26.2% in those with a BMI < 24 kg/m? to 72.4% in
individuals with a BMI over 30 kg/m? (15). Global studies indicate that the occurrence of MASLD
in obese people ranges from 60% to 95%, emphasizing the significant connection between obesity
and the accumulation of fat in the liver (16, 17). Obesity also plays a role in metabolic syndrome
(MetS), which includes abdominal obesity, hypertension, dyslipidemia, and inadequate glucose
regulation, further raising the risk of MASLD. Fat distribution, especially in the abdomen, plays a
crucial role in developing MASLD, highlighting the significance of fat accumulation on liver
health. Obesity, along with insulin resistance and dyslipidemia, contributes to the development of
MASLD by increasing the release of free fatty acids from adipose tissue, leading to liver fat
accumulation and metabolic dysfunction. Excessive fat in obese persons leads to increased levels

of TAG in the liver, causing an accumulation of fat in the liver and metabolic disturbances.

The primary objective of this thesis is to examine the dysregulation of energy metabolism in the
pathophysiology of MASLD and its consequential impact on the progression of the disease. This
thesis aims to explore the intricate correlation between metabolic irregularities caused by obesity
and the development of MASLD to identify novel therapeutic approaches for mitigating this

growing health concern.



1.1.2 Key Physiological Pathways Underlying Metabolic Dysfunction-Associated Steatotic

Liver Disease

The mechanisms underlying the development of MASLD are multifaceted and involve intricate
interactions between MetS, inflammation, and oxidative stress pathways (Figure 1.1). The strong
link between MASLD and MetS, which includes obesity, hyperglycemia, dyslipidemia, and
systemic hypertension, is central to its etiology. MetS not only raises the risk of MASLD, but it
also exacerbates a number of the disease’s symptoms and complications (18, 19). Lipotoxicity,
defined by the negative consequences of lipid accumulation in extra-adipose tissues such as the
liver, is another critical mechanism through which MASLD occurs, contributing to its
development and progression (20). Sustained abnormalities in lipid metabolism in MASLD alter
the delicate balance between oxidants and antioxidants, resulting in cellular lipotoxicity, lipid
peroxidation, chronic endoplasmic reticulum (ER) stress, and mitochondrial dysfunction.
Hepatocyte exposure to high quantities of free fatty acids causes lipotoxicity, disrupting cellular
homeostasis and inducing inflammatory responses and cell death. This cascade is aggravated by
increased oxidative stress, which worsens liver damage and accelerates disease progression.
Lipotoxicity activates stress pathways, causing inflammatory processes and fibrogenesis, which
accelerates the progression from benign steatosis to more severe symptoms such as MASH. The
complex interplay of altered lipid metabolism, oxidative stress, and lipotoxicity highlights the
diverse pathophysiology of MASLD, highlighting the significant potential of interventions that

aim to target these pathways for treating this common hepatic condition (21-23).

Oxidative stress is a key component in developing MASLD, primarily via activating the redox-

sensitive transcription nuclear factor kappa-light-chain-enhancer of B cells (NF-kB) (22).
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Excessive buildup of fatty acids in MASLD causes problems with the functioning of mitochondria
and an increase in B-oxidation, resulting in excess of the reactive oxygen species, which are
generated by both endoplasmic reticulum stress and activated NADPH oxidases, surpass the
cellular antioxidant defences, leading to the occurrence of oxidative stress (24). Stress initiates
signalling pathways that activate the IxB kinase complex, resulting in the phosphorylation of IxB
and its subsequent destruction. Consequently, NF-kB is released and moves to the nucleus, which
attaches to DNA and triggers the transcription of genes that stimulate inflammation, cell survival,
and other stress responses. The inflammatory reaction, characterized by releasing cytokines and
other inflammatory mediators, worsens liver damage and advances the disease from simple
steatosis to more severe steatohepatitis. Effectively controlling MASH requires targeting the
relationship between oxidative stress and NF-«xB activation. Moreover, mitochondrial dysfunction
and oxidative stress play important roles in connecting saturated fat consumption to the
development and advancement of MASLD, emphasizing the significance of mitochondrial
oxidative damage in this mechanism. The nuclear factor erythroid 2-related factor 2 and
antioxidant response element pathway is an important regulator of antioxidant response that helps
reduce damage caused by oxidative stress (25). It has the ability to restore normal lipid metabolism
and can be targeted therapeutically to prevent the formation and progression of MASLD (26-28).
Oxidative stress is critical in developing MASLD by altering lipid metabolism, promoting
inflammation, and causing cellular damage (29). It is crucial to target oxidative stress pathways to

manage this common liver disorder effectively.

Along with liver damage and metabolic imbalance, mitochondrial dysfunction plays a key role in

the pathophysiology of MASLD. Impaired mitochondrial fatty acid oxidation and decreased



mitochondrial quality are key aspects in the evolution of MASLD, leading to the accumulation of
lipids in the liver and the development of inflammation and fibrosis (30). Research has shown that
mitochondrial dysfunction in MASLD is caused by mitochondrial oxidative damage,
abnormalities in the electron transport chain, and oxidative phosphorylation, all of which worsen
liver damage and disease progression (31). The connection between mitochondrial dysfunction
and MASLD is supported by molecular, biochemical, and biophysical studies showing
mitochondrial abnormalities in afflicted people (30). Therapeutically focusing on mitochondria
and adjusting their activity show potential for new treatments for MASLD/MASH, highlighting
the importance of addressing mitochondrial abnormalities in controlling this common liver illness
(32). Understanding the impact of mitochondrial dysfunction on MASLD improves our knowledge
of its disease-causing processes and identifies prospective treatment targets to improve clinical

results.

Ceramides, diacylglycerols (DAGs), and de novo lipogenesis (DNL) are crucial components in the
complicated development of MASLD, coordinating a series of molecular processes that result in
liver fat accumulation, insulin resistance, and impaired mitochondrial function. Ceramides and
DAGs, important lipid compounds, interfere with cellular signalling pathways and metabolic
balance (33). Dysregulated DNL worsens lipid accumulation in liver cells, altogether leading to
the advancement of MASLD. Increased DAG levels activate protein kinase C, disrupting insulin
signalling and enhancing hepatic glucose synthesis, leading to fat accumulation in the liver (19).
Ceramides hinder insulin signalling, leading to metabolic dysfunction and promoting the
accumulation of lipids in the liver (23, 34). Furthermore, uncontrolled DNL increases the

production of fatty acids and TAGs in the liver, worsening lipid accumulation and causing hepatic



steatosis (35). Ceramides worsen liver damage and inflammation in MASLD by promoting
inflammation and cell death, therefore increasing disease severity. The complex disturbance of
lipid regulation, particularly involving DAGs, ceramides, and DNL, leads to an imbalance in cell
stability and triggers hepatic steatosis, a key characteristic of MASLD. Abnormal ceramide
production in liver cells leads to ongoing mitochondrial malfunction by inhibiting specific
components of the electron transport chain, which hinders mitochondrial respiration and energy
production (36), leading to increased cellular stress and plays a role in causing liver damage in
MASLD. Pharmaceutical strategies that prevent ceramide production by blocking enzymes like
ceramide synthases or dihydroceramide desaturase 1 have demonstrated effectiveness in early
studies for decreasing liver fat accumulation and enhancing the body’s response to insulin. These
approaches present promising treatment options for MASLD and alleviate its associated effects

(36, 37).

To conclude, MASLD is a multifaceted disorder impacted by various mechanisms, such as
dysregulation of lipids, oxidative stress, and mitochondria dysfunction. Exploring these
fundamental physiological pathways has the potential to develop efficacious therapeutic
interventions for MASLD. Comprehending the complex interaction among these pathways will be
of utmost importance in furthering our understanding of the pathophysiology of MASLD and in

developing novel therapies to enhance patient outcomes.
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Figure 1.1 Pathophysiological Factors of Metabolic Dysfunction-Associated Steatotic Liver
Disease. This illustration shows the interrelated pathophysiological factors contributing to
MASLD development. Metabolic Syndrome (MetS) comprises illnesses such as hypertension and
type 2 diabetes. Lipotoxicity is the harmful effects of excessive fat accumulation in non-adipose
tissues, as lipid droplets depict. Chronic inflammation can cause a variety of metabolic disruptions.
Ceramides can lead to insulin resistance and cellular damage when present in high amounts.
Oxidative stress is represented by a stylized DNA helix with superimposed sparks, indicating
damage from an imbalance of free radicals and antioxidants. Endoplasmic Reticulum (ER) stress
occurs when unfolded proteins overload the ER; ER stress contributes to liver inflammation,
cellular damage, and the progression of MASLD to more severe stages. Type 2 Diabetes is
symbolized by a drop of blood containing a sugar cube, denoting high blood glucose levels.

Created with BioRender.com.



1.1.3 Intermediary Energy Metabolism in the Healthy Liver and Metabolic Dysfunction-

Associated Steatotic Liver Disease

Healthy liver energy metabolism is essential for preserving metabolic equilibrium and general
well-being. The liver is critical in maintaining glucose and lipid balance, which is crucial for
insulin sensitivity and overall metabolic well-being (38, 39). Studies have indicated that changes
in liver energy metabolism are prevalent in individuals with acute and chronic liver conditions, as
well as in mouse models of obesity, T2D, and fatty liver disorders (40, 41). The changes underscore
the significance of comprehending metabolic shifts in liver diseases and their influence on liver
function. Liver function and energy metabolism are crucial factors to consider in patients with
hepatocellular carcinoma arising from hepatitis B-related cirrhosis, particularly when
accompanied by comorbidities such as thyroid disease, kidney disease, and mental instability (42).
Comprehending the complexities of hepatic energy metabolism, such as fatty acid metabolism and
mitochondrial activity, is crucial for properly managing metabolic diseases and their related
problems. MASLD is a disorder closely associated with disrupted metabolic processes affecting
glucose and lipid metabolism, amino acid balance, and systemic metabolism (43). MASLD
commonly displays characteristics of MetS, such as disrupted glucose and lipid metabolism,
indicating the widespread effects of metabolic imbalances in this liver disorder (44). Studies have
demonstrated that MASLD development is characterized by specific metabolic patterns, and
analyzing metabolites in the bloodstream might offer helpful knowledge about metabolic
alterations as the illness advances. The progression from MASLD to MASH is influenced by
several variables, highlighting the diverse character of changes in systemic metabolism during
MASLD advancement (45). Dysregulated lipid metabolism in MASLD affects liver health and is

associated with an increased risk of cardiovascular disease (46). Changes in how the liver
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processes fats and cholesterol have a significant role in the higher risk of cardiovascular disease
seen in people with MASLD, emphasizing the widespread effects of disturbed lipid metabolism in
this liver disorder (47). Impaired glucose metabolism in MASLD underscores the broader
metabolic disturbances associated with this condition, highlighting the significant influence of
dietary factors such as excessive consumption of high-calorie, nutritionally unbalanced foods on

the metabolic dysfunction related to this liver disorder (48).

This thesis will focus on exploring strategies to enhance the perturbed energy metabolism in

MASLD and identify effective therapeutic targets for managing and treating this condition.

1.1.4 Histopathologic Features of Metabolic Dysfunction-Associated Steatotic Liver Disease

Hepatic steatosis is defined as the accumulation of lipids, primarily TAGs, in the cytoplasm of
hepatocytes, as previously mentioned. Hepatocytes with a low fat content are considered normal;
however, if this fat content exceeds 5%, it leads to the development of MASLD (49). The 5%
threshold is derived from preliminary biochemical research, indicating that lipids comprise
roughly 5% of the average liver weight (50). The asymptomatic nature of MASLD often
necessitates diagnosis through incidental discoveries of abnormal liver enzymes or the presence of
steatosis in imaging studies. Notably, liver function tests, particularly transaminases such as
alanine transaminase (ALT), aspartate transaminase (AST), and gamma-glutamyl transferase,
serve as key indicators when aberrant (51). Elevated transaminase levels, notably ALT, are
frequently observed; however, it is noteworthy that up to 80% of patients may present with within-

normal-range ALT values (40 IU/L for males and 31 IU/L for females). Moreover, ALT levels
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may decrease, while AST levels may rise, with the progression of fibrosis to cirrhosis. Critically,
ALT readings lack a direct correlation with histological findings, rendering them ineffective for
diagnosing MASLD and assessing disease severity. Regrettably, an overreliance on abnormal liver
tests by clinicians may lead to an oversight of substantial liver disease in patients, potentially
resulting in missed opportunities for timely intervention and treatment options (52). As such, a
more nuanced and comprehensive approach to diagnosing and monitoring MASLD is imperative

to ensure an accurate assessment of disease status and guide appropriate therapeutic interventions.

Liver biopsy is the gold standard diagnostic tool for determining the proper diagnosis, recording
the grading of necroinflammation and staging of fibrosis, and predicting the prognosis for patients
exhibiting radiologic or clinical signs of MASLD. Liver biopsy is now limited to a small number
of MASLD patients due to its invasive nature, discomfort during the procedure, high cost, and the
possibility of uncommon but real consequences. Patients with MASLD who have established risk
factors for developing steatohepatitis with severe fibrosis, such as advanced age (>40 years),
obesity, and/or T2D, may benefit from liver biopsy (53). As an alternative, methods for quantifying
fatty liver that are more objective and accurate have been developed, primarily using digital image
analysis. Recent research indicates that using guideline pictures may improve the precision of
microscopical fat measurement (54). Although widely used, conventional non-invasive imaging
modalities like computed tomography, magnetic resonance imaging (MRI), or ultrasound lack the
sensitivity required to discern subtle levels of hepatic fat (below 30% hepatocytes). In contrast,
advanced imaging techniques such as 1H-magnetic resonance spectroscopy, MRI-estimated
proton density fat fraction, and ultrasound-based controlled attenuation parameter exhibit robust

correlations with histologically confirmed steatosis, offering heightened diagnostic accuracy
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across both adult and pediatric MASLD cases (55, 56). A recent addition to this landscape is the
controlled attenuation parameter, employing ultrasound-based transient elastography to assess
steatosis and estimate liver stiffness concurrently (40). This innovative method represents a
promising step towards overcoming the limitations of traditional diagnostic approaches, providing
a comprehensive evaluation of hepatic steatosis and liver health in a non-invasive and more

patient-friendly manner.

1.2 Introduction to Energy Metabolism in the Liver

1.2.1 Glucose Metabolism in the Liver

The liver plays a crucial role in maintaining the body’s glucose balance by regulating its
metabolism in a highly dynamic and closely controlled manner. The liver is a vital organ in glucose
metabolism, acting as a pivotal hub for the intake, storage, synthesis, and release of glucose into
the bloodstream (Figure 1.2). The liver maintains glucose levels in the bloodstream within a
restricted range through complex metabolic pathways. This process is crucial for supplying energy
to different tissues and organs, especially during fasting or increased energy requirements. Gaining
a comprehensive understanding of the complex mechanisms that regulate glucose metabolism in
the liver is essential for uncovering the underlying causes of metabolic disorders such as diabetes

and for creating specific and effective treatments.

The extent to which the liver contributes to glucose consumption compared to other tissues varies
in different studies, ranging from one-third to 50-60% of the consumed glucose. The remaining

portion of total glucose elimination after meals is attributed to peripheral glucose absorption,
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which encompasses skeletal muscle and non-insulin-sensitive tissues, namely the brain (57).
Glucose is predominantly taken up by human hepatocytes through glucose transporters, with
glucose transporter-2 (GLUT2 or solute carrier family 2, member A2, SLC2A42) being the main
transporter in humans. GLUT?2 is present in multiple tissues, such as the liver, kidney, pancreatic
B-cells, and small intestine (58). Hepatic glucose absorption is independent of insulin in contrast
to other tissues. Instead, it is predominantly controlled by blood glucose levels, with
hyperglycemia being the primary stimulus for glucose transportation into hepatocytes. Upon
entering the cells, unbound glucose is enzymatically phosphorylated by glucokinase (also named
hexokinase IV) to generate glucose 6-phosphate (G6P). In rodent studies, the absence of GLUT2
in the kidney has been linked to enhanced glucose tolerance and notable glucosuria (59). However,
the enhancement in regulating blood glucose levels was abolished when GLUT2 was deleted in
both the liver and kidneys, suggesting that the improvement is attributable to the lack of renal
GLUT?2 (59). The livers lacking GLUT2 showed hyperplasia, as indicated by a 40% rise in liver
mass and a 30% rise in liver DNA content (60). GLUT2 whole-body knockout mice displayed
hyperglycemia, reduced insulin levels, significantly increased glucagon levels in the blood, severe
glycosuria, and frequently experienced mortality during the weaning period. This result is probably
because glucose generation before weaning heavily depends on gluconeogenesis (61). These
findings underscore the critical role of renal GLUT2 in glucose metabolism and highlight the

complex interplay between glucose transporters in different tissues.

G6P is a pivotal point for glucose metabolism due to its numerous potential outcomes within the
cells. Following isomerization, it triggers three significant metabolic pathways: glycogen

synthesis, glycolysis, and the pentose phosphate pathway (PPP). Overnutrition causes the liver to
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undergo de novo lipogenesis, which turns excess G6P into fatty acids. Furthermore, it is crucial to
save glucose during fasting to provide the necessary building blocks for sustaining biomass,
particularly for cell regeneration (62). Following a meal, a significant proportion of the excessive
amount of carbohydrates is stored as glycogen in the liver, specifically inside the hepatocytes, as
well as in the muscles through glycogenesis. Hepatic glycogen typically accounts for
approximately 5% of the liver’s total weight in healthy individuals (63). G6P is isomerized into
glucose-1-phosphate (G1P) and transformed into uridine diphosphate (UDP) glucose to start
glycogen synthesis. Uridine triphosphate is used by glucose-1-phosphate uridyltransferase to
convert GI1P to UDP glucose. The phosphate group of G1P combines with the alpha phosphate of
uridine triphosphate to produce pyrophosphate, which speeds up the reaction (64). Glycogen

synthase then forms an alpha-1,4 glycosidic link between UDP-glucose and a glycogen chain.

During feeding periods, glucose undergoes oxidation to produce carbon dioxide (COz) through a
sequence of metabolic pathways. These pathways include glycolysis in the cytosol, the
tricarboxylic acid cycle and the respiratory chain in the mitochondria. The initial stage of
glycolysis involves the conversion of G6P into fructose-6 phosphate, which leads to the production
of triose-phosphate. This process ultimately generates 2 pyruvate molecules and a small quantity
of adenosine 5’-triphosphate (ATP) (2 ATP molecules) (65). Following entry into the mitochondria,
pyruvate is converted to acetyl-CoA by the enzyme pyruvate dehydrogenase (PDH), establishing
a connection between glycolysis and the tricarboxylic acid cycle (TCA). This step is essential for
the subsequent generation of ATP in cellular respiration. (4 detailed discussion of the impact of

PDH on obesity will be provided in a subsequent section of this chapter).
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The PPP, also called the pentose phosphate shunt or phosphogluconate pathway, is an important
component of glucose metabolism. It uses GO6P to generate fructose 6-phosphate and
glyceraldehyde 3-phosphate through oxidative and non-oxidative pathways. Contrary to
glycolysis, the PPP does not produce ATP to fulfil cellular energy needs. Instead, it makes two
essential metabolites: ribose 5-phosphate (R5P) and NADPH (66). R5P functions as a crucial
constituent in the process of nucleic acid production, whereas NADPH serves as the necessary
reducing agent for the synthesis of fatty acids and the regeneration of reduced glutathione from its
oxidized form glutathione disulfide, also known as oxidized glutathione by the enzyme glutathione
reductase. It is noteworthy that juvenile animals show increased activity in the PPP in tandem with
the synthesis of TAGs (67). Nevertheless, the extended occurrence of fatty liver disease in obese
Zucker diabetic rats is associated with reduced activity of the PPP, suggesting that this mechanism
is mainly used for synthesizing molecules rather than defending against oxidative stress (67).
Notably, mice with G6P deficiency show lower levels of free fatty acids in their blood and
improved insulin signaling in the liver (68). Nevertheless, these mice do not display reduced fat
accumulation or significant changes in MASLD compared to wild-type mice. The mechanisms
that cause the G6P deficiency that do not affect adiposity or lipid metabolism are still not fully

understood (68).

During fasting, the liver controls glycogenolysis, which is the breakdown of glycogen, to release
glucose into the bloodstream in order to meet the body’s metabolic needs; glycogen stores yield
around 190 grams of glucose, above the daily need of 160 grams (43, 69). At the same time, skeletal
muscle glycogen helps to supply immediate energy for muscular contractions (70). As fasting

continues and the liver’s glycogen stores decrease, the liver switches to gluconeogenesis, a critical
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step for creating glucose from non-glucose molecules such as glycerol, glycogen-forming amino
acids, and lactic acid (71). This process involves enzymatic conversions: pyruvate carboxylase
transforms pyruvate into oxaloacetate, phosphoenolpyruvate carboxykinase 1 (PCK1) catalyzes
the conversion of oxaloacetate to phosphoenolpyruvate, fructose 1,6-bisphosphatase converts
fructose 1,6-bisphosphate to fructose 6-phosphate, and ultimately, glucose 6-phosphatase mediates
the conversion of glucose 6-phosphate to glucose, facilitating its release into the bloodstream (72,
73). Gluconeogenesis accounts for 54% of glucose synthesis during a 14-hour period of fasting,
which rises to 64% after 22 hours and peaks at 84% after 42 hours (74). Insulin is pivotal in
regulating various metabolic pathways in the liver, including gluconeogenesis. Hepatic insulin
resistance (HIR) disrupts this regulation, leading to gluconeogenesis and lipid synthesis
dysregulation. HIR facilitates excessive gluconeogenesis, contributing to the onset of (pre)
diabetes while also stimulating DNL, resulting in hepatic steatosis. Moreover, the dyslipidemia
associated with HIR promotes the release of very low-density lipoprotein (VLDL), increasing the
risk of MASLD (75). Increased plasma insulin stimulates lipogenesis through sterol regulatory
element binding protein 1c (SREBPIlc), and increased plasma glucose levels resulting from
excessive indulgence in gluconeogenesis stimulate lipogenesis through carbohydrate response
element binding protein (ChREBP). Hence, the simultaneous occurrence of high levels of insulin
and glucose greatly increases DNL, which is responsible for as much as 38% of the deposition of

fatty acids in MASLD.

Studies in mice have demonstrated that inhibiting PCK1, a critical enzyme that controls the rate
of gluconeogenesis, speeds up the development of hepatocellular carcinoma (76). However, PCK1

has diverse functions beyond maintaining glucose balance, including regulating lipogenesis by
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activating SREBP1c (77). Individuals with hypoglycemia and hyperlactatemia also show diffuse
hepatic macrosteatosis due to impaired PCKI1 activity. Similarly, mice with reduced Pckl
expression exhibit insulin resistance, low glucose levels, and fatty liver disease, highlighting the
crucial importance of PCK1 (78). Furthermore, liver-specific PCK1 deficient animals displayed
significantly worsened hepatic steatosis, fibrosis, and inflammation in mouse models fed a high
fat/high fructose diet. This further highlights the crucial importance of PCK1 in maintaining liver

health (79).

In summary, the liver plays a complex function in glucose metabolism, encompassing the control
of glycogen storage, gluconeogenesis, and lipid synthesis. Gaining a comprehensive understanding
of the complex equilibrium of these systems is crucial for effectively managing metabolic illnesses
such as diabetes and MASLD. In addition, it is crucial to highlight the significance of specific
treatments in managing liver health and disease progression, as evidenced by the influence of

critical enzymes and transporters, including GLUT2 and PCK1.
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Figure 1.2 Metabolic Pathways in the Liver During Fasting and Fed State During Fasting. The
liver regulates blood glucose levels by producing glucose through gluconeogenesis, using non-
carbohydrate sources like glycerol and fatty acids. During fasting (Left Side), fatty acid oxidation
increases as hepatic glycogen stores are utilized, producing acetyl-CoA. This compound is then
transformed into ketone bodies, which serve as an alternate energy source in extended periods of
fasting. In the fed state (Right Side), the liver responds to insulin by absorbing glucose and
converting it to pyruvate through glycolysis, producing ATP and precursor molecules for other
metabolic pathways. Extra glucose is stored as glycogen, while acetyl-CoA synthesises new lipids,
producing triacylglycerol and cholesterol. The relationship between the liver and peripheral tissues
is emphasized, where insulin encourages the storage of glucose as glycogen in muscle tissue and
produces triacylglycerol in adipose tissue. This picture highlights the liver's crucial function in
regulating energy balance by managing the use and storage of nutrients based on the body's

metabolic needs. Created with BioRender.com.
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1.2.2 Fatty Acid Metabolism in the Liver

The liver plays a crucial role in controlling lipid metabolism inside the body. It has a pivotal
function in producing and breaking down fatty acids. Fatty acids within the liver arise from dietary
or endogenous sources (80). During fasting, non-esterified fatty acids are released from
subcutaneous and visceral adipose tissue TAGs and are transported to the liver by the hepatic
artery. The fatty acids can be utilized for two purposes: to produce TAGs to synthesise VLDL or
to be oxidized for energy by B-oxidation. The liver primarily esterifies excess fatty acids to produce
TAGs stored in lipid droplets (81). During the postprandial state, bile acids emulsify dietary TAGs
in the intestinal lumen after they are hydrolysed mainly by pancreatic lipase. Subsequently, these
TAGs are assimilated into chylomicrons within the gastrointestinal tract, facilitating the
transportation of fatty acids to other tissues (82). The liver has the ability to convert dietary
carbohydrates into new fat through a process called DNL (83). After a meal, higher insulin levels
inhibit the breakdown of TAGs in adipose tissue and promote the synthesis of new fatty acids,
leading to their storage rather than their use for energy production. The regulation of DNL mainly
occurs at the transcriptional level. Plasma insulin stimulates the activation of the endoplasmic
reticulum membrane-bound transcription factor SREBP1c, which transfers to the nucleus and
enhances the expression of genes involved in the biosynthesis of fatty acids (84). The liver’s intake
of excessive plasma glucose also induces the expression of ChREBP. This transcription factor
promotes the transcription of most genes involved in fatty acid biosynthesis and pyruvate kinase
(85). Cluster of differentiation 36 (CD36), commonly referred to as fatty acid translocase, has a
vital function in controlling fatty acid metabolism by facilitating the absorption of long-chain fatty
acids into cells (86, 87) (Figure 1.3). A recent study has discovered that CD36 has a new role in

fat resynthesis that extends beyond its recognized function as a transporter of free fatty acids.
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CD36 facilitates the maintenance of balanced levels of lipids in the liver by controlling the
processing of SREBPIc (88). SREBP1 is translocated from the ER to the Golgi for processing,
ultimately stimulating lipogenesis. This is achieved by CD36 working in tandem with insulin-
induced gene-2 (INSIG2) to break down the association between INSIG2 and the SREBP
cleavage-activating protein-SREBP complex (88). The process of CD36-mediated DNL in
hepatocytes is recognized as a crucial factor in the development of MASLD. Recent research has
shown that curcumin, a natural polyphenol found in turmeric, helps reduce fatty liver and lower
cholesterol and TAG levels in both animal and human studies (89, 90). The data show that
curcumin can effectively treat dyslipidemia and MASLD. However, its quick systemic clearance
and low bioavailability limit its therapeutic efficacy. Enhancing the drug’s stability and water
solubility by including two polyethylene glycols (mPEG454) can significantly reduce serum TAG
levels and alleviate hepatic steatosis. This is achieved by blocking hepatic-specific peroxisome
proliferator-activated receptor-gamma (PPAR-y) and CD36 (91). Despite the absence of clinical
evidence on this improved formulation, these findings highlight its potential as a promising

therapeutic strategy for managing MASLD.
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Figure 1.3 Summary of Hepatic Fatty Acid Metabolism. The graphic illustrates the processes of
hepatic lipid metabolism in detail. Glucose can be broken down through glycolysis in hepatocytes
to produce pyruvate, which then enters the TCA cycle, ultimately leading to the generation of
adenosine triphosphate (ATP). Excess glucose can be directed towards de novo lipogenesis (DNL),
a metabolic process facilitated by enzymes such as carbohydrate-responsive element-binding
protein (ChREBP) and sterol regulatory element-binding protein (SREBP), resulting in the
production of fatty acids. The produced fatty acids are converted into triacylglycerols (TAGs),
which are either stored inside cells or transported as part of very low-density lipoproteins (VLDL)
for export from the liver. Simultaneously, free fatty acids (FFAs) from the bloodstream enter liver
cells through the cluster of differentiation 36 (CD36) transporter and can either undergo
mitochondrial B-oxidation for energy production or be converted back into TAGs. Insulin regulates
fatty acid esterification and storage by increasing it and reducing lipolytic activity, which helps
store energy when abundant nutrients are available. Created with BioRender.com. Adapted from

Vacca et al. (2015) (92).
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1.2.3 Protein and Amino Acid Metabolism in the Liver

The liver synthesizes around 85-90% of the total protein in circulation, with albumin being the
most abundant, constituting approximately 55% of plasma protein content (93) (Figure 1.4). While
earlier studies mainly focused on glucose and fat metabolism, recent research has emphasised the
function of dietary protein and the disruption of amino acid metabolism. Since the liver plays a
critical role in protein and amino acid metabolism, altering circulating amino acid levels is often
seen in chronic liver diseases. These processes include glutathione synthesis, inflammation,
oxidative stress, and pathways like the TCA cycle and B-oxidation. There is extensive evidence
indicating that patients with MASLD and T2D regularly exhibit high levels of branched-chain
amino acids (BCAAs) and aromatic amino acids (AAAs) (94-96). Moreover, a recent study has
found high relationships between circulating amino acids, more precisely, certain crucial amino
acids such as BCAAs, AAAs, L-proline, L-valine, L-isoleucine, L-leucine, and L-phenylalanine
directly affect insulin levels and homeostatic model assessment of insulin resistance (HOMA-IR)
(97, 98). In addition, L-methionine directly affects insulin levels, while L-tyrosine positively
affects HOMA-IR. ALT levels are linked to AAAs, L-phenylalanine, and L-tryptophan (99). The
function of the branched-chain ketoacid dehydrogenase (BCKDH) enzyme, which is essential in
breaking down BCAAs, is controlled after the process of translation by BCKDH kinase, which
phosphorylates the BCKDH enzyme, leading to its deactivation. The phosphorylation process,
facilitated by BCKDH kinase, is a crucial mechanism for regulating BCKDH activity. In the heart,
the small chemical BT2, also known as 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid, was
deliberately made to mimic branched-chain keto acids (BCKA) and precisely target branched-
chain ketoacid dehydrogenase kinase (BCKDK) (100). BT2 exerts cardioprotective effects against

heart failure models by allosterically binding to BCKDK and successfully reducing cardiac levels
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of BCAAs and BCKAs. In numerous rodent models of cardiometabolic disease, BT2 has been
shown to reduce BCAA and BCKA circulation levels, improve glucose tolerance and insulin
sensitivity, and reduce DNL (101-105). Similarly, administering BT2 decreases BCAA levels and
improves glucose tolerance while reducing MASLD in obese mice (102, 104). However,
surprisingly, genetically knocking down BCKDH kinase in the liver using shRNA-AAV did not
result in any observable changes in glycemia or steatosis (104). This suggests that reducing

BCKDH kinase in the liver alone may not be sufficient to improve metabolism.

The liver plays a pivotal role in the metabolism of proteins and amino acids, as it generates most
proteins in the bloodstream and controls the levels of amino acids. Liver illnesses such as MASLD
and T2D frequently exhibit disturbances in amino acid metabolism, characterised explicitly by
heightened concentrations of branched-chain and aromatic amino acids. Directing efforts towards
certain enzymes implicated in the breakdown of amino acids, such as BCKDK, exhibits the

potential to enhance metabolic results.
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Figure 1.4 Branched-Chain Amino Acids Metabolism in the Liver. This diagram illustrates the
metabolic breakdown of branched-chain amino acids (BCAAs) in the liver, from ingestion to their
several metabolic outcomes. BCAAs are absorbed from the gastrointestinal system after being
consumed and delivered to the liver through circulation. Upon entering the liver, BCAAs undergo
metabolism via many routes. Some branched-chain amino acids (BCAAs) are utilized in the liver’s
tricarboxylic acid (TCA) cycle to aid energy generation. BCAAs are deaminated by branched-
chain amino acid transaminase to produce branched-chain keto acids (BCKAs). The BCKDH
enzyme complex facilitates the degradation of BCKAs, a crucial process in BCAA metabolism.
BCKDH complex activity is controlled by branched-chain ketoacid dehydrogenase kinase
(BCKDK), which phosphorylates the complex, causing it to become inactive. Protein Phosphatase,
Mg"2+/Mn”2+ dependent 2m (PPC2m) dephosphorylates the BCKDH complex to enhance active
BCKDH and stimulate BCKA catabolism. Dephosphorylation increases BCKDH activity,
promoting the breakdown of BCKAs. Created with BioRender.com. Adapted from Lo ef al.

(2022) (106).
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1.2.4 Ketone Metabolism in the Liver

Ketone bodies make up 5-20% of the overall energy metabolism in a normal physiological state.
Numerous physiological stimuli, including calorie restriction, exercise, and nutritional
deprivation, affect the body’s production and utilization of ketones (9). Under pathological
conditions, such as uncontrolled diabetes and alcoholic ketoacidosis, wherein ketone body
concentrations may elevate to 20 mM, ketogenesis is initiated through the hydrolysis of fatty acids,
resulting in the production of acetone, acetoacetate (AcAc), and beta-hydroxybutyrate (BOHB)
(10). These lipid molecules, collectively referred to as ketones, exhibit water solubility, negating
the need for liposomal transport. AcAc and OHB demonstrate heightened acidity with respective
pKa values of 3.6 and 4.7 (107, 108). Despite being the primary site of ketogenesis within liver
cell mitochondria, it is intriguing that the liver does not utilize ketone bodies due to the absence of

the enzyme succinyl-CoA:3-ketoacid CoA transferase (SCOT) (gene name OXCTT) (11).

Carnitine palmitoyltransferase-1 (CPT1) facilitates the transport of fatty acids into the
mitochondria, where subsequent beta-oxidation processes lead to the production of acetyl CoA.
Thiolase, also known as acetyl coenzyme A acetyltransferase, catalyzes the conversion of two
acetyl-CoA molecules into acetoacetyl-CoA. The enzyme 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) synthase transforms acetoacetyl-CoA into HMG-CoA, which is further converted
into AcAc by HMG-CoA lyase. AcAc can transform into acetone or JOHB through non-enzymatic
decarboxylation or BOHB dehydrogenase. Significantly, BOHB and AcAc are the predominant

ketone bodies utilized by vital organs such as the heart and brain for energy (109).
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Upon reaching extrahepatic tissues, POHB is converted to AcAc by the enzymes beta-
hydroxybutyrate dehydrogenase and beta-ketoacyl-CoA transferase, subsequently reverting to
acetyl-CoA. Following the citric acid cycle and oxidative phosphorylation yields 22 ATP per
molecule (110-113). Since acetone cannot be converted back to acetyl-CoA, it must be inhaled or
eliminated through urine. The ketone bodies—AcAc, acetone, and POHB—are small metabolites
generated from lipids and are an alternative energy source for all living organisms. Notably, there

are higher concentrations of ketone bodies, AcAc and BOHB, than acetone.

When there is a shortage of glucose in the body, ketone bodies are produced as an alternative fuel
source and operate as a metabolic signal that controls several cellular processes. The liver produces
them during the breakdown of fats. Ketogenesis is a metabolic process that yields ketone bodies,
which offer the body an alternate energy source. Because 3-hydroxy-3-methylglutaryl-coenzyme
A synthase 2 (HMGCS2) is highly expressed in hepatocytes, the liver largely takes place
ketogenesis in mammals (13). It is worth noting that hepatocytes lack the expression of succinyl-
CoA:3-oxo-acid CoA-transferase (SCOT), a ketolytic mitochondrial enzyme (114). Hepatocytes
can thus only produce ketone bodies; they cannot undergo oxidation. Intestinal epithelial cells have
the second-highest expression of HMGCS2. A recent study demonstrated intestinal stem cells’
capacity to differentiate and regenerate is impaired when HMGCS2 is lost (115). Research
indicates that some DNL-related genes, including Srebp 1, carbohydrate response element-binding
protein 1 (Chrebpl), and stearoyl-CoA desaturase 2 (Scd?2), are expressed more when there is

insufficient ketogenesis (14).
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1.3 Potential Therapeutic Approaches Targeting Metabolic Dysfunction-

Associated Steatotic Liver Disease in Obesity and Type 2 Diabetes

1.3.1 Pyruvate Dehydrogenase and Hepatic Glucose Oxidation

The liver plays a major role in whole-body glucose homeostasis, with glucose transporter 2 serving
as the primary transporter for hepatic glucose uptake (116). Following transport into the liver,
glucose is phosphorylated by glucokinase to G6P and has a variety of metabolic fates. This
includes (1) undergoing glycogenesis for storage as glycogen, (2) shuttling into the pentose
phosphate pathway to generate reduced nicotinamide adenine dinucleotide phosphate for
supporting DNL and the production of reduced glutathione, and (3) undergoing glycolysis to
support small amounts of energy (ATP) production with the eventual generation of pyruvate

(Figure 1.5).
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Figure 1.5 Hepatic Glucose Metabolism. Upon glucose transporter 2 (GLUT2) mediated entry
into the hepatocyte, glucokinase phosphorylates glucose into glucose-6-phosphate, which
subsequently undergoes 3 major metabolic fates. This includes (1) storage as glycogen via
glycogenesis, (2) the PPP to generate important cofactors (NADPH) to support DNL and the
production of reduced glutathione, and (3) to generate small amounts of energy (ATP) via aerobic
glycolysis, which results in the formation of pyruvate as an end-product. This pyruvate may be
transported into the mitochondria via the mitochondrial pyruvate carrier, following which the
majority is carboxylated into oxaloacetate via PC, whereas a much smaller fraction is

decarboxylated into acetyl CoA via PDH. Published in Saed ef al. 2021 (117).
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In order to maximize ATP production during glucose metabolism, glycolytically derived pyruvate
is transported into the mitochondria via the mitochondrial pyruvate carrier, following which
pyruvate is decarboxylated into acetyl CoA via the pyruvate dehydrogenase (PDH) complex
(PDC) (Figure 1.6). It should be noted though that pyruvate oxidation only accounts for a minor
fraction of glucose/pyruvate metabolism in the liver, even in the post-prandial state, as the vast
majority of mitochondrial pyruvate is carboxylated into oxaloacetate via pyruvate carboxylase

(PC), which contributes to supporting DNL (118).

The PDC is a fundamental enzyme involved in cellular energy metabolism and the rate-limiting
enzyme of glucose oxidation. The PDC is composed of three enzymes with distinct activities that
act in a sequential fashion; PDH (or enzyme 1 [E1]), dihydrolipoyl acetyltransferase (DLAT or
E2), and dihydrolipoyl dehydrogenase (DLD or E3) (for extensive review of the PDC please refer
to refs (119, 120), which ultimately result in the formation of acetyl-CoA, CO., and reduced
nicotinamide adenine dinucleotide (NADH) (Figure 1.6). PDC generated acetyl-CoA feeds into
the Krebs Cycle, subsequently resulting in formation of the reducing equivalents NADH and
reduced flavin adenine dinucleotide, which acts as electron donors to fuel oxidative

phosphorylation in the mitochondrial electron transport chain for ATP production.

The oxidation of pyruvate through the PDH component of the PDC is tightly regulated by a variety
of post-translational modifications, with phosphorylation/dephosphorylation of specific serine
residues of PDH being the most extensively characterized to date (119, 120). Two tightly bound
regulatory enzymes, pyruvate dehydrogenase kinase (PDHK), of which there are four isoforms,

and pyruvate dehydrogenase phosphatase (PDHP), of which there are two isoforms, catalyze the
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deactivating phosphorylation and activating dephosphorylation of PDH, respectively (Figure 1.6).
Moreover, PDC-derived metabolic byproducts and byproduct ratios, including acetyl CoA/free
CoA and the NADH/NAD", can regulate PDH activity secondary to regulating the activity of
PDHK and PDHP. Recent studies have also identified that PDH can be regulated by both
acetylation (121, 122) and glutathionylation (123, 124), both of which inhibit PDH activity and

subsequent glucose oxidation.

In the liver, PDH activity is stimulated post-prandially, whereby PDH-derived acetyl CoA is used
not only to support ATP production but also to support DNL (125). In contrast, during fasting or
prolonged starvation, PDH activity is decreased as a consequence of elevated fatty acid oxidation
rates and corresponding increases in the acetyl CoA/free CoA and the NADH/NAD™ ratios. In
addition, increases in the acetyl CoA/free CoA ratio also stimulate the activity of PC, which
converts pyruvate into oxaloacetate. This is an essential metabolic adaptation from a physiological
homeostasis standpoint during fasting/starvation, as this allows pyruvate to be used as a substrate

for gluconeogenesis, thereby allowing the body to maintain normoglycemia.
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Figure 1.6 Enzymatic Regulation of the PDH Complex. The PDH complex is a multienzyme
complex comprising three major enzymes, including PDH (enzyme 1 [E1]), dihydrolipoyl
acetyltransferase (DLAT or E2), and dihydrolipoyl dehydrogenase (DLD or E3). PDH is
responsible for the decarboxylation of pyruvate and is tightly controlled by phosphorylation,
whereby 4 isoforms of PDHK phosphorylate/deactivate PDH, and 2 isoforms of PDHP
dephosphorylate/activate PDH. PDHK is positively regulated by increased acetyl CoA/CoA and
NADH/NAD+ ratios, whereas increases in pyruvate inhibit PDHK but stimulate PDHP. In
addition, increases in mitochondrial calcium and magnesium concentrations can also stimulate

PDHP. Published in Saed et al. (2021) (117).
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1.3.2 Pyruvate Dehydrogenase Activity in Obesity

Pivotal studies by Jeoung and Harris demonstrated that targeting PDH activity might have
therapeutic value in obesity, as they observed that mice harboring a whole-body deletion of
PDHK4 were protected against insulin resistance when fed a high-fat diet (HFD; 59.5% kcal from
lard) for 18 weeks (126). Reasons for this protection have primarily been attributed to actions in
skeletal muscle, as experimental obesity increases muscle PDHK4 expression, thereby impairing
muscle PDH activity and subsequent glucose oxidation rates. Moreover, a multitude of studies
have now demonstrated that increasing muscle PDH activity and glucose oxidation imparts a
potent glucose-lowering response in obesity. For example, provision of mangiferin (a primary
constituent of mango tree extract) in the diet increases soleus muscle PDH activity and glucose
oxidation rates, likely due to a significant reduction in PDHK4 expression, ultimately improving
glucose tolerance and insulin sensitivity in obese mice (127). In addition, it has also been
demonstrated that increases in muscle PDH activity are key mechanisms by which either
increasing muscle carnitine acetyltransferase activity or decreasing muscle ketone body oxidation
rates result in an overall improvement in glucose homeostasis in experimental obesity (128, 129).
[Nlustrating the clinical relevance of PDH as a target, supplementation for 6 months with 1-carnitine
(2 g/day) increased vastus lateralis muscle PDH activity (secondary to reductions in the acetyl
CoA/free CoA ratio (130) and lowered both circulating glucose and insulin levels in

overweight/obese, insulin-resistant human subjects (129).
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1.3.3 Hepatic Pyruvate Dehydrogenase Activity in Metabolic Dysfunction-Associated

Steatotic Liver Disease

While the previous section alluded to increases in muscle glucose oxidation representing the
mechanism by which stimulating PDH activity imparts beneficial actions in obesity, the majority
of these studies have not considered whether increases in PDH activity/glucose oxidation in other
organs could be responsible. Reasons for hepatic PDH activity not being considered likely involve
the minimal contribution that pyruvate oxidation has in terms of overall pyruvate metabolism in
the liver (118). Furthermore, liver-specific PDH deficient mice exhibit robust reductions in hepatic
glucose production and an improvement in whole-body insulin sensitivity (125), which would raise
concern with regard to stimulating hepatic PDH activity in the setting of MASLD. However, these

studies were not performed in the context of HFD supplementation and obesity.

The prototypical pan-PDHK inhibitor is dichloroacetate (131), but this agent is limited by a short
half-life, and thus a series of novel PDHK inhibitors were recently developed by the Chuang
laboratory, with the strongest candidate being 2-[(2,4-dihydroxyphenyl)sulfonyl]isoindoline-4,6-
diol (PS10) (132). While acute treatment of mice with PS10 appears to stimulate PDH activity in
multiple organs, prolonged PS10 treatment appears to harbor selectivity toward increasing hepatic
PDH activity (132). Moreover, treatment of male C57BL/6J mice fed an HFD (60% kcal from
lard) for 14 weeks with PS10 (70 mg/kg once daily) during the final 4 weeks improved glucose
tolerance, which was associated with a robust reduction in hepatic steatosis as indicated by
decreased Oil Red O staining (132, 133). As MASLD is a major risk factor for insulin
resistance/T2D, this suggests that systemic activation of PDH to increase glucose oxidation rates

may also improve glucose homeostasis via reductions in hepatic steatosis. Indeed, despite
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mangiferin treatment increasing muscle PDH activity/glucose oxidation in obese mice, it also
caused marked reductions in adiposity (127), suggesting that reductions in hepatic steatosis may
have been present. Observations from Go et al. engendered further interest along this perspective,
as mice with a whole-body PDHK?2 deficiency demonstrated protection against insulin resistance
when subjected to experimental obesity via chronic HFD (60% kcal from lard) supplementation,
which they specifically attributed to a reduction in hepatic steatosis (134). Furthermore, they
observed that experimental obesity increased hepatic PDHK2 mRNA/protein expression, thereby
decreasing hepatic PDH activity, whereas obese PDHK?2 deficient mice exhibited normal hepatic
PDH activity, which was associated with decreased liver weights and hepatic steatosis compared
to their obese wild-type littermates. Because PDHK2 deficient mice also demonstrated reductions
in adiposity in response to experimental obesity, the reductions in hepatic steatosis could once
again be secondary to weight loss. However, liver-specific knockdown of PDHK2 via tail vein
injection of an adenovirus also lowered hepatic TAGs content and improved glucose tolerance,
alluding to effects in the liver being a major driver of the phenotype observed in PDHK?2 deficient

mice.

Additional support for increasing hepatic PDH activity and subsequent glucose oxidation rates to
mitigate obesity-related MASLD have been observed with ranolazine, a second-line therapy used
for the treatment of angina. While ranolazine’s mechanism of action for improving angina stems
from its ability to inhibit the late inward sodium current by blocking the voltage-gated sodium
channel subunit 1.5 (135), ranolazine has also been demonstrated to increase glucose oxidation
rates in both isolated working heart and muscle preparations (136, 137). Accordingly, male

C57BL/6J mice fed an HFD (60% kcal from lard) for 10 weeks were subsequently treated with
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ranolazine (50 mg/kg daily) for 30 days while remaining on the HFD, which led to marked
reductions in the liver weight/body weight ratio and hepatic TAGs content, as well as an overall
improvement in glycemia (138). The ranolazine mediated improvement in hepatic steatosis was
associated with decreased hepatic PDH phosphorylation (indicative of increased PDH activity),
which may involve a direct effect, as ranolazine treatment of HepG2 cells also decreased PDHK4
mRNA expression and subsequent PDH phosphorylation. Importantly, reductions in hepatic
steatosis are necessary for the glucose-lowering actions of ranolazine, as a single treatment of
obese male C57BL/6J mice with ranolazine failed to lower hepatic TAGs content and glucose
levels during a pyruvate tolerance test. Conversely, a 1-week treatment of obese male C57BL/6J
mice with ranolazine was sufficient to lower hepatic TAGs content, which was now associated
with improved glycemia during a pyruvate tolerance test. As obese individuals are often at risk for
angina/ischemic heart disease, it may prove worthwhile for future studies to assess the prevalence

of MASLD in subjects treated with ranolazine in this patient population.

1.3.4 Potential Mechanisms by Which Increasing Hepatic Pyruvate Dehydrogenase Activity

Attenuates Metabolic Dysfunction-Associated Steatotic Liver Disease

Although a number of studies support the premise that increases in hepatic PDH activity and
glucose oxidation protect against obesity-related MASLD, the specific mechanisms involved
remain to be elucidated. It has been proposed that the mechanism by which PDHK?2 deficiency in
the liver protects against hepatic steatosis is an increased rate of hepatic ketogenesis (134).
Ketogenesis is the physiological process by which fatty acids are metabolized and converted into

the ketone bodies AcAc and BOHB, which primarily take place in the liver and can dispose of
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approximately two-thirds of hepatic fatty acid uptake (139, 140). Increases in hepatic PDH activity
divert pyruvate away from supporting anaplerosis through PC mediated entry into the Krebs Cycle,
thereby lowering Krebs Cycle intermediates and promoting ketogenesis, all of which was observed
in obese PDHK2 deficient mice (134). Furthermore, hepatic mRNA expression of 3-
hydroxymethyl-3-methylglutaryl CoA synthase 2, the fate-committing enzyme of ketogenesis,
was also increased in obese PDHK?2 deficient mice, while hepatocytes isolated from these mice
demonstrated decreased formation of '*CO, from ['*C1]-octanoate and an increased rate of BOHB
formation. These findings are compatible with studies in liver-specific PC deficient mice, whereby
these animals also demonstrated robust increases in hepatic ketogenesis, though only
macrovesicular and not microvesicular steatosis were improved in their livers when fed an HFD
(141). In contrast, pharmacological PDHK inhibition with PS10 did not influence hepatic Krebs
Cycle flux or increase circulating ketone bodies in obese C57BL/6J mice (133). Instead, it may
decrease hepatic steatosis by decreasing nuclear levels of carbohydrate-responsive element
binding protein, thereby decreasing hepatic DNL. Such observations, however, are incompatible
with findings in liver-specific PDH deficient mice, demonstrating that PDH-derived acetyl CoA
plays an important role in supporting hepatic DNL (125, 142). Such observations support the
notion that diverting pyruvate away from PC may be more important than increasing its flux

through PDH in the liver, though hepatic TAGs content was not decreased in these animals.

As previously mentioned, increases in glucose oxidation often result in a corresponding reduction
of fatty acid oxidation via the glucose-fatty acid cycle described by Randle et a/ (143). Thus, on
the surface, one might predict that stimulating hepatic PDH activity and glucose oxidation would

inhibit fatty acid oxidation through Randle’s glucose-fatty acid cycle, thereby shuttling fatty acids
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toward lipogenic pathways and increasing hepatic TAGs accumulation. Observations in obese
PDHK?2 deficient mice or obese mice treated with either PS10 or ranolazine clearly indicate that
this is not the case, even though ranolazine has also been shown to decrease fatty acid oxidation
rates in both cardiac and skeletal muscle (136, 137). Of interest, it has been suggested that the
glucose-fatty acid cycle is most relevant to cardiac and skeletal muscle, while being less applicable
in the liver (144), which may explain why stimulating hepatic PDH activity does not promote
hepatic steatosis and can surprisingly mitigate obesity-related MASLD (133, 134, 138). It is also
possible that since flux through PDH accounts for only a minor fraction of overall pyruvate
metabolism in the liver, any increase in hepatic glucose oxidation offset by a decrease in fatty acid
oxidation is minimal. On the contrary, if the glucose-fatty acid cycle is relevant in the liver and
increasing hepatic PDH activity does result in a corresponding and significant reduction in hepatic
fatty acid oxidation, it is possible this may induce an energy deficit that stimulates the energy
sensor, AMP activated protein kinase (AMPK). Indeed, decreasing fatty acid oxidation can
stimulate AMPK activity (145), and increased AMPK phosphorylation (indicative of increased
AMPK activity (146)) was observed in obese male C57BL/6J mice treated with PS10 (133).
Moreover, numerous studies have demonstrated that augmenting AMPK activity can prevent

and/or reverse hepatic steatosis and the progression of MASLD (147).

Taken together, several proposed mechanisms, including increases in hepatic ketogenesis or
AMPK activity and decreases in hepatic DNL or flux through PC may explain how stimulating
PDH activity and glucose oxidation confers benefit against obesity-related MASLD (Figure 1.7).

Nonetheless, it remains to be conclusively determined whether these mechanisms are truly
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required for the salutary actions against MASLD in response to hepatic PDH activation, which

will need to be addressed in future preclinical studies.
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Figure 1.7 Proposed Mechanisms Explaining How Increased Hepatic PDH Activity Ameliorates
MASLD. Increases in hepatic PDH activity and subsequent glucose oxidation rates may reduce
hepatic steatosis and the progression of MASLD by possibly increasing hepatic ketogenesis,
decreasing hepatic DNL, stimulating AMPK activity, or diverting pyruvate away from PC.

Published Saed et al. 2021 (117).
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1.3.5 Inositol-Requiring Enzyme 1 Activity and Hepatic Lipid Metabolism

When misfolded or unfolded proteins accumulate in the lumen of the cellular ER, the ER
experiences stress. The unfolded protein response (UPR) is activated in response to this condition,
leading to a coordinated cellular response. The UPR involves the initiation of distinct signal
transduction pathways, such as those facilitated by inositol-requiring enzyme 1 (IRE1), double-
stranded RNA-dependent protein kinase (PKR)-like ER kinase (PERK), and activating
transcription factor-6 (ATF6) (148, 149). These pathways are activated in response to ER stress
and coordinate alterations in protein synthesis and gene expression programs. The UPR is a cellular
process that tries to restore equilibrium by resolving the difficulties caused by the buildup of
unfolded proteins within the ER. This process emphasizes the complex methods that cells use to
ensure the quality control of proteins. Although UPR is a protective mechanism cells use to regain
ER equilibrium, extreme or protracted ER stress causes tissue damage and cell death (Figure 1.8).
Growing evidence links ER stress to illnesses such as inflammation, cardiovascular diseases, and

metabolic disorders (150).

The liver plays a crucial role in regulating nutrition and lipid metabolism, with the ER as a central
location for lipid processing. Numerous enzymes and regulatory proteins are dedicated to
managing lipid metabolism within the ER. However, disturbances in ER function can lead to
hepatic steatosis, inflammation, and insulin resistance, highlighting the significance of maintaining
ER homeostasis for overall liver health (151). IREla is linked to heat shock protein 5
(Hspa5/BiP/Grp78, or GRP78) and is kept repressed in an environment without stress. During ER
stress, the separation of BiP enables the activation of IREla through dimerization and trans-

autophosphorylation. IREla, when activated, exhibits site-specific endoribonuclease (RNase)
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activity at the carboxyl end of its cytoplasmic domain. This activity removes 26 nucleotides from
the mRNA that encodes X-box-binding protein 1 (Xbpl). This atypical, unconventional splicing
event takes place extranuclear, leading to a translational frameshift and the production of a 371
amino-acid isoform, XBP1s (XBP1 spliced) (152). The XBP1s protein operates by relocating to
the nucleus to activate transcriptional programs that increase the expression of a wide range of
UPR-associated genes involved in protein entry into the ER, protein folding and ER biogenesis.
The IRE1-XBP1 pathway is one of the three primary branches of the UPR and has been recognized
as a crucial controller of hepatic lipid metabolism. Hepatocyte-specific IRE1 knockout mice
exhibit significant hepatic fat accumulation and decreased insulin sensitivity on a high-fat diet
(45% kcal fat) (153). Additionally, these mice show reduced levels of circulating TAG,
cholesterol, low-density lipoprotein (LDL), and high-density lipoprotein (HDL). These results
suggest that IREla deletion leads to severe hepatic steatosis accompanied by hypolipidemia. In
line with the impact of IRE1a deletion on hepatic lipid metabolism, a different study involving the
removal of hepatic IRE1 and induction of ER stress with tunicamycin revealed intriguing findings
(154). Subject to a 24-hour tunicamycin injection, control mice displayed moderate macrovesicular
steatosis, while liver-specific IRE1 knockout animals exhibited significant microvesicular
steatosis. After 72 hours, control mice showed complete resolution of hepatic steatosis, whereas
IRE1 knockout mice continued to display fatty deposits, underscoring the crucial role of IRE1 in
preventing and recovering from ER stress-induced fatty liver disease. Notably, IRE1 knockout
mice exhibited macrovesicular steatosis after 72 hours, indicating a delayed formation of larger
lipid droplets in response to ER stress. These observations highlight the dynamic influence of IRE1

on the development and resolution of hepatic steatosis under ER stress.
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In parallel, the repercussions of XBP1 deletion in specific cell types consistently result in adverse
outcomes, hindering the maturation of B-cells into plasma cells when removed from lymphoid
precursors (155); its absence in intestinal epithelia heightens susceptibility to inflammatory bowel
disease (156), and depletion in central nervous system neurons promotes leptin resistance and
obesity (157). In these scenarios, deliberate XBP1 depletion increases ER stress in affected cells,
potentially leading to cellular demise and subsequent inflammation. Mice deficient in XBP1 in the
liver at birth exhibited average body weight and liver mass, no discernible physical abnormalities,
and no signs of liver injury as assessed by histological examination and blood ALT levels (158).
Mice lacking hepatic XBP1 exhibit a significant decrease in plasma TAGs, cholesterol, and free
fatty acids, while hepatic TAG levels are unaltered (159). Additionally, the absence of XBP1 leads
to the continuous activation of its upstream activator, IRE1. The key genes involved in the
production of fat, such as stearyl CoA desaturase 1 (Scdl), diacylglycerol acetyltransferase 2
(Dgat2), and acetyl CoA carboxylase 2 (Acc2), are noticeably suppressed in hepatic XBP1
knockout mice. In parallel findings, mice with hepatic XBP1 knockout, when subjected to a high-
fat diet (fructose), displayed no alterations in mRNA levels of lipogenic genes such as fatty acid
synthase (Fasn), Scdl, Accl, and Acc2. Intriguingly, there was a modest reduction in SREBP-1c¢
expression in XBP1-deficient liver compared to wild-type liver under high fructose diet conditions,

potentially contributing to the decreased expression of lipogenic genes (159).

The effect of XBP1 deletion on lipogenesis observed in previous studies was not replicated in liver
IRE1 knockout mice after a 12-week period of high-fat diet feeding. Insulin signaling was
comparable in both groups of mice, but the livers of animals lacking IRE1 showed considerably

elevated levels of steatosis compared to the control mice (160). However, there was no discernible
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variation in the expression of critical genes implicated in the processes of fatty acid oxidation.
These findings indicate that the decreased ability of IRE1 mutant mice livers to process higher
levels of hepatic fatty acids after extended fasting or high-fat diet feeding may not be caused by
defective fatty acid oxidation but rather by a malfunction in the export of TAGs from the liver.
Analysis of hepatic VLDL secretion demonstrated a notable decline in plasma TAG accumulation
and rates of hepatic VLDL-TAG secretion in IRE1 knockout mice compared to control mice. This
suggests a decrease in TAG content in apoB-containing lipoprotein particles released from the
livers of IRE1 knockout mice. These data indicate that the deletion of IRE1 does not have an
impact on the production of fat. Still, it may influence the export of TAGs from the liver and the
assembly of VLDL in the endoplasmic reticulum (160). The results emphasize the complex
involvement of XBP1 and IREI in liver lipid metabolism and identify prospective targets for

treating metabolic diseases related to disrupted lipid balance.
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Figure 1.8 Schematic Representation Illustrates the Downstream Effects of Endoplasmic
Reticulum Stress-Induced Inositol-Requiring Enzyme 1 (IRE1) Activation. These consequences
encompass proadaptive X-box binding protein 1 (XBP1s)-dependent transcriptional signaling, as
well as apoptotic RNA degradation (RIDD) and c-Jun N-terminal kinase (JNK) pathway

activation. Adapted from Bartoszewska et al. (2023) (161).
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1.3.6 Inositol-Requiring Enzyme 1 Activity in Type 2 Diabetes

The UPR is a focal point in T2D research, as it plays a pivotal role in insulin secretion and the
pathogenesis of T2D. This underscores the intricate relationship between ER disruption, UPR
activation, and the onset of T2D. Interestingly, the effect of IRE1 knockout varies across different
tissues. Pancreatic B-cells-specific IRE1 knockout models have demonstrated a diabetic phenotype
characterized by sustained elevation in blood glucose levels and markedly reduced serum insulin
levels without alterations in pancreatic islet size or number (162). In MIN6 pancreatic -cells,
knockdown of IRE1 impaired proinsulin, insulin content, and secretion. However, restoring the
IRE1-XBP1 pathway led to the recovery of proinsulin and insulin levels and secretion (162). In
myeloid-specific IRE1 deletion mice, HFD-induced obesity was prevented by decreased body
weight and adiposity without impacting lean mass. These mice also showed superior blood glucose
regulation, reduced hyperinsulinemia, and enhanced insulin sensitivity (163). Additionally, loss of
IRET in myeloid cells led to increased energy expenditure, as evidenced by significantly higher

oxygen consumption and elevated core body temperatures in HFD-fed mice (163).

A complete lack of XBP1 leads to the death of embryos early on in development (164). A study
revealed that progressive hyperinsulinemia developed as early as 4 weeks in BALB/c genetic
background mice with a null mutation in one XBP1 allele (XBP1%"), fed an HFD, and continued
throughout the experiment compared to their littermate. When XBP1"'~ animals were compared to
wild-type controls, C-peptide levels were likewise noticeably higher in these animals. When HFD

1+/-

was administered to XBP1" mice, blood glucose levels rose in both the fed and fasting states,

resulting in a marked increase in glucose intolerance. Deleting one XBP1 allele predisposes mice
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to diet-induced peripheral insulin resistance and T2D, even when islet morphology and function

are equivalent across genotypes (165).

Deletion of XBP1 in -cells led to a minor increase in blood glucose levels compared to wild-type
littermates, accompanied by a modest decrease in serum insulin levels, suggesting inadequate
insulin production to sustain normal glucose levels (166). In contrast to the mice with IRE1 B-cell
knockout mice, the animals with B-cells XBP1 knockout mice showed reduced size of the islet and
lower insulin levels in the pancreas. Additionally, they displayed structural defects, including
disorderly islet structure. Although there are similarities, the phenotypes of IREla and XBP1
knockout mice exhibited distinct differences, indicating that each gene has specific functions.
Nevertheless, it is still uncertain to what degree these actions of IRE1, which do not rely on XBP1,
contribute to the survival of B-cells and insulin secretion. The cleavage of proinsulin-processing
enzyme mRNAs significantly necessitates more significant IRE1 activity than XBP1 splicing,
indicating that this phenomenon exclusively occurs in hyperactivated IRE1a circumstances (167).
Therefore, the phenotypes of IRE1 and XBP1 knockout mice are not identical, suggesting the
presence of unique functions specific to each gene. However, it is unclear to what extent these
XBP1-independent functions of IRE1 contribute to the viability and insulin secretory function of
B-cells. It is important to note that the cleavage of proinsulin-processing enzyme mRNAs requires
higher IRE1 activity than XBP1 splicing, suggesting that the former would occur only when IRE1a
is hyperactivated. Another study showed the role of XBP1 in hepatocyte nuclear factor 4-alpha
(HNF4a) B-cells knockout mice; HNF4a is a conserved transcription factor that plays a crucial
role in regulating the initial development and long-term functioning of various adult organs.

HNF4a is critical for the proper functioning of B-cells, as demonstrated by human mutations that
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lead to Mature-Onset Diabetes of the Young 1 (MODYI). This condition is characterized by
decreased glucose-stimulated insulin secretion in the pancreatic B-cells (168). Malfunctions in
HNF4a can hinder the functioning of B-cells by disrupting XBP1 control and causing dysfunction
in ER. Eliminating HNF4a in preexisting islets led to a substantial reduction in the expression of
XBP1 in the islets (169). The forced induction of either un-spliced or spliced XBP1 was enough
to restore impaired insulin production. XBP1 also has a role in preserving the specialized
characteristics of P-cells, therefore contributing to the regulation of B-cells function.
Dedifferentiation, which refers to the loss of mature B-cell phenotypic and cellular identity, has
been identified as a major factor contributing to B-cells failure in T2D. Both animal and human
research provide evidence that mature B-cells can undergo a transition to transform into various
types of islet cells in the context of T2D (170). In XBP1 B-cells knockout mice, the expression of
the GLUT2 was significantly decreased compared to control mice (166). In addition, the
arrangement of islet cells in mice with a genetic knockout of the XBP1 gene in B-cells frequently
showed changes, with a-cells scattered across the islets. Surprisingly, the mass of a-cells was about
quadrupled in mice with a deletion of the XBP1 gene in B-cells compared to their control mice
(166). This highlights the complex interaction between transcription factors such as XBP1 and the
regulation of insulin release in pancreatic -cells, providing insights into possible treatment targets

for diabetes.

1.3.7 Potential Mechanisms by Which Increasing Inositol-Requiring Enzyme 1 Activity

Attenuates Metabolic Dysfunction-Associated Steatotic Liver Disease
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Activation of IREI is essential for modulating insulin production in pancreatic B-cells. IRE1
signalling is linked to insulin production when triggered in response to short-term exposure to
elevated glucose levels (171). Deletion of IRE1, specifically in B-cells of mice, decreased
proinsulin translation, reduced levels of pancreatic proinsulin and insulin content, and decreased
insulin secretion after a meal. This deletion also caused a reduction in mRNA levels of proteins
involved in recruiting ribosomes to the endoplasmic reticulum and processing mRNA (172).
similarly, the deletion of B-cells Xbp! resulted in elevated glucose levels in the blood due to a
significant reduction in the amount of insulin in the pancreas (167). Inhibiting IRE1
phosphorylation impedes insulin production (171). Nevertheless, prolonged exposure of B-cells to
elevated glucose levels can cause ER stress and excessive activation of IRE1, inhibiting insulin
gene production. Hence, the effect of IRE1 activation on insulin production in pancreatic 3-cells
relies on the length and strength of the stimulus, emphasizing the complex function of IRE1

signalling in controlling this crucial process (173).

IRE1/XBP1s have been linked to cardiovascular disease (174); increasing the expression of IRE1
has been demonstrated to enhance heart function by protecting pathological remodelling in the
heart caused by pressure overload (175). Overexpressing IRE1a, specifically in the heart, results
in maintained function, decreased area of fibrosis, enhanced adaptive UPR signalling, and reduced
expression of inflammatory and pathogenic genes (176). Moreover, the activation of IRE1 has
been associated with promoting myocardial angiogenesis and protecting the heart from reperfusion

injury during ischemia/reperfusion (177).
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While several research studies point to the idea that elevated IRE1-XBP1 activity and ER protect
against MASLD, the precise mechanisms are unknown. Studies have demonstrated that increasing
the expression of XBP1 in mice with obesity may protect against MASLD by controlling the
transcription of fibroblast growth factor 21 (178) while also decreasing the levels of TAGs and
DAGs in the liver (179). In addition, XBP1 exerts direct control on a specific group of genes
involved in lipid metabolism, such as farnesyl diphosphate synthase and hydroxysteroid 17-beta
dehydrogenase 7 (180). Nevertheless, it is essential to mention that XBP1 does not directly control
the expression of specific crucial genes involved in lipid synthesis, such as Dgaf2. In the setting
of obesity and MASLD, there is typically an association between dysregulated lipid metabolism
and abnormalities in the secretion of VLDL. Moreover, the NF-kB and inflammasome pathways
are essential for regulating lipid metabolism. A study was conducted on male Sprague-Dawley rats
who were fed with HFD. The rats were treated with a flavonoid polyphenol, quercetin, which
resulted in higher expression of XBP1 and greater levels of VLDL (181). This indicates a possible
mechanism by which XBP1 could improve the condition of MASLD. Although quercetin has
demonstrated favourable outcomes in laboratory experiments conducted on cells and animals with
MASLD, its practical use in MASLD treatment is restricted due to the absence of clinical trials
and difficulties in its administration, such as low solubility, limited absorption into the body, and
instability. Thus, the appropriateness of using it as a treatment choice for individuals with

MASFLD is still unclear.

Pimozide, a diphenylbutylpiperidine class medication, was initially developed by Janssen
Pharmaceutical Company in 1963 as a first-generation antipsychotic. It is primarily used to

manage Tourett’s Disorder, a neurological disorder characterized by recurrent twitches and erratic
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movements referred to as ‘tics’. Recent research from our laboratory has unveiled pimozide’s
potential as an antihyperglycemic agent, demonstrating its ability to improve blood glucose levels
and insulin sensitivity in obese mice (128). These actions were attributed to pimozide binding
ability to SCOT enzyme in the D-oxyanion pocket. Our new study reveals that pimozide can also
increase IRE1 (Chapter 3, data not published), and pimozide was able to decrease steatosis in
HepaRG without affecting the critical lipogenesis markers (e.g., ACCI, ACC2, SREBF1, FAS).
These findings underscore the multifaceted therapeutic potential of pimozide in metabolic

disorders.

1.4 Statement of Hypotheses and Aims

MASLD/hepatic steatosis is a significant risk factor for the development of steatohepatitis and
liver cirrhosis. In addition, it is a major contributor to obesity-related insulin resistance and T2D.
Thus, it is imperative that we discover new agents that can treat this devastating condition. Recent
studies have suggested activating PDH, the rate-limiting enzyme of glucose oxidation, maybe a
novel approach to reverse obesity-induced MASLD. We recently demonstrated that treatment with
the antianginal therapy, ranolazine, reverses MASLD in an experimental mouse model of high-fat
diet-induced obesity (DIO). Moreover, previous studies have demonstrated that ranolazine directly
increases glucose oxidation in the muscle and heart, and we have previously confirmed that
ranolazine also increases PDH activity in the liver (138, 182). We, therefore, aim to investigate the
impact of ranolazine on MASLD associated with T2D, aiming to extend the favourable actions

observed in obesity-related MASLD. Our second aim is to elucidate the role of hepatic PDH
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activity in mediating ranolazine’s effects on MASLD, utilizing a newly developed hepatocyte-

specific PDH knockout mouse model.

Our focus is on discovering novel therapeutic approaches, explicitly emphasising computational
models. Previously, we showed that pimozide binds to SCOT (128). This discovery led us to
conduct a recent investigation, which demonstrated that pimozide also has a strong affinity for
IREI. These interactions indicate possible ways in which pimozide could be used for therapeutic
purposes. MASLD is frequently linked to obesity, is a worldwide health issue and is a significant
contributor to the risk of developing T2D. Pimozide, a psychotropic drug, demonstrates potential
in controlling glucose levels. Our research suggests that pimozide’s interaction with SCOT in
skeletal muscle decreases glucose levels. Additional investigation reveals that pimozide has an
affinity for IRE1, which plays a critical role in ER stress. We hypothesize that pimozide could be

a viable treatment for MASLD/T2D through its interactions with IREI.

The objectives of each study, which focused on distinct aspects of the overarching hypotheses, are

outlined below according to chapter:

Chapter 2: We hypothesized that ranolazine, an anti-anginal medication, may exert favourable

effects on MASLD associated with T2D. Our objectives are to

1. Determine whether ranolazine, a second-line anti-anginal therapy, has similar effects on

MASLD associated with T2D as it does on obesity-induced MASLD.
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Investigate the impact of ranolazine treatment on glycemia in a mouse model of

experimental T2D.

Compare the outcomes of ranolazine treatment between individuals with obesity and those

who are obese with T2D in terms of its salutary actions against MASLD.

Chapter 3: We hypothesized that ranolazine improves MASLD associated with obesity through

increasing pyruvate dehydrogenase (PDH) in the liver, the key enzyme in glucose metabolism to

produce energy. Our objectives are to

1.

Investigate whether the ability of ranolazine to mitigate obesity-induced MASLD and
hyperglycemia requires increases in hepatic PDH activity, the rate-limiting enzyme of

glucose oxidation.

Generate liver-specific PDH-deficient (Pdhal“*") mice and use it as a model for

studying the role of hepatic PDH in MASLD and hyperglycemia associated with obesity.

Assess the phenotypic differences between Pdhal“"V '~ mice and their (AIb™) littermates,

including adiposity and glucose tolerance.

Evaluate the impact of ranolazine treatment on glucose tolerance and hepatic

triacylglycerol content in obese Pdhal“ "~ and Alb * mice.

Chapter 4: We hypothesized that pimozide, an antipsychotic agent, may alleviate fatty liver by

activating the IRE1/XBP1 Pathway (ongoing work). Our objectives are to
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Validate the interaction between pimozide and XBP1 through in vitro and in vivo

experiments.

Investigate the potential of pimozide, an antipsychotic drug, as a therapy for MASLD

associated with T2D.

Explore the mechanisms underlying the effects of pimozide on glucose metabolism,

including its interaction with XBP1.

Evaluate the potential of pimozide as a treatment for T2D-associated other metabolic

disorders.
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2.1 Abstract

Non-alcoholic fatty liver disease (NAFLD) is characterized by the accumulation of excess fat in
the liver in the absence of alcohol and increases one’s risk for both diabetes and cardiovascular
disease (e.g., angina). We have shown that the second-line anti-anginal therapy, ranolazine,
mitigates obesity-induced NAFLD, and our aim was to determine whether these actions of
ranolazine also extend to NAFLD associated with type 2 diabetes (T2D). Eight-week-old male
C57BL/6J mice were fed either a low-fat diet or a high-fat diet for 15 weeks, with a single dose of
streptozotocin (STZ; 75 mg/kg) administered in the high-fat diet-fed mice at 4 weeks to induce
experimental T2D. Mice were treated with either vehicle control or ranolazine during the final 7
weeks (50 mg/kg once daily). We assessed glycemia via monitoring glucose tolerance, insulin
tolerance, and pyruvate tolerance, whereas hepatic steatosis was assessed via quantifying
triacylglycerol content. We observed that ranolazine did not improve glycemia in mice with
experimental T2D, while also having no impact on hepatic triacylglycerol content. Therefore, the
salutary actions of ranolazine against NAFLD may be limited to obese individuals but not those

who are obese with T2D.

2.2 Introduction

Non-alcoholic fatty liver disease (NAFLD) is a condition characterized by excess fat accumulation
(>5% in hepatocytes) in the absence of excessive alcohol consumption or other conditions known

to promote hepatic steatosis (e.g., hepatitis C infection) (2, 183). Although simple steatosis in the
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liver is often benign, if left unchecked in the long-term, NAFLD can transition to much more
serious non-alcoholic steatohepatitis or hepatocellular carcinoma, while severe cases result in the
requirement of liver transplantation (184). Furthermore, insulin resistance is frequently associated
with NAFLD, regardless of whether the individual is lean or obese, and both are major risk factors
for the future development of type 2 diabetes (T2D). Of clinical relevance, obesity, NAFLD, and
T2D all increase the risk for cardiovascular diseases, including hypertension, atherosclerosis, and
angina (1). Thus, many patients with cardiovascular diseases such as angina are also comorbid for
these other metabolic diseases, and it is imperative that we identify therapies that can

simultaneously alleviate their multiple pathologies.

One such therapeutic agent that may be of particular interest regarding this question is the
piperazine derivative ranolazine, which inhibits the late inward sodium current (I na) during cardiac
repolarization and is a second-line therapy used in the management of angina (135, 185).
Preclinical and clinical studies have demonstrated that ranolazine elicits glucose lowering
properties (186-188), which may stem from direct actions to inhibit the I na in islet a-cells (186).
On the contrary, previous studies have also demonstrated that ranolazine at clinically relevant
concentrations stimulates glucose oxidation rates in the isolated working rat heart and isolated rat
epitrochlear is muscle (136, 137). In addition, studies in mice subjected to high-fat diet (HFD) —
induced obesity demonstrate that the hepatic activity of pyruvate dehydrogenase (PDH), the rate-
limiting enzyme in glucose oxidation, is impaired and contributes to the pathology of obesity-
induced NAFLD (133, 134). Intriguingly, treatment of male mice subjected to HFD-induced

obesity with ranolazine reverses hepatic steatosis (decreased triacylglycerols (TAGs) content) and
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improves glycemia, observations that were associated with a marked increase in hepatic PDH

activity (138).

Taken together, ranolazine appears to have multiple beneficial actions in obesity that stem from
both its ability to inhibit the I Na and to increase glucose oxidation, which may suggest it to be an
ideal anti-anginal therapy to prescribe in individuals who have angina and are also obese with
NAFLD. Nonetheless, whether ranolazine also has salutary actions against hepatic steatosis and
subsequent progression of NAFLD associated with T2D remains unexplored. Herein, we
investigated whether ranolazine treatment has similar favourable actions in NAFLD associated

with T2D, given the potential role of PDH as a target for ranolazine’s action.

2.3 Methods

2.3.1 Animal Care and Experimentation

All animal procedures were approved by the University of Alberta Health Sciences Animal Welfare
Committee, Alberta, Canada, and performed according to the regulations and guidelines of the
Canadian Council on Animal Care. Animals were housed in a temperature-controlled unit under a
12-h light/dark cycle with free access to drinking water and food. Eight-week-old male C57BL/6J
(The Jackson Laboratory) mice were initially allowed a 1-week period to acclimatize to our animal
facility upon arrival, following which they were provided either a low-fat diet (LFD; 10% kcal
from lard, Research Diets D12450J) or an HFD (60% kcal from lard, Research Diets D12492) for
a 15-week period. At 4 weeks into the dietary protocol, all HFD-fed mice received a single

administration of streptozotocin (STZ; 75 mg/kg) (S0130-1G, Sigma—Aldrich) dissolved in 0.1 M
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sodium citrate (pH 5.0) via intraperitoneal (i.p.) injection to induce experimental T2D (123, 189).
All LFD-fed mice received a single administration of vehicle control at 4 weeks into the dietary
protocol. At 4 weeks post-STZ administration, mice were randomized to receive once daily
treatment with either vehicle control (sterile Milli-Q water) or ranolazine (50 mg/kg) (S1425,
Selleck Chemicals) via oral gavage for 7 weeks. Upon study completion all mice were euthanized
using 1.p. injection of sodium pentobarbital (12 mg) (00141704, Bimeda-MTC) following a 16-h
fast and 4-h refed. All mice subsequently had their livers extracted, washed once with phosphate-
buffered saline (PBS) and separated into four lobes that were immediately snap-frozen in liquid

Nz using Wollenberger tongs and stored at —80 °C.

2.3.2 Body Composition

Conscious lean and T2D mice were placed in an EchoMRI™ (4in1/700) body composition
analyzer to assess lean and fat mass. Body fat is the total mass of fat molecules in the body,
measured in terms of the weight of canola oil. Lean mass refers to the total muscular tissue in the
body that contains water, omitting fat, bone minerals, and non-contributing components like hair

and claws.

2.3.3 Assessment of Glucose Homeostasis

Mice were transferred to clean static cages with all cage enrichments and fasted for either 6, 16,
or 24 h with free access to drinking water before undergoing an 1.p. glucose tolerance test (2 g/kg
for lean mice, 1 g/kg for T2D mice) (DX0145, Sigma—Aldrich), i.p. insulin tolerance test (0.5 U/kg
for lean mice, 0.7 U/kg for T2D mice) (02024233, Novo Nordisk Canada), or i.p. pyruvate

tolerance test (2 g/kg) (P2256, Sigma—Aldrich), respectively. Samples were collected from tail
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whole blood at 0, 15, 30, 60, 90, and 120 min post insulin, glucose, or pyruvate administration,

using the Contour Next blood glucose monitoring system (Bayer, NJ, USA).

2.3.4 Assessment of Circulating Insulin Levels

Samples were collected from mouse tail whole-blood (~5 pL) during the glucose tolerance test
immediately prior to injecting glucose (0 min) and at 15-min post glucose administration. Plasma
insulin was measured using a commercially available enzyme-linked immunosorbent assay kit
(ELISA kit, ALPCO Diagnostics). In brief, samples were placed in a 96-well microplate with 75
puL working strength conjugation buffer. Next, the plate was incubated in an orbital microplate
shaker for 2 h at room temperature, following which the microplate was washed six times with a
provided working strength wash buffer. The reaction was subsequently initiated by adding 100 pL
tetramethyl benzidine to each well for 30 min, following which the reaction was terminated by
adding 100 pL of stop solution. The optical density of each sample was then determined at 450 nm

(Synergy H1 Hybrid Reader; BioTek) and used to calculate the plasma insulin levels (128).

2.3.5 Western Blotting

Powdered frozen mouse liver samples (~20 mg) were homogenized in buffer containing 50 mM
Tris HCI (pH 8 at 4 °C), 1 mM ethylenediaminetetraacetic acid (EDTA), 10% glycerol (w/v),
0.02% Brij-35 (w/v), 1 mM dithiothreitol, and protease and phosphatase inhibitors (Sigma—
Aldrich). The homogenate was centrifuged at 4 °C for 20 min at maximum speed (21 000g) and
the supernatant was collected into new tubes. Following extraction, protein was quantified using a
Bradford protein assay kit (Bio-Rad Laboratories). Protein samples (15 pg or 40 pg) were then
denatured and subjected to Western blotting via 10% sodium dodecyl sulfate polyacrylamide gel

electrophoresis. Proteins traversed the stacking gel for 15 min at 100 V, following which the
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voltage was increased to 120 V as the proteins traversed the separating gel for 1 h. Thereafter, the
proteins were transferred via electrophoresis to nitrocellulose membranes (1620115; Bio-Rad
Laboratories) for 2 h at 100 V. Following transfer, all membranes were blocked with 5% skim milk
in tris-buffered saline Tween-20 (TBS-T; P7949, Sigma—Aldrich) for 40 min. The membranes were
further incubated overnight with primary antibody at 4 °C. The following day, immunodetection
was performed using a secondary anti body (1:2000) in 5% skim milk in TBS-T and incubated for
90 min with shaking at room temperature. The membranes were washed three times with TBS-T
for 10 min each. Finally, protein bands were visualized using enhanced chemiluminescence
(PI34580; Thermo Fisher Scientific). Membranes were probed with the following antibodies; long-
chain acylCoA dehydrogenase (LCAD; ab129711, Abcam), B-hydroxyacyl CoA dehydrogenase (3
HAD; ab37673, Abcam), protein kinase B (Akt; 9272 S, Cell Signaling), phospho-Akt (4060 S,
Cell Signaling), PDH kinase 4 (PDHK4; ab214938, Abcam), PDH (3205 S, Cell Signaling),
phospho-PDH serine 293 (ABS204; Millipore Sigma), phospho-PDH serine 300 (AP1064;
Millipore Sigma), phospho-PDH serine 232 (AP1063; Millipore Sigma), fatty acid synthase (FAS;
3180 S, Cell Signaling), diacylglycerol acyltransferase-1 (DGAT1; ab189994, Abcam), and heat
shock protein-90 (610418; BD Biosciences). All antibodies were prepared in a 1:1000 dilution in
3% bovine serum albumin with the exception of LCAD (1:2000), BHAD (1:2000), and DGAT1

(1:333).

2.3.6 Real-Time Quantitative PCR Analysis

RNA was extracted from powdered liver samples (~20 mg) using TRIzol (15596018, Thermo
Fisher Scientific). In brief, samples were homogenized with 500 pL of TRIzol. Next, 100 uL
chloroform was added to each sample, which were kept at 4 °C for 10 min, followed by

centrifugation at 14 000g for 10 min at 4 °C. The resulting supernatants were transferred to new
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tubes and 250 uL isopropanol was added while being kept at room temperature for 5 min. Last,
the samples were centrifuged at 4 °C at 14 000g for 10 min and washed twice with 1 mL 75%
ethanol in RNase-free water. The samples were subsequently air dried before adding 30 pLL. RNase-
free water, and RNA was quantified by measuring absorbance at 260 nm using a NanoDrop™
2000 spectrophotometer (Thermo Fisher Scientific). First-strand cDNA synthesis was carried out
using the iScript Reverse Transcription Supermix (Bio-Rad Laboratories), followed by real-time
PCR which was carried out with a CFX Connect Real-Time PCR machine (Bio-Rad Laboratories)
using SYBR Green (KK4601; Kapa Viosystems). Cyclophilin A (Ppia) was used as an internal
house-keeping gene to quantify relative mRNA transcript levels of various genes (Table 2.1) using
the 222 method to determine relative gene expression levels. The 2-AACt approach assesses gene
expression changes by comparing target gene cycle threshold (CT) values to an internal reference
gene, allowing for consistent quantification across experimental circumstances. This method
calculates ACt values for each sample by subtracting internal control CT values from target gene
CT values and then comparing them to a reference sample to determine AACt values. Finally, the
formula 2”-(AACt) is used to calculate fold change in gene expression, enabling relative expression

quantification (190).

2.3.7 Assessment of TAG Content

TAGs were extracted from powdered frozen liver (~20 mg) samples via homogenization with a
2:1 chloroform:methanol solution. In brief, after sample homogenization, 0.2 volumes of methanol
were added to each sample and samples were kept on ice for 10 min, following which they were
centrifuged at 3500g for 10 min. To allow the mixture to separate into two phases, 0.2 volumes of
0.04% (w/v) CaCl2 was added, followed by centrifugation at 2400g for 20 min. The supernatant

was discarded, and the remaining TAG extract was washed twice with 150 pL of pure solvent
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upper phase. Finally, 50 uL methanol was added to produce a singular phase. The samples were
subsequently dried under N gas at 60 °C, and the remaining TAG containing pellets were
dissolved in 50 uL of 3:2 tert-butyl alcohol X-100 methyl alcohol (1:1). The samples were stored
overnight at 4 °C, and the following day all samples were quantified for TAG content using a

commercially available enzymatic colorimetric assay kit (Wako Pure Chemical Industries) (128).

2.3.8 Assessment of Circulating Alanine Aminotransferase (ALT) and Aspartate

Aminotransferase (AST) Levels

Blood samples were collected from mice during euthanasia into 1.7 mL Eppendorf tubes coated
with 0.5 M EDTA. The blood samples were centrifuged at 4 °C at 2000g for 10 min. The resulting
supernatants were transferred to new Eppendorf tubes and stored at —80 °C until use. Circulating
ALT and AST levels were subsequently measured in these blood samples via use of commercial
kits (REF 10205-4 and REF 10206-4) purchased from Cypress Diagnostics Inc. (Campbellville,

ON, Canada) and ran on the EasyRA Analyzer (Bedford, MA, USA) (128).

2.3.9 Statistical Analysis

All values are presented as means 6 standard error of the mean. The significance of differences
was assessed using either a two-tailed, unpaired Student’s t test, or a two-way ANOVA followed
by a Bonferroni post hoc analysis. Differences were considered significant when P <0.05. All data

analysis was performed using GraphPad Prism version 9.0 software.
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Table 2.1 Primer Sequences.

Forward Reverse
Gene . X
Primer Primer

Ppia GCTGGACCAAACACAAACG ATGCCTTCTTTCACCTTCCC
Fasn GGTTACACTGTGCTAGGTGTTG TCCAGGCGCATGAGGCTCAGC
Acaca TAATGGGCTTCTGTGACTC CTCAATATCGCCATCAGTCTTG
Srebf1 GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT
G6pd ACACCGACTACTACAGCAACAG CCTCGAAAGATAGCAAGAGTAG

Chrebp GAGTGCTTGAGCCTGGCTTACA

GCTCTCCAGATGGCGTTGTTCA
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2.4 Results

2.4.1 Ranolazine Treatment Does Not Decrease Fat Mass or Improve Glycemia in Male Mice

Subjected to Experimental T2D

To determine whether our findings that treatment with ranolazine can mitigate hepatic steatosis
and improve glycemia in obese mice (138) are translatable to experimental T2D, we first induced
T2D in mice via combination of HFD supplementation for 15 weeks, with a single dose of STZ
(75 mg/kg) administered at the 4-week time point. We also performed similar experiments in lean
mice fed an LFD for an equivalent time frame. Mice were subsequently randomized to vehicle
control or ranolazine (50 mg/kg) treatment at 4-weeks post STZ (or at 8-weeks post LFD
supplementation) for 7 weeks. Ranolazine treatment had no impact on body weight or fat mass in
lean mice, and in contrast to our observations in obese mice, ranolazine treatment did not decrease
body weight or fat mass in mice with experimental T2D (Table 2.2). Moreover, ranolazine
treatment did not affect lean mass or random fed blood glucose levels in both lean mice and mice

with experimental T2D (Table 2.2).
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Table 2.2 Impact of Ranolazine Treatment of Body Weight and Body Composition

Lean VC Lean Ranolazine T2D VC T2D Ranolazine
Pre-Tx Post-Tx Pre-Tx Post-Tx Pre-Tx Post-Tx Pre-Tx Post-Tx
Body weight (g) 30.3+£0.7 30.1+1.0 305£06 29206  387+1.2° 378+16*  388:16° 37.7£1.0°
Fat mass (g) 3.8£03 41+0.6 44106 3.6+£0.3 126+0.9° 123+1.0* 125+£1.7° 11.8+1.2*
Fat mass (%) 126+09 13014 146+£21 119%13 325+14* 338zx1.7" 31.9+3.1* 331121
Leanmass (g) 24.3+05 242+05 23.7+10 24307 236+05 231106 241+04 233:04
Leanmass (%) 799+0.7 78814 78123 806+1.3 61.3+14* 60.8+1.6* 63.1+£3.3* 62.0+24*
Glucose (mM)  9.2+06  83%05 96+23 7.8:04 11.0£0.7 10.2+£0.3 114+09 10.0£0.5*

Note: Body weight, fat mass, lean mass, and ad libitum blood glucose levels were measured at

baseline and following 7 weeks of treatment (Tx) with ranolazine or vehicle control (VC) (n = 5—

7 mice). Values represent mean =+ standard error of the mean. Differences were determined using

a two-way ANOVA followed by a Bonferroni post hoc analysis and considered significant if P <

0.05. *Significantly different from lean counterpart. T2D, type 2 diabetes.
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As we expected, in lean mice ranolazine treatment also had no effect on i.p. glucose tolerance, i.p.
insulin tolerance, and hepatic insulin signaling as determined by Akt phosphorylation at serine

473, a major regulatory node of insulin signaling (Figure 2.1).
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Figure 2.1 Ranolazine Treatment Does Not Affect Glucose Homeostasis in Lean Male Mice. (A)
Glucose tolerance test and associated area under the curve (AUC), (B and C) insulin tolerance
test, and (D) liver protein kinase B (Akt) phosphorylation (P-Akt) at serine 473 in lean mice treated
with either vehicle (VC) or ranolazine (n = 5—6 mice). Values represent means + standard error of
the mean. Differences were determined using an unpaired two-tailed Student’s t test, or a two-way

ANOVA followed by a Bonferroni post-hoc analysis.
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Following 2 weeks of treatment with ranolazine, we observed no improvement in i.p. glucose
tolerance in ranolazine treated mice with experimental T2D, nor did we observe changes in
circulating insulin levels at the 0- and 15-min time points of the glucose tolerance test (Figure 2.2,
A and B). After 4 weeks of treatment with ranolazine, we next performed an i.p. insulin tolerance
test, whereby ranolazine treatment once again had no impact on insulin sensitivity in mice with
experimental T2D (Figure 2.2, C and D). Further supporting the premise that ranolazine did not
improve insulin sensitivity, Akt phosphorylation at serine 473 was also similar in livers of mice

with experimental T2D (Figure 2.2E).
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Figure 2.2 Ranolazine Treatment Does Not Affect Glucose Homeostasis in Male Mice Subjected
to Experimental T2D. (A) Glucose tolerance test and associated area under the curve (AUC), (B)
plasma insulin levels during the glucose tolerance test, (C and D) insulin tolerance test, and (E)
liver protein kinase B (Akt) phosphorylation (P-Akt) at serine 473 in mice subjected to
experimental T2D treated with either vehicle control (VC) or ranolazine (n = 7 mice). Values
represent means + standard error of the mean. Differences were determined using an unpaired two-
tailed Student’s t test, or a two-way ANOVA followed by a Bonferroni post hoc analysis. *P <

0.05, significantly different from 0-min counterpart.
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As an indirect measure of hepatic glucose production, we also assessed i.p. pyruvate tolerance at
5-weeks post treatment, which once again remained similar in ranolazine treated mice with

experimental T2D (Figure 2.3).
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Figure 2.3 Ranolazine Treatment Does Not Lower Hepatic Glucose Production in Male Mice
Subjected to Experimental T2D. Pyruvate tolerance test and associated area under the curve (AUC)
in lean mice and mice subjected to experimental T2D treated with either vehicle control (VC) or
ranolazine (n = 5—7 mice). Values represent means =+ standard error of the mean. Differences were
determined using a two-way ANOVA followed by a Bonferroni post hoc analysis. *P < 0.05,

significantly different from lean counterpart.
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2.4.2 Ranolazine Treatment Does Not Mitigate Hepatic Steatosis in Male Mice Subjected to

Experimental T2D

As our previous findings demonstrated that the ranolazine mediated improvement in glycemia was
dependent on reductions in hepatic steatosis in obese mice, we next measured hepatic TAG
content. Consistent with the lack of improvement in glycemia, mice with experimental T2D treated
with ranolazine did not exhibit a reduction in hepatic TAG content (Figure 2.4A). As a further
index of liver dysfunction in mice with experimental T2D, we measured circulating levels of ALT

and AST, which were also unaffected by ranolazine treatment (Figure 2.4, B and C).
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Figure 2.4 Ranolazine Treatment Does Not Reduce Hepatic Steatosis in Male Mice Subjected to
Experimental T2D. (A) Liver triacylglycerol (TAG) content in lean mice and mice subjected to
experimental T2D treated with either vehicle control (VC) or ranolazine (n = 5-7 mice).
Circulating (B) alanine aminotransferase (ALT) and (C) aspartate aminotransferase (AST) levels
in mice subjected to experimental T2D treated with either VC or ranolazine (n = 5—-6 mice). Values
represent means + standard error of the mean. Differences were determined using an unpaired two-
tailed Student’s t test, or a two-way ANOVA followed by a Bonferroni post hoc analysis. *P <

0.05, significantly different from lean counterpart.
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Treatment with ranolazine also did not influence gene expression of key regulators of lipogenesis
in mice with experimental T2D. Hepatic mRNA expression levels of FAS (Fasn), acetyl CoA
carboxylase 1 (4caca), sterol regulatory element binding protein 1c (Srebf1), glucose-6-phosphate
dehydrogenase (G6pd), and carbohydrate response element binding protein (Chrebp) were all
unaffected by ranolazine treatment (Figure 2.5A). Furthermore, hepatic protein expression of FAS
and DGAT1 also remained similar in ranolazine-treated mice with experimental T2D (Figure 2.5,
B and C). Hepatic TAG content is not only controlled by fatty acid uptake but also fatty acid
oxidation rates in the mitochondria. Thus, we also assessed protein expression of key regulators
of fatty acid oxidation, though ranolazine once more had no effect on both hepatic LCAD and

BHAD expression (Figure 2.5, D and E).
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Figure 2.5 Ranolazine Treatment Does Not Influence Expression of Regulators of Lipogenesis and
Fatty Acid Oxidation in Male Mice Subjected to T2D. (A) mRNA expression of genes involved in
regulating lipogenesis (Fasn, Acaca, Srebf1, G6pd, and Chrebp), (B-D) protein expression of key
regulators of lipogenesis including (B) fatty acid synthase (FAS) and (C) diacylglycerol
acyltransferase-1 (DGATI1), as well as key regulators of fatty acid b-oxidation enzymes including
(D) long-chain acylCoA dehydrogenase (LCAD), and (E), ) in livers from male mice subjected to
experimental T2D treated with either vehicle control (VC) or ranolazine (n = 7 mice). Values
represent means + standard error of the mean. Differences were determined using an unpaired two-

tailed Student’s t test.
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2.4.3 Ranolazine Treatment Does Not Improve Hepatic PDH Status in Male Mice Subjected

to Experimental T2D

Previous studies have alluded to the importance of PDH activity in regulating hepatic steatosis,
whereby augmenting hepatic PDH activity has been demonstrated to alleviate the progression of
obesity-induced NAFLD (117, 134, 138). Of interest, we demonstrated that ranolazine’s actions
to decrease hepatic TAG content in obese mice were associated with increased hepatic PDH
activity, consistent with past studies demonstrating that ranolazine increases glucose oxidation
rates in both the isolated heart and skeletal muscle (136, 137). Ranolazine treatment of mice with
experimental T2D, however, did not decrease hepatic PDH phosphorylation (indicative of
increased PDH activity) at its three major regulatory sites, nor did it decrease protein expression

of PDHK4, one of the primary kinases inhibiting PDH activity (Figure 2.6).
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Figure 2.6 Ranolazine Treatment Does Not Improve Hepatic Pyruvate Dehydrogenase (PDH)
Activity in Male Mice Subjected to Experimental T2D. (A) PDH kinase 4 (PDHK4) expression,
(B) PDH phosphorylation at serine 293, (C) serine 300, and (D) serine 232 in livers from male
mice subjected to T2D treated with either vehicle control (VC) or ranolazine (n = 7). Values
represent means =+ standard error of the mean. Differences were determined using an unpaired two-

tailed Student’s t test.
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2.5 Discussion

Ranolazine is a second-line anti-anginal agent that inhibits the I ~a (135, 185), though we
previously reported that its ability to increase glucose oxidation may account for its secondary
actions to alleviate hepatic steatosis and hyperglycemia in obese mice (138), suggesting it may
also have clinical utility for NAFLD. Unfortunately, those observations do not appear to translate
to NAFLD associated with T2D, as ranolazine treatment failed to improve glycemia and decrease

hepatic TAG content in mice with experimental T2D.

These unexpected findings were surprising, as the only difference between our experimental model
of T2D versus our previous findings in obese mice involves the use of low-dose STZ at the 4-week
time point of the 15-weeks HFD supplementation protocol, which eliminates vulnerable p-cells.
STZ, however, does have limitations that involve hepatic genotoxicity (191), and it can also
directly induce myopathy (192). It has also been reported that STZ can induce cytotoxic actions in
HepG2 human hepatoma cells secondary to oxidative stress and mitochondrial dysfunction (193).
As PDH is susceptible to oxidative stress—mediated inhibition by glutathionylation (124, 194), it
is possible that these actions of STZ may have prevented ranolazine from stimulating hepatic PDH
activity as we have previously observed in obese mice. Thus, despite the combination HFD/STZ
model accurately mimicking various important aspects of the T2D pathology such as its slow
pathogenesis from glucose intolerance to insulin resistance and partial B-cell death (195), it may

be worthwhile to repeat our studies in other models of T2D such as db/db mice.
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In contrast, it may also be possible that stimulating hepatic PDH activity in the context of T2D is
more challenging than in the insulin-resistant or prediabetic state. Indeed, PDH activity is a key
component of substrate selection in metabolic flexibility, and there is growing recognition that
metabolic inflexibility is a key feature of the pathology of T2D (196, 197). Thus, it remains
possible that at least in the liver, the ability to restore metabolic flexibility is lost during the
transition from insulin resistance and (or) prediabetes to a true T2D phenotype. As ranolazine
failed to decrease PDH phosphorylation in livers from mice with experimental T2D, it would be
of interest to determine whether direct inhibition of PDHK can mitigate T2D-related hepatic
steatosis. Previous studies have demonstrated that treatment with the pan-PDHK inhibitor,
dichloroacetate, and genetic deletion of PDHK?2 both protect against obesity-induced NAFLD, but

whether this remains true in the setting of overt T2D remains to be determined.

Because ranolazine did not improve hepatic PDH activity in mice with experimental T2D, in
retrospect it is not surprising that we observed no improvements in both hepatic steatosis and
glucose homeostasis. Our previous work in obese mice demonstrated that ranolazine treatment
increased hepatic PDH activity, though these actions required ~1 week before it translated into a
reduction in hepatic TAG content, and no improvement in glucose or pyruvate tolerance was
observed until hepatic TAG levels decreased. Therefore, our findings do not negate PDH being a
valid target to treat NAFLD, but rather suggest that caution be exercised in those that stand to
benefit the most from this form of metabolic therapy. Based on current preclinical evidence it does
appear that only obese nondiabetics would benefit from ranolazine’s salutary actions against
hepatic steatosis and subsequent improvements in glycemia. Importantly, recent studies in humans

with coronary artery disease and NAFLD demonstrate that ranolazine treatment for 6 months
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alleviates liver dysfunction as determined by decreased serum ALT and AST levels (198),
suggesting that our preclinical observations may translate to the clinic. However, changes in
glycemia and hepatic lipid accumulation (e.g., TAG content) were not assessed in this clinical

study.

A limitation of our study is that our only assessment of hepatic steatosis involved measuring tissue
TAG content following a chloroform:methanol extraction based on the Bligh and Dyer method
(199). It will be important in future studies to reaffirm our findings using histological methods
(e.g., Oil Red O) and more sophisticated methods (e.g., mass spectrometry) to quantify TAG
content, the latter of which would also allow us to measure numerous other lipid metabolites

implicated in mediating hepatic dysfunction (e.g., diacylglycerol, ceramide) (200).

Taken together, despite the promising findings demonstrating that the anti-anginal therapy
ranolazine has novel actions to counteract NAFLD associated with obesity, the same promise does
not appear to hold true for NAFLD associated with T2D. While ranolazine has been reported to
improve glycemia in humans with T2D (187), other studies have reported no such benefit (201). ,
and it would be of interest to determine whether hepatic steatosis was improved in subjects from
either of these studies. Because ranolazine failed to stimulate hepatic PDH activity in mice with
experimental T2D, however, it may suggest that other strategies to promote PDH activity and
glucose oxidation in the liver may be more desirable than ranolazine. Moreover, further research
is required to understand the regulation of PDH activity in the liver during the progression of

obesity towards an overt T2D state.
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3.1 Abstract

Recent studies have demonstrated that stimulating pyruvate dehydrogenase (PDH, gene Pdhal),
the rate-limiting enzyme of glucose oxidation, can reverse obesity-induced non-alcoholic fatty
liver disease (NAFLD), which can be achieved via treatment with the antianginal ranolazine.
Accordingly, our aim was to determine whether ranolazine’s ability to mitigate obesity-induced
NAFLD and hyperglycaemia requires increases in hepatic PDH activity. We generated liver-
specific PDH-deficient (Pdhal™"* ') mice, which were provided a high-fat diet for 12 weeks to
induce obesity. Pdhal“"* ' mice and their albumin-Cre (Alb®™) littermates were randomized to
treatment with either vehicle control or ranolazine (50 mg/kg) once daily via oral gavage during
the final 5 weeks, following which we assessed glucose and pyruvate tolerance. Pdhal“"V' mice
exhibited no overt phenotypic differences (e.g. adiposity, glucose tolerance) when compared to

their AIb®™ littermates. Of interest, ranolazine treatment improved glucose tolerance and mildly

bCre bi Liver—/—

reduced hepatic triacylglycerol content in obese Alb~" mice but not in obese Pdha mice.
The latter was independent of changes in hepatic mRNA expression of genes involved in
regulating lipogenesis. Liver-specific PDH deficiency is insufficient to promote an NAFLD
phenotype. Nonetheless, hepatic PDH activity partially contributes to how the antianginal

ranolazine improves glucose tolerance and alleviates hepatic steatosis in obesity.

3.2 Introduction

Non-alcoholic fatty liver disease (NAFLD) is a condition in which excess fat/lipid (>5% of liver

weight) accumulates in the liver of individuals who are not heavy consumers of alcohol. Although
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NAFLD is a reversible condition, if left untreated, it may lead to a more irreversible severe
condition referred to as non-alcoholic steatohepatitis (NASH), which is characterised by liver
fibrosis and inflammation. Furthermore, NASH can progress to cirrhosis and/or hepatocellular
carcinoma (202). NAFLD is also strongly associated with obesity, such that people with both
conditions have an increased risk of developing type 2 diabetes (T2D) (203). Unfortunately, there
are no therapies approved for the specific treatment of NAFLD/NASH, and it is imperative that

we develop new therapies to treat this condition(s) and their associated complications.

Recent studies have demonstrated that genetic deletion of pyruvate dehydrogenase kinase
(PDHK), which inhibits pyruvate dehydrogenase (PDH, gene name Pdhal), the rate-limiting
enzyme of glucose oxidation, can reduce hepatic steatosis and alleviate NAFLD pathology (134).
Interestingly, we have demonstrated that ranolazine, a second-line antianginal therapy, alleviated
liver steatosis and the associated glucose intolerance in mice with obesity, which was accompanied
by an increase in hepatic PDH activity (138). These observations are consistent with previous
studies demonstrating that ranolazine stimulates glucose oxidation rates (136, 137). Accordingly,
our aim herein was to confirm whether increases in hepatic PDH activity are indeed necessary for
the above mentioned salutary actions attributed to ranolazine. In order to address this, we generated
liver-specific Pdhal-deficient (Pdhal*“*""") mice using Cre-lox technology and characterised
their metabolic phenotype. We next examined whether ranolazine treatment would retain the
ability to alleviate hepatic steatosis and glucose intolerance in obese Pdhal“™'~ mice. We
hypothesized that such an outcome would not be observed, reinforcing the importance of PDH
activity and glucose oxidation towards the pathology of NAFLD and ranolazine’s mechanism of

action.
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3.3 Methods

3.3.1 Animal Care and Experimentation

All animal procedures were approved by the University of Alberta Health Sciences Animal
Welfare Committee and performed according to the regulations and guidelines of the Canadian
Council on Animal Care. Animals were housed in a temperature-controlled unit under al2-h

"~ mice, male

light/dark cycle with free access to drinking water and food. To generate Pdhal“Ve"
albumin-Cre (AIb™) (The Jackson Laboratory; Stock no. 003574) were crossed with floxed PDH
(gene name Pdhal; The Jackson Laboratory; Stock no. 017443). At 6-8 weeks of age, male Alb®™
and Pdha 1"V~ mice were placed on either a 10% fat diet (10% LFD; Research Diets D12450]—
lean mice), a 45% fat diet (45% HFD; Research Diets D12451), or a 60% fat diet (60% HFD;
Research Diets D12492) for 12 weeks to induce experimental obesity and NAFLD. At 7 weeks
into the dietary protocol, all obese mice were randomised to receive once-daily treatment with
either vehicle control (VC) (sterile water) or ranolazine (S1425, Selleck Chemicals) (50 mg/kg)
via oral gavage for 5 weeks. This dose of ranolazine was selected based on our previous studies
demonstrating stimulation of hepatic PDH activity (138). At the end of the treatment period, all
mice were euthanized via intraperitoneal (IP) injection of sodium pentobarbital (12 mg)
(00141704, Bimeda-MTC Animal Health Inc.) following a 16-h fast and 4-h refeed. All mice
subsequently had their livers extracted, washed with 1x phosphate buffered saline (PBS) and
separated into four lobes that were immediately snap frozen in liquid N> using Wollenberger tongs
and stored at —80°C. This study was conducted in accordance with the Basic & Clinical

Pharmacology & Toxicology policy for experimental and clinical studies, (204) and the operator

was blinded from the treatment randomisation of mice for all in vivo physiological assessments.
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3.3.2 Nucleic Acid Extraction and PCR Genotyping

DNA was isolated from mouse tail biopsies using a mixture of phenol/chloroform. Briefly, 300 uL
of DNA digestion buffer (proteinase K and digestion buffer) was added to each sample in 1.5 ml
Eppendorf tubes and incubated overnight at 55°C on a shaker. An equal volume of the
phenol/chloroform mixture was added the following day to every tube and centrifuged for 6 min
at 11000 rpm. The upper phase was transferred into new 1.5 ml-Eppendorf tubes, and 1 ml of 100%
ethanol was added; the tubes were centrifuged at 13000 rpm for 8§ min. The supernatants were
discarded, and the pellets were washed with 500 uL. of 70% ethanol at 13000 rpm for 6 min. The
supernatants were discarded, and the tubes were dried for at least 20 min before resuspending each
pellet in 10 mM Tris. Then a conventional PCR was performed using the following primers for
IL2-F: 5'-CTA GGC CAC AGT ATT GAA AGA TCT-3" and IL2-R: 5'-GTA GGT GGA AAT
TCT AGC ATC ATC C-3'; Cre-F: 5'-GCG CTC TGG CAG TAA AAA CTA TC-3" and Cre-R:
5'-GTG AAA CAG CAT TGC TGT CAC TT-3"; Pdhal-F: 5'-CGT CTG TTG AGA GAG CAG
CA-3"and Pdhal-R: 5'-CGC ACA AGA TAT CCA TTC CA-3". PCR conditions were as follows:
step 1, denaturation (94°C for 3 min); step 2, 35 amplification cycles (55°C for 1 min and 72°C

for 30 s); and step 3, extension (72°C for 2 min and 15°C for 10 min).

3.3.3 Body Composition

Conscious lean and obese mice were placed in an EchoMRI-4 in1/700 body composition analyser

to assess lean mass and fat mass as described in Chapter 2.3.2.

3.3.4 Assessment of Glucose Homeostasis

Mice were transferred to clean cages with all cage enrichments prior to fasting for either 16 h or

24 h with free access to drinking water before undergoing an IP glucose (Millipore Sigma) (2 g/kg)
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tolerance test or an IP pyruvate (Millipore Sigma) (2 g/kg) tolerance test, respectively. Blood was
collected over the course of 120 min via tail bleed at 0, 15, 30, 60, 90 and 120 min post-glucose,
or pyruvate administration, using the Contour Next blood glucose monitoring system (Bayer, NJ,

USA).

3.3.5 Western Blotting

Protein was isolated from powdered, frozen mouse liver samples (~20 mg) using a homogenisation
buffer containing 50 mM Tris HCI (pH 8 at 4°C), 1 mM ethylenediaminetetraacetic acid (EDTA),
10% glycerol (w/v), 0.02% Brij-35 (w/v), 1 mM dithiothreitol and protease and phosphatase
inhibitors (Millipore Sigma). The protein samples were then quantified using a Bradford protein
assay kit (Bio-Rad Laboratories) (128). and (15 pg) were then denatured and subjected to western
blotting, separated at 100V for 1 h in 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis gels and transferred to nitrocellulose membranes (1620115; Bio-Rad Laboratories)
for 2 h at 100 V. Following transfer, all membranes were blocked with 5% fat-free milk in Tris-
buffered saline tween-20 (P7949; Millipore Sigma) (TBS-T) for 40 min. The membranes were
further incubated overnight with primary antibodies at 4°C for the following: long-chain acyl-CoA
dehydrogenase (LCAD; ab129711, Abcam), B-hydroxyacyl CoA dehydrogenase (BHAD;
ab37673, Abcam), protein kinase B (Akt; 92728, Cell Signaling), phospho-Akt (P-Akt; 4060S,
Cell Signaling), pyruvate dehydrogenase (PDH; 3205S, Cell Signaling), HRP-conjugated mouse
monoclonal B-actin (A3854, Millipore Sigma) and heat shock protein-90 (Hsp90; 610418, BD
Biosciences). All primary antibodies were prepared in a 1/1000 dilution in 3% bovine serum
albumin (BSA) except LCAD and BHAD (1:2000). The following day, all membranes were
washed three times for 10 min with TBS-T. Immunodetection was performed using a secondary

antibody (1:2000) in 5% fat-free milk in TBS-T and incubated for 90 min with shaking at room
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temperature. Protein bands were visualised using enhanced chemiluminescence (P134580; Thermo
Fisher Scientific). Following visualisation of the protein bands, nitrocellulose membranes were
incubated in stripping buffer (21059; Thermo Fisher Scientific) for 10 min at room temperature,
rinsed once in distilled water and then washed three times for 5 min with TBS-T. The membranes
were subsequently blocked with 5% fat-free milk in TBS-T for 40 min and then probed with a new
primary antibody (from those listed above), with all steps to the visualisation of protein bands
repeated. All chemiluminescent blots were imaged with the ImageQuant™ LAS 4000 mini
biomolecular imager, and the intensity of immunoblot signals was quantified using Image Studio

Lite Version 5.2 software.

3.3.6 Real-Time PCR Analysis

Total RNA was isolated from powdered liver samples (~15-20 mg) using TRIzol (15596018;
Thermo Fisher Scientific). Briefly, RNA was quantified by measuring absorbance at 260 nm using
a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific). First-strand cDNA synthesis
was prepared using the high-capacity cDNA reverse transcriptase kit (Thermo Fisher Scientific),
followed by real-time PCR, which was carried out with a CFX Connect Real-Time PCR machine
(Bio-Rad Laboratories) using SYBR Green (KK4601; Kapa Biosystems). Cyclophilin A (Ppia)
was used as an internal housekeeping gene to quantify the relative mRNA transcript levels of

various genes (Table 3.1) using the 222 method as described in Chapter 2.3.6.

3.3.7 Determination of Triacylglycerol (TAG) Content

TAGs were extracted from the powdered frozen livers (~20 mg) using a 2:1 chloroform:methanol
solution. This was followed by adding 0.2 volumes of methanol to each sample, which was kept

on ice for 10 min prior to centrifugation at 3500 xg for 10 min. The supernatants were transferred
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to new tubes, and 0.2 volumes of 0.04% (w/v) CaCl2 were added, followed by centrifugation at
2400 xg for 20 min. The supernatant was discarded, and the remaining TAG extract was washed
twice with 150 uL of pure solvent upper phase. Finally, 50 uL of methanol was added to produce
a singular phase. The samples were subsequently dried under N2 gas at 60°C, and the remaining
TAG-containing pellets were dissolved in 50 pLL of 3:2 tert-butyl alcohol X-100 methyl alcohol
(1:1) and stored overnight at 4°C. The following day, all samples were quantified for TAG content
using a commercially available enzymatic colorimetric assay kit (Wako Pure Chemical Industries)
Following the manufacturer’s instructions, the same kit was also used to measure the amounts of

circulating TAG in mouse plasma samples (4 pL) (205).

3.3.8 Statistical Analysis

The results are presented as means + standard deviation (SD). The significance of differences was
assessed using either a two-tailed, unpaired Student’s t-test or a two-way analysis of variance
(ANOVA) followed by a Bonferroni post-hoc analysis. Differences were considered significant

when P <0.05. All data analysis was performed using GraphPad Prism 9.0 software.
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Table 3.1 Primer Sequences.

Gene For_ward Reyerse
Primer Primer

Ppia GCTGGACCAAACACAAACG ATGCCTTCTTTCACCTTCCC
Acaca TAATGGGCTTCTGTGACTC CTCAATATCGCCATCAGTCTTG
Chrebp GAGTGCTTGAGCCTGGCTTACA GCTCTCCAGATGGCGTTGTTCA
Srebf1 GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT

Fasn GGTTACACTGTGCTAGGTGTTG TCCAGGCGCATGAGGCTCAGC
Pparg TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG

Scd1 GCTGGAGTACGTCTGGAGGAA TCCCGAAGAGGCAGGTGTAG
Ppara GCAGTGCCCTGAACATCGA CGCCGAAAGAAGCCCTTAC
Acta2 CCCAGACATCAGGGAGTAATGG TCTATCGGAACTTCAGCGTCA
Col1at TGCTAACGTGGTTCGTGACCG ACATCTTGAGGTCGCGGCATGT
Col1a2 TTGCTGAGGGCAACAGCAGGTT AATGTCAAGGAACGGCAGGCGA

Timp GAGACCACCTTATACCAGCGTT TACGCCAGGGAACCAAGAAG

Ccn2 TGACCCCTGCGACCCACA TACACCGACCCACCGAAGCAG
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3.4 Results

3.4.1 Generation of Pdhal" V'~ Mice and Characterisation of Their Metabolic Phenotype

In order to generate Pdhal™"*~ mice, we crossed AIb“™ mice with floxed Pdhal mice (loxP site
flanking exon 8 of Pdhal (Figure 3.1, A and B). We verified liver-specific PDH deletion via
western blotting, where PDH protein was undetectable in livers from Pdhal“~ mice but still
present in other peripheral tissues, including the soleus, kidney and heart, versus being detected in

all these tissues from their AIb®™ littermates (Figure 3.1, C-F).
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Figure 3.1 Generation of Liver-Specific Pdhal Deficient Mice (Pdhal*"*~~) Mice. (A) PCR
genotyping of mouse offspring shows the presence of Cre recombinase as amplification of a 100
base pair fragment and interleukin-2 (positive control) as amplification of a 324 base pair fragment,
while the floxed Pdhal allele amplifies at a 380 base pair fragment and the wild-type Pdhal allele
amplifies at a 303 base pair fragment. (B) Illustration of the Pdhal gene (11 exons) and placement
of the loxP sites (denoted by black triangles) that flank exon 8, which is excised by Cre
recombinase under control of the albumin promoter (created with Biorender.com). (C-F)
Western blot analysis of protein expression of PDH in (C) soleus, (D) kidney, (E) heart, and (F)

liver samples in Pdhal“"*" mice versus their AIb“™ control littermates.
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Regardless of whether male Pdha ™"~ mice were fed an LFD or HFD for 12 weeks, they gained
body weight at a comparable rate to their AIb“™ littermates while also displaying a similar body
composition pattern (Table 3.2). In addition, ad libitum glucose levels were also comparable

between male Pdhal“"*'~ mice and their AIb®™ littermates regardless of diet (Table 3.2).

Table 3.2 Body Composition in AIb and Pdhal“"*~"~ Mice.

Lean Alb®® Mice Lean Pdhat-ve- Mice Obese Alb®™® Mice obese Pdhat-ve Mice
Baseline 12-weeks Baseline 12-weeks Baseline 12-weeks Baseline 12-weeks
Body weight (g)  22.8+23 29.7+28* 227+22 28,6+ 1.6* 232+24  347+3.9% 228+18 35.7 + 3.5
Fat mass (g) 14104 46+22* 14105 33+1.1* 12+03 8.0 +2.9* 16+04 76+39*
Fat mass (%) 62£1.2 15.1 £ 5.6* 6.0£18 1.7 £3.6* 52£12 22564 7017 22.4 + 8.5
Lean mass (g) 197124 23.4+0.4* 19.7 £2.1 23.5+1.5* 20.0+23 25.0+1.9% 19.1£1.6 26.2 +3.5%
Lean mass (%)  86.0£25 79.4 £ 4.6 874126 82.1+ 3.6 86.1£2.1 72.3 6.3 838+17 73.7x11.1%
Glucose (mM) 11617 95+13 113£19 10.4 £1.1 10.3+0.8 10.1£1.8 10.7+£1.9 10.1£1.4

Body weight, fat mass, lean mass, and ad libitum blood glucose levels were measured at baseline
and following 12-weeks of provision with either a low-fat diet (lean) or a high-fat diet (obese) (n=
9-14 mice/group). Values represent means = SD. Differences were determined using a repeated
measures two-way ANOVA followed by a Bonferroni post-hoc analysis. “P < 0.05, significantly

different from the respective baseline. *P < 0.05, significantly different from lean counterpart.
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3.4.2 Male Pdhal“**~ Mice Do Not Exhibit an Exacerbation of Hyperglycaemia When

Subjected to Experimental Obesity

Consistent with no body weight phenotype in male Pdhal™"*'~ mice fed an LFD for 12 weeks,
they also demonstrated no change in glucose tolerance when compared to their male AIb®™
littermates, though a trend towards a mild worsening of pyruvate tolerance was observed (Figure
3.2, A and B). Furthermore, lean male Pdhal™"*"'~ mice displayed an increase in their circulating
TAG levels versus their male AIb®™ littermates, though no change was observed in hepatic TAG
content and liver weight. Molecular profiling of their livers also revealed no differences in mRNA

expression of key genes in the regulation of lipogenesis and lipid metabolism (Figure 3.2, C-F).
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Figure 3.2 Characterizing the Metabolic Phenotype of Pdhal*"*"~~ Mice Fed a Low-Fat Diet. (A)
Glucose tolerance and (B) pyruvate tolerance with their respective area under the curves (AUC)
in AIb“™ and Pdhal“"* mice fed a low-fat diet for 12-weeks (n = 7-8). (C) Circulating TAG
levels, (D) hepatic TAG content, and (E) liver weights from AIb®™ and Pdhal*"*™" mice fed a
low-fat diet for 12-weeks (n = 4-9). (F) mRNA expression of genes involved in regulating
lipogenesis (Acaca, Chrebp, Srebf1, Fasn, Pparg, and Scdl) (n = 6) in livers from AIb®™® and
Pdhal“"V* mice fed a low- fat diet for 12-weeks. Values represent means + SD. Differences were
determined using an unpaired 2-tailed Student’s t-test or 2-way ANOVA followed by a Bonferroni

post-hoc analysis. “P < 0.05, significantly different from AIb®™ mice.
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Whereas protein expression of fatty acid oxidation markers and Akt phosphorylation remained

similar for the most part, other than a decrease in LCAD expression (Figure 3.3, A-C).
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Figure 3.3 Deletion of Hepatic Pdhal Had No Effect on Fatty Acids Oxidation in Lean Mice.
Protein expression of key regulators of fatty acid oxidation (A) LCAD, (B) BHAD, and (C) insulin
signaling assessed via serine 473 Akt phosphorylation in livers from Alb®™ and Pdhal**""" mice
fed a low- fat diet for 12-weeks (n = 8-9). Values represent means += SD. Differences were

determined using an unpaired 2-tailed Student’s t-test or 2-way ANOVA followed by a Bonferroni

post-hoc analysis. “P < 0.05, significantly different from Alb“™ mice.
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A similar pattern was observed in male Pdhal™*~ mice versus their AIb®™ littermates fed an
HFD for 12 weeks. This included no change in glucose tolerance with a trend towards a mild
worsening of pyruvate tolerance (Figure 3.4, A and B), though circulating TAG levels, hepatic
TAG content and liver weights were similar (Figure 3.4, C-E). Obese Pdhal“"* mice also
displayed no major changes in hepatic mRNA expression of key regulators of lipid metabolism

though a reduction in acetyl CoA carboxylase 1 (4caca) mRNA expression (Figure 3.4F).
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Figure 3.4 Deletion of Hepatic Pdhal Had No Effect on Glucose Homeostasis in Obese Mice. (A)
Glucose tolerance and (B) pyruvate tolerance with their respective area under the curves (AUC)
in AIb®™ and Pdhal“V*"~ mice fed a high-fat diet for 12 weeks (n = 12—14). (C) Circulating
triacylglycerol (TAG) levels, (D) hepatic TAG content and (E) liver weights from AIb®™ and
Pdhal“"* mice fed a high-fat diet for 12 weeks (n =9-11). (F) mRNA expression of genes
involved in regulating lipogenesis (Acaca, Chrebp, Srebf1, Fasn, Pparg and Scdl) (n = 6) in livers
from AIb®™ and Pdhal““*~ mice fed a high-fat diet for 12 weeks (n = 8-9). Values represent
means = SD. Differences were determined using an unpaired two-tailed Student’s t-test or two-
way ANOVA followed by a Bonferroni post-hoc analysis. “P < 0.05, significantly different from

Al mice.
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Obese Pdhal“"V* mice displayed a trend towards increased LCAD and PHAD protein expression
were observed versus their AIb®™ littermates (Figure 3.5, A and B). In addition, hepatic Akt

phosphorylation was similar between obese Pdhal“V*~~ mice and their AIb®™ littermates (Figure

3.5C).
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Figure 3.5 Deletion of Hepatic Pdhal Had No Effect on Fatty Acids Oxidation in Obese Mice.
protein expression of key regulators of fatty acid oxidation (A) LCAD, (B) BHAD and (C) insulin
signaling assessed via serine 473 Akt phosphorylation in livers from Alb®™ and Pdhal“*""" mice
fed a high-fat diet for 12 weeks (n =8-9). Values represent means+ SD. Differences were

determined using an unpaired two-tailed Student’s t-test. “P <0.05, significantly different from

AlIb®™ mice.
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3.4.3 Ranolazine Treatment Does Not Mitigate Hepatic Steatosis in Obese Male Pdha e~

Mice

Our previous studies showed that ranolazine treatment increases hepatic PDH activity and
mitigates NAFLD (138). As such, we next subjected male Pdhal“'~ mice and their AIb®™
littermates to our model of experimental obesity (12-week HFD), following which all mice were
randomised to treatment with either vehicle control or ranolazine (50 mg/kg once-daily) over the
final 5 weeks. Treatment with ranolazine improved glucose tolerance and had no impact on
pyruvate tolerance while causing a trend towards mild decreases in circulating TAG levels
(16.54% reduction) and hepatic TAG content (16.49% reduction) in obese Alb“™ mice, actions

Ji Liver—/

that were nonexistent in obese Pdha “mice (Figure 3.6, A—D). However, these changes were

not associated with a difference in liver weight (Figure 3.6E).
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Figure 3.6 Ranolazine Treatment Failed to Mitigate Liver Steatosis in Pdhal*™® "~ Mice. (A)
Glucose tolerance and (B) pyruvate tolerance with their respective area under the curves (AUC)
in AIb™ and Pdhal“V*"~ mice treated with either vehicle control (VC) or ranolazine (Ran) (n
=9-11). (C) Circulating triacylglycerol (TAG) levels in AIb®™ and Pdhal“"*" mice treated with
either VC or Ran (n =7-14). (D) Hepatic TAG content in AlIb“™ and Pdhal“*~ mice treated
with either VC or Ran (n =6-11). (E) Liver weights from Alb"™ and Pdhal“V*~ mice treated
with either VC or Ran (n =6-11). Values represent means = SD. Differences were determined
using an unpaired two-tailed Student’s t-test or two-way ANOVA followed by a Bonferroni post-
hoc analysis. P <0.05, significantly different from VC-treated AIb™ mice. *P <0.05,

significantly different from VC-treated Pdhal“"V* " mice.
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Furthermore, the ranolazine-mediated reduction in hepatic steatosis in obese AIb“™ mice was not
associated with changes in hepatic mRNA expression of key genes involved in regulating
lipogenesis (Figure 3.7). In contrast, ranolazine treatment increased mRNA expression of Acaca
and fatty acid synthase (Fasn) but decreased mRNA expression of peroxisome proliferator

activated receptor-a (Ppara) in obese Pdhal“V* "~ (Figure 3.7).
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Figure 3.7 Ranolazine Treatment Failed to Decrease Lipogenesis in Pdhal**~~ Mice. mMRNA
expression of genes involved in regulating lipogenesis and lipid metabolism (Acaca, Chrebp,
Srebf1, Fasn, Pparg, Scdl and Ppara (n =4-6) in livers from AIb“™and Pdhal“"V~ mice treated
with either VC or Ran for 5 weeks. Values represent means + SD. Differences were determined
using a two-way ANOVA followed by a Bonferroni post-hoc analysis. "P <0.05, significantly
different from VC-treated AIb®™ mice. *P <0.05, significantly different from VC-treated

Pdhal“Ve mice.
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These findings are consistent with ranolazine increasing hepatic TAG content, specifically in obese
Pdhal“"*" mice (Figure 3.6D). Moreover, hepatic mRNA expression profiles for genes involved
in the regulation of fibrosis indicated that these processes were not impacted either by ranolazine
treatment or liver-specific Pdhal deletion (Figure 3.8A). In agreement with our previous results,
ranolazine treatment did not influence protein expression of fatty acid oxidation enzymes or Akt

phosphorylation in livers from AIb®™ and Pdhal*V*"~ mice (Figure 3.8, B-E).
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Figure 3.8 Ranolazine Treatment Failed to Enhance Fatty Acids Oxidation in Pdhal*"*"~~ Mice.
(A) mRNA expression of genes involved in regulating fibrosis (Collal, Colla2, Timpl, Ccn2 and
Acta?) (n =4-6), protein expression of key regulators of fatty acid oxidation (B) LCAD, (C)
BHAD and (D) insulin signaling assessed via serine 473 Akt phosphorylation in livers from Alb®™®
and Pdhal“"V*~ mice treated with either VC or Ran for 5 weeks (n =5-8). (E) Corresponding
representative images of western blots for LCAD expression, BHAD expression, and serine 473
Akt phosphorylation. Values represent means = SD. Differences were determined using a two-way
ANOVA followed by a Bonferroni post-hoc analysis. “P < 0.05, significantly different from VC-
treated AIb“™ mice. P < 0.05, significantly different from Ran-treated AIb™ mice. P <0.05,

significantly different from VC-treated Pdhal“"V " mice.
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3.5 Discussion

There are two important outcomes reinforced from our study’s primary observations. First,
reductions in hepatic PDH activity and subsequent glucose oxidation do not directly contribute to
the pathology of NAFLD, as hepatic TAG content remained similar in Pdhal™*" mice when
compared to their AIb®™ littermates, regardless of whether they were fed an LFD or HFD. Second,
increases in hepatic PDH activity and glucose oxidation are key mechanisms contributing to the
metabolic benefits of the antianginal therapy ranolazine, since ranolazine was unable to improve

the pathology of NAFLD and glucose intolerance in obese Pdhal“"V* mice.

The lack of a major hepatic phenotype in Pdha ™" mice was somewhat surprising, since whole-
body genetic deletion of Pdk2 (encodes for PDHK?2) in mice, which results in elevated PDH
activity, protected against obesity-induced NAFLD and glucose intolerance (134). Hence, it may
be anticipated that Pdhal“"* mice, which lack PDH activity specifically in the liver, would
exhibit a worsening of NAFLD in response to experimental obesity, and may even demonstrate
increases in hepatic steatosis when maintained on standard chow. Conversely, previous studies by
Mahmood and colleagues have demonstrated that Pdha IV~ mice have reductions in the mRNA
expression of genes involved in both lipogenesis and fatty acid oxidation (142). While our results
are not compatible with these past findings, Mahmood and colleagues did not observe increases in
hepatic TAG content in their colony of Pdhal“*"'"~ mice, consistent with our own observations,
and they did not perform their studies in an obesogenic environment. While a clear explanation for

these discrepancies is currently unknown, it may simply indicate that while hepatic PDH activity
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is a therapeutic target to decrease hepatic steatosis, changes in PDH activity during obesity are not

direct contributors to the pathology of NAFLD per se.

The failure of ranolazine to alleviate hepatic steatosis and improve glucose tolerance in obese
Pdhal“"* mice is consistent with our hypothesis that increases in hepatic PDH activity and
glucose oxidation are key mechanisms required for the salutary metabolic actions of ranolazine in
obesity. Such observations support our past findings in animals (138) and are consistent with
previous studies in humans, highlighting their potential translational relevance (187, 198). To our
surprise, treatment with ranolazine actually increased hepatic TAG content and mRNA expression
of key genes involved in regulating lipogenesis in obese Pdhal™"* " mice. In addition, ranolazine
treatment also decreased the mRNA expression of Ppara in obese Pdhal“*"'~ mice, a key
transcription factor regulating fatty acid oxidation. It should be noted, though, that these are only
gene expression changes, and it would be important in future studies to assess whether our
observations translate into actual changes in metabolic flux through these pathways. While
potential increases in lipogenesis and decreases in fatty acid oxidation may explain ranolazine’s

actions in obese Pdhal™Ver'~

mice, it is also possible that ranolazine’s other actions, including its
ability to inhibit the late inward sodium current (135, 185) or to decrease glucagon secretion (206),
could be implicated. The latter being consistent with glucagon having been demonstrated to
promote hepatic fatty acid oxidation and decrease hepatic steatosis (207). Nonetheless, such
actions of ranolazine may be overridden in the context of augmented hepatic PDH activity that
would be present in obese AIb“™ mice. There are also a few limitations of our study that need to

be considered. As our study was performed entirely in male mice, it is possible that our

observations may differ in female mice, especially since female mice are protected against
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experimental NAFLD (208). As our assessments of glucose and pyruvate tolerance were
performed following an overnight fast, it would also be important for future studies to perform
such measurements in response to fasting periods of shorter duration (i.e., 5—6 h) that may be more
translationally meaningful (209). Last, we assessed hepatic steatosis in mice in response to feeding,
as PDH activity is most relevant in the fed state, where it regulates metabolic flexibility and the
transition to using carbohydrates as an oxidative fuel source. However, hepatic TAG content
increases during fasting; thus, it would be important to also assess the progression of hepatic

steatosis in fasted AIb®™ and Pdha ™'~ mice, as well as in response to ranolazine treatment.

Taken together, our results highlight that ranolazine can mitigate obesity-related NAFLD through
increases in hepatic PDH activity and glucose oxidation. Such observations are clinically relevant
and suggest that ranolazine may be a more preferable antianginal therapy to prescribe to
individuals who are also obese. Furthermore, stimulating PDH activity may prove to be a novel
strategy for the specific treatment of NAFLD, a condition with no currently approved

pharmacotherapies.
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4.1 Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD), which is frequently linked to
obesity, is a liver disease that is common worldwide and a major risk factor for type 2 diabetes
(T2D). Previous findings from our laboratory have demonstrated that the antipsychotic drug
pimozide can inhibit succinyl-CoA:3-ketoacid CoA transferase (SCOT) enzyme within skeletal
muscle tissue and improve glycemia in obese mice. In pursuit of additional molecular targets for
pimozide related to metabolic disorders, the Similarity Ensemble Approach (SEA) was employed,
revealing XBP1 as a potential point of therapeutic engagement. Given the integral involvement of
XBP1 within the unfolded protein response (UPR) and its regulatory impact on endoplasmic
reticulum (ER) stress, our focus was redirected to inositol-requiring enzyme 1 (IRE1). IREI
enzyme acts as the proximal sensor of ER stress and is the primary activator of XBP1 through its
kinase and endoribonuclease functions. The activation of IRE1 and subsequent splicing of XBP1
mRNA is critical for cellular adaptation to ER stress, influencing the expression of genes integral
to protein folding and degradation. These processes are particularly relevant in metabolic
conditions such as fatty liver disease, where ER stress is a prominent feature. In vitro analyses
utilizing a hepatocyte cell line have revealed that pimozide treatment promotes upregulation of
IRE1 and mitigates oleic acid-induced hepatocyte lipid accumulation. Parallel in vivo studies on
murine models with induced T2D have documented improved glycemic regulation following
pimozide administration, mirroring previous observations yet without substantial changes in levels

of hepatic triacylglycerol.

4.2 Introduction
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Metabolic dysfunction-associated steatotic liver disease (MASLD) is characterized by the
accumulation of lipids within the liver tissue, primarily observed in individuals with minimal
alcohol consumption (50). Left untreated, MASLD can progress to metabolic dysfunction-
associated steatohepatitis (MASH), a more complex condition marked by liver inflammation and
fibrosis, ultimately increasing the risk of cirrhosis and hepatocellular carcinoma (1). MASLD is
strongly linked to metabolic syndrome (MetS), with insulin resistance being a crucial contributor
in both conditions. Its occurrence increases with obesity, MetS, and type 2 diabetes (T2D), a group
of metabolic abnormalities such as abdominal obesity, abnormal levels of lipids in the blood, and
inadequate blood glucose control. Using computational modelling, it was discovered that
pimozide, which primarily blocks dopamine 2 receptors (D2R), also has an affinity for binding to
succinyl-CoA:3-ketoacid CoA transferase (SCOT) (128). SCOT plays a crucial role in the
metabolic process of ketone body oxidation, transforming acetoacetate into acetoacetyl-CoA.
When pimozide was administered to obese mice, there was a significant elevation in their plasma
ketone levels due to reduced SCOT activity in their skeletal muscles and a simultaneous decrease
in blood glucose levels. These findings highlight the potential for repositioning pimozide as a novel

therapeutic option for T2D.

This finding has sparked increased interest in exploring other potential targets with which
pimozide may interact. Initially, through the Similarity Ensemble Approach (SEA) approach,
XBP1 (X-box binding protein 1) was recognized as a target in our research (210). SEA is a
chemoinformatics tool that predicts potential drug-target interactions by analysing similarities in
chemical structure. It operates on the principle of molecular mimicry, suggesting that molecules

with similar features are more likely to bind to similar targets. SEA does not rely on the detailed
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structural information of the target protein; instead, it utilizes large libraries of compounds with
known biological activities, breaking down each molecule into its constituent features like shape,
electrostatic charges, and functional groups. These molecular signatures are then used to create a

similarity score that quantifies the likeness between different compounds.

XBP1 is a critical part of the endoplasmic reticulum (ER), and its unfolded protein response (UPR),
mainly governed by the IRE1 (a key enzyme in UPR), plays a crucial role in maintaining cellular
homeostasis by orchestrating adaptive signaling pathways in response to ER stress. Activation of
IREI induces non-canonical splicing of XBP1 mRNA, generating the stress-responsive
transcription factor XBP1ls while also stimulating regulated IRE1-dependent decay (RIDD),
collectively contributing to the resolution of ER stress and cellular adaptation (211). IRE1 and
XBP1 contribute to modulating binding immunoglobulin protein (BiP) expression. This process is
essential for the UPR, maintaining proper protein folding and cellular balance. Within obesity and
diabetes, these mechanisms are particularly critical. Elevated levels of XBP1 improve glucose
tolerance and insulin signaling while concurrently inhibiting lipid synthesis, thus vital in managing
these conditions (212). Conversely, disruptions in XBP1 expression are associated with impaired
glucose homeostasis (165). Recent studies further highlight the critical role of XBP1, revealing
that its genetic deletion exacerbates MASLD progression to MASH and contributes to liver injury
(213). Moreover, the deficiency of IREla in the liver leads to a moderate increase in liver lipid
content, exacerbating liver steatosis (154). Recognizing these interconnected findings, the
necessity for a pharmacological approach becomes apparent, precisely one that selectively
enhances the protective IRE1/XBP1 signalling pathway to mitigate MASLD. Therefore, our

objective in this study is to delve deeper into this molecular interaction. Our study involves using
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an in vitro HepaRG model. This human hepatoma cell line closely resembles primary hepatocytes
to study the possible role of XBP1 and how pimozide affects it or its related pathway in
hepatocytes. We also plan to use in vivo methods to confirm our discoveries in animal models,
enabling us to thoroughly evaluate the therapeutic possibilities of repurposing pimozide for

treating MASLD.

4.3 Methods

4.3.1 Animal Care and Experimentation

All animal procedures were approved by the University of Alberta Health Sciences Animal Welfare
Committee and performed according to the regulations and guidelines of the Canadian Council on
Animal Care. The animals were provided unrestricted access to food and water and housed in a
temperature-controlled unit with a 12-hour light/dark cycle. Male C57BL/6J mice, aged 8 weeks,
obtained from The Jackson Laboratory, were given a week to adapt to our animal facility. After
this, they were given either a chow or high-fat diet (HFD) consisting of 60% of calories from lard
(Research Diets D12492) for 10 weeks. In order to induce experimental T2D, all HFD-fed animals
received a single intraperitoneal (IP) injection of streptozotocin (S0130-1G, Sigma-Aldrich) (STZ;
75 mg/kg) diluted in 0.1 M sodium citrate (pH 5.0), while all lean mice received a single
administration of vehicle control at 4-weeks into the dietary protocol. After receiving STZ for four
weeks, mice were randomized to receive treatment with pimozide (2062784. Sigma-Aldrich),
lurasidone (HY-B0032, MedChemExpress), or vehicle control (corn oil) (10 mg/kg once every 48
h) via oral gavage for 2 weeks. After a 4-hour fast, mice were administered 200 puL of Ensure
Original (containing 9 grams of protein) via oral gavage, following a subsequent 1-hour interval
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before euthanasia, achieved through an intraperitoneal injection of sodium pentobarbital (12 mg,
00141704, Bimeda-MTC). All mice subsequently had their livers extracted and washed with 1x
phosphate-buffered saline (PBS). The livers were then divided into four lobes, which were

promptly frozen in liquid nitrogen using Wollenberger tongs and stored at a temperature of -80°C.

4.3.2 Body Composition

Conscious lean and obese mice were subjected to analysis of their body composition, lean mass,

and fat mass using the EchoMRI™in1/700) as described in Chapter 4.3.3.

4.3.3 Assessment of Glucose Homeostasis

Before conducting an IP glucose (Millipore Sigma (1 g/kg) tolerance test, mice were moved to
clean cages with all cage enrichments. They had fasted for 16 h with unrestricted access to drinking
water. Blood samples were obtained by performing tail bleeds at specific time intervals (0, 15, 30,
60, 90, and 120-min) after administering glucose using the Contour Next blood glucose monitoring

system (Bayer, NJ, USA).

4.3.4 Assessment of Circulating Insulin Levels

Mouse tail blood samples (~5 pL) were taken before and 15-min after glucose injection during the
glucose tolerance test. A commercial enzyme-linked immunosorbent assay (ELISA) kit (ALPCO
Diagnostics) was used to assess plasma insulin. Samples were placed in a 96-well microplate with
75 uL of working strength conjugation buffer. After incubating the plate in an orbital microplate
shaker for 2 h at room temperature, it was washed 6x with a working strength wash buffer. Start

the reaction by adding 100 pL tetramethylbenzidine (TMB) to each well for 30-min. The reaction
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was stopped by adding 100 uL of stop solution. Plasma insulin levels were calculated after

measuring each sample’s optical density at 450 nm (Synergy H1 Hybrid Reader; BioTek) (128).

4.3.5 Western Blotting

HepaRG and liver tissues were lysed with RIPA buffer (R0278, Millipore Sigma) supplemented
with protease and phosphatase inhibitors (Millipore Sigma). A Bradford protein assay kit (Bio-
Rad Laboratories) was then used to quantify the protein samples. The protein samples were then
processed and subjected to Western blotting techniques as previously outlined. Inositol-requiring
transmembrane kinase endoribonuclease-la (IREla; 3294S, Cell Signaling), binding
immunoglobulin protein (BiP; 3177S, Cell Signaling), X-box binding protein 1 (XBPls;
ab220783, Abcam), and heat shock protein-90 (hsp90; 610418, BD Biosciences). All membranes
were washed 3x 10-min the following day with tris-buffered saline Tween-20 (TBS-T).
Immunodetection was performed using a secondary antibody (1:2000) in 5% fat-free milk in TBS-
T and incubated for 90-min with shaking at room temperature. Protein bands were visualized using
enhanced chemiluminescence (P134580; Thermo Fisher Scientific). All antibodies were prepared

in a 1/1000 dilution in 5% bovine serum albumin (BSA).

4.3.6 Plasma and Liver Triacylglycerol (TAG)

TAGs were extracted from the powdered frozen livers (~20 mg) using a 2:1 chloroform: methanol
solution. This was followed by adding 0.2 volumes of methanol to each sample, which was kept
on ice for 10-min before centrifugation at 3,500 xg. The supernatants were transferred to new
tubes, and 0.2 volumes of 0.04% (w/v) CaCl, were added, followed by centrifugation at 2,400 xg
for 20-min. The supernatant was discarded, and the remaining TAG extract was washed twice with

150 pL of pure solvent upper phase. Finally, 50 pL. methanol was added to produce a singular
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phase. The samples were subsequently dried under N> gas at 60°C, and the remaining TAG-
containing pellets were dissolved in 50 puL of 3:2 tert-butyl alcohol X-100 methyl alcohol (1:1)
and stored overnight at 4°C. All samples were quantified for TAG content the following day using
a commercially available enzymatic colourimetric assay kit (Wako Pure Chemical Industries).
Following the manufacturer’s instructions, the same kit was also used to measure the amounts of

circulating TAG in mouse plasma samples (4 puL) (205).

4.3.7 Cell Culture

HepaRG cells were cultured in William’s E Medium (12551032, Thermo Fisher Scientific)
containing 10% FBS and 1% penicillin/streptomycin (P/S). Cells were incubated in a water-
jacketed COz incubator at 37°C with 5% COz. Once cells reached 80—90% confluency, they were
seeded at 6 well-plates at a cell density of 0.5 x 10° cells/well and exposed to 2 mM oleic acid—
bovine serum albumin (03008, Sigma-Aldrich) for 24 h. Within this period, the cells were treated
with various compounds, including dimethyl sulfoxide (DMSO), denoted in this paper as a vehicle,

pimozide, lurasidone, paliperidone, clozapine (12.5 nm) for 16 h.

4.3.8 Semi-Quantitative PCR (semi-qPCR) and Quantitative Real-time RT-PCR (qPCR)

The cells were cultured, treated according to the instructions, and subsequently harvested. Total
RNA was extracted with a TRIzol (15596018; Thermo Fisher Scientific) procedure as specified by
the manufacturer and quantified by NanoDrop™ 2000 spectrophotometer. First-strand cDNA was
performed using 2000 ng of total RNA with the high-capacity cDNA reverse transcriptase kit
(Thermo Fisher Scientific). XBPI transcripts (spliced and unspliced) were amplified by RT-PCR
using PCR master mix (Thermo Fisher Scientific) and the following primers: human XBP/ forward

(5'-AAACAGAGTAGCAGCTCAGACTGC-3") and  human  XBPI reverse (5'-
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TCCTTCTGGGTAGACCTCTGGGAG-3). GAPDH forward (5'-
ACCACAGTCCATGCCATCAC-3"), and GAPDH reverse (5'-TCCACCACCCTGTTGCTGTA-
3"). The PCR conditions were as follows: step 1, denaturation (95°C for 2-min); step 2, 35 cycles
of amplification, with each cycle consisting of heating to 95°C for 30 s, cooling to 60°C for 30 s,
and then heating to 72°C for 30-sec, and step 3 involved a final extension at 72°C for 10-min. The
PCR product was subjected to digestion with the Pstl enzyme to differentiate between unspliced
fragments (290 bp and 183 bp) and spliced fragments (473 bp). DNA fragments containing spliced

and unspliced human XBPI were separated by electrophoresis on a 2.5% agarose gel.

Real-time PCR was carried out with a CFX Connect Real-Time PCR machine (Bio-Rad
Laboratories) using SYBR Green (KK4601; Kapa Biosystems). Cyclophilin A (Ppia) was used as
an internal housekeeping gene to quantify various genes' relative mRNA transcript levels (Table

4.1) using the 2-AACt method described in Chapter 2.3.6.

4.3.9 Oil Red O Staining

For the preparation of frozen sections, mouse liver tissues underwent sequential incubation with
5%, 10%, and 30% sucrose solutions (1-2 mL each) for 12—16 hours at 4°C. Subsequent to this,
the tissues were embedded in an OCT compound and preserved at —80°C until analysis. Cryostat
sectioning was performed, yielding sections of 8-10 um thickness. The Oil Red O stock solution
(00625-256, Sigma-Aldrich) was prepared by dissolving 0.5 g of Oil Red O powder in 50 mL of
isopropanol. For application, 10 mL of the stock stain was combined with 16 mL of glycerol. The
sections were air-dried for 30-min, subjected to a 5-min rinse with 60% isopropanol, and stained
with a working solution for 1 h. In the case of HepaRG cells, a gentle wash with PBS preceded

fixation with 10% formalin for 10-min, post-fixation, the cells were subjected to staining with the
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working solution (10 mL of the stock stain mixed with 16 mL of 60% isopropanol) for 1 h. Imaging
was done with a Zeiss LSM 710 confocal microscope, and subsequent analysis was performed

using FIJI software.

4.3.10 siRNA Transfection

Following the manufacturer's protocol, HepaRG cells were performed using a JetPRIME® siRNA
transfection reagent kit (PolyPlus-transfection®). A transfection master mix was prepared by
combining 306 ng of SMART Pool ON-TARGET Plus human siRNA (L-004951-02-0005,
Dharmacon) with 200 pL of JetPRIME® buffer and 4 pL of JetPRIME® reagent. HepaRG cells
were seeded at 0.5 x 10° cells/well in 6-well plates and grown for ~ 24 h to attain a confluence of
80% before transfection. The transfection mix was added to the cells and incubated at 37 °C for
48 h. 24-hour post-transfection, 2 mM oleic acid was added for 24 h. Within this period, the cells
were treated with vehicle or pimozide (12.5 nm) for 16 h. HepaRG cells were collected and

subjected to western blot and semi-quantitative RT-PCR.

4.3.11 Statistical Analysis

The results are presented as means + standard error of the mean (SEM). The significance of
differences was assessed using either a 2-tailed, unpaired Student’s t-test, one-way analysis of
variance (ANOVA) or a 2-way ANOVA followed by a Bonferroni post-hoc analysis. Differences
were considered significant when P <0.05. All data analysis was performed using GraphPad Prism

9.0 software.

134



Table 4.1 Primer Sequences.

Reverse
Primer

Gene FF? rwa rd
rimer
PPIA CCCACCGTGTTCTTCGACATT
XBP1 CTGCCAGAGATCGAAAGAAGGC
AcCC1 ATGTCTGGCTTGCACCTAGTA
ACC2 CAAGCCGATCACCAAGAGTAAA
SREBF1 ACAGTGACTTCCCTGGCCTAT
FAS AAGGACCTGTCTAGGTTTGATGC
PPP1R15A TCCGACTGCAAAGGCGGCTCA
DDIT3 ACCAAGGGAGAACCAGGAAACG
DNAJB9 TCTTAGGTGTGCCAAAATCGG
TNF-a CTCTTCTGCCTGCTGCACTTTG
IL6 AGACAGCCACTCACCTCTTCAG
IL1B CCACAGACCTTCCAGGAGAATG

GGACCCGTATGCTTTAGGATGA

CTCCTGGTTCTCAACTACAAGGC

CCCCAAAGCGAGTAACAAATTCT

CCCTGAGTTATCAGAGGCTGG

GCATGGACGGGTACATCTTCAA

TGGCTTCATAGGTGACTTCCA

CAGCCAGGAAATGGACAGTGAC

TCACCATTCGGTCAATCAGAGC

TGTCAGGGTGGTACTTCATGG

ATGGGCTACAGGCTTGTCACTC

TTCTGCCAGTGCCTCTTTGCTG

GTGCAGTTCAGTGATCGTACAGG
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4.4 Results

4.4.1 Pimozide Stimulates IRE1/XBP1s Signaling in HepaRG Cells

SEA-mediated discovery of XBP1 as a possible therapeutic target led us to investigate the
durability of this protein (Figure 4.1 and Appendix Table 4.1). Subsequent computational
modelling and surface analysis indicated that XBP1 is "undruggable," meaning its surface
properties and configuration do not easily allow for the binding of small-molecule drugs (Figure
4.2A). This revelation necessitated a change in our research trajectory, given the role of XBP1 in
MASLD, which led us to investigate the upstream regulator of XBP1, IRE1 (Figure 4.2B). To
determine if antipsychotic medicines had consistent effects on IRE1, we conducted a
comprehensive investigation that included a range of (Pimozide, Paliperidone, Clozapine, and
Lurasidone); among all these drugs, only pimozide demonstrated a notable capability to increase
IRE1 expression (Figure 4.2C). These findings are consistent with our SEA findings, showing that
none of the examined drugs possess XBP1 as a possible target (Appendix Tables 4.2-4.4). This
discovery necessitates additional exploration into the distinct molecular paths by which pimozide
influences ER stress responses. IRE1 serves as a detector of unfolded proteins in the ER stress
response, and it acts as an endoribonuclease, which triggers the splicing of XBP1 mRNA. We
looked further into XBP1 expression to validate the distinct regulatory actions of pimozide on the
endoplasmic reticulum stress response. Pimozide treatment substantially increased the

transcription of XBP1 mRNA and the splicing into its active form, XBP1s (Figure 4.2, D and E).
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137



B venicle

Pimozide

hspso | |
XBP1s “'l%n““““‘“nm
¢Hepaﬁcfataocumulation
D XBP1 E ® &
Y] ﬁ\ \6
* {,&o Q\é\ N
40 - S il
@ ® i =
L]
'3;30 T - xBP1s 473bp)p-| R e
nzé - te XBP1u (200 bp) e | s a ——
4 * XBP1u (183 bp) | s —_—— ——
E 10 4
o
0 CAPDH | e i st |

138



Figure 4.2 Pimozide Enhances the Expression of IRE1/XBPI Signaling Pathway. (A) Predicted
protein structure for XBP1 (AlphaFold), (B) Schematic represents the proposed mechanism by
which pimozide (PMZ) influences hepatic lipid metabolism. The illustration hypothesizes that
PMZ acts on the inositol-requiring enzyme 1 alpha (IREla) to modulate its activity. Subsequent
activation of IRE1a leads to increased X-box binding protein 1 (XBP1) mRNA splicing, producing
its active form, XBP1s. This activation cascade is suggested to result in the attenuation of hepatic
fat accumulation. (C) Protein expression of IRE1 in HepaRG cells treated with either vehicle,
paliperidone, clozapine, lurasidone, or pimozide (12.5 nM). (D) XBPI mRNA expression level in
HepaRG cells treated with either vehicle or pimozide (12.5 nM) (n = 6). (E) HepaRG cells treated
with either vehicle, pimozide, or lurasidone (12.5 nM), Post-treatment, spliced and unspliced XBP1
mRNA were assessed using semi-quantitative RT-PCR, followed by Pstl restriction enzyme
digestion. GAPDH was used as a loading control. Values represent means + standard error of the
mean. Differences were determined using an unpaired 2-tailed Student’s t-test. *P < 0.05,

significantly different from vehicle-treated cells.
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In our study, lurasidone was used as an atypical (second-generation) antipsychotic that can also
antagonize D2R, hence counteracting pimozide’s canonical actions on D2R. As anticipated,
pimozide treatment also increased protein expressions of IREI-XBPls and resulted in an

upregulation of the major ER chaperone, binding immunoglobulin protein (BiP) (Figure 4.3, A-

D).
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Figure 4.3 Pimozide Stimulates IRE1/XBP1s Signaling in HepaRG Cells. Protein expression of
(A) IRE1, (B) XBPls, (C) BiP in HepaRG cells treated with either vehicle, pimozide, or
Lurasidone (12.5 nM). (E) Corresponding representative images of western blots for the IREI,
XBP1s, and BiP (n = 4). Values represent means + standard error of the mean. Differences were
determined using a one-way ANOVA followed by a Bonferroni post-hoc analysis. *P < 0.05,

significantly different from both vehicle and lurasidone-treated cells.
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4.4.2 Pimozide Treatment Selectively Induces IRE1/XBP1s Signaling in HepaRG Cells

Next, we checked the protein kinase RNA-like ER kinase (PERK) activated during the UPR.
Following 16 h of pimozide treatment, the mRNA expression genes regulated by the PERK UPR
signaling pathway protein phosphatase 1 regulatory subunit 15A (PPPIRI154), DNA damage-
inducible transcript 3 (DDIT3), DNAJ homolog subfamily B member 9 (DNAJBY) were
upregulated (Figure 4.4, A-C). We then wanted to confirm whether the pimozide-induced IREI
activation related to the observed upregulation of XBP1 expression, as shown in (Figure 4.2D).

Upon knocking down IREI, we observed that pimozide failed to increase XBP1 expression

(Figure 4.4D and E).
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Figure 4.4 Selectively Induces IRE1/XBP1s Signaling in HepaRG Cells. mRNA expression of
genes involved in IRE1-regulated genes (A) PPPIR5A4, (B) DDIT3, and (C) DNAJBY in HepaRG
cells treated with either vehicle or pimozide (12.5 nM) (n =4). (D) HepaRG cells were transfected
with scrambled control siRNA or /RE siRNA and treated with either vehicle control or pimozide
(12.5 nM). After 48 h, the cells were harvested for immunoblotting. (E) HepaRG cells transfected
with IRE1 siRNA and treated with either vehicle or pimozide (12.5 nM), post-treatment, spliced
and unspliced XBP/ mRNA were assessed using semi-quantitative RT-PCR, followed by Pstl
restriction enzyme digestion. GAPDH was used as a loading control. Values represent means +
standard error of the mean. Differences were determined using an unpaired 2-tailed Student’s t-

test. *P < 0.05, significantly different from vehicle-treated cells.

144



4.4.3 Pimozide Treatment Suppresses Lipid Accumulation in HepaRG Cells Without

Affecting De Novo Lipogenesis

Previous studies have highlighted the crucial role of upregulating IRE1 and XBP1 in alleviating
fatty liver conditions. We next assessed the therapeutic potential associated with increased
IRE1/XBP1s activity in this context. We next evaluated the therapeutic potential associated with
increased IRE1/XBP1s activity in this context. Treatment with pimozide resulted in a significant
decrease in lipid accumulation in HepaRG cells subjected to 2 mM oleic acid, as shown by Oil
Red O staining (Figure 4.5A). The observed impact was attributed to the interaction of pimozide
with its unique target, XBP1-IRE, instead of its canonical action method through dopamine
receptors. The deduction is supported by the lack of detectable dopamine receptors in the hepatic
tissue of the mice (Figure 4.5B). Next, compared to the control group, we evaluated gene
expression of crucial de novo lipogenesis transcription factors and inflammation markers in cells
treated with pimozide. Surprisingly, there was no change in the expression of key lipogenic genes,
including acetyl CoA carboxylase 1 and 2 (ACCI and ACC2), sterol regulatory element binding
protein 1c (SREBPI), fatty acid synthase (FAS), Interleukin-6 (/L6), Interleukin-1 beta (IL-1p),
while there was a trend towards reducing tumour necrosis factor-alpha (7NF-a), a key regulator of

the immune cells (Figure 4.5C).
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Figure 4.5 Pimozide Treatment Suppresses Lipid Accumulation in HepaRG Cells Without Affecting
De Novo Lipogenesis. (A) Representative images of Oil Red O staining of HepaRG cells treated
with either vehicle or pimozide (12.5 nM) (n = 4). (B) mRNA expression of gene dopamine 2
receptor (D2rd) in livers and brains from mice (n=2). (C) mRNA expression of genes involved in
regulating lipogenesis and inflammation (ACCI, ACC2, SREBFI, FAS, TNF-a, IL6, ILIf) in
HepaRG cells treated with either vehicle or pimozide (12.5 nM) (n = 4). Values represent means +
standard error of the mean. Differences were determined using an unpaired 2-tailed Student’s t-

test. *P < 0.05, significantly different from vehicle-treated cells.
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4.4.4 Pimozide Treatment Does Not Mitigate Hepatic Steatosis in Male Mice Subjected to

Experimental T2D.

To further elucidate whether our in vitro observation can be translated to an in vivo model. We
used the experimental T2D model, which encompasses HFD supplementation for 10 weeks with
a single injection of streptozotocin (STZ, 75 mg/kg) provided at the 4-week time. Pimozide
treatment did not impact body weight or fat mass (Figure 4.6, A-C). Consistent with our previous
studies, pimozide treatment markedly improved glucose tolerance test without affecting insulin
sensitivity in male mice subjected to T2D, while lurasidone treatment had no effect (Figure 4.6,

D-F).
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Figure 4.6 Pimozide Treatment Improved Glucose Homeostasis in Male Mice Subjected to
Experimental T2D. (A) Body weight, (B) % fat mass, (C) % lean mass, and (D) ad libitum blood
glucose levels of male mice subjected to experimental T2D before and after 2 weeks of treatment
with either vehicle, pimozide, or lurasidone (10 mg/kg every 48 h) for 2 weeks (n=6). (E) Glucose
tolerance and its associated area under the curve (AUC) of lean mice fed a chow diet and
experimental T2D mice (n = 6) 2 weeks post-treatment. (F) Plasma insulin levels before (0 min)
and (15 min) after IP glucose injection. Values represent means + standard error of the mean.
Differences were determined using one-way ANOVA or 2-way ANOVA followed by a Bonferroni

post-hoc analysis. *P < 0.05, significantly different from vehicle-treated mice.
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Next, we assessed hepatic steatosis in experimental T2D treated with pimozide. However, no
changes were observed in liver weights, hepatic TAG content, and circulating TAG following
pimozide treatment, as shown in Oil Red O staining (Figure 4.7, A-D). Expanding on our earlier
observation of pimozide-mediated improvement in hepatic steatosis through upregulating the
IRE1-XBP1 pathway in HepaRG cells, we measured the hepatic protein expressions of IRE1,
XBP1, and BiP in experimental T2D male mice. However, in line with the absence of improvement
in hepatic steatosis, pimozide-treated mice with experimental T2D did not exhibit an upregulation

in these protein levels (Figure 4.7, E-H).
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Figure 4.7 Pimozide Treatment Does Not Mitigate Hepatic Steatosis in Male Mice Subjected to
Experimental T2D. (A) Liver weights, (B) hepatic TAG content, (C) circulating TAG levels, (D)
representative images of Oil Red O staining of mice livers in male mice subjected to T2D treated
with either vehicle, pimozide, or lurasidone (10 mg/kg every 48 h) for 2 weeks (n = 6). (E) IRE1,
(F) XBP1s, (G) BiP in livers from male mice subjected to T2D treated with either vehicle,
pimozide, or lurasidone (10 mg/kg every 48 h) for 2 weeks (n = 6). (H) Corresponding
representative images of western blots for the IRE1, XBP1s, and BiP (n = 6). Values represent
means + standard error of the mean. Differences were determined using a one-way ANOVA

followed by a Bonferroni post-hoc analysis.
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4.5 Discussion

Pimozide, an older-generation antipsychotic agent typically employed for managing tics in
individuals with Tourette syndrome, acts primarily by inhibiting D2R (214). Our previous research
demonstrated its binding affinity to SCOT, enhancing glucose tolerance in obese mice (128). Since

the SCOT enzyme (114, 215) nor D2R expression is detected in the liver (www.proteinatlas.org;

Date Accessed: March 16, 2024), the observed effect of pimozide in our current investigation is
attributed to its modulation of a novel target as pimozide’s action on hepatocytes is unlikely to be
mediated through its canonical D2R. Moreover, our investigation reveals that pimozide, compared
to other antipsychotic D2R antagonists, has a distinct ability to increase IRE1 levels, indicating
possible therapeutic benefits. This finding highlights the significance of investigating different
targets for repurposing pimozide in liver-related illnesses providing novel perspectives on its

mechanism of action beyond its conventional application in neuropsychiatric disorders.

While pimozide treatment effectively ameliorated steatosis, our investigation indicated no
discernible impact on lipogenesis markers. This observation may be due to hepatocyte
heterogeneity, where cells exhibit varying abilities to retain lipids and distinct metabolic profiles
(216). Furthermore, the deletion of IRE1, specifically in hepatocytes, did not affect the process of
lipogenesis; however, it specifically hindered the assembly and release of VLDL, resulting in
hepatic steatosis and hypolipidemia (160). Thus, the exact mechanism by which ER stress
influences lipid accumulation and/or release via the IRE1o/XBP1 pathway is a topic of debate.
Interestingly, cells treated with pimozide showed a downward trend in the levels of TNF-a, a

crucial cytokine that promotes inflammation. Studies have shown that the activation of XBP1 can
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reduce the inflammatory reactions caused by TNF-a in cultured human umbilical vein endothelial
cells. Increased expression of spliced XBP1 has been associated with decreased upregulation of
inflammatory biomarkers, such as Intercellular Adhesion Molecule 1 and Monocyte
Chemoattractant Protein-1, produced by TNF-a (217). This suggests that spliced XBP1 has a

suppressive effect on TNF-a-driven inflammatory pathways.

Eukaryotic initiation factor 2 alpha (elF2a) also plays a vital role in the cellular response to ER
stress. The cell activates the UPR to restore homeostasis. Phosphorylation of elF2a is a key aspect
of this response, possibly evolving as a transient signal in stressed cells. However, sustained elF2a
phosphorylation can be detrimental and lead to cell death (218). Our data showed that treatment
with pimozide activates PPIR154, DDIT3, and DNAJBY, collectively known as growth arrest and
DNA damage-inducible protein 34. Previous studies revealed that the activation of DNA damage-
inducible protein 34, coupled with the ensuing delayed dephosphorylation of elF2a, serves as a
regulatory mechanism facilitating the translation of specific mRNAs (154); notably, this includes
transcripts such as BiP. Our findings contribute to a nuanced understanding of the molecular

pathways through which pimozide modulates cellular responses to ER stress.

Unfortunately, given that pimozide therapy could not lower the hepatic TAG content in mice with
experimental T2D, those findings do not seem to apply to MASLD linked to T2D. Although
HepaRG cells were used as the in vitro model in our investigation, providing a helpful platform
for the initial phases of drug development, it is crucial to acknowledge the inherent constraints of
laboratory-based assays. The intricacies of biological processes within living creatures necessitate

the cautious extrapolation of these in vitro discoveries to in vivo scenarios. The transition from
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laboratory research conducted outside of a living organism to real-life situations within living
organisms can pose difficulties and variations because of the intricate nature of biological systems.
In vitro, investigations are limited in accurately replicating the interactions between a
pharmaceutical chemical and the various substances and cell types found in a living organism.
This constraint can affect the transfer of results from controlled laboratory experiments to practical,
real-world applications. Biomedical researchers employ many techniques, such as animal models,
tissue cultures, and computational simulations, to investigate human diseases and disorders.
Although in vitro experiments have the benefit of repeatability, they may not accurately reflect in
vivo responses due to variations in biokinetics factors and the atypical behaviour of malignant cell
lines usually employed in vitro (219). Although in vitro research is both cost-effective and ethically
preferable, it lacks the intricate nature of organ systems seen in living animals. This constraint
impedes the ability to translate in vitro discoveries to human reactions, particularly in relation to

biochemical processes such as metabolization.

Pimozide is frequently used orally as an antipsychotic medicine in therapeutic settings. It is
approved for treating disorders such as Tourette syndrome, schizophrenia, and psychosis.
Significant hepatic metabolism occurs with pimozide, and no human cases of hepatotoxicity or
acute liver injury have been documented. Recent research has shown that pimozide may effectively
reduce the viability of HCC by potentially decreasing the expression of epithelial cell adhesion
molecules. It is imperative to emphasize that this impact has solely been investigated using in vitro
models, as shown by experiments done using Hep3B, HepG2, and Sk-Hep-1 (220). Currently,
there is a lack of clinical trials investigating the efficacy of pimozide in the treatment of

hepatocellular carcinoma in human patients.
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Pimozide’s favourable impact on glycemic control seems primarily observed in individuals with
obesity and/or T2D, as current preclinical evidence indicates (128, 221). However, this beneficial
effect does not appear to extend to individuals with T2D who also have MASLD. One drawback
of our work is that we only assessed hepatic steatosis by quantifying tissue TAG content using the
Bligh and Dyer method (199), which involves extracting chloroform:methanol. In future studies,
it will be crucial to validate our findings by employing pulse-chase analysis to examine the kinetics
of apolipoprotein B (apoB), very-low-density lipoprotein triglyceride (VLDL-TAG) secretion, and
fatty acid oxidation. This approach will offer valuable insights into the fundamental cellular

mechanisms associated with lipid metabolism.

In summary, although the encouraging results indicate that the antipsychotic treatment pimozide
exhibits novel effects in mitigating steatosis in HepaRG cells, this potential does not seem to

extend to MASLD associated with T2D.
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Chapter 5: Discussion

5.1 Metabolic Dysfunction-Associated Steatohepatitis Liver Disease and Liver

Glucose Metabolism

5.1.1 Overview

MASLD is now the predominant chronic liver disease globally due to its intricate etiology and
diagnostic challenges. Glucose overconsumed in the diet is processed through glycolysis in the
liver. This process ultimately results in the transformation of glucose into fatty acids, which are
subsequently converted into TAG and secreted as VLDL. Insulin regulates hepatic glucose
production by managing the breakdown of fats in adipose tissues, which decreases the amount of
fatty acids entering the liver. This leads to lower levels of hepatic acetyl-CoA and reduced PDC
activity, resulting in a decrease in the conversion of pyruvate to glucose in the liver. In individuals
with MASLD and insulin resistance, the rapid breakdown of fat in adipose tissue results in higher
glucose production in the liver, increasing the process of DNL creation in the liver (222). In
addition, PDH activity is inhibited in malnutrition and diabetes by phosphorylating the PDHa
subunit, a primary cause of glucose intolerance (223-225). Interestingly, due to poor insulin
control of hepatic glucose uptake and synthesis, hepatic glucose production in obesity and insulin
resistance remains normal or higher despite hyperinsulinemia (226). Significantly, MASLD is
characterized by impaired PDH activity, which exacerbates the metabolic dysregulation of the

disease.
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The impairment of PDH activity in metabolic syndrome has also been extensively investigated in
numerous studies (227-229). The current research has demonstrated that ranolazine, a second-line
antianginal drug, improves heart function via activating PDH (182, 230-232). Our latest study
found that it may be beneficial in treating MASLD associated with obesity (138). Subsequently,
we aimed to determine whether ranolazine provides similar benefits in MASLD associated with
T2D (Chapter 2) and whether its effects on hepatic PDH are direct, as examined in our later study
(Chapter 3). The results in Chapter 2 found no notable alterations in body weight, fat mass, or
glycemia in lean or T2D mice after receiving ranolazine treatment. Furthermore, ranolazine did
not influence insulin sensitivity, hepatic glucose production, or hepatic steatosis in mice with T2D.
No significant changes were observed in the expression of key lipogenesis or fatty acid oxidation
regulators. While prior research revealed that ranolazine could increase hepatic PDH activity in
obese mice, this effect was not observed in T2D mice, showing any change in hepatic PDH status

following ranolazine treatment in this setting.

As discussed in Chapter 2, the lack of effectiveness of ranolazine treatment in improving MASLD
in experimental T2D mice may be due to its inability to increase hepatic PDH activity and glucose
utilization in these mice. In the comparison between obesity and T2D, there is a significant
difference in hepatic PDH activity. Research has revealed specific patterns showing that increased
hepatic PDH activity in obese mice is associated with protective effects against obesity-associated
MetS, such as MASLD, by enhancing glucose oxidation rates (117). Obese mice with increased
hepatic PDH activity typically show enhancements in glucose metabolism and general metabolic
health, which may help reduce the development or advancement of MASLD. Targeting hepatic

PDKSs is a promising technique to restore metabolic balance in obesity and diabetes by controlling
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PDH activity (133). The regulatory mechanisms governing PDH activity (e.g insulin resistance,
elevated fatty acids, and inflammatory pathway) may differ in T2D mice, suggesting a potential
divergence in the modulation of PDH function in the context of diabetes (233). Studies emphasize
the crucial function of PDKs in regulating the activity of the PDC and glucose metabolism in
different tissues, such as the liver and muscle, suggesting that targeting PDK could be a novel
approach in T2D (234-236). The complex relationship between PDK expression, PDC activity,
and metabolic diseases highlights the numerous mechanisms that control glucose use and energy

metabolism in various physiological situations.

Ji Liver—/

In Chapter 3, we investigated the metabolic characteristics of Pdha ~ mice and their response

1MV~ mice did not exhibit significant alterations

to induced obesity and ranolazine therapy. Pdha
in body weight, body composition, or glucose levels compared to control mice, irrespective of the
diet. Furthermore, they did not show worsened high blood glucose levels when exposed to
experimental obesity. Lean Pdhal“"*~ mice had higher amounts of circulating TAG, but their
hepatic TAG content did not change. Molecular profiling identified no substantial changes in gene
expression associated with lipogenesis or lipid metabolism. Ranolazine therapy did not improve

JYver7~ mice. Ranolazine

hepatic steatosis, glucose tolerance, or pyruvate tolerance in obese Pdha
decreased TAG levels in the blood and liver of obese control mice but not in Pdhal™"*'~ animals.
Ranolazine changed mRNA expression associated with lipogenesis in Pdhal“"~ mice but did
not affect fibrosis-related gene expression. The results indicate that deleting hepatic PDH affects

the responsiveness to ranolazine treatment in obese mice, showing a complicated relationship

between PDH activity and ranolazine’s effectiveness in reducing hepatic steatosis.
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The human PDHa component is encoded by two genes: PDHAI on chromosome X, expressed in
somatic cells, and PDHA2 on chromosome 4, expressed exclusively in the testes (237-240).
Deleting Pdhal leads to systemic PDC insufficiency, a metabolic disease that causes substantial
damage to the central nervous system (241). PDHAI deficiency is linked to multiple
neurodegenerative disorders such as Alzheimer’s disease, epilepsy, and Leigh’s syndrome (242-
244), with symptoms ranging from severe lactic acidosis leading to death to long-term dementia.
Previous research showed that PDH heart knockout mice displayed diastolic dysfunction, as
evidenced by a decreased mitral E/A ratio. This indicates that limiting glucose oxidation in the
hearts of Pdhal cardiac knockout mice is enough to cause a cardiomyopathy-like condition (245).
Similarly, in the heart and muscle knockout mouse model, male mice died within 7 days after
weaning when fed a rodent chow diet but survived with a high-fat diet. These mice displayed left
ventricular hypertrophy and diminished left ventricular systolic function compared to wild-type
male mice (246). These findings underscore the importance of PDH in maintaining cardiac
function and overall metabolic homeostasis. Consequently, we posited that Pdhal liver knockout
mice would manifest severe liver damage and glucose intolerance. Surprisingly, male Pdha """
mice did not change body weight or glucose tolerance compared to their male Alb“™ littermates
after being fed a low-fat diet for 12 weeks, although worsening pyruvate tolerance was seen. Our
results align with the research conducted by Choi ef al., who examined mice lacking the liver’s
PDH enzyme. Similarly, we did not detect any alterations in body composition or blood glucose
levels, as liver glucose consumption is just one of the factors influencing total glucose metabolism
(247). Nevertheless, we characterized different mouse models fed with an HFD. Elevated PDH
levels may signify variations in tissue function and energy utilization during the progression of

obesity (248). Given the pivotal roles of the liver and adipose tissue in fatty acid synthesis (249),
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a limitation of our study was that the primary focus was on the alterations in hepatic mRNA and
protein expression of key regulators of lipid metabolism without exploring other relevant variables
or organs such as adipose tissue. Potential compensatory mechanisms in the adipose tissue of

Pdhal“"V*~ mice were not considered.

A limitation of our study is that we did not do a pharmacokinetic assessment after administering
ranolazine through oral gavage, nor did we quantify the levels of the drug in the bloodstream. This
hinders our capacity to fully comprehend the systemic exposure and pharmacological impacts of
ranolazine within the framework of our animal model. Incorporating these data in future research
is essential for a comprehensive assessment of the drug’s pharmacokinetic profile and its
relationship with therapeutic results. The dose of ranolazine selected for this study was determined
based on our prior research, which involved administering 50 mg once daily and observing positive
effects on fatty liver and glucose intolerance. However, it is crucial to take into account the
pharmacokinetics of ranolazine, particularly its brief half-life of approximately 2 to 6 hours.
Considering the fast clearance, future investigations should examine the possible advantages of
delivering ranolazine twice daily to provide more stable plasma levels and potentially improve its
therapeutic effectiveness. Another limitation of our work is that the levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in our diabetic mouse model were
much higher than the standard ranges observed in healthy mice. Typically, ALT levels in mice in
good health range from 17 to 77 U/L, whereas the levels of AST range from 54 to 298 U/L (250).
The increased levels of ALT and AST in our model indicate possible hepatic stress or damage that
exceeds the usual expectations in normal type 2 diabetes models. This disparity could impact the

understanding of metabolic and hepatic results and should be taken into account when
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extrapolating our findings to other investigations. Subsequent research should clarify the reasons
behind these increased enzyme levels and evaluate their influence on the development and

effectiveness of disease pathogenesis and treatment.

Future research could investigate adipose tissue changes to understand the metabolic adjustments
that have been reported further. Studying the rates of acetate oxidation in adipose tissue could

provide valuable insights into metabolic modifications related to PDH deficiency.

5.1.2 Future Directions

Studies have shown that PDKs, specifically PDK2 and PDK4, have a role in altering metabolic
processes, causing insulin resistance, and regulating glucose metabolism. Targeting PDKs could
provide a new and innovative approach to controlling metabolic diseases such as MASLD and
T2D (251). PDK inhibitors, such as dichloroacetate (DCA) and AZD7545, have been studied for
their possible therapeutic effects on metabolic diseases by altering PDK activity (252). Studies
have examined DCA’s metabolic impact in individuals with diabetes, revealing encouraging
results. DCA has decreased plasma glucose and lipids in individuals with diabetes (253).
Dichloroacetate exhibited an antidiabetic effect by diminishing gluconeogenesis. A solitary
administration of DCA in normal rats resulted in a reduction of plasma pyruvate levels and fasting
plasma glucose levels, while treatment with DCA in diabetic ob/ob mice resulted in decreased
gluconeogenesis and levels of glucose, suggesting the beneficial use of DCA in T2D related
metabolic diseases (254). DCA broadly targets PDKs in peripheral tissues, whereas AZD7545, a

novel inhibitor specifically targeting PDK2, demonstrates a higher level of specificity. This
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selectivity leads to a more noticeable increase in the activity of the PDC in the liver compared to
skeletal muscle and heart tissues (249, 255). AZD7545 has demonstrated the ability to activate
PDH in vivo and improve blood glucose control by targeting specific domains of PDKs, such as
the lipoamide-binding domain (213, 214). Preclinical studies have further supported AZD7545’s
efficacy in activating PDH in vivo and improving blood glucose control in obese rats (215). This
targeted approach highlights its therapeutic potential in enhancing glucose metabolism and
addressing metabolic disorders. A previous study found that the expression of PDK4 was higher
in the muscle of insulin-resistant mice compared to their liver. As a result, the liver’s pyruvate
dehydrogenase complex (PDC) has lower activity than the muscle of PDK4 knockout mice fed an
HFD (256). This indicates that PDK4 plays a more critical role in the muscle than in the liver. In
contrast, PDK2 exhibits more significant levels of expression in the liver than PDK4. Therefore,
the increased expression of PDK2 in the liver could serve as a more suitable model for

investigating MASLD.

5.2 Metabolic Dysfunction-Associated Steatohepatitis Liver Disease and

Endoplasmic Reticulum Stress

5.2.1 Overview

The study in Chapter 4 investigates the therapeutic efficacy of pimozide in treating MASLD and
T2D. The findings demonstrate that pimozide interacts with SCOT in skeletal muscle, affecting
glucose metabolism. Additionally, pimozide binds exclusively to IRE1, a crucial regulator of ER.
The administration of pimozide in HepaRG cells leads to a notable increase in the expression of

IREI and XBP1s mRNA and protein levels. This indicates the activation of the UPR, which
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subsequently results in a reduction in lipid accumulation. Curiously, the cause of this effect is
ascribed to the drug’s interaction with the IRE1-XBP1 pathway instead of its recognized impact
on dopamine receptors, which were not found in liver tissues. The effectiveness of pimozide in
laboratory conditions differs from its effectiveness in living organisms. While it improved steatosis
in HepaRG@G, it does not impact hepatic steatosis in mice, suggesting a complicated relationship
between pimozide’s effects on cells and the body’s overall metabolism. The research emphasizes
the need for more studies to clarify the complete spectrum of effects of pimozide and its potential

usefulness in treating metabolic diseases.

The observed disparity between the results obtained from our in vitro experiments and those done
on in vivo mice can be ascribed to using HepaRG, a human hepatic cell line, for our initial in vitro
investigations. Although mice and humans share genetic and physiological similarities,
evolutionary divergence can result in different reactions to experimental interventions. The
translatability of study findings may be impacted by changes in genetic networks that link genes
to diseases between mice and humans, which can result in mice not always precisely reflecting
human responses (257). The intricate nature of human diseases may not be adequately represented
by mouse models, resulting in variations in how therapies or disease processes are observed in
people compared to mice. The limitations of mouse models in accurately depicting the complex
nature of human diseases can impede the translation of findings from human cell studies to rodent
models (258). Although mice have proven to help study human biology and disease, they may not
always accurately mimic the course of human diseases. The effectiveness of treatments in healing
diseases in mice may not be replicated in humans, underscoring the difficulties in converting

discoveries from animal models to practical applications (257). The response of mice to
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experimental interventions frequently differs from that of humans, highlighting the importance of
caution when extending findings from human cell line investigations to mouse models.
Understanding the evolved distinctions and resemblances between mice and humans is essential

for appropriately interpreting research findings.

The disparity in drug response between in vitro systems, such as HepaRG cells, and in vivo
environments is a widely acknowledged constraint in pharmacokinetic and drug metabolism
research. Although HepaRG cells exhibit advanced functional features, such as the presence of
phase I and II enzymes and transporters, they do not fully duplicate the dynamic drug handling
and flow in a real organism. Within a living organism, medications undergo intricate absorption,
distribution, metabolism, and excretion processes. These processes are affected by blood flow
throughout the body, interactions with different types of cells, and ongoing mechanisms of
transformation and elimination. Nevertheless, in vitro systems such as HepaRG cells usually entail
stagnant settings where the medication is supplied to the culture medium and digested by the cells,
but without the ongoing removal and input of fresh drugs as would happen in the circulation. This
can result in the medication and its metabolites building up in the culture media, which can saturate
metabolic pathways and cause non-physiological interactions. Additionally, the drug transport
mechanisms in HepaRG cells may not accurately replicate those found in human liver tissue due
to variations in the expression levels of transport proteins and the lack of natural organ structure
and intercellular connections. Consequently, the drug’s concentration within cells and the
surrounding environment may not correctly represent its concentration within the tissues of a living
organism. Therefore, although HepaRG cells offer essential insights into liver metabolism and

toxicity in controlled settings, it is crucial to be cautious when applying these findings to anticipate
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how drugs will behave in the body and how they will affect patients. In order to improve the
accuracy and applicability of drug metabolism and pharmacokinetic studies utilizing HepaRG
cells, it is essential to conduct bridging studies that involve more sophisticated in vitro models or
include in vivo data. Pimozide undergoes metabolism via both CYP3A4 and CYP2D6 enzymes.
The presence of genetic variations in CYP2D6 can affect the pharmacokinetics of pimozide. While
HepaRG cells exhibit CYP2D6 expression, this enzyme’s levels and functional activity in HepaRG
cells are often lower than primary human hepatocytes (259). The decrease in activity can affect the
precision of forecasts for CYP2D6-mediated drug metabolism and interactions when employing
HepaRG cells. Therefore, although HepaRG cells are a valuable model for studying metabolism
in a laboratory setting, validating the findings related to CYP2D6 metabolism with additional data
obtained from in vitro or in vivo experiments is necessary. It is important to comprehend how
drugs behave in clinical situations fully, especially those extensively metabolized by CYP2D6. A
limitation of our study is that we did not directly measure the levels of pimozide in the liver in our
in vivo model. Not incorporating this information limits our comprehension of the hepatic storage
and local breakdown of pimozide, hindering our ability to evaluate its pharmacodynamics and
potential hepatotoxic consequences. Measuring the amount of pimozide in the liver would give us
important information about how it is spread throughout the liver, how quickly it is broken down,
and how it interacts with enzymes in the liver. This would help us better understand how effectively
pimozide reduces fatty liver. Incorporating these data in future research would provide a more

thorough assessment of pimozide's in vivo pharmacokinetic and pharmacodynamic properties.

A limitation of our study is that we did not thoroughly investigate the range of targets affected by

pimozide. The drug’s well-established dopaminergic action is widely acknowledged. However,
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there is a growing understanding that pimozide can prevent the phosphorylation of a critical
tyrosine residue, which is necessary to activate the signal transducer and activator of transcription
5 (STATS) (260, 261). The inhibitory impact of pimozide on STATS phosphorylation suggests its
participation in a broader range of metabolic pathways. The involvement of STATS in hepatic
steatosis is intricate and exhibits some conflicting aspects. Deficiency in STATS, specifically in
the context of growth hormone (GH)-dependent signalling, has been associated with hepatic lipids
accumulation and changes in the activity of genes responsible for fatty acid metabolism. On the
other hand, when STATS is activated, it seems to have a beneficial effect in avoiding fat
accumulation in the liver, indicating an essential role in preserving liver health and metabolic
equilibrium. Furthermore, studies conducted on male mice lacking hepatic STAT5a/b have shown
that the absence of GH-dependent STATS signalling is associated with increased activity of STAT1
and STAT3, which contributes to liver diseases (262). In addition, suppressing STATS activity
using dominant-negative STATS resulted in an elevated lipid uptake in a mouse hepatoma cell line
(263). Suppressing STATS has also been linked to potential consequences in ER stress; studies
indicate that the inhibition of STATS may trigger the activation of ER stress pathways (264).
Additional research is necessary to determine if its impact on ER stress directly causes the

observed effects of pimozide or if they result from the suppression of STATS signaling.

5.2.2 Future Directions

Subsequent investigations to validate the interaction between pimozide and IRE1, methods such
as co-immunoprecipitation and bimolecular fluorescence complementation assays could be

employed to elucidate the molecular specificity and functional consequences of this drug-target
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engagement. These robust analytical approaches may provide a comprehensive understanding of
the binding affinity and the subsequent biological effects induced by pimozide on the IRE1 protein
complex within cellular systems. Pimozide treatment reduced steatosis in HepaRG cells, which
coincided with the increase in the expression of IRE1. In order to ascertain whether IRE1 facilitates
pimozide’s effect on steatosis attenuation, we would want to knockdown IRE1 and examine the
possibility of steatosis after IRE1 depletion provides clarity on the reliance of pimozide’s

therapeutic actions on the IRE1 signalling pathway.

The aim is to determine whether pimozide affects the PERK/elF2a/ATF4 pathway of the UPR,
which regulates lipid homeostasis in MASLD (265-267); PERK activates the phosphorylation of
eukaryotic initiation factor 2 alpha (elF2a), which in turn promotes the selective translation of
activating transcription factor 4 (ATF4). This signalling cascade regulates hepatic lipid metabolism
and forms steatosis in MASLD. Additionally, the ATF6 branch of the UPR also has a role in
causing ER stress and MASLD (268). When there is stress in the ER, ATF6 moves to the Golgi
apparatus, which is broken down by proteolytic cleavage, releasing its active form, ATF6f. ATF6f
subsequently moves into the nucleus to activate genes linked with endo ER protein folding, lipid
metabolism, and ER-associated degradation. ATF6 activation contributes to the adaptive response

to ER stress in MASLD by affecting the production of lipid droplets and lipid metabolism.

In our in vivo animal models, pimozide treatment did not enhance the IRE1-XBP1 pathway,
leading to no amelioration of hepatic steatosis. The results of this study do not render IRE1 an
ineffective target for the treatment of MASLD. However, additional research is required to

ascertain the applicability of our findings across various liver cell lines, hence offering further
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elucidation on the fundamental mechanisms and prospective therapeutic targets associated with
liver-related illnesses. We previously used HepaRG cells, which exhibit gene expression,
biotransformation activities, and responses to inducers of cytochrome P450 enzymes that closely
resemble those of human hepatocytes, present a more dependable and physiologically significant
in vitro model as compared to experiments conducted on mice. We will use various human liver
cell lines, including HepG2, Huh7, Hep3B, and SK-Hep-1. We also plan to use a mouse liver cell

line, Hepalclc7.

Our SEA data results indicate that pimozide interacts with calcium voltage-gated channel subunit
alphal G (CACNAIG ). In addition, MASLD and HCC tissue samples show overexpression of
CACNAIG and other calcium signalling genes (269). This indicates that the disruption of calcium
signalling pathways involving CACNA1G may have a role in the development and advancement
of MASLD. In addition, a model of MASLD using human pluripotent stem cells showed that the
development of a MASLD-like condition was linked to an increase in the expression of
CACNAIG , along with other genes (270). This supports the notion that CACNA1G may have a
function in the development of MASLD (269, 271-273). Hence, we plan to conduct a more in-

depth investigation.

Ketogenesis is a process that exclusively occurs in hepatocytes. This is due to the abundant
expression of mitochondrial HMGCS2 in hepatocytes, which is needed for ketogenesis.
Additionally, hepatocytes lack SCOT, which is responsible for breaking down ketone bodies (114).
As a result, hepatocytes do not use the ketone bodies they produce. In a recent study, macrophage-

specific SCOT knockout mice fed with 60% HFD for 8 weeks. While the SCOT-Macrophage-KO
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animals showed comparable levels of total ketone bodies in their blood plasma compared to their
littermate controls, disruptions in glycosaminoglycan metabolism were found in both cultured
macrophages without SCOT and in the liver tissue of mice with SCOT deficiency in macrophages
(274). The occurrence of these metabolic disturbances was found to be associated with the
development of hepatic fibrogenesis. Transcriptional changes associated with fibrogenesis were
observed in the livers of SCOT-Macrophage-KO mice. These changes included increased
expression of mRNAs for the angiogenic factor (vascular endothelial growth factor C), the mitogen

(platelet-derived growth factor A), and the pro-fibrotic cytokine 1113 (274).

In a previous study, we established that pimozide can inhibit SCOT in the muscles (128); however,
its effects on macrophages remain unknown. Nevertheless, there is a potential for the in vivo
impact of pimozide to vary due to communication between macrophages and hepatocytes.
Therefore, we aim to examine the interaction between HepaRG cells and macrophages treated with
pimozide to gain a deeper understanding of the underlying mechanism and assess potential

therapeutic benefits.

5.3 Concluding Remarks

MASLD and T2D are characterized by a disturbance in converting energy, indicating various
possible targets for treatment to reverse the disease’s pathology and prevent it from advancing to
more severe stages (117, 275). The illness is commonly linked to systemic metabolic dysfunctions,
such as hyperglycemia, insulin resistance, and obesity, highlighting its significant impact on

energy metabolism that extends beyond liver-related disorders. Thus, enhancing PDH could be a
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potential therapeutic target for treating hepatic steatosis (276, 277). Unfortunately, ranolazine
treatment did not mitigate MASLD associated with T2D. Therefore, targeting PDK may have

therapeutic potential in rectifying aberrant metabolic pathways implicated in fatty liver disease.

Persistent ER stress can lead to the loss of physiological function, cell death in liver cells, and
more severe consequences, including liver damage and disease progression (278). Chronic ER
stress is associated with the progression of MASLD to more severe stages like MASH and fibrosis,
highlighting its detrimental impact on liver health (279). However, acute ER stress can be
beneficial by activating adaptive responses that aim to restore cellular homeostasis and promote
cell survival under stress conditions. IRE1 is a crucial component of ER stress responses, and
targeting this pathway can have therapeutic implications for liver diseases like MASLD (280).
Although pimozide treatment failed to alleviate hepatic steatosis in a murine model, the drug could

upregulate IRE1 expression and reduce steatosis in hepatocyte-like cells, such as HepaRG.

Ultimately, while ranolazine was effective in boosting PDH activity in MASLD related to obesity,
it may not have the same outcome in MASLD associated with T2D. Additional investigation into
the pathways via which pimozide decreases steatosis in HepaRG cells will aid in determining if

pimozide might be repurposed for treating MASLD related to MetS.
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Appendix

Appendix Table 4.1 Predicting Pimozide Target Proteins Using Molecular Similarity Ensemble

Approach.
Target Gene Target Protein P-Value
Scn2a Sodium channel protein type 2 subunit alpha 1.32E-37
OPRM1 Mu-type opioid receptor 1.02E-26
KCNK?2 Potassium channel subfamily K member 2 2.40E-24
DRD2 D (2) dopamine receptor 1.71E-21
GLRAI Glycine receptor subunit alpha 1 6.48E-21
DRD?2 D (2) dopamine receptor 2.93E-20
Abcbla Multidrug resistance protein 1A 3.90E-11
OPRK1 Kappa-type opioid receptor 2.69E-10
Htr7 S-hydroxytryptamine receptor 7 2.56E-09

CACNAIG Voltage-dependent T-type calcium channel subunit alpha-1G 1.01E-08

WDR48 WD repeat-containing protein 48 3.26E-08
CYP2D6 Cytochrome P450 2D6 4.12E-08
USPI Ubiquitin carboxyl-terminal hydrolase 1 4.57E-08
OPRDI Delta-type opioid receptor 8.79E-08
KCNH?2 Potassium voltage-gated channel subfamily H member 2 7.39E-07
HTR6 5-hydroxytryptamine receptor 6 2.89E-06
XBPI X-box-binding protein 1 0.0004112
ABCBI1 Multidrug resistance protein 1 0.008744
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HRH4 Histamine H4 receptor 0.07585
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Appendix Table 4.2 Predicting Paliperidone Target Proteins Using Molecular Similarity

Ensemble Approach.
Target Gene Target Protein P-Value
HTR2A4 5-hydroxytryptamine receptor 2A 3.83E-30
DRD?2 D (2) dopamine receptor 8.88E-16
KCNH?2 Potassium voltage-gated channel subfamily H member 2 6.36E-06
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Appendix Table 4.3 Predicting Lurasidone Target Proteins Using Molecular Similarity Ensemble

Approach.

Target Gene Target Protein P-Value
Htrla 5-hydroxytryptamine receptor 1A 3.55E-61
Drd2 D (2) dopamine receptor 1.26E-40
Drd2 D (2) dopamine receptor 1.11E-36
Htrla 5-hydroxytryptamine receptor 1A 1.61E-36

HTR2A 5-hydroxytryptamine receptor 2A 4.86E-19
Adrala Alpha-1A adrenergic receptor 9.07E-19
Htr2a 5-hydroxytryptamine receptor 2A 1.11E-16
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Appendix Table 4.4 Predicting Clozapine Target Proteins Using Molecular Similarity Ensemble

Approach.

Target Gene Target Protein P-Value
DRDI D (1A) dopamine receptor 5.90E-81
HRH4 Histamine H4 receptor 7.07E-70
HIFO0 Histone H1.0 5.49E-64
Drdl D (1A) dopamine receptor 2.12E-50
Htr2a 5-hydroxytryptamine receptor 2A 3.09E-37
DRD2 D (2) dopamine receptor 3.24E-32
Htr2c 5-hydroxytryptamine receptor 2C 4.26E-32
Drd2 D (2) dopamine receptor 1.46E-31
Hrhl Histamine H1 receptor 2.58E-30
DRDS5 D (1B) dopamine receptor 2.73E-26
DRD4 D (4) dopamine receptor 1.98E-23
DRD?2 D (2) dopamine receptor 2.38E-22
DRD3 D (3) dopamine receptor 4.40E-22
Drd4 D (4) dopamine receptor 2.65E-21

HTR3A4 5-hydroxytryptamine receptor 3A 6.05E-21
Htr3a 5-hydroxytryptamine receptor 3A 5.29E-19
DRD?2 D (2) dopamine receptor 9.99E-16

Adralb Alpha-1B adrenergic receptor 4.89E-15
HTR7 5-hydroxytryptamine receptor 7 1.14E-12
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ADRAIA

ADRA2A

CHRM1

Adra2a

Drd3

HRH1

Adrala

Chrml

Htrla

ADRA2B

Chrm2

HTRIE

HRH1

Htr7

Hitrlb

NET

ADRAIB

Htrla

HTR2A4

ADRAID

HTR6

CHRMS5

ADRA2C

Alpha-1A adrenergic receptor
Alpha-2A adrenergic receptor
Muscarinic acetylcholine receptor M1
Alpha-2A adrenergic receptor
D (3) dopamine receptor
Histamine H1 receptor
Alpha-1A adrenergic receptor
Muscarinic acetylcholine receptor M1
5-hydroxytryptamine receptor 1A
Alpha-2B adrenergic receptor
Muscarinic acetylcholine receptor M2
5-hydroxytryptamine receptor 1E
Histamine H1 receptor
5-hydroxytryptamine receptor 7
5-hydroxytryptamine receptor 1B
Transporter
Alpha-1B adrenergic receptor
5-hydroxytryptamine receptor 1A
5-hydroxytryptamine receptor 2A
Alpha-1D adrenergic receptor
5-hydroxytryptamine receptor 6
Muscarinic acetylcholine receptor M5

Alpha-2C adrenergic receptor
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1.23E-12

2.30E-12

2.33E-12

5.43E-12

4.22E-11

7.19E-11

2.33E-10

7.03E-10

9.74E-10

1.84E-09

2.99E-09

3.66E-09

4.32E-09

8.37E-09

1.58E-08

1.84E-08

3.57E-08

3.87E-08

3.87E-08

4.19E-08

5.56E-08

8.12E-08

2.12E-07



HRH?2

CHRM4

DRD3

DRDI1

ADRAIA

Drd?2

HTR5A

HTR2A4

Hitr2b

HTR2C

DRD1

HTR2B

SIGMARI

HTRIA

CHRM?2

CHRM3

SLC6A2

Slc6a2

HRH3

HTRIB

KCNH?2

SLC6A4

Histamine H2 receptor
Muscarinic acetylcholine receptor M4
D (3) dopamine receptor
D (1A) dopamine receptor
Alpha-1A adrenergic receptor
D (2) dopamine receptor
5-hydroxytryptamine receptor SA
5-hydroxytryptamine receptor 2A
5-hydroxytryptamine receptor 2B
5-hydroxytryptamine receptor 2C
D (1A) dopamine receptor
5-hydroxytryptamine receptor 2B
Sigma non-opioid intracellular receptor 1
5-hydroxytryptamine receptor 1A
Muscarinic acetylcholine receptor M2
Muscarinic acetylcholine receptor M3
Sodium-dependent noradrenaline transporter
Transporter
Histamine H3 receptor
5-hydroxytryptamine receptor 1B
Potassium voltage-gated channel subfamily H member 2

Sodium-dependent serotonin transporter
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2.33E-07

2.75E-07

4.02E-07

1.66E-06

2.63E-06

5.82E-06

6.39E-06

1.06E-05

1.61E-05

2.83E-05

0.0001202

0.0001929

0.0002183

0.0004647

0.0006675

0.001654

0.007874

0.009226

0.0148

0.02153

0.05474

0.09303



ADORA3 Adenosine receptor A3 0.8684
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