
 

  i 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

INVESTIGATING CELLULAR ENERGY SENSING MECHANISMS FOR 
TREATING NON-ALCOHOLIC STEATOHEPATITS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  ii 

 
 
 
 
 
 
 
 

INVESTIGATING CELLULAR ENERGY SENSING MECHANISMS FOR 
TREATING NON-ALCOHOLIC STEATOHEPATITS 

 
 

by 
 

Eric M. Desjardins, H.B.Sc. M.Sc 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the 
Requirements for the Degree Doctor of Philosophy 

 
 
 
 
 
 

McMaster University Ó Copyright by Eric M. Desjardins, 2023



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

 iii 

 
 
 
 
 
 
McMaster University DOCTOR OF PHILOSOPHY (2023) Hamilton, Ontario 
(Medical Sciences – Nutrition & Metabolism) 
 
TITLE:  INVESTIGATING CELLULAR ENERGY SENSING 

MECHANISMS FOR TREATING NON-ALCOHOLIC 
STEATOHEPATITS 

 
 
 
AUTHOR:   Eric M. Desjardins, H.B.Sc., M.Sc. 
 
SUPERVISOR:  Professor Gregory R. Steinberg, Ph.D. 
 
PAGE COUNT: xxi, 196 
 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

 iv 

LAY ABSTRACT 
 

Non-alcoholic fatty liver disease (NAFLD) is a growing epidemic and affects 

over 25% of the world’s population. What can start with a fatty liver could progress 

to a liver that becomes inflamed and damaged, resulting in a loss in function to 

keep the body in balance – this is called non-alcoholic steatohepatitis (NASH). 

NASH can eventually lead to liver tissue scarring, cancer, and failure. There is 

currently no approved therapy to treat NASH. The rise in the prevalence of NAFLD 

and NASH is in parallel to rises in obesity, type 2 diabetes, and cardiovascular 

diseases, indicating that common metabolic mechanisms may be dysregulated in 

these diseases. In this thesis, we expand our understanding of the role of two major 

metabolic enzymes which control the metabolism of fat in our cells, AMP-activated 

protein kinase (AMPK) and ATP-citrate lyase (ACLY). We identify that, by 

controlling their activities using a particular type of activated fat molecule, they can 

promote the rejuvenation of liver cells by recycling damaged or unnecessary 

contents of the cell and can at least be partially responsible for improvements in 

NAFLD/NASH-related measures in our studies. Finally, using a drug that controls 

the activity of both enzymes, bempedoic acid, we demonstrate complementary 

effects to the common obesity and type 2 diabetes drug liraglutide when combining 

the two drugs, indicating a new potential combination therapy to treat NASH and 

linked metabolic diseases. 
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ABSTRACT 
 

There is a large unmet medical need to establish therapies aimed at treating 

non-alcoholic steatohepatitis (NASH). NASH is a progressive form of non-alcoholic 

fatty liver disease (NAFLD) that is characterized by hepatic steatosis, 

hepatocellular ballooning, and lobular inflammation. The presence of NASH along 

with hepatic fibrosis significantly increases the risk for liver cirrhosis, hepatocellular 

carcinoma, and liver failure. Considered as the hepatic manifestation of metabolic 

syndrome, it has become critical to develop therapies that not only target the 

primary liver pathologies associated with NASH, but also the metabolic 

comorbidities that are typically coexistent with it, including obesity, hyperlipidemia, 

type 2 diabetes, and cardiovascular disease. Two known contributors to NASH are 

elevated de novo lipogenesis (DNL) and mitochondrial dysfunction, with the latter 

particularly related to reduced fatty acid oxidation, increased oxidative stress, and 

cell injury. AMP-activated protein kinase (AMPK) is a cellular energy sensor that 

integrates multiple physiological, hormonal, and nutritional cues to influence 

downstream metabolic pathways. In this thesis, we identified the physiological 

significance of AMPKβ1 Ser108 phosphorylation in increasing fatty acid oxidation, 

mitochondrial biogenesis, and autophagy in response to excess fatty acids in the 

liver by generating a targeted germline knock-in mutation Ser108Ala mouse model. 

We next determined that the AMPK activator and ATP-citrate lyase inhibitor 

bempedoic acid increased autophagic flux in cultured rat hepatocytes and caused 

changes in the expression of autophagy-related genes in a chemically induced 
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mouse model of NASH, potentially through reductions in the acetylation of proteins. 

These data expand our knowledge on how bempedoic acid has additional effects 

to reduce hepatocellular ballooning and fibrosis in NASH compared to DNL 

inhibition alone. Lastly, we tested the combination of bempedoic acid and the 

glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide and found favourable 

improvements in liver steatosis, inflammation, hepatocellular ballooning, and 

hepatic fibrosis compared to liraglutide alone. Importantly, these findings were 

without increases in serum triglyceride levels which has been shown with other 

compounds inhibiting DNL. Taken together, the data generated in this thesis 

provide further support to develop therapies which target and AMPK and ACLY for 

NAFLD and NASH, and warrant further consideration of the utility of bempedoic 

acid and GLP-1R agonists as a viable combinatorial therapy. 
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CHAPTER ONE 
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1 INTRODUCTION 

1.1 THE LIVER AS AN INTEGRATIVE HUB FOR WHOLE BODY METABOLISM 

1.1.1 FUNCTION AND ORGANIZATION 

The liver is a critical organ that can regenerate itself in response to acute 

stressors such as mechanical or chemical injury (Michalopoulos and Bhushan 

2021). This relatively unique ability can be affected by chronic diseases which 

trigger compensatory proliferation of damaged cells, leading to greater DNA 

damage and potentially neoplasia. The liver has several crucial functions including 

the filtration and storage of blood from the portal circulation, detoxification of toxins, 

breaking down red blood cells, formation of proteins and bile, and maintenance of 

energy homeostasis through the control of blood glucose and lipids (Trefts, 

Gannon, and Wasserman 2017).  

The liver is composed of a vast array of cells including hepatocytes, 

cholangiocytes, stellate cells, Kupffer cells and liver sinusoidal endothelial cells 

(Cunningham and Porat-Shliom 2021). Hepatocytes make up ~60-80% of the liver 

and are specialized epithelial cells that perform many of the functions mentioned 

above. Cholangiocytes are specialized epithelial cells that line the bile ducts and 

lumen. Hepatic stellate cells (HSCs) represent a diverse range of cells that typically 

store Vitamin A in lipid droplets, but under activated states proliferate, then 

synthesize and secrete collagen in the injured liver. Kupffer cells are the 

specialized macrophage population of the liver and respond to pathogenic insults 

from the portal circulation. Lastly, liver sinusoidal epithelial cells line sinusoids 
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(LSECs) and are permeable to the diffusion of small particles due to the presence 

of fenestrae, allowing for the exchange of proteins and other particles between the 

plasma and liver cells listed above, while maintaining a barrier for immune 

protection (Ficht and Iannacone 2020).  

Diverse physiological roles of the liver are permitted by the architectural 

assembly of its cells into functional units called hepatic lobules (Cunningham and 

Porat-Shliom 2021). Lobules consist of hepatocytes arranged in hexagonal 

divisions around a central vein at their core, while at their peripheral portion reside 

bile ducts, hepatic arteries, portal veins, and occasionally lymphatic vessels in a 

arrangement termed the “portal triad” (Ben-Moshe and Itzkovitz 2019). Therefore, 

the liver is supplied with low-pressure, low-flow from the portal circulation including 

the gut, pancreas, and spleen, through the sinusoids with blood flow from hepatic 

arteries, and drain through the central vein. While the basal portion of hepatocytes 

directly sample blood through the fenestrae of LSECs, their luminal side secretes 

bile to flow in parallel yet opposite directions. The gradients created by this 

assembly have led to the definition of zones, which encompass a spectrum of 

metabolic properties and functional heterogeneity of hepatocytes. Hepatocytes 

near the portal triad, or periportal hepatocytes, are identified as Zone 1 hepatocytes 

and are typically oxidative and glucose sparing, while pericentral hepatocytes 

(Zone 3) are typically glycolytic and lipogenic (Gebhardt 1992). The heterogeneity 

of hepatocytes in the liver highlights a strength in adapting to transient events, 

however, can be altered in chronic conditions and lead to detrimental effects.  
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1.1.2 HEPATIC METABOLISM OF CARBOHYDRATES AND FATS 

One of the key roles of the liver is to act as the central distribution centre of 

glucose, lipids, and proteins to the rest of the body. Two key hormones that 

regulate these metabolic processes are insulin and glucagon. These hormones 

can rapidly shift glucose metabolism from storage to production, respectively. 

 

1.1.2.1 FED STATE HEPATIC METABOLISM 

In the fed state, food is digested in the gastrointestinal (GI) tract to liberate 

glucose, fatty acids, and amino acids, are then absorbed into the bloodstream, and 

transported to the liver through the portal vein. Concomitantly, an increased 

concentration of glucose, as well as other nutrients, in the bloodstream stimulate 

the synthesis and secretion of insulin from pancreatic β cells. 

Glucose enters hepatocytes predominantly through the glucose transporter 2 

(GLUT2) in an insulin-independent manner. This transporter is facilitative and 

bidirectional. Once in the cell, glucose is phosphorylated into glucose 6-phosphate 

(G6P) via glucokinase (GK), which can have multiple fates including being used to 

generate ATP via glycolysis, stored as glycogen, converted to NADPH via the 

pentose phosphate pathway, or utilized in the process of synthesizing lipids termed 

lipogenesis (Adeva-Andany et al. 2016; Samuel and Shulman 2016). Although 

insulin does not directly regulate glucose intake in hepatocytes, its signalling cues 

the storage of glucose through the activation of glycogen synthase (GS) to convert 
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G6P to glycogen. Briefly, but incompletely, insulin binding to its receptor results in 

a signalling cascade that converges on the phosphorylation and activation of 

protein kinase-b (AKT). The activation of AKT can inhibit glucose production by 

lowering the expression of gluconeogenic enzymes by suppressing the 

transcription factor forkhead box protein O1 (FOXO1), as well as promoting 

glucose storage through inhibiting glycogen synthase kinase-3 beta (GSK3ß), 

which relieves its inhibitory action on GS.  

Fatty acids within the liver are derived either through dietary or endogenous 

sources. In the fed state, bile acids, which are synthesized by hepatocytes and 

localized to the intestinal lumen, emulsify triglycerides which can then be digested 

by pancreatic lipase to yield free fatty acids and glycerol. These components are 

then resynthesized into triglycerides by enterocytes to be packaged into 

chylomicrons. Chylomicrons can enter the lymphatic system and eventually reach 

the plasma, where they will mostly be taken up by skeletal muscle and adipose 

tissue due to the presence of lipoprotein lipase (LPL) at the luminal surface of 

capillary endothelial cells surrounding these tissues. The remnant chylomicrons, 

which must be a small enough size to be sieved through the fenestrae of the liver, 

can be taken up into hepatocytes directly via low-density lipoprotein receptors 

(LDLRs), LDLR-related protein (LRP), or sequestration (Cooper 1997). Finally, 

fatty acids are released via lysosomal processing to be processed within the cell. 

Under normal circumstances, the liver will process a large quantity of lipids and 

only store a small amount in the neutral form of lipid droplets via esterification into 
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triglycerides, phospholipids, and cholesterol esters. These lipids can also be 

incorporated into membrane structures or repackaged and exported back into the 

circulation. The fate of lipids is regulated through a variety of mechanisms that 

balance fatty acid uptake with fatty acid oxidation and secretion back into the 

plasma via triglyceride-enriched very low-density lipoproteins (VLDLs) (Alves-

Bezerra and Cohen 2018).  

Another source of fatty acids in the liver comes from the synthesis of excess 

glucose and fructose by a process called de novo lipogenesis (DNL). Briefly, (1) 

glucose and fructose are converted to pyruvate via glycolysis, (2) pyruvate is 

further processed by the pyruvate dehydrogenase complex in the mitochondria to 

be converted to acetyl-CoA, (3) acetyl-CoA goes through the TCA cycle, and due 

to high nutrient availability, ultimately leads to cytosolic citrate through the 

citrate/isocitrate transporter, (4) citrate, CoA, and ATP form into acetyl-CoA via the 

ATP-citrate lyase (ACLY), (5) acetyl-CoA carboxylase (ACC) catalyzes the 

carboxylation of acetyl-CoA into malonyl-CoA being the first committed step to fatty 

acid synthesis, (6) fatty acid synthase uses malonyl-CoA and acetyl-CoA to 

elongate fatty acid chains until a saturated 16-carbon palmitate is formed, (7) 

palmitate can then become unsaturated via the stearoyl-CoA desaturase 1 (SCD1) 

and further processed into a triglyceride by being esterified as three fatty acids to 

a glycerol backbone or be further modified (Batchuluun, Pinkosky, and Steinberg 

2022).  
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AKT also promotes both transcriptional and post-transcriptional mechanisms 

important for promoting lipid synthesis.  AKT activates ACLY through 

phosphorylation at Ser454.   AKT increases the expression of DNL enzymes 

through phosphorylation of sterol regulatory element-binding protein 1c 

(SREBP1c) and carbohydrate-responsive element binding protein 

(ChREBP)(DeBose-Boyd and Ye 2018). The activity of these two transcription 

factors are also increased by acetylation by the histone acetyltransferase p300 

(p300).  Thus, there are multiple overlapping mechanisms by which insulin and the 

activation of AKT promote DNL (Y. Wang et al. 2015; Ponugoti et al. 2010; 

Bricambert et al. 2010).  

 

1.1.2.2 FASTED STATE HEPATIC METABOLISM 

In the fasted state, maintenance of blood glucose is a priority for the liver. 

Due to falling blood glucose levels during fasting, insulin secretion from the 

pancreatic beta cells is reduced, while glucagon secretion from pancreatic alpha 

cells is increased. This is concomitant with a rise in catecholamines from the CNS 

and plays a role in the regulation of hepatic metabolism. G6P can be 

dephosphorylated at the endoplasmic reticulum by G6Pase to release glucose, 

which can be facilitated to the circulation via GLUT2. Glycogenolysis is also 

activated by the change in these hormones - reduced insulin signalling results in 

GS being inhibited, while glycogen phosphorylase (GP) is activated by glucagon’s 

effects (Rui 2017). And although the liver mainly produces glucose through 
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glycogenolysis in short-term fasting, during prolonged fasting, hepatocytes can 

synthesize glucose via gluconeogenesis using lactate, pyruvate, glycerol, and 

amino acids as precursors. Gluconeogenesis is a process that is specifically 

carried out by the liver and kidney. Increases in gluconeogenesis require that 

glycolysis is inhibited, shifting the liver’s substrate oxidation towards fat oxidation 

to produce the ATP necessary to produce glucose. This allows for the liver to use 

the fatty acids liberated by adipose tissue, due to increases in catecholamines, as 

substrates for glucose production. Fat oxidation utilizes mitochondrial β oxidation 

to provide intermediates for the electron transport chain to generate ATP, but also 

generates ketone bodies such as β-hydroxybutyrate, acetoacetate, and acetone to 

be exported into the circulation and used as fuel by other organs during prolonged 

fasting (Rui 2017).   

The liver depends on mitochondrial metabolic processes, including β-

oxidation, the tricarboxylic acid (TCA or Kreb’s) cycle and ketogenesis, to maintain 

homeostasis (Rui 2017). This occurs through the oxidation of substrates including 

amino acids, pyruvate, and fatty acids, which are tightly coupled to ATP synthesis 

through oxidative phosphorylation. Briefly, pyruvate which is provided by glycolysis 

is transported into the mitochondria and transformed into acetyl-coenzyme (acetyl-

CoA) via pyruvate dehydrogenase (PDH). Furthermore, fatty acids of different 

carbon lengths are activated into fatty acyl-CoAs via acetyl-CoA synthetases 

(ACS), transported into the mitochondrion via carnitine palmitoyl transferase 1 

(CPT1) and CPT2, then oxidized via β-oxidation with the involvement of the family 
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of acyl-CoA dehydrogenases (including very long-chain (VLCAD), long-chain 

(LCAD), medium (MCAD), and short-chain (SCAD)) and FAD as an electron 

acceptor to yield acetyl-CoA and acyl-CoA (Houten et al. 2016). Acetyl-CoA can 

then enter the TCA cycle to provide energy within the cell, or, in an extended fasted 

state, be processed to provide energy to extrahepatic tissues via ketogenesis. 

Mitochondrial fatty acid oxidation (FAO) is transcriptionally regulated via multiple 

transcription factors, including the peroxisome proliferator-activated receptor 

PPARα/γ/δ, forkhead box A2 and nuclear respiratory factors 1 and 2 (NRF-1/2), 

the transcriptional co-activator peroxisome proliferator-activated receptor 

coactivator 1-alpha (PGC1α), and the NAD-dependent deacetylase sirtuin 1 

(SIRT1). 

 

1.2 NON-ALCOHOLIC FATTY LIVER DISEASE AND STEATOHEPATITIS 

Non-alcoholic fatty liver disease (NAFLD) is a common liver disorder with an 

estimated global prevalence of 25% and is characterized by the accumulation of 

fat in the liver in the absence of significant alcohol consumption. This growing 

epidemic poses an immense burden on health-related quality of life, healthcare 

costs, and economic losses, with upwards trending estimations beyond $100 billion 

in the United States and €35 billion in Germany, France, Italy, and the United 

Kingdom in 2016 (Z. M. Younossi, Blissett, et al. 2016). NAFLD is a spectrum of 

liver diseases that spans in severity from non-alcoholic fatty liver (NAFL) to non-

alcoholic steatohepatitis (NASH) and hepatic fibrosis (Z. Younossi et al. 2018). 
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NAFL is defined as the presence of hepatic steatosis over 5% of liver volume 

without inflammation or hepatocellular injury (Z. M. Younossi, Koenig, et al. 2016). 

On the other hand, NASH is a more severe form of NAFLD that is characterized by 

hepatic steatosis, inflammation, and hepatocellular injury. NASH can progress to 

advanced fibrosis, cirrhosis, and hepatocellular carcinoma (HCC), and is becoming 

a leading indication for liver transplantation. In fact, advanced fibrosis is the most 

significant predictor of mortality in NAFLD (Dulai et al. 2017). It is estimated that 

approximately 20-30% of patients with NAFL will progress to NASH, and 

considering that the risk of progression may vary due to several factors including 

age, sex, ethnicity, menopausal status, obstructive sleep apnea, socioeconomic 

status, and other associated comorbidities, there has been considerable focus 

towards discovering a multitude of mechanisms by which NAFLD progression can 

be prevented or delayed (Harrison et al. 2023; Z. M. Younossi, Koenig, et al. 2016).  

The growing prevalence of NAFLD closely matches that of other non-

communicable diseases such as obesity, type 2 diabetes (T2D), dyslipidemia, and 

cardiovascular disease, leading many to consider it as the hepatic manifestation of 

metabolic syndrome (Z. M. Younossi 2019; Z. Younossi et al. 2019; Lobstein et al. 

2023). In fact, T2D and NAFLD have a bidirectional causal relationship, meaning 

that not only does NAFLD increase the risk of developing T2D, but T2D also 

contributes to the progression and severity of NAFLD (Leite et al. 2009; Chalasani 

et al. 2018; Prashanth et al. 2009; Byrne and Targher 2015; Fan et al. 2016; Fruci 

et al. 2013). And although the exact mechanisms underlying this bidirectional 
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relationship are not fully understood, insulin resistance, dyslipidemia, and chronic 

low-grade inflammation are thought to play important roles in the pathogenesis of 

these multi-factorial diseases.  

 

1.2.1 CLINICAL PRESENTATION, ASSESSMENT, AND DIAGNOSIS  

Typically, NAFLD is a silent disease, meaning patients are asymptomatic 

and are incidentally discovered on routine imaging studies such as ultrasound or 

computed tomography (CT). If there are symptoms, they are generally nonspecific 

and include fatigue, abdominal discomfort, and a mild elevation in liver enzymes 

such as alanine aminotransferase (ALT), aspartate transaminase (AST), and/or 

gamma-glutamyltransferase (GGT). However, a large proportion of NAFLD 

patients have normal-range enzyme levels and do not have routine imaging, thus, 

many patients who are living with the disease can be overlooked (Dyson, Anstee, 

and McPherson 2014). This highlights a challenge in the field, where a large 

volume of patients which can prevent disease progression through diet and lifestyle 

modifications are going unnoticed. Symptoms do tend to arise when people 

develop NASH and fibrosis developing into cirrhosis, whereby clear symptoms 

involve intense itching, abdominal swelling, easy bruising or bleeding, jaundice, 

blood vessels appearing underneath the skin’s surface, and some behaviour 

changes including confusion and slurred speech.  

Formally, the diagnosis of NAFLD requires (1) the exclusion of significant 

alcohol consumption, (2) evidence of hepatic steatosis via imaging or histology, (3) 
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no competing etiology including hepatitis C, medications, parenteral nutrition, 

Wilson’s disease, or malnutrition, and (4) no co-existing causes of chronic liver 

diseases including hemochromatosis, autoimmune liver disease, chronic viral 

hepatitis, or alpha-1 antitrypsin deficiency (Chalasani et al. 2018). Though the 

discussion of non-invasive tests (NITs) and methods to assess steatosis and 

fibrosis is beyond the scope of this literature review, magnetic resonance (MR) 

imaging by spectroscopy or proton density fat fraction (PDFF) are the most widely 

used tools in NAFLD clinical trials to quantify hepatic steatosis, while clinical 

decision aids (NAFLD fibrosis score and FIB-4 index), serum marker panels 

(Enhanced Liver Fibrosis (ELF), Fibrometer, FibroTest, and Hepascore), or 

imaging modalities including transient elastography (TE), MR elastography (MRE), 

acoustic radiation force impulse imaging, and supersonic shear wave 

elastography) are used to detect liver fibrosis (Kaswala, Lai, and Afdhal 2016; 

Chalasani et al. 2018). FibroScan, which is a specific type of ultrasound technology 

that is easier to access and can non-invasively measure liver steatosis and 

stiffness (fibrosis) was recently approved by the U.S. Food and Drug Administration 

(FDA) for use in both adults and children, and although it was inferior to MRE in 

identifying advanced fibrosis stages, it was superior in detecting moderate fibrosis 

(Vuppalanchi et al. 2018; X. Zhang, Wong, and Wong 2020). Collectively, there is 

great emphasis on the development of non-invasive biomarkers and tools to detect 

and/or predict the presence and severity of NAFLD, however, currently, each 
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measurement has its limitations (cost, reliability, access, breadth, time) and 

clinicians are awaiting consensus and standardization to incorporate into practice. 

Based on the combination of clinical, laboratory, and imaging findings 

mentioned above, a clinician may decide to request a liver biopsy from a patient 

with suspected NAFLD. Although not required for diagnosis, this remains the gold 

standard in characterizing liver histological alterations as, irrespective of the 

underlying pathogenesis, the histopathological characteristics of adult NAFLD are 

relatively consistent. However, obtaining a liver biopsy is very expensive, requires 

time and expertise for interpretation, carries inherent morbidity risk, and very rarely 

mortality risk (Chalasani et al. 2018). Furthermore, there remains concern in 

sampling error, which has led to approaches in which larger needle sizes, multiple 

core biopsies, and repeated blinded assessments by pathologists are used to 

improve the reliability in diagnosing NASH (Vuppalanchi et al. 2009; Harrison et al. 

2023). Nevertheless, liver biopsy is still the only means to definitively diagnose 

NASH and fibrosis. 

One of the semiquantitative assessment scoring systems used to assess 

NAFL/NASH is the NAFLD Activity Score (NAS) (Kleiner et al. 2005). This system 

was developed to address the full spectrum of lesions in NAFLD for use in clinical 

trials and consists of 14 histological features: 4 of which are semiquantitative based 

on severity: including steatosis (0-3), lobular inflammation (0-2), hepatocellular 

ballooning (0-2), and fibrosis (0-4), while the remainder are binary as present or 

not present. The composite score, or the sum of the four measurements above can 
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be split into three categories, no NASH (0-2), borderline NASH (3-4) and definite 

NASH (5-8). Assessment of severity is specified for each category with general 

definitions and criteria. Of note is the classification of fibrosis severity, as early 

stage of fibrosis (F1), composed of either perisinusoidal or periportal, but not both, 

fibrosis is segmented into three categories to identify development from different 

microanatomical regions: (1A) consists of mild, zone 3, perisinusoidal fibrosis, (1B) 

consists of moderate, zone 3, perisinusoidal fibrosis, (1C) consists of 

portal/periportal fibrosis. F2 fibrosis is considered clinically significant and is 

characterized by both perisinusoidal and portal/periportal fibrosis. Advanced stage 

fibrosis consists of F3, which is bridging fibrosis between portal fields and central 

veins, while F4 constitutes cirrhosis. 

 

1.2.2 PATHOGENESIS AND PROGRESSION OF NAFLD 

The pathogenesis of NAFLD is complex and there are many molecular 

pathways that contribute to its development and progression. Each patient is likely 

to have a different combination of pathogenic drivers, making both the mechanisms 

and clinical manifestations highly heterogenous. Some patients can go decades 

with NAFL without progressing to NASH, while others progress in a relatively short 

period of time. In some cases, NASH may not even be preceded by NAFL, while 

fibrosis can occur in NAFL (yet at a slower rate than NASH) (S. Singh et al. 2015). 

This makes it difficult to understand the pathogenesis of NAFLD, however, a 
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conceptual framework can aid in tying the concepts of pathogenic drivers together 

(Friedman et al. 2018). 

The substrate-overload liver injury model of NASH proposes that the liver’s 

capacity to process, store, and export carbohydrates and lipids is overwhelmed, 

leading to the accumulation of toxic lipid species. These toxic lipid species lead to 

mitochondrial dysfunction, hepatocellular stress, injury, and death, leading to 

inflammation, and eventual fibrogenesis. Therefore, understanding the sources 

and fates of fatty acids, insulin resistance, the response of the liver cells to lipotoxic 

lipids, the inflammasome, fibrogenesis, and other key factors that influence these 

factors such as the microbiome and genetic polymorphisms is important to a 

wholistic understanding of NASH and fibrosis (Neuschwander-Tetri 2017).  
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Figure 1.1. The substrate-overload liver injury model of NASH and hepatic 
fibrosis. This schematic summary of the pathogenesis of NAFL/NASH illustrates 
organ crosstalk leading to metabolic disturbances in the cells of the liver. Insulin 
resistance promotes hyperinsulinemia from the pancreas, reduced glucose uptake 
and storage in the skeletal muscle, and increased liberation of fatty acids from 
dysregulated adipose tissue lipolysis. Increases in these substrates contribute 
directly to the accumulation of lipid species including diglycerides and triglycerides; 
both from the direct synthesis of endogenous fatty acids and through the 
conversion of excess glucose and fructose through DNL. Increases in the 
accumulation of lipid species leads to a lipotoxic environment, which 
simultaneously and connectively activates the ER stress pathway, increases 
mitochondrial dysfunction, all ultimately leading to aberrant oxidative stress. This 
then promotes inflammation activates Kupffer cells to secrete IL-1β, TGF-β, and 
TNF-α. These cytokines lead to the activation of hepatic stellate cells to secrete 
extracellular matrix proteins such as α-SMA and Collagen-1 at a faster rate than 
they can be degraded. 
 
 
 
 
 
 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

  17 

1.2.2.1 INSULIN RESISTANCE AS A PRIMARY DRIVER OF NAFLD 

Insulin resistance is a key driver in the pathogenesis of NAFLD and is 

characterized by reduced glucose disposal in non-hepatic tissues including muscle 

and adipose tissue (Loomba et al. 2012). Although a detailed description of the 

mechanisms of both tissue-specific and organismal responses to insulin are 

beyond the scope of this literature review, a brief overview of the concepts that 

coalesce to promote insulin resistance and NAFLD are provided (Petersen and 

Shulman 2018; Samuel and Shulman 2016).  

Assuming that chronic overnutrition is the main cause of systemic insulin 

resistance, substrate spillover from dysfunctional adipose tissue and skeletal 

muscle result in lipid-induced hepatic insulin resistance. With chronic nutrient 

stress, the capacity of adipose tissue to uptake glucose and fatty acids is reduced 

due to adipocyte insulin resistance and apoptosis. Insulin signalling in adipocytes 

is not only a major driver of a lipogenic program through ChREBP activation but is 

extremely significant in the suppression of lipolysis through reductions in cAMP 

levels via phosphodiesterase 3B (PDE3B). With increases in lipolysis due to 

reduced insulin sensitivity, adipose tissue releases more free fatty acids into the 

circulation, which ultimately find their way to the skeletal muscle and the liver. This 

increase in fatty acid flux into the liver can serve as substrate for intrahepatic 

diglyceride and triglyceride synthesis, but also can have direct and indirect effects 

on gluconeogenesis via the conversion of glycerol into glucose (direct), and 

increases of hepatic acetyl-CoA concentrations which lead to increased pyruvate 
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carboxylase activity and increased conversion of pyruvate to glucose (indirect) 

(Perry et al. 2015). Diglycerides can promote the activation of protein kinase Cε 

(PKCε) which is a key inhibitor of the insulin signalling cascade (Samuel et al. 

2007). Consequently, hepatic insulin resistance ensues, which impairs the ability 

for insulin to stimulate glycogen synthesis and collectively contributes to increases 

in hepatic glucose output. In parallel, increases in intramyocellular lipid content 

results in lipid-induced insulin resistance in skeletal muscle, which ultimately 

reduces the capacity for skeletal muscle to take up glucose and store it as 

glycogen, which further worsens hepatic insulin resistance (Petersen and Shulman 

2018).  

Collectively, the points above support the notion that substrate spillover from 

adipose tissue and skeletal muscle can result in the development of hepatic insulin 

resistance. However, there remains the paradox that hepatic insulin resistance 

results in a failure to suppress hepatic glucose production and subsequent 

hyperglycemia, while also increasing lipogenesis leading to hyperlipidemia and 

steatosis. And while this may mostly be explained by the increased flux of fatty 

acids from adipose tissue that can be reesterified into lipids, the ability for glucose 

and fructose to regulate hepatic lipogenesis independently from insulin in the liver 

has been demonstrated to play an important role (Samuel and Shulman 2016). 

This is evidenced by a study showing that obese individuals with high liver fat 

content had a 3-fold increase in DNL compared to obese individuals with low liver 

fat (Lambert et al. 2014). These increases are primarily mediated through glucose 
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and fructose activation of DNL and the promotion of transcription factors SREBP1c 

(via activation of mTORC1), ChREBP, PGC-1β, and liver X receptor (LXR) 

(Bindesbøll et al. 2015; Nagai et al. 2009; Uyeda and Repa 2006; Matsuzaka et al. 

2004). Notably, although more glucose is shuttled to the liver with insulin 

resistance, fructose – which is consumed in relatively similar amounts as glucose 

– is considered more harmful than glucose as it causes changes in the gut barrier 

and microbiota community as well as is primarily funneled into the liver and induces 

the expression of its own metabolizing enzyme ketohexokinase (KHK) (S. Yu et al. 

2021). To summarize, the substrate spillover model supports the interconnectivity 

between insulin resistance and NAFLD, and indicates that elevations in DNL are a 

key contributor to NAFLD. 

 

1.2.2.2 LIPOTOXIC LIPIDS AND MITOCHONDRIAL DYSNFUNCTION IN 

NAFLD 

Lipotoxic lipids such as diglycerides and ceramides can promote cell injury 

in the liver. Their accumulation can lead to responses such as endoplasmic 

reticulum (ER) stress, a dysfunctional unfolded protein response, inflammasome 

activation, activation of apoptotic pathways, inflammation and an enhanced wound 

response (Friedman et al. 2018). Whether increased levels of fatty acids and 

lipotoxic lipids are a cause or consequence for mitochondrial dysfunction remains 

unclear. 
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Initially, with early NAFL, there is a compensatory response to increase the 

number and oxidative capacity of mitochondria, leading to enhanced FAO, and the 

production of reactive oxygen species (ROS) in limited amounts (Garcia-Roves et 

al. 2007; Carabelli et al. 2011). And while this response can temporarily prevent 

the development of a lipotoxic environment, at some point, due to a chronic 

oversupply of substrate, the ETC is overloaded and produces enough ROS to 

stimulate stress responses within the cell (Boland et al. 2018). This generation of 

oxidative stress, which has been shown to stimulate the ER stress response and 

promote mitochondrial dysfunction through mitochondrial DNA damage, 

interruption of the ETC, the alteration of mitochondrial membrane permeability, and 

Ca2+ homeostasis, has been debated as a fulcrum point of NAFL progression to 

NASH. In 1998, Day and James hypothesized a “two hit” NASH model, whereby 

steatosis was the “first hit” and the “second hit” consisted of the generation of ROS 

(C. P. Day and James 1998). Over the years, the portrait of NASH pathogenesis 

has evolved and multiple parallel influences that lead to cell injury and inflammation 

have shed light on the complexity and disparateness of each case of NASH, 

highlighting the difficulty in finding a therapy that will aide a large proportion of 

patients living with the disease. However, promoting mitochondrial homeostasis 

through mechanisms which increase content and function, while decreasing 

dysfunctional and damaging sites, are a subject of intense investigation and could 

ameliorate several features of NASH. 
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1.2.2.3 HEPATIC INFLAMMASOME 

The inflammasome is a multiprotein complex that responds to danger-

associated molecular patterns (DAMPs) as well as pathogen-associated molecular 

proteins (PAMPs) and may be a crucial driver in the progression of hepatocyte 

stress responses and the stimulation of fibrogenesis in NASH (Csak et al. 2011). 

In the context of NASH, the inflammasome is activated in response to excess 

saturated fatty acids (DAMPs) and products of the gut microbiome that spill over 

into the portal circulation (PAMPs), and this results in the expression of 

proinflammatory cytokines such as interleukin (IL)-1β and IL-18 that can promote 

apoptosis through activation of caspase-1. 

 

1.2.2.4 HEPATIC FIBROGENESIS 

Fibrogenesis is driven by signalling from stressed or injured hepatocytes, 

activated macrophages and leads to the activation of hepatic stellate cells into 

myofibroblasts (Tsuchida and Friedman 2017). Myofibroblasts then produce and 

secrete matrix proteins, such as α-smooth muscle actin (α-SMA) and type 1 

collagen, at a faster rate than can be degraded. Collagen deposition can be 

assessed by visualizing and quantifying the presence of picrosirius red. The 

accumulation of extracellular matrix in the liver can then lead to progressive 

fibrosis, cirrhosis, portal hypertension, and liver failure. Thus, fibrogenesis is the 

major cause of liver-related death in patients with NASH. 
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1.2.2.5 GENETIC PREDISPOSITION TO NAFLD 

Evidence from human genetic analyses associating gene variants with 

histological severity have revealed some degree of heritability in NAFLD (Pafili and 

Roden 2021). Polymorphisms have been described in at least 12 genes, including 

PNPLA3, TM6SF2, GCKR, IRS1, ENPP1, MBOAT7, HSD17B13, SOD2, UCP2, 

MERTK, LYPLAL1, and FNDC5. Their functions involve processes for fatty acid 

and triglyceride composition and degradation, insulin signalling, oxidative stress, 

and hepatic stellate cell activation. These genetic predispositions coupled with 

obesity and insulin resistance may trigger the development and progression of 

NAFLD. And although there are still a lack of studies representing ethnic 

populations and all stages of NAFLD, certain studies have illustrated genetic links 

to autophagy and NAFLD (Mancina et al. 2016; Dongiovanni et al. 2010; Baselli et 

al. 2022; Schwerbel et al. 2020; Petta et al. 2014; Seitz et al. 2019). 

 

1.3 NAFLD AND AUTOPHAGY 

 
There are many different genetic and environmental factors that can trigger 

the progression of NAFL to NASH. A converging aspect is that many of these 

triggers result in the impairment of cellular function and organelles, which results 

in endoplasmic reticulum (ER) stress, lysosomal dysfunction, and mitochondrial 

dysfunction. In the liver, autophagy not only serves as a nutrient stress rescue 

pathway, but also responds to fasting and feeding cycles and plays a crucial role 

in overall organ metabolism. The role of autophagy is to degrade damaged 
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organelles and proteins through sequestration into vesicles and subsequent fusion 

with acidic lysosomes in order to liberate reusable building blocks such as glucose 

and amino acids for cellular homeostasis. There are three major categories of 

autophagy, including (1) macroautophagy – in which autophagosomes are formed 

to engulf and sequester cellular components to be degraded by the lysosome, (2) 

microautophagy - which encompasses small parts within the cytoplasm that are 

directly sequestered and degraded by endosome and lysosome, and (3) 

chaperone-mediated autophagy – which targets proteins with the common KFERQ 

motif to be directed for degradation by lysosomes (Dikic and Elazar 2018).  In this 

thesis work, the focus is particular to macroautophagy as it is considered the main 

route for cytoplasmic components to be incorporated into the lysosome and will be 

referred to as autophagy from hereon. 

The overall process of autophagy involves three main stages, including (1) 

initiation, (2) phagophore expansion and nucleation, and (3) autophagosome 

maturation, fusion, and degradation. The cellular mechanisms of each of these 

processes have been vigorously studied and summarized previously, however, this 

is beyond the scope of this thesis introduction and therefore only components that 

are necessary to understand the work will be covered (L. Yu, Chen, and Tooze 

2018).  

Unc-like kinase 1 (ULK1) is the primary initiator of autophagy and exists in 

a complex of proteins including ULK1, the focal adhesion kinase family interacting 

protein of 200 kDa (FIP200), autophagy-related protein 13 (ATG13), and ATG101. 
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When activated via alterations in phosphorylation, acetylation, or ubiquitination 

status, the phosphorylating components of the class III PI3K (PI3KC3) complex I 

(which includes PI3KC3, vacuolar protein sorting 34 (VPS34), Beclin1, ATG14, 

activated molecule in Beclin1-regulated autophagy protein 1 (AMBRA1), and 

general vesicular transport factor (p115)) triggers nucleation of the phagophore 

and activates phosphatidylinositol-r-phosphate (PI3P) production at an intracellular 

membrane called the phagophore assembly site (PAS; mostly studied at the site 

of the ER called omegasomes, but has been found at other membranes such as 

ER-mitochondria, ER-plasma membrane, recycling endosome sites). This leads to 

the recruitment of PI3P effector proteins, including WD repeat domain 

phosphoinositide-interacting protein 2 (WIPI2) and zinc-finger FYVE domain-

containing protein 1 (DFCP1), which allow for recruitment of the ATG12~ATG5-

ATG16L1 complex. This complex is necessary to conjugate ATG8 proteins that are 

required for the elongation and closure mechanisms of the phagophore and is also 

required for the maturation and lipidation of the microtubule-associated protein light 

chain 3 (LC3) proteins with membrane bound phosphatidylethanolamine (PE). This 

conjugation reaction of cytosolic LC3-I to membrane-bound LC3-II via PE is the 

characteristic signature of autophagic membranes and is a reliable measure of an 

activated autophagosome.  

LC3-II is involved in the closure of the phagophore into an autophagosomal 

membrane, as well as the sequestration of components that contain an LC3-

interacting region (LIR) in both non-selective and selective autophagy. Once cargo 
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is tagged for degradation via ubiquitin, autophagic adaptor proteins which bind to 

both ubiquitin and LC3 (e.g. p62/SQSTM1, NBR1, NDP52, OPTN, NIX, BNIP3, 

FUNDC1) allow for targeted sequestration, and with the help from other cell 

membranes to contribute to membrane elongation, results in autophagosomal 

membrane encapsulation and sealing into a double-membraned vesicle called the 

autophagosome. The autophagosome matures by shedding its ATG proteins and 

fusing with early endosomes and is eventually transported towards lysosomes via 

microtubules for degradation. Once fused with the lysosome (via soluble N-

ethylmaleimide-sensitive-factor attachment protein receptor (SNARE)-dependent 

and lysosomal associated membrane protein 2 (LAMP2)-mediated processes), the 

autophagosome is called an autophagolysosome and its constituents are 

degraded by acid hydrolases so that nutrients can be salvaged and released back 

into the cytoplasm for reuse (Dikic and Elazar 2018; Yim and Mizushima 2020; Y. 

G. Zhao and Zhang 2019).   
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Figure 1.2 Autophagosome formation, maturation, fusion, and degradation. 
The formation and processing of an autophagosome requires several phases and 
can be broken down into (1) initiation, (2) nucleation and expansion, and (3) 
maturation, fusion, and degradation. Activation of the ULK1 complex (ULK1, 
FIP200, ATG13, ATG101) is the first step required which also activates the PI3KC3 
complex (VPS34, Beclin1, ATG14, AMBRA1, P115). These complexes colocalize 
at the phagaphore assembly site (PAS) and stimulate the nucleation of the 
phagophore via PI3P production. PI3P recruits WIPI2 and DFCP1 which then allow 
for the recruitment of the ATG12-ATG5-ATG16L complex. This complex is 
necessary for ATG3 to conjugate ATG8 proteins, most notably LC3B. LC3-I is 
lipidated and incorporated into the phagophore membrane with PE to yield LC3-II. 
Once cargo is tagged for degradation via ubiquitination (Ub) and adaptor proteins 
(P62, NBR1, NDP52, OPTN, NIX, FUNDC1, BNIP3) they are sequestered, 
encapsulated, and sealed to yield an autophagosome. Autophagosome travel via 
microtubules towards the lysosome, where SNARE and LAMP2-dependent fusion 
yield an autophagolysosome. Acidic hydrolases are then able to degrade the cargo 
into reusable constituents for the cell. 
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Autophagy is an active process, making it difficult to assess its function 

within humans. This active process, which is commonly referred to as autophagic 

flux, involves several markers of autophagy (LC3, p62, etc.) which can be 

compared to determine whether there are alterations in their content. However, 

caution must be exercised in interpreting these results as it is difficult to interpret 

with certainty whether a change in content means a particular conclusion with 

directionality (e.g. if markers of the pathway are up, it is difficult to surmise whether 

there is an enhanced ability to respond to cues, or whether there is actually less 

clearance and more aggregation of the markers).  

Certain studies involving liver samples from people with or without NAFL 

and NASH have made associations of altered autophagy markers with NAFLD 

severity. Carotti and colleagues have shown that p62 clusters and lipid droplet-

loaded lysosomes were positively correlated with NAFLD activity score (NAS) and 

fibrosis severity (Carotti et al. 2020). These findings are in concert with some 

(Fukuo et al. 2014), but not all studies assessing autophagic markers and NAFLD, 

as some have seen reduced markers of LC3 (Kashima et al. 2014) and others have 

indicated that the defining point between NAFL and NASH is the cell’s ability to 

match autophagy with demand for degradation and recycling (González-Rodríguez 

et al. 2014; Ding et al. 2020; Challa et al. 2019). The same can be found in 

preclinical rodent studies, as a recent structured review presented dissimilarities in 

findings that measured several autophagy markers in steatosis models (Ramos, 

Kowaltowski, and Kakimoto 2021).  
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Although reviewed extensively in the “Guidelines for the use and 

interpretation of assays for monitoring autophagy”, there are many ways to assess 

the activity of the autophagy pathway (Klionsky et al. 2021). One of the most 

common and easily accessible methods is to assess autophagic “carrier flux” by 

measuring LC3-II turnover in the presence and absence of lysosomal or vacuolar 

degradation via western blot. This can be done both in cultured cells and in rodent 

models with several compounds including protease inhibitors, compounds that 

neutralize the lysosomal pH, or agents that block the fusion of the autophagosome 

with the lysosome. Chloroquine (CQ) is commonly used to assess autophagic flux, 

as it inhibits the fusion of autophagosomes with lysosomes but also neutralizes the 

pH of the lysosome (Mauthe et al. 2018). Thus, to determine if a treatment or 

genetic model increases or decreases autophagic carrier flux, it is important to 

interpret results in the presence and absence of the inhibitor of lysosomal 

degradation. In the case of an agent that increases autophagic carrier flux, the use 

of the lysosomal inhibitor (e.g CQ) will result in a large increase in the accumulation 

of carrier proteins such as LC3 or p62 on its own, and with the addition of the agent 

an additive or supra-additive effect may be suggestive of increased autophagic 

flux. Even with this assay, caution should still be exercised as lysosomal function 

and fusion are not being assessed, and it is recommended to have multiple 

measures of autophagic activity using different methods.  

Another method that is becoming more commonly utilized is the use of 

tandem monomeric RFP-GFP tagged LC3, whereby the GFP is sensitive to the 
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acidic and proteolytic environment within the lysosome, while the RFP is more 

stable (C. Zhou et al. 2012; Tanida, Ueno, and Uchiyama 2014). Therefore, using 

colocalization tools allows for the comparison of compartments of the fluorophore, 

where an overlap resulting in “yellow” indicates a phagophore, amphisome or 

autophagosome, while a red-only signal indicates an autophagolysosomal 

compartment. This method requires the ability to transfect cells, as well as high 

resolution confocal microscopes and therefore is much less accessible, however, 

does allow to detect a time-lapse of the process.  

Ultimately, the process of assessing autophagy requires careful 

consideration when designing experiments and interpreting results. And while 

there is no consensus on “the gold-standard method” for monitoring autophagy, it 

is accepted that multiple assays be utilized in order to infer how the process can 

be altered.  

 

1.3.1 ROLE OF AUTOPHAGY IN THE LIVER 

 
Autophagy has traditionally been viewed as a process to maintain cellular 

energy homeostasis in times of fasting and to break down dysfunctional 

constituents into building blocks for cellular rejuvenation. However, since the 

discovery of autophagy in rodent liver tissue in the 1960s, many other functions of 

autophagy have been uncovered, particularly in the liver (de Duve 1963; Straus 

1964a, 1964b). With regards to NAFLD, although it is not clear which occurs first 

– defective autophagy or development of hepatic steatosis – a self-perpetuating 
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cycle is likely to exist whereby impaired autophagy further worsens steatosis and 

insulin insensitivity, which in turn results in further dysregulation of autophagy 

signalling pathways.  

Within the hepatocyte, autophagy mediates the metabolism of intracellular 

lipids through several mechanisms. Both regulatory and functional similarities exist 

between lipolysis and autophagy, and spurred explorations to investigate the 

degradation of hepatic lipids via a process termed “lipophagy”. In 2009, Singh and 

colleagues discovered that pharmacological blocking of autophagy using 3-

methyladenine (3MA) or Atg5 gene silencing led to increased triglyceride 

accumulation with a reduction of triglyceride oxidation and decay in hepatocytes 

(R. Singh et al. 2009). The authors went on to identify lipid droplets being delivered 

to lysosomes in autophagosomal structures using electron microscopy and found 

that mice with a hepatocyte-specific knockout of the autophagy gene Atg7 had 

increased liver triglycerides and cholesterol on a high-fat diet. Similar findings have 

been shown in models of defective autophagy in the liver from different parts of the 

pathway including ATG14 (initiation) and TFEB (transcriptional and lysosomal) 

(Xiwen Xiong et al. 2012; Settembre et al. 2013).  

In addition to the degradation of lipid droplets, several other studies have 

found that chaperone-mediated autophagy can regulate lipolysis through the 

degradation of proteins that coat the surface of lipid droplets. For example, 

chaperone-mediated autophagy degrades perilipin 2 (PLIN2) and perilipin 3 

(PLIN3) in order to increase the association of adipose triglyceride lipase (ATGL) 
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and macroatuophagy proteins to the lipid droplet, while genetic knockout of LAMP2 

in mice leads to hepatic steatosis (Schneider, Suh, and Cuervo 2014; Kaushik and 

Cuervo 2015). Thus, in the context of NAFLD, the degradation of lipids via 

lipophagy play an important role in reducing toxic levels of lipid species to promote 

metabolic homeostasis in hepatocytes (Grefhorst et al. 2021). 

Aside from the degradation of lipid droplets, autophagy in the liver also 

serves a purpose to protect hepatocytes from cell injury and death via multiple 

mechanisms. There is clear crosstalk between the autophagy pathways and 

apoptotic cell death pathways. Investigations around this topic include the 

antiapoptotic protein Bcl-2 inhibiting Beclin 1-dependent autophagy, and calpain-

mediated cleavage of Atg5 which triggers its mitochondrial translocation and 

association with Bcl-xL to cause cytochrome c release and caspase activation to 

promote apoptotic cell death (Jung, Jeong, and Yu 2020; Yousefi et al. 2006; 

Pattingre et al. 2005). A central theme to impaired autophagy in NAFLD revolves 

around dysfunction in the later steps of the autophagic process such as decreased 

lysosomal function and autophagosome-lysosome fusion (Ramos, Kowaltowski, 

and Kakimoto 2021). These impairments may be due in part to a consequence of 

increased ER-stress in NAFLD models.  

Autophagy has been shown to share regulatory pathways with the unfolded 

protein response (UPR) pathway, which is a network of adaptive responses that 

restore ER function in times of duress. The UPR is activated in response to 

alterations in ER homeostasis in three classical ways, including (1) the 
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serine/threonine-protein kinase/endoribonuclease inositol-requiring enzyme 1α 

(IRE1α) regulation of x-box binding protein 1 (XBP1) nuclear localization and 

mRNA degradation, (2) the protein kinase r-like ER kinase (PERK) phosphorylation 

of eukaryotic initiation factor 2α (eIF2α) resulting in the inhibition of translation and 

stimulation of the transcription of genes associated with degradative pathways, and 

(3) activating transcription factor 6 (ATF6) translocation to golgi for cleavage and 

nuclear localization (reviewed in (Bhattarai et al. 2021)). Ultimately, under acute 

conditions these three steps lead to adaptive responses which restore homeostasis 

within the cell, however, under chronic pathological conditions may become 

maladaptive, promote an accumulation of misfolded proteins, and result in the 

activation of apoptosis pathways. 

 For example, one study showed that palmitic acid treatment induced ER-

stress in cultured hepatocytes and resulted in the induction of autophagy, however, 

the fusion of autophagosomes with lysosomes was impaired in chronic treatment 

conditions (Miyagawa et al. 2016). Interestingly, this study showed that lipid-

induced ER stress interfered with the general macroautophagy process, but 

selective forms of autophagy including ubiquitin-positive aggregate proteins were 

not affected (Miyagawa et al. 2016). Another study demonstrated that ER-stress 

promoted increased levels of asparagine, which in turn reduced lysosomal 

acidification. This provides evidence that mechanisms exist to finely-tune and 

specify autophagic processes based on the needs of the cell (Xiaojuan Wang et al. 

2018). In addition to this fine-tuning signalling, Zhang and colleagues showed that 
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the spliced form of XBP1 (sXBP1) – which is a transcription factor necessary for 

UPR activation – binds to the promoter region and activates the expression of the 

transcription factor EB (TFEB) to protect HFD-fed mice from obesity-associated 

metabolic dysfunction and liver steatosis (Z. Zhang et al. 2020). TFEB is known as 

the master regulator of lysosomal biogenesis, but it also increases the expression 

of several autophagy related genes. Thus, in the liver, its downregulation results in 

a reduction of lysosomal function, lipophagy, and fatty acid oxidation (Napolitano 

and Ballabio 2016).  

Although the way in which these signalling pathways are dysregulated in 

NAFLD are not fully understood, the studies above indicate a clear connection 

between ER-stress and autophagy and suggest that autophagy is activated after 

ER-stress in order to promote cell survival. 

 

1.3.2 MITOPHAGY 

As discussed above, mitochondrial oxidative phosphorylation is important for 

liver homeostasis and may be impaired with NASH. Mitophagy is a specific type of 

macroautophagy used to describe the selective degradation of defective or 

redundant mitochondria. It is a set of pathways that occur in addition to regular 

autophagy, which will still non-selectively phagocytose mitochondria. Ultimately, by 

removing dysfunctional or unneeded mitochondria, mitophagy contributes to 

maintaining mitochondrial network homeostasis by preventing the production of 

ROS in excess. Thus, its dysfunction could lead to the progression of liver diseases 
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such as NAFLD (N. P. Zhang et al. 2019). In fact, a recent study using liver biopsies 

found that compromised hepatic fatty acid oxidation and mitochondrial turnover are 

intimately linked to increasing NAFLD severity in patients with obesity (Moore et al. 

2022). In this study, they found that hepatic autophagy, mitophagy, and 

mitochondrial dynamics markers were downregulated with increasing fibrosis 

severity. And while mitophagy operates with much of the same machinery as 

autophagy, there are important distinctions and unique molecular mechanisms 

(Choubey, Zeb, and Kaasik 2022).  

Mitophagy is often initiated when low membrane potential of mitochondria or 

irreversible mtDNA damage signalling leads to asymmetric apportioning of the 

mitochondrial network, a process called mitochondrial fission (Quintana-Cabrera 

and Scorrano 2023). This is typically controlled by the GTPase dynamin-related 

protein (Drp1), which constricts tubular membranes and oligomerizes actin to 

maintain membrane tension. Drp1 then recruits outer mitochondrial membrane 

adaptor proteins to fission sites in order to have the ER wrap around the site, further 

constricting mitochondria until they are split into two separate entities. These 

adaptor proteins include fission 1 (Fis1), mitochondrial fission factor (MFF), and 

mitochondrial division (MiD) 49 and 51.  

Once mitochondria are ‘fissioned’ out of the network, they can be tagged for 

degradation via adaptor proteins containing LIRs which interact with LC3. Two of 

the major mitophagy pathways involve the PTEN-induced kinase 1 (PINK1)/Parkin 

pathway and the BNIP3/NIX pathway (Zhu, Wu, and Liao 2023). Briefly, PINK1 is 
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typically a protein that gets imported into the mitochondrion, however, when there 

is a loss of membrane potential, PINK1 accumulates on the outer surface, leading 

to the phosphorylation of the E3 ubiquitin ligase Parkin. Once Parkin is 

phosphorylated, it can catalyze further ubiquitination of mitochondrial proteins, 

including CISD1 and mitofusin 2, leading to the recruitment of the adaptor protein 

P62 and LC3 to sequester the cargo. Through an increase in ROS, hypoxia-

inducible factor 1 (HIF1) can lead to the phosphorylation of BNIP3 and NIX, which 

then leads to the release of Beclin-1. BNIP3, NIX, and Beclin-1 have LIRs which 

localize LC3 and allows for subsequent autophagic processing. It is important to 

note that this is a simplified description of the primary mechanisms controlling 

mitophagy. 

Hepatic mitochondria from NASH mouse models and patients have structural 

and molecular differences compared to their healthy counterparts (Einer et al. 

2018). Structural changes are observed by transmission electron microscopy and 

characterized by large swollen mitochondria, aberrant structures, disorganized 

cristae, and altered distribution. Liver-specific Parkin knockout mice have 

increased steatosis, ballooning, inflammation, and composite NAS either on a HFD 

or Western-diet (Edmunds et al. 2020; Undamatla et al. 2023). Furthermore, loss 

of BNIP3 in the liver results in increased lipid synthesis, decreased fatty acid 

oxidation, increased ROS, and steatohepatitis (Glick et al. 2012; Springer et al. 

2021; Xiaojing Wang et al. 2019). These findings illustrate the importance of 

mitophagy in regulating mitochondrial homeostasis in the context of NASH. 
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1.4 AMPK 

An important regulator of autophagy and mitophagy is the AMP-activated 

protein kinase (AMPK). AMPK is a ubiquitously expressed serine-threonine kinase 

in nearly all eukaryotic cells that regulates cellular energy status by simultaneously 

integrating multiple physiological, hormonal, and nutritional cues to influence 

downstream metabolic pathways. When activated, AMPK hinders energy-

consuming anabolic pathways, while stimulating pathways associated with efficient 

energy-producing catalytic pathways. Complexed as a heterotrimer, AMPK 

consists of a catalytic α subunit, a structural scaffolding and regulatory β subunit, 

and a regulatory γ subunit. In mammals, distinct genes encode two isoforms of α 

(α1/ α2) and β (β1/ β2) subunits, while there are three isoforms of the γ (γ1/ γ2/ γ3) 

subunit. This allows for the possibility of at least 12 distinct heterotrimeric 

combinations, when excluding variants, which are uniquely and differentially 

expressed within each tissue. Although the differences in structure and functions 

of these distinct heteromeric assemblies are still being unlocked, there is 

considerable interest in the alterations these subunits have both in allosteric and 

covalent modifications of the enzyme. 

 

1.4.1 STRUCTURE AND ACTIVATION						 

A comprehensive description of the structure of AMPK is provided 

elsewhere, however, succinct, simplified, and relevant descriptions will be provided 

below (Steinberg and Hardie 2022). As its name implies, AMPK is canonically 
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activated by an increase in the cellular AMP/ADP:ATP ratio – which is indicative of 

energy demand – whereby AMP and ADP competitively bind over ATP to the third 

cystathionine-β-synthase (CBS3) repeat on the γ subunit (Gu et al. 2017). In 

comparing structures from different studies, this binding event causes a dramatic 

conformational shift and increases basal activity of the enzyme by protecting the 

activation loop from dephosphorylation by protein phosphatase 2-C (PP2C) (Yan 

et al. 2021; Xin et al. 2013; Davies et al. 1995). Phosphorylation of a conserved 

threonine residue (T172/T183) in the activation loop of the α subunit, primarily via 

the constitutively active liver kinase B1 (LKB1) or the calcium/calmodulin-

dependent protein kinase kinase (CAMKK), covalently activates AMPK and 

increases its activity more than 100-fold compared to the non-phosphorylated state 

at T172 (Willows et al. 2017; Shaw et al. 2004; Woods et al. 2003; Simon A. Hawley 

et al. 2003, 2005; Woods et al. 2005). There are several other serine-threonine 

sites on the α subunit that can be phosphorylated to influence AMPK activity, such 

as AKT, protein kinase A (PKA), and mTORC1, some of which have been identified 

as isoform specific, and illustrates the complex and sensitive regulation of AMPK 

activity via multiple distinct inputs (Steinberg and Hardie 2022).  

In addition to being the structural scaffold between the α and γ subunits, the 

β subunit of AMPK can also influence enzymatic activation through allosteric 

modulation by (auto)phosphorylation and myristoylation (Mitchelhill et al. 1997; 

Iseli et al. 2005; Yan et al. 2018; Dite et al. 2017; Oakhill et al. 2010; Neopane et 

al. 2022; Xiao et al. 2007, 2013a). Within the β subunit is the carbohydrate binding 
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module (CBM), also known as the glycogen binding domain, which is a region 

sharing sequence similarities to a number of proteins that metabolize glycogen or 

starch (Machovič and Janeček 2006). This site, along with the N-lobe of the α 

kinase domain, creates a deep cleft by which many pharmacological activators 

allosterically activate AMPK, including, but not limited to A-769662, MK-8722, PF-

739, and salicylate (Cool et al. 2006; Myers et al. 2017; Cokorinos et al. 2017; S. 

A. Hawley et al. 2012; Xiao et al. 2013b; Steinberg and Carling 2019). This is called 

the allosteric drug and metabolite (ADaM) site of AMPK and is stabilized via 

phosphorylation of Ser108 on the β subunit. Interestingly, AMPK can 

autophosphorylate Ser108 in both β isoforms. In addition, linking AMPK with 

autophagy, studies in cell free assays have shown that ULK1 also phosphorylates 

β1-containing complexes and this effect may be enhanced by an AMP-myristoyl 

switch mechanism to promote colocalization with the lysosome (Scott et al. 2014; 

Dite et al. 2017). Importantly, Dite and colleagues clarified that phosphorylaton of 

AMPK β1 Ser108 can occur independently from αT172 phosphorylation. This is an 

important as it may explain inconsistencies in studies that have observed 

differences in phosphorylation of the catalytic AMPK αT172 phosphorylation 

versus phosphorylation of AMPK substrate downstream substrates such as ACC 

Ser79/212 or Raptor Ser792. Collectively, the findings from this work unveiled a 

complex positive feedback mechanism between ULK1 and AMPK and highlight an 

important role for AMPK in autophagy. 
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1.4.2 HEPATIC AMPK 

AMPK plays several important roles in maintaining cellular energy 

homeostasis in the liver, including regulating fatty acid, carbohydrate, cholesterol, 

and amino acid metabolism (Steinberg and Carling 2019). It also influences 

mitochondrial health via biogenesis, fission, and autophagy/mitophagy. And 

though it is still being uncovered how particular heterotrimers may influence the 

cellular localization of AMPK, AMPK can influence the activity, localization, and 

activation status of transcriptional programs to fine-tune cellular energy status 

(Steinberg and Hardie 2022).  

 In rodents, hepatic AMPK is predominantly expressed as β1-containing 

heterotrimers (α1β1γ1 and α2β1γ1), which contrasts with human livers in which β2 

heterotrimers predominate (Dzamko et al. 2010; Stephenne et al. 2011). Knockout 

of AMPK β1 reduces liver AMPK activity by 95%, while knockouts of α1, α2, and 

β2 have little to no effect on liver AMPK activity (Viollet, Andreelli, Jørgensen, 

Perrin, Flamez, et al. 2003; Viollet, Andreelli, Jørgensen, Perrin, Geloen, et al. 

2003; Steinberg et al. 2010; Jørgensen et al. 2004; E. A. Day, Ford, and Steinberg 

2017).  

AMPK was originally identified as an enzyme that suppressed fatty acid and 

cholesterol synthesis, which was caused by inhibitory phosphorylation on ACC and 

HMGR, respectively (Carlson and Kim 1973; Munday 2002; Beg, Allmann, and 

Gibson 1973). AMPK activation also increases fatty acid oxidation through the 

inhibitory phosphorylation of ACC (H. M. O. O’Neill et al. 2014). This event causes 
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a reduction in the conversion of acetyl-CoA to malonyl-CoA, which is the rate-

limiting step in fatty acid synthesis, but also has an inhibitory effect on the rate 

limiting step of fatty acid transport into the mitochondrion through the allosteric 

inhibition of carnitine palmitoyl transferase-1 (CPT-1). Thus, when ACC is inhibited 

by AMPK phosphorylation, less malonyl-CoA is produced, reducing the allosteric 

inhibition of CPT-1 and resulting in more fatty acid transport into the mitochondrion 

for β-oxidation.  

AMPK also has the potential role to suppress hepatic gluconeogenesis and 

promote glucose uptake in the liver. Though studies have conflicting evidence as 

to whether the gluconeogenesis-suppressing effects of known AMPK activators 

(991, metformin) are specific to AMPK – likely due to high concentrations leading 

to non-specific effects –, studies by Cao and colleagues used primary hepatocytes 

which were acutely depleted of AMPK activity via shRNA and demonstrated a large 

role for AMPK in mediating the clinically relevant dose of metformin-induced 

suppression of hepatic gluconeogenesis (Johanns et al. 2022; Shaw et al. 2005; 

Miller et al. 2013; Foretz et al. 2010; G. Zhou et al. 2001; Cao et al. 2014; Hasenour 

et al. 2017). Furthermore, AMPK can promote glucose uptake in hepatocytes via 

the degradation of thioredoxin-interacting protein (TXNIP) and perhaps through the 

phosphorylation of other recently identified substrates of glucose uptake in a 

chemical genetic screen (N. Wu et al. 2013; Ducommun et al. 2019). 

Liver AMPK activity is repressed in NASH mouse models (Viollet et al. 2010; 

Boudaba et al. 2018; P. Zhao et al. 2020). Though genetic loss of liver AMPK 
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activity studies have inconsistent results regarding liver steatosis– possibly due to 

differing compositions of diet which include supraphysiological levels of fat.  

However, numerous studies involving both pharmacological and genetic activation 

of liver AMPK indicates benefits to multiple aspects of NAFLD and NASH including 

steatosis, inflammation, ballooning, and fibrosis (P. Zhao et al. 2020; Garcia et al. 

2019; Esquejo et al. 2018; B. K. Smith et al. 2016; Z. Liang et al. 2017; Boudaba 

et al. 2018).  Importantly, these beneficial effects also extend to humans, as clinical 

trials have shown that activation of AMPK or inhibition of ACC reduces steatosis 

(Cusi et al. 2021; Loomba et al. 2018). 

 

1.4.3 FATTY ACID SENSING AND OXIDATION BY AMPK 

Early studies even before the name AMPK was adopted suggested that lipid 

moieties could activate the kinase (Carling, Zammit, and Hardie 1987). Considering 

fatty acids stored as triglycerides are the most dense and inert form of energy in 

most organisms and that their oxidation results in a high amount of ATP generation 

from the electron transport chain in times of need like starvation, it seems logical 

to suspect that there might be a direct sensing mechanism between cellular fatty 

acids and AMPK. Supporting the connection between AMPK and fatty acids, a 

collection of studies in the early 2000s showed that AMPK activity was increased 

with short-term treatment of fatty acids in the heart, cardiac myocytes, and 

myotubes (Clark, Carling, and Saggerson 2004; Hickson-Bick, Buja, and McMillin 

2000; Watt et al. 2006).  
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Recent studies in purified enzyme preparations and cultured cells have 

since identified the molecular mechanisms mediating these effects.   Specifically, 

CoA esters of fatty acids, that are 12 to 18 carbons in length, were found to activate 

AMPK β1 containing heterotrimers (Pinkosky et al. 2020). Using in silico modelling, 

this was shown to be mediated through FA-CoA flexibly docking into a hydrophobic 

channel that encompassed the ADaM site, making this the first metabolite that 

directly activates the kinase through this allosteric mechanism. Interestingly, while 

phosphorylated AMPKβ1 Ser108 makes no direct interaction with the acyl chain of 

palmitoyl-CoA, its importance in stabilizing the interaction between α2-β1-CBM 

was demonstrated in bacterial cell lines rendering the site phospho-deficient by 

mutating the serine to alanine.  

These findings were extended in vivo by testing mice harboring mutations 

in the AMPK inhibitory phosphorylation sites on both ACC1 (S79A) and ACC2 

(Ser212A) (ACC DKI). After a fast-refeed cycle, ACC DKI mice were unable to 

increase fatty acid oxidation in response to an exogenous administration of a lipid 

emulsion formula (Intralipid) (Pinkosky et al. 2020). These data suggest that fatty 

acid sensing by AMPK plays an important role in promoting fatty acid oxidation, 

however, whether this sensing axis plays a role in the pathogenesis of chronic 

diseases such as obesity, diabetes, and NAFLD remain unexplored. 
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Figure 1.3. AMPK senses LCFA-CoA and increases fatty acid oxidation 
through the inhibitory phosphorylation of ACC. AMPK β1-containing 
complexes can sense LCFA-CoA through a mechanism dependent on the Ser108 
residue. This results in increased activity of AMPK and the phosphorylation of ACC 
at Ser79 for ACC1 and Ser212 for ACC2. This is an inhibitory phosphorylation, 
which results in the inhibition of acetyl-CoA being converted to malonyl-CoA. 
Malonyl-CoA is the rate-limiting step for fatty acid synthesis, but also blocks fatty 
acid oxidation via the inhibition of CPT-1. Thus, when the inhibition of CPT-1 is 
removed, CPT-1 can increase the import of fatty acyl-CoA into the mitochondria 
for β-oxidation and subsequent processing through the TCA cycle. ACLY 
contributes to the generation of acetyl-CoA from mitochondria-derived citrate. 
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1.4.4 AMPK PROMOTES MITOCHONDRIAL HOMEOSTASIS 

AMPK is an important regulator of mitochondrial homeostasis which 

includes fission, mitophagy, and biogenesis. Mitochondrial biogenesis occurs via 

the growth and division of pre-established mitochondria and increase their mass 

by adding new material to their existing network. Mitochondrial DNA encodes some 

of the mitochondrial proteins, however, many proteins are encoded within the 

nucleus. Thus, when parts of the mitochondrial network are not producing enough 

ATP, retrograde signals must exist to promote transcription factors to stimulate the 

expression of nuclear genes encoding mitochondrial proteins (NuGEMPs). When 

activated, AMPK can promote mitochondrial biogenesis through multiple 

mechanisms including increasing the expression and/or activity of PGC1α, SIRT1, 

p53, HDAC5, p38 MAPK, or TFEB (Hongbin Zhang et al. 2015; Jager et al. 2007; 

Than et al. 2015; Iwabu et al. 2010; Z. Wu et al. 1999; Houde et al. 2017; Czubryt 

et al. 2003; Mihaylova et al. 2011; McGee et al. 2008).  

 

1.4.5 AMPK REGULATION OF AUTOPHAGY/MITOPHAGY 

The role of AMPK in autophagy is rapidly expanding, however, there are 

three major categories to consider: (1) facilitation of initiation, (2) promotion of 

autophagosome biogenesis, and (3) autophagolysosomal fusion. Though the 

details of these mechanisms are beyond the scope of this review, we will review 

key points in the pathways (S. Wang et al. 2022).   
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Figure 1.4. AMPK promotes autophagy via the facilitation of initiation, 
promotion of autophagosome biogenesis, and autophagolysosomal fusion. 
Starting from the top left and working around through the steps of (1) Initiation, (2) 
Maturation, and (3) Autophagome-Lysosome Fusion. AMPK phosphorylates TSC2 
and Raptor to inhibit the mTORC1 complex. This will indirectly act to relieve the 
inhibition of ULK1 by mTORC1 phosphorylation. AMPK also directly 
phosphorylates ULK1. The mTORC1 complex phosphorylates and inhibits the 
ability for P300 and WIPI2 to promote VSP34 complex stability, the elongation of 
the phagophore, as well as the lipidation of LC3B (LC3BII) to tether to the 
phagophore membrane. AMPK can also directly phosphorylate WIPI2 to promote 
its activity. ULK1 phosphorylates multiple enzymes, including Beclin1, ATG14, and 
Parkin which aid in multiple mechanisms of autophagy initiation and maturation. 
Finally, AMPK promotes nuclear translocation of TFEB, TFE3, and FOXO1 to 
increase the transcription of lysosomal-related genes (LRGs) and autophagy-
related genes (ARGs). This ultimately helps in autophagolysosomal fusion. 
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With respect to initiation, AMPK controls the fragmentation of the 

mitochondrial network through the phosphorylation of mitochondrial fission factor 

1 (MFF) (Toyama et al. 2016; Ducommun et al. 2015). 

It also phosphorylates the mTOR upstream regulator TSC2 and the 

mTORC1 subunit Raptor at two sites each, reducing mTORC1 activity therefore 

relieving the inhibitory phosphorylation of ULK1 (Inoki, Zhu, and Guan 2003; Gwinn 

et al. 2008). AMPK also phosphorylates ULK1 on at least four residues, with 

Ser555 being the most well characterized (Egan et al. 2011; J. Kim et al. 2011). 

This direct activation of ULK1 by AMPK is especially important for mitophagy, as 

mutant cell lines lacking the ability for AMPK to phosphorylate ULK1 accumulate 

defective mitochondria. The AMPK-ULK1 axis can also trigger the phosphorylation 

of Parkin at Ser108 to localize and trigger PINK1/Parkin-dependent mitophagy 

(Hung et al. 2021). AMPK also phosphorylates many other autophagy-initiating 

enzymes, including Beclin1, ATG14, and other proteins essential to form and 

stabilize VPS34-containing complexes (Herzig and Shaw 2018; S. Wang et al. 

2022).  

Phosphorylation of TSC2, mTOR1C, and ULK1 also contributes to the 

maturation of the autophagosome through the phagophore elongation phase. 

Specifically, mTORC1 phosphorylation of p300 and WIPI2 inhibits VSP34 activity 

and LC3 lipidation. Finally, AMPK can promote autophagosome-lysosome fusion 

via phosphorylation of ATG14, by promoting translocation of TFEB and FOXO3 

into the nucleus (Paquette et al. 2021; Sanchez et al. 2012).  
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Overall, AMPK promotes biogenesis, fission, and mitophagy, and, therefore, 

is essential for maintaining mitochondrial homeostasis.  

 

1.5 ACLY 

1.5.1 REGULATION AND FUNCTION OF ACLY 

ATP-citrate lyase (ACLY) is a ubiquitously expressed enzyme most well-

known for its involvement in the de novo lipogenesis pathway, however, is also 

ideally positioned to influence nutrient catabolism and lipid biosynthesis through its 

control of nucleocytosolic acetyl-CoA levels (Pinkosky et al. 2017).  ACLY converts 

TCA-derived citrate into acetyl-CoA and oxaloacetate within the cytosol. This is an 

essential step that catalyzes the fatty acid synthesis pathway via the conversion of 

acetyl-CoA to malonyl-CoA via ACC, the mevalonate pathway through a series of 

intermediate steps ultimately leading to the reduction to mevalonic acid through 3-

hydroxy-3-methylglutarate-CoA reductase (HMGR), and gluconeogenesis through 

the transformation of oxaloacetate. 

Although ACLY is ubiquitously expressed, it is most highly expressed in the 

lipogenic tissues adipose tissue and liver (Human Protein Atlas). It is a 

homotetramer, with four identical subunits comprising of an N-terminal acyl-CoA 

synthase homology (ASH) domain, a flexible linker connecting to a C-terminal 

citrate synthase homology (CSH) domain (Wei et al. 2020; Verschueren et al. 

2019). In the liver, ACLY transcription increases with elevations in glucose and 

insulin levels via a coregulated response with other lipogenic genes controlled by 
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three transcription factors: SREBP-1c, ChREBP, and LXR (Horton, Goldstein, and 

Brown 2002; Ma, Robinson, and Towle 2006; Ishii et al. 2004). The activity and 

localization of ACLY can be influenced by allosteric activation via phosphorylation 

at Ser454 by cAMP-dependent protein kinase and protein kinaseB/Akt, Thr446 and 

Ser 450 by GSK3, and Ser454 by mTORC2. 

 

1.5.2 ROLE FOR ACLY IN NAFLD 

Mendelian randomization studies have supported that multiple 

independently inherited single-nucleotide polymorphisms (SNPs) are associated 

with serum markers of liver injury including, alanine transaminase (ALT), aspartate 

transaminase (AST), and gamma-glutamyl transferase (GGT) (Morrow et al. 2022). 

Furthermore, data from a meta-analysis of human gene expression data indicates 

that the expression of ACLY is higher in patients with NASH versus simple 

steatosis, alluding to the possibility that ACLY is an important driver of NAFLD 

progression (Ryaboshapkina and Hammar 2017). 

A previous report from our lab demonstrated that genetically knocking out 

ACLY from hepatocytes using an adeno-associated virus (ACLY-LKO) resulted in 

improvements in liver steatosis and hepatocellular ballooning in a mouse model 

fed a high-fat, high-fructose diet housed at thermoneutrality (Morrow et al. 2022). 

Primary hepatocytes from ACLY-LKO mice had reductions in lactate-driven sterol 

and fatty acid synthesis, and an increase in palmitate-driven fatty acid oxidation. 
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These data suggest that the inhibition of DNL and activation of fatty acid oxidation 

by ACLY knockout can reduce the severity of NASH.  

 

1.5.3 ACLY PROMOTES CELLULAR ACETYLATION 

In addition to serving as a substrate for DNL, acetyl-CoA generated by 

ACLY can also be a substrate for acetyl-CoA transferases (Wellen et al. 2009). 

Posttranslational modification of proteins by acetylation can either increase or 

decrease their activity. The E1A binding protein (p300) and general control non-

depressible 5 (GCN5) are lysine acetyltransferases that promote the acetylation of 

both histone and non-histone proteins. In 2009, Wellen and colleagues discovered 

that nuclear ACLY-derived acetyl-CoA was required for GCN5-dependent histone 

acetylation in response to growth factors and glucose (Wellen et al. 2009). GCN5 

also acetylates and inhibits PGC-1α (Lerin et al. 2006; Jeninga, Schoonjans, and 

Auwerx 2010). PGC-1α has an established role in promoting autophagy in multiple 

tissues (D. Liang et al. 2020). In fact, there are several acetyltransferase and de-

acetylases that modify autophagy-related proteins (Y. Xu and Wan 2022). For 

example, P300 has also been shown to inhibit autophagy in response to nutrient 

deprivation in HeLa cells (I. H. Lee and Finkel 2009).  

These data support the concept that depleting ACLY-derived acetyl-CoA 

may mimic some of the effects of caloric restriction and promote the restoration of 

metabolic homeostasis in chronic conditions of energy surplus and mitochondrial 

dysfunction. Whether inhibiting ACLY results in the reduction of global acetylation 
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and the promotion of autophagy and mitochondrial biogenesis in the liver has not 

yet been investigated. This could potentially provide a new hepatoprotective effect 

in the context of NASH. 

 

1.5.4 BEMPEDOIC ACID 

Bempedoic acid (also known at ETC-1002) is an oral medication approved 

to reduce low-density lipoprotein-cholesterol (LDL-C) in adults with heterozygous 

familial hypercholesterolemia (HeHF) or established atherosclerotic cardiovascular 

disease. It is a small molecule prodrug that is converted to its active moiety, 

bempedoyl-CoA, by the very-long-chain acyl-CoA synthetase 1 (ASCVL1) 

(Pinkosky et al. 2013a, 2016). ASCVL1 is expressed almost exclusively in the liver 

and the kidney, and not in skeletal muscle or other tissues. This conversion is 

important to minimize the myotoxicity which is typically found with long-term use of 

statins (Bouitbir et al. 2020). Bempedoyl-CoA can inhibit ACLY via a CoA 

competitive, ATP and citrate non-competitive manner.  Importantly, bempodyl-

CoA, but not bempedoic acid, allosterically activates AMPK β1 but not AMPK β2 

containing complexes. These data suggest that like fatty acyl-CoA molecules 

described previously, bempedoyl-CoA is likely allosterically activating AMPK 

through a mechanism involving AMPK β1 Ser108 phosphorylation (Pinkosky et al. 

2013a, 2016).  

In a recent study from our lab, using a NASH mouse model induced by 

housing male mice at thermoneutrality and feeding them a diet high in fat and 
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fructose, we found that bempedoic acid reduced liver steatosis, hepatocellular 

ballooning, lobular inflammation, and hepatic fibrosis (Morrow et al. 2022). In this 

study, it was discovered that bempedoic acid exerted actions on murine and human 

hepatic stellate cells to reduce TGFβ-induced proliferation and activation, in turn, 

reducing collagen secretion. Taking these data together with evidence from 

previous clinical studies showing that bempedoic acid (1) has a good safety and 

tolerability profile without increasing serum triglycerides, and (2) reduces the risk 

of major adverse cardiovascular events (MACE) in statin-intolerant patients, this 

could position bempedoic acid as an ideal adjuvant therapy with other NASH-

treating agents, as many therapies do not directly target fibrosis and NASH-

associated comorbidities such as hypercholesterolemia (Ballantyne et al. 2018; 

Bays et al. 2020; Ray et al. 2019; Nissen et al. 2023; Keaney 2023; Alexander 

2023). 

 

1.6 LIFESTYLE MODIFICATIONS TO MANAGE OR REVERSE NAFLD 

The current management of NAFLD consists of treating liver disease as well 

underlying metabolic comorbidities including obesity, hyperlipidemia, insulin 

resistance, and T2D. For patients with no sign of steatohepatitis or fibrosis, 

pharmacological treatments should not be primarily aimed at improving liver 

disease (Chalasani et al. 2018). Lifestyle modification recommendations including 

diet, exercise, and weight loss are commonplace, and have shown a dose-

response curve where the greater the weight loss the more significant 
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improvements in histopathology (Musso et al. 2012). Bariatric surgery is also 

accepted, however, only reserved for extreme cases. In fact, weight loss of over 

10% of initial body weight in 52 weeks was associated with improvements in all 

features of NASH, including portal inflammation and fibrosis (Vilar-Gomez et al. 

2015). A systematic literature review investigating whether moderate-intensity 

continuous training or high-intensity interval training reduce NASH and liver fibrosis 

revealed that high-intensity interval training resulted in greater improvements in 

liver stiffness, but the overall effect of aerobic exercise did not result in fibrosis 

improvements generally (Houttu et al. 2022). However, as Musso and colleagues 

highlighted in a systematic review and meta-analysis, less than 50% of patients 

can achieve a loss of body weight of 7%, even with structure, guidance, and 

coaching. Furthermore, maintenance of weight loss is also a challenge, however, 

the benefits of diet and exercise go beyond weight loss with regards to NAFLD 

(Ryan et al. 2013; Della Corte et al. 2017; Mardinoglu et al. 2018; Magkos et al. 

2016). Recommendations from the European Association for the Study of Liver, 

Diabetes, and Obesity (EASL, EASD, EASO), supported by other studies, suggest 

that physical exercise, reductions in carbohydrate consumption, increases in 

protein and fibre ingestion, and predominant sources of fats coming from 

polyunsaturated fatty acids are beneficial to reducing liver fat content (European 

Association for the Study of the Liver (EASL) 2016; Romero-Gómez, Zelber-Sagi, 

and Trenell 2017). One interesting fact gathered from systematic reviews and 

meta-analyses is that consuming three cups of coffee (caffeinated or not) or more 
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per day is associated with reduced liver disease severity (Chen et al. 2019). 

Understanding the mechanisms by which foods and modalities of exercise reduce 

features of NAFLD, NASH, and hepatic fibrosis have and continue to inform the 

development of pharmacotherapies. 

1.6.1 CURRENT PHARMACOLOGICAL LANDSCAPE OF NASH 

There are currently no FDA-approved therapies for the treatment of NAFLD, 

NASH, and hepatic fibrosis. The revised guidelines for the diagnosis and 

management of NAFLD from the American Association for the Study of Liver 

Disease (AASLD) support the use of drugs that treat associated comorbidities with 

benefit in NAFLD (Rinella et al. 2023). Semaglutide can be considered for patients 

with T2D or obesity, as there is evidence of efficacy in resolving NASH and it is 

known that it confers cardiovascular benefit. Pioglitzaone can be considered for 

patients with T2D and biopsy-proven NASH, as there is evidence of efficacy in 

resolving NASH and confers cardiovascular benefit. Vitamin E can be considered 

in patients with NASH that do not have T2D. These treatments carry a statement 

that they do not demonstrate antifibrotic effects. Metformin, ursodeoxycholic acid, 

dipeptidyl peptidase-4, silymarin, and statins are well studied and should not be 

used as a treatment for NASH as they do not confer meaningful histological benefit.  

This unmet clinical need and a market valuation projecting $27.2 billion by 2029 

has spurred a “race” to become the first FDA-approved therapeutic option to treat 

NASH (Fraile et al. 2021). With over 100 compounds being tested in clinical trials 

as of 2021, and none of them being approved by the time of writing this thesis in 
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Q1 2023, this highlights the difficulty in targeting this complex metabolic condition 

(Fraile et al. 2021). In order to gain approval by the FDA, sponsors have been 

recommended to evaluate NASH and fibrosis separately and meet the criteria of 

(1) improvement of liver fibrosis by 1 stage without worsening of NASH, and (2) 

resolution of NASH with no worsening of fibrosis (Omokaro and Golden 2020). And 

although there is some pushback on the stringency of these demands, there are 

several compounds that hold promise.  

Treatments can be generally classified as metabolic, anti-inflammatory, and 

anti-fibrotic drugs and effect distinct cellular pathways (Konerman, Jones, and 

Harrison 2018; X. Xu et al. 2022; Harrison et al. 2023). 7 separate compounds with 

distinct mechanisms of action are now in Phase 3 clinical trials for the treatment of 

NASH. These include, dapagliflozin, semaglutide, cenicriviroc, resmetirom, 

obeticholic acid, saroglitazar, and aramchol (Fraile et al. 2021). Sarogltiazar is a 

first-in-class dual PPAR alpha and gamma agonist that reduces serum triglyceride 

and glucose levels, and has been approved for the treatment of NASH in India, but 

has not been approved by other approving bodies (Gawrieh et al. 2021). 

Obeticholic acid acts as a farnesoid X receptor (FXR) agonist which has shown a 

reduction in liver fibrosis without worsening of NASH and recently applied for an 

accelerated approval based on their interim results from the REGENERATE trial 

with nearly 2500 patients with NASH and fibrosis involved (Z. M. Younossi et al. 

2019). However, the FDA reported several active liver toxicity concerns, LDL as 

well as total cholesterol were increased, thus the drug was not supported for fast 
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track. Resmetirom is an oral thyroid hormone receptor-beta (THRβ) agonist that 

reduces hepatic fat and resolves NASH without worsening of fibrosis after 52 

weeks of treatment by modulating lipid metabolism (Harrison et al. 2019). As 

demonstrated, each of these drug candidates act on separate pathways, however, 

they all have something in common in that they can only meet 1 of the 2 criteria 

set out by the FDA.  

Therefore, although there have been many advancements made in the 

therapeutic landscape of NASH, no therapy has proven both safe and efficacious 

in both criteria set by the FDA. Thus, identifying new therapies which have a single 

target that can influence multiple pathways of NASH and fibrosis progression or 

finding complementary combinations of therapies are warranted. 

 

1.6.1.1 GLP-1R AGONISTS FOR THE TREATMENT OF NASH 

Multiple glucagon-like peptide-1 receptor agonists are being used in the 

clinic for the treatment of T2D. While short-acting peptides such as exendin-4 or 

lixisenatide are only used for the treatment of T2D, the long-acting molecules 

liraglutide and semaglutide are also approved for the treatment of obesity (Drucker 

2022). GLP-1 is an incretin hormone whose secretion from gut enteroendocrine L 

cells and the CNS is increased in the postprandial state to regulate blood glucose, 

satiety, and gastrointestinal motility (Baggio and Drucker 2021). Its receptor GLP-

1R is expressed in pancreatic β cells, some α and δ cells, the enteric and central 

nervous system, kidney, gut, lung, intestinal intraepithelial lymphocytes, 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

  56 

endothelial cells, vascular smooth muscle cells, and the heart (B. A. McLean, 

Wong, Campbell, et al. 2021). And while GLP-1R is not expressed on the cells of 

the liver including hepatocytes, Kupffer cells, or hepatic stellate cells, both 

preclinical and clinical studies have demonstrated the efficacy of GLP-1R agonists 

to reduce liver fat and NASH. This suggests that most of the effects are indirect 

and are likely mediated via appetite-regulated weight loss, insulin-sensitizing 

effects for glucose and fatty acid uptake, reduced chylomicron secretion due to 

reduced synthesis and gut motility, and a reduction in cytokine release from γδ T-

cells and intraepithelial lymphocytes (Yabut and Drucker 2022).  

Using MR to assess pre- and post- 6-month liver fat content in patients with 

uncontrolled T2D, Petit and colleagues found that liraglutide treatment reduced 

liver fat content by 31% (Petit et al. 2017). In a multicentre, randomized, placebo-

controlled trial, liraglutide treatment for 48 weeks resulted in the histological 

resolution of definite NASH in 39% of patients versus 9% in the control arm 

(Armstrong et al. 2016). This was associated with greater histological 

improvements in steatosis and ballooning, but not lobular inflammation. 

Furthermore, there was not a significant difference in fibrosis stage improvement. 

72 weeks of once-daily semaglutide treatment in biopsy-confirmed NASH and liver 

fibrosis stage F1-3 patients resulted in a significant difference in NASH resolution 

in 59% of patients vs 17%  in the control arm, while no difference was found in 

fibrosis score improvement (Newsome et al. 2021). In NASH with compensated 

cirrhosis, once-weekly semaglutide for 48 weeks did not improve fibrosis score or 
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achieve NASH resolution to a greater extent than the control arm (Loomba et al. 

2023). There were, however, improvements in liver fat content as assessed by MR-

PDFF. Collectively, considering these results, the large improvements in 

cardiometabolic risk parameters, and the excellent safety and tolerability profile, 

GLP-1R agonists are ideally positioned to be combined with a therapeutic that 

reduces fibrosis and other associated comorbidities. Combination trials with 

semaglutide have already started, as a 24 week open-label study evaluating the 

efficacy of semaglutide combined with firsocostat (FXR agonist) and/or cilofexor 

(ACC inhibitor) in patients with NASH and mild-to-moderate fibrosis was 

associated with additional improvements in NITs measuring hepatic steatosis, liver 

stiffness, and serum measures when in combination versus semaglutide alone 

(Alkhouri et al. 2022). Given the heterogeneity of the patient population with NASH, 

combination approaches may offer greater benefits than monotherapies, providing 

an opportunity for personalized medicine to treat NASH, fibrosis, and particular 

associated comorbidities such as hypercholesterolemia.  
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1.7 MAIN OBJECTIVES 

 Characterize the molecular mechanisms by which AMPK and ACLY 

regulate autophagy in the liver of mice and their potential implications for the 

development of NAFLD.  Using bempedoic acid as a tool compound that activates 

AMPK and inhibits ACLY, determine whether targeting these pathways exerts 

favorable effects in a preclinical mouse model of NASH when combined with a 

GLP1-R agonist.   

 

1.8 THESIS AIMS 

1) Identify the physiological significance of the AMPKβ1 Ser108 site in controlling 

fatty acid metabolism and autophagy in the liver. 

2) Explore whether the AMPK activator and ACLY inhibitor bempedoic acid exerts 

hepatoprotective effects to reduce hepatocellular ballooning and fibrosis in 

NASH by affecting autophagy. 

3) Establish whether pharmacological activation of AMPK and inhibition of ACLY 

using bempedoic acid exerts complimentary effects when combined with a GLP-

1R agonist to reduce NASH and associated comorbidities. 
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CHAPTER TWO
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THE PHOSPHORYLATION OF AMPKβ1 IS CRITICAL FOR INCREASING 
AUTOPHAGY AND MAINTAINING MITOCHONDRIAL HOMEOSTASIS IN 

RESPONSE TO FATTY ACIDS 
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In this chapter, we extend upon our lab’s discovery that AMPK directly senses fatty 
acids via long chain fatty acyl-CoAs and describe the physiological relevance of 
the Ser108 amino acid residue within the allosteric drug and metabolite (ADaM) 
site of the AMPKβ1 subunit. We developed a mouse model with a targeted 
germline knock-in mutation of AMPKβ1 Ser108 to Ala108 (S108A-KI), rendering a 
phosphorylation site predictively involved in palmitoyl-CoA binding AMPK to be 
phospho-deficient. We found a reduction of AMPK activity by 50-75% in the liver, 
but not skeletal muscle, without alterations in subunit content. We then determined 
that Ser108 was required for acute changes in fat oxidation in response to 
exogenous fatty acids both in vivo and in vitro. We explored the significance of this 
site in the pathophysiology of obesity and NAFLD and found that S108A-KI mice 
had exacerbated glucose intolerance and greater liver lipid deposition on a HFD. 
This was ascribed to reductions in mitochondrial content and function and related 
to alterations in autophagy initiation in vivo. In primary hepatocytes, we identified 
that, in response to palmitate, AMPKβ1 Ser108 was not only important in 
stimulating mitochondrial biogenesis as a compensatory response to increased 
lipid availability, but also to initiate autophagy through phosphorylation of ULK1 at 
the AMPK-site Ser555, and its loss led to reduced autophagic/mitophagic flux. 
These studies demonstrate that fatty acid sensing by AMPK is an important 
mediator of lipid metabolism in the hepatocyte and that AMPK phosphorylation can 
mediate acute increases in fatty acid flux in the liver via facilitating fatty acid 
oxidation through ACC phosphorylation, and chronically promoting mitochondrial 
homeostasis when lipids are in excess through mitochondrial biogenesis and 
autophagy.  
EMD was involved in all experiments except the following: Figure 1A (SD), Figure 
3A (BKS), Supplemental 1A-E (MJS), Supplemental 2 (KS), and Supplemental 3A 
(SD).
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DQG�VKDUHKROGHU�RI�(VSHUYLWD�7KHUDSHXWLFV�

7KLV�DUWLFOH�LV�D�31$6�'LUHFW�6XEPLVVLRQ�

&RS\ULJKW� k� ����� WKH� $XWKRU�V��� 3XEOLVKHG� E\� 31$6���
7KLV� RSHQ� DFFHVV� DUWLFOH� LV� GLVWULEXWHG� XQGHU� &UHDWLYH�
&RPPRQV� $WWULEXWLRQ�1RQ&RPPHUFLDO�1R'HULYDWLYHV�
/LFHQVH������&&�%<�1&�1'��
�3UHVHQW� DGGUHVV�� 6FKRRO� RI� %LRFKHPLVWU\� DQG�
ΖPPXQRORJ\�� 7ULQLW\� &ROOHJH� 'XEOLQ�� 7ULQLW\� %LRPHGLFDO�
6FLHQFHV�ΖQVWLWXWH��'XEOLQ�'���5�����ΖUHODQG�
23UHVHQW� DGGUHVV�� 'HSDUWPHQW� RI� 3K\VLRORJ\� DQG�
3KDUPDFRORJ\�� .DUROLQVND� ΖQVWLWXWH�� 6ROQD� �������
6ZHGHQ�
�7R� ZKRP� FRUUHVSRQGHQFH� PD\� EH� DGGUHVVHG�� (PDLO��
NHL�VDNDPRWR#VXQG�NX�GN�RU�JVWHLQEHUJ#PFPDVWHU�FD�

7KLV� DUWLFOH� FRQWDLQV� VXSSRUWLQJ� LQIRUPDWLRQ� RQOLQH� DW�
KWWSV���ZZZ�SQDV�RUJ�ORRNXS�VXSSO�GRL���������SQDV��
�������������'&6XSSOHPHQWDO�

3XEOLVKHG�1RYHPEHU����������

OPEN ACCESS3+<6Ζ2/2*<

The phosphorylation of AMPKβ1 is critical for increasing 
autophagy and maintaining mitochondrial homeostasis  
in response to fatty acids
(ULF�0�b'HVMDUGLQVD,b ��%UHQQDQ�.�b6PLWKD,b��(PLO\�$�b'D\D,b,1��6HUJHb'XFRPPXQc,2 ��0DWWKHZ�-�b6DQGHUVc ��-RVKXD�3�b1HGHUYHHQD�G��5HEHFFD�-�b)RUGD,b, 
6WHSKHQ�/�b3LQNRVN\D,b��/RJDQ�.�b7RZQVHQGD,b��5REHUW�0�b*XWJHVHOOD,b ��5DFKHOb/XD,b��.HLb6DNDPRWRc�H,3 ��DQG�*UHJRU\�5�b6WHLQEHUJD,b,f,3

(GLWHG�E\�*HUDOG�6KXOPDQ��<DOH�8QLYHUVLW\��1HZ�+DYHQ��&7��UHFHLYHG�2FWREHU�����������DFFHSWHG�2FWREHU���������

Fatty acids are vital for the survival of eukaryotes, but when present in excess can have 
deleterious consequences. !e AMP-activated protein kinase (AMPK) is an important 
regulator of multiple branches of metabolism. Studies in purified enzyme preparations and 
cultured cells have shown that AMPK is allosterically activated by small molecules as well 
as fatty acyl-CoAs through a mechanism involving Ser108 within the regulatory AMPK 
β1 isoform. However, the in vivo physiological significance of this residue has not been 
evaluated. In the current study, we generated mice with a targeted germline knock-in (KI) 
mutation of AMPKβ1 Ser108 to Ala (S108A-KI), which renders the site phospho-deficient. 
S108A-KI mice had reduced AMPK activity (50 to 75%) in the liver but not in the skeletal 
muscle. On a chow diet, S108A-KI mice had impairments in exogenous lipid-induced fatty 
acid oxidation. Studies in mice fed a high-fat diet found that S108A-KI mice had a tendency 
for greater glucose intolerance and elevated liver triglycerides. Consistent with increased 
liver triglycerides, livers of S108A-KI mice had reductions in mitochondrial content and 
respiration that were accompanied by enlarged mitochondria, suggestive of impairments 
in mitophagy. Subsequent studies in primary hepatocytes found that S108A-KI mice had 
reductions in palmitate- stimulated Cpt1a and Ppargc1a mRNA, ULK1 phosphorylation 
and autophagic/mitophagic flux. !ese data demonstrate an important physiological role 
of AMPKβ1 Ser108 phosphorylation in promoting fatty acid oxidation, mitochondrial 
biogenesis and autophagy under conditions of high lipid availability. As both ketogenic 
diets and intermittent fasting increase circulating free fatty acid levels, AMPK activity, 
mitochondrial biogenesis, and mitophagy, these data suggest a potential unifying mech-
anism which may be important in mediating these effects.

$03.Ʉ_ɄIDW�R[LGDWLRQɄ_ɄPLWRFKRQGULDɄ_Ʉ1$)/'Ʉ_ɄDXWRSKDJ\

Fatty acids are a predominant substrate for most cell types and also act as critical building 
blocks for membranes and signaling molecules. However, high levels of fatty acids 
– common in obesity– promote the development of lipotoxicity in multiple organ systems, 
triggering in!ammation, "brosis, and eventually cell death (1). As such, multiple home-
ostatic mechanisms have evolved to closely match fatty acid availability with oxidation 
rates. #is includes allosteric inhibition of key enzymes regulating fatty acid oxidation 
including acetyl-CoA carboxylase (ACC) (2). Fatty acids can also increase their own 
oxidation by enhancing mitochondrial function through the coordinated regulation of 
mitochondrial biogenesis and degradation (3–5). However, to date, the mechanisms coor-
dinating the e$ects of fatty acids on mitochondrial homeostasis are incompletely 
understood.

#e AMP-activated protein kinase (AMPK) is a central governor of cellular energy 
homeostasis that is in!uenced by multiple physiological, hormonal, and nutritional signals. 
AMPK is a heterotrimeric protein consisting of a catalytic α (α1/α2) subunit, a regulatory 
γ (γ1/γ2/γ3) subunit, and a β (β1/β2) subunit, which is critical for both maintaining the 
structure of the enzyme complex and regulating enzyme activity (6). Studies in knock-out 
mice have shown that AMPKβ1 is essential for maintaining AMPK activity in metabolic 
tissues such as the liver (7), while AMPKβ2 is important in the skeletal muscle and heart 
(8). In addition to acting as a structural sca$old, the β subunit is also (auto)phosphorylated 
and myristoylated to allosterically regulate enzymatic activity (9–13). Of these posttrans-
lational modi"cations, phosphorylation of AMPKβ1 Ser108 has been shown to play a 
vital role in enhancing AMPK activity in response to many distinct, small-molecule, 
allosteric activators including A769662, salicylate, 991, MK-8722, PF-06409577, and 
lusianthridin (14–20) (reviewed in ref. 6). And, while the endogenous ligand(s) for β1 
Ser108 remained elusive for many years, recent studies conducted in cultured cells and 
puri"ed enzyme preparations identi"ed that long-chain fatty acyl-CoAs increase AMPK D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
M

C
M

A
ST

ER
 U

N
IV

 L
IB

R
A

R
Y

 o
n 

Fe
br

ua
ry

 2
2,

 2
02

3 
fr

om
 IP

 a
dd

re
ss

 1
30

.1
13

.1
09

.1
20

.



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

  62 

2 of 8ɋɋɅKWWSV���GRL�RUJ���������SQDV������������ SQDV�RUJ

activity in part through this residue (2). Ser108 is also phospho-
rylated by the autophagy initiator Unc-51-like kinase 1 (ULK1) 
(12). Despite the growing appreciation of this posttranslational 
modi!cation, little is known about the physiological importance 
of AMPKβ1 Ser108, information that is especially relevant given 
new small molecules that activate AMPK through this residue 
have entered clinical trials for nonalcoholic steatohepatitis (21, 
22) and may be potentially utilized for other chronic diseases.

Results

We !nd that, consistent with previous studies in cell-free assays 
(12, 15–17), β1 S108A-containing AMPK trimeric complexes 
were not responsive to A769662-mediated activation but were 
sensitive to phosphorylation by Ca2+/calmodulin-dependent pro-
tein kinase kinase-β (CaMKKβ) and allosteric activation by AMP 
(SI Appendix, Fig. S1). To investigate the physiological importance 
of AMPKβ1 Ser108 phosphorylation, we generated a mouse 
model with a targeted germline knock-in (KI) mutation in which 
this residue was rendered phospho-de!cient by mutating the Ser 
to Ala (S108A-KI) (SI Appendix, Fig. S2).

In mice fed a control high-carbohydrate chow diet (CD), 
S108A-KI mice had lower AMPK activity in the liver but not in 
the skeletal muscle (Fig. 1A), a !nding consistent with the pre-
dominant expression of the AMPKβ1 subunit in the liver but not 
in the skeletal muscle (SI Appendix, Fig. S3A). Importantly, this 
lower AMPK activity was independent of observable changes in 
the expression of AMPK α, β, or γ isoforms (SI Appendix, Fig. 
S3A). We subsequently examined body mass, energy expenditure, 
fasting blood glucose, caloric consumption, physical activity levels, 
the respiratory exchange ratio (RER), and glucose tolerance and 
found that there were no genotypic di"erences in these parameters 
(SI Appendix, Fig. S3 B–H). #ese data indicate that on a control 

chow diet S108A-KI mice have reductions in AMPK activity 
within the liver that are independent of changes in AMPK isoform 
expression pro!les, but that this does not have a signi!cant impact 
on whole-body glucose homeostasis or energy balance.

Given previous studies in puri!ed enzyme preparations found 
that AMPKβ1 Ser108 was important for activating AMPK in 
response to increases in fatty acyl-CoA availability (2), we next 
challenged WT and S108A-KI mice fed a control chow diet with 
an oral bolus of the lipid emulsion intralipid (Fig. 1B). Food 
intake (SI Appendix, Fig. S4A) and activity levels (SI Appendix, 
Fig. S4B) were not di"erent between genotypes or following intr-
alipid gavage. Compared to vehicle control, there was a tendency 
for intralipid gavage to reduce the RER in WT (P = 0.2, SI 
Appendix, Fig. S4 C and E) but not S108A-KI (P = 0.9, SI 
Appendix, Fig. S4 D and E) mice, and when changes in fatty acid 
oxidation were calculated, this was increased by intralipid in WT 
but not in S108A-KI mice (Fig. 1C). In contrast, treatment of 
WT and S108A-KI mice with 5-aminoimidazole-4-carboxam-
ide-1-β-D-ribofuranoside (AICAR)–which is metabolized into 
the AMP-mimetic (ZMP or AICAR monophosphate) and acti-
vates AMPK via the γ not the β1 isoform (23)–did not change 
food intake or activity (SI Appendix, Fig. S4 F and G), but reduced 
RER (SI Appendix, Fig. S4 H–J) and increased fatty acid oxidation 
in both genotypes (Fig. 1D).

AMPK phosphorylation of ACC is important for increasing 
fatty acid oxidation in response to intralipid (2). Consistent with 
these previous !ndings, treatment of primary hepatocytes with 
palmitate increased ACC1/2 S79/212 phosphorylation in WT 
mice but not in S108A-KI mice (Fig. 1E), while the e"ect of 
AICAR was maintained in both genotypes (Fig. 1F). Similar to 
palmitate, S108A-KI mice were also resistant to the e"ects of 
A769662 to increase ACC phosphorylation (Fig. 1G). #ese !nd-
ings demonstrate that AMPKβ1 Ser108 is important for increasing 
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Fig. 1.Ʌ$03.β��6HU����SKRVSKRU\ODWLRQ�LV�LPSRUWDQW�IRU�DFXWH�IDWW\�DFLG�LQGXFHG�LQFUHDVHV�LQ�$&&�SKRVSKRU\ODWLRQ�DQG�ZKROH�ERG\�IDWW\�DFLG�R[LGDWLRQ���A��
$03.α�LVRIRUP�VSHFLȴF�SKRVSKRWUDQVIHUDVH�DFWLYLW\�DVVD\�IURP�EDVDO�FKRZ�IHG��&'��:7�DQG�6���$�.Ζ��.Ζ��PLFH�IRU�OLYHU�DQG�TXDGULFHSV�PXVFOH��4XDG����B–D��
6FKHPDWLF�RI�IDVW�UHIHHG�H[SHULPHQWV�ZLWK�RU�ZLWKRXW�LQWUDOLSLG�RU�$Ζ&$5�LQ�PHWDEROLF�PRQLWRULQJ�XQLWV��B���)DWW\�DFLG�R[LGDWLRQ��C��ZDV�FDOFXODWHG�IURP�922�DQG�
9&22�RYHU���K��VWDUWLQJ���K�SRVWJDYDJH�RI�HLWKHU�VDOLQH�RU�����LQWUDOLSLG�����P/�NJ��LQ�:7�DQG�6���$�.Ζ�PLFH�IHG�D�FKRZ�GLHW��)ROORZLQJ�DQ�L�S��LQMHFWLRQ�RI�VDOLQH�
RU�$Ζ&$5������PJ�NJ���IDWW\�DFLG�R[LGDWLRQ��D��ZDV�FDOFXODWHG�IURP�922�DQG�9&22�RYHU���K��VWDUWLQJ���K�SRVWLQMHFWLRQ��5HSUHVHQWDWLYH�$&&�LPPXQREORWWLQJ�DQG�
GHQVLWRPHWULFDO�DQDO\VLV�DVVHVVLQJ�LQKLELWRU\�SKRVSKRU\ODWLRQ�RI�$&&�E\�$03.�LQ�UHVSRQVH�WR�SDOPLWDWH��3DOP������w0���E���$Ζ&$5��$Ζ&������w0���F���DQG�$��������
�$�������w0���G��LQ�SULPDU\�KHSDWRF\WHV�IURP�&'�IHG�:7�DQG�6���$�.Ζ�PLFH��'DWD�DUH�PHDQV�s�6(0�ZLWK�P�YDOXHV�UHSRUWHG�LQ�WKH�JUDSKV��*UD\�EDUV�HTXDO�:7�
GLHUHQFHV��EOXH�EDUV�HTXDO�WR�6���$�.Ζ�GLHUHQFHV��DQG�EODFN�EDUV�LQGLFDWH�GLHUHQFHV�EHWZHHQ�JURXSV�LQ�VDPH�WUHDWPHQW�FRQGLWLRQ��6WDWLVWLFDO�VLJQLȴFDQFH�
ZDV�DFFHSWHG�DW�P��������DQG�GHWHUPLQHG�YLD�PXOWLSOH�t�WHVWV�RU�WZR�ZD\�$129$�ZLWK�7XNH\ȇV�SRVWKRF�DQDO\VLV��:KLWH�FLUFOHV�DUH�LQGLYLGXDO�PLFH�RU�H[SHULPHQWDO�
UHSOLFDWHV�ZLWK�WKUHH�WHFKQLFDO�UHSOLFDWHV�SHU�JURXS�D
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the phosphorylation of ACC in response to acute increases in free 
fatty acids, but not AMP-mimetics such as AICAR.

To examine the chronic consequences of elevations in free fatty 
acids, WT and S108A-KI mice were fed a high-fat diet (HFD). 
Although we could not perform densitometrical analyses reliably 
due to a low-molecular-weight nonspeci!c band, compared to 
chow-fed controls, HFD feeding seemed to increase AMPKβ1 
Ser108 phosphorylation in the liver of WT mice, while, as 
expected, this signal was undetectable in S108A-KI mice (Fig. 
2A). However, we did not detect a signi!cant reduction in ACC 
phosphorylation as total ACC protein content was markedly 
reduced in HFD compared to chow-fed controls (Fig. 2 A–C). 
Body mass, energy expenditure, fasting blood glucose, caloric 
intake, and physical activity levels were similar between WT and 
S108A-KI mice fed a HFD (SI Appendix, Fig. S3 B–G). In con-
trast to the acute increase in free fatty acid availability induced 
by intralipid gavage (Fig. 1), there was no di"erence in RER 
between WT and S108A-KI mice fed a HFD (SI Appendix, Fig. 
S3G). #is !nding is consistent with the comparably large reduc-
tions in ACC expression elicited by the HFD in both WT and 
S108A-KI mice and previous observations that ACC S79/S212A 
(ACC-DKI, (24)) mice have normal increases in fatty acid oxi-
dation (i.e., reductions in RER) in response to a HFD. HFD-fed 
S108A-KI mice had a tendency for modest impairments in glu-
cose tolerance (Fig. 2D). #is tendency for reduced glucose tol-
erance was not associated with di"erences in insulin levels which 
were similar between HFD-fed WT and S108A-KI mice at 2- 
and 10-min post glucose injection (Fig. 2E), suggesting that 
S108A-KI mice had impaired insulin sensitivity. As hepatic ste-
atosis contributes to insulin resistance, we examined liver lipids 
and found that S108A-KI mice had increased steatosis and an 
~10% increase in liver triglycerides compared to WT controls 
fed a HFD (Fig. 2 F and G).

In addition to acutely stimulating fatty acid oxidation through 
phosphorylation of ACC (24), AMPK may chronically increase 
fatty acid oxidation by enhancing mitochondrial function through 
the coordinated regulation of mitochondrial biogenesis, mito-
phagy, and mitochondrial !ssion (25, 26). Under conditions of a 
HFD, S108A-KI mice had lower protein abundance of the elec-
tron transport chain complexes 2-5 in the liver (Fig. 2H), e"ects 
not observed in animals fed a chow diet (SI Appendix, Fig. S3I). 
HFD-fed S108A-KI mice also had reduced mRNA expression of 
Ppargc1a (Fig. 2I). Furthermore, when treated with palmitate for 
6 h, primary hepatocytes from S108A-KI mice had an attenuated 
induction in the mRNA expression of both Cpt1a and Ppargc1a 
(Fig. 2 J–L). #ese data indicate that AMPKβ1 Ser108 is impor-
tant for increasing mitochondrial biogenesis in response to chronic 
increases in fatty acid availability.

To examine whether there might be changes in mitochondrial 
function independently of reductions in mitochondrial content, 
we measured respiration in isolated liver mitochondria from chow- 
and HFD-fed mice. In mice fed a HFD, succinate-stimulated 
respiration was increased in WT mice but not in S108A-KI mito-
chondria (Fig. 3A). Reduced rates of respiration per mitochondrial 
mass led us to examine mitochondrial morphology by transmis-
sion electron microscopy (TEM), where it was observed that the 
average surface area of liver mitochondria from HFD-fed 
S108A-KI mice was increased (Fig. 3 B and C), while there was a 
reduced number of mitochondria (Fig. 3 B and D). Taking these 
two measurements into consideration, we calculated the average 
mitochondrial surface area per !eld and found that HFD-fed 
S108A-KI mice had a greater mitochondrial area per micrograph 
compared to WT mice (Fig. 3 B and E). Enlarged and dysfunc-
tional mitochondria are hallmarks of impaired autophagy and 
have been observed in other models of AMPK de!ciency as well 
as in people with NAFLD (25, 27). #erefore, we investigated 
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whether this process was also dysregulated in the liver of the HFD-
fed S108A-KI mice. We found that ULK1 S555 phosphorylation 
was reduced (Fig. 3 F and G), while the ratio of LC3B-II/LC3B-I 
was increased (Fig. 3 F and H) in S108A-KI mice fed a HFD. 
!ese data indicate that AMPKβ1 Ser108 is critical for maintain-
ing ULK1 phosphorylation, mitochondrial function, and mor-
phology in the liver when mice are fed a HFD.

Considering autophagy as an active process, we used primary 
hepatocytes to investigate the initiation and "ux through the path-
way due to excess palmitate (Fig. 4A). After 30 min of treatment 
with palmitate, primary hepatocytes from WT mice had increases 
in the phosphorylation of ULK1 S555, but this e#ect was not 
observed in S108A-KI mice (Fig. 4 B and C). Furthermore, the 
downstream substrate of ULK1, ATG14, had unaltered S29 phos-
phorylation by palmitate treatment in either group but was 
modestly reduced in hepatocytes from S108A-KI mice (Fig. 4 B 
and D). We subsequently assessed autophagic "ux using the lys-
osomal pH neutralizing agent chloroquine and detected reduced 
palmitate-induced autophagic "ux (chloroquine treated vs. 
untreated) in S108A-KI-derived hepatocytes in comparison to 
WT counterparts by measurements of LC3B-II levels (Fig. 4E). 
Similarly, under a more chronic condition, palmitate-induced 
autophagic "ux was attenuated in S108A-KI hepatocytes trans-
fected with a tandem "uorescent protein construct including an 
acid-sensitive GFP and an acid-insensitive RFP (Fig. 4 F–H). Last, 
to determine whether mitophagy was sensitive to palmitate and 
if this response was altered in S108A-KI hepatocytes, we isolated 
mitochondrially enriched extracts and found that mitochondrial 
LC3B-II levels were signi$cantly higher in response to palmitate 
in WT versus S108A-KI hepatocytes (Fig. 4 I–K). Other markers 
of mitophagy including p62, BNIP3, NIX, and CISD1 did not 
show any di#erences in response to palmitate between groups  
(SI Appendix, Fig. S5 A–E). Taken together, these $ndings describe 
a critical role for an AMPK-fatty acid sensing axis for acutely 

increasing fatty acid oxidation while chronically enhancing auto-
phagy/mitophagy and mitochondrial biogenesis (Fig. 4L).

Discussion

Structural and cell-based studies have identi$ed phosphorylation 
of Ser108 within the AMPKβ1 subunit as an important event for 
allosteric activation of AMPK in response to small molecules 
(15–17) and fatty acyl-CoA (2), but the in vivo physiological 
importance of this residue is unknown. In the current study, we 
$nd that in mice fed a control high-carbohydrate diet, there are 
reductions in liver AMPK activity in S108A-KI mice that occur 
independently of changes in AMPK subunit expression. !is 
reduction in liver AMPK activity does not result in detectable 
changes in whole-body metabolic parameters or liver mitochon-
drial content and function. !ese $ndings are consistent with 
previous observations that phosphorylation of AMPKβ1 Ser108 
is maintained at low levels in the basal state (28) and that small 
amounts of AMPK activity are su%cient to maintain metabolic 
homeostasis and mitochondrial function in the absence of a met-
abolic challenge. We $nd that acutely increasing free fatty acids 
through an oral gavage of intralipid and treating primary hepat-
ocytes with palmitate promotes fatty acid oxidation and ACC 
phosphorylation, respectively, in WT mice but not in S108A-KI 
mice. !is is in contrast to the e#ects of AICAR which stimulates 
fatty acid oxidation and ACC phosphorylation in both WT and 
S108A-KI mice to a comparable degree, highlighting the speci-
$city of this response. !ese data, in combination with previous 
studies (2), support a model in which acute elevations in fatty 
acids promote fatty acid oxidation through: 1) interactions with 
Ser108 within the AMPKβ1 subunit; 2) allosteric activation of 
AMPK; 3) phosphorylation and inhibition of ACC; 4) reduced 
malonyl-CoA, relieving allosteric inhibition of carnitine palmi-
toyl-transferase 1 (CPT1); and 5) increased "ux of fatty acyl-CoA 
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into the mitochondria for β-oxidation. !ese data also suggest 
that allosteric inhibition of ACC is insu"cient to enhance fatty 
acid oxidation in the absence of covalent regulation by AMPK.

We #nd that feeding mice a HFD increases AMPKβ1 Ser108 
phosphorylation compared to chow-fed controls. !is is not 
accompanied by reductions in ACC phosphorylation in S108A-KI 
mice fed a HFD and is consistent with studies in mice lacking 
inhibitory phosphorylation sites on ACC, which have comparable 
rates of fatty acid oxidation when fed a HFD (24). Furthermore, 
previous studies in obese mice with reductions in ACC expression 
have been linked to hyperleptinemia-induced activation of PPARα 
and subsequent reductions in SREBP1c (29). !ese data indicate 
that, in contrast to the acute increases in free fatty acid availability, 
chronic feeding of an obesity-promoting HFD enhances whole-
body fatty acid oxidation independently of AMPKβ1 Ser108 
phosphorylation.

In addition to modulating ACC, chronic exposure of fatty acids 
increases mitochondrial biogenesis (5, 30). Many genetic models 
of AMPK de#ciency have a reduction in tissue mitochondrial con-
tent, while treatment of rodents with pharmacological activators 

of AMPK stimulates mitochondrial biogenesis (31–34). We found 
that S108A-KI mice were resistant to the stimulatory e$ects of a 
HFD to increase mitochondrial content in the liver and were also 
resistant to the acute stimulatory e$ects of palmitate to increase 
Cpt1a and Ppargc1a in hepatocytes. !ese #ndings highlight an 
important role of AMPKβ1 Ser108 phosphorylation in enhancing 
mitochondrial biogenesis–an e$ect which may involve increases 
in PGC1α (reviewed in refs. 25 and 26). Supporting this concept, 
mice heterozygous for liver PGC1α that were fed a HFD had a 
very similar metabolic phenotype to S108A-KI mice, with reduc-
tions in mitochondrial beta-oxidation genes, hepatic steatosis, and 
glucose intolerance (35). !ese data are also consistent with obser-
vations in clinical populations, which indicate that modest reduc-
tions in maximal mitochondrial respiration can, over time, 
promote steatosis and insulin resistance (36).

Mitochondria isolated from the livers of S108A-KI mice had 
reductions in respiration in the setting of a HFD, indicating that 
there were also impairments in mitochondrial function that were 
independent of reductions in mitochondrial content. Subsequent 
analysis of mitochondrial morphology revealed large and distended 
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Fig. 4.Ʌ$03.β��6HU����SKRVSKRU\ODWLRQ�LV�LPSRUWDQW�IRU�LQFUHDVLQJ�DXWRSKDJ\�DQG�PLWRSKDJ\�LQ�UHVSRQVH�WR�LQFUHDVHV�LQ�IDWW\�DFLG�DYDLODELOLW\���A–F��6FKHPDWLF�
RI�LPPXQREORWWLQJ�H[SHULPHQWV�IRU�SDOPLWDWH�LQGXFHG�DXWRSKDJ\�DQG�DXWRSKDJLF�ȵX[�H[SHULPHQWV�LQ�SULPDU\�KHSDWRF\WHV��A���5HSUHVHQWDWLYH�LPPXQREORWV�
�B��DQG�GHQVLWRPHWULFDO�DQDO\VLV�RI�8/.���6������C��DQG�$7*����6�����D��DVVHVVLQJ�WKH�LQGXFWLRQ�RI�DXWRSKDJ\�YLD�$03.�DFWLYDWLRQ�LQ�UHVSRQVH�WR�SDOPLWDWH������
w0��LQ�SULPDU\�KHSDWRF\WHV�IURP�&'�IHG�:7�DQG�6���$�.Ζ�PLFH��5HSUHVHQWDWLYH�/&�%�ΖΖ�LPPXQREORWWLQJ�DQG�GHQVLWRPHWULFDO�DQDO\VLV��E��DVVHVVLQJ�DXWRSKDJLF�
ȵX[�LQ�UHVSRQVH�WR�SDOPLWDWH������w0��LQ�SULPDU\�KHSDWRF\WHV�IURP�&'�IHG�:7�DQG�6���$�.Ζ�PLFH���F–H��6FKHPDWLF�RI�SDOPLWDWH�LQGXFHG�DXWRSKDJLF�ȵX[�LQ�
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JHQRW\SH�LQ�D��6WDWLVWLFDO�VLJQLȴFDQFH�ZDV�DFFHSWHG�DW�P��������DQG�GHWHUPLQHG�YLD�UHSHDWHG�PHDVXUHV�WZR�ZD\�$129$�ZLWK�6LGDNȇV�SRVWKRF�DQDO\VLV��XQSDLUHG�t 
WHVWV��RU�WZR�ZD\�$129$�ZLWK�7XNH\ȇV�SRVWKRF�DQDO\VLV��ZKHUH�DSSURSULDWH��:KLWH�FLUFOHV�DUH�LQGLYLGXDO�PLFH�RU�WHFKQLFDO�UHSOLFDWHV�IURP�H[SHULPHQWV�ZLWK�WKUHH�
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mitochondria within the liver of S108A-KI mice, a hallmark of 
impaired mitophagy. Many previous studies have shown that fatty 
acids stimulate mitophagy (reviewed in 37); however, the mech-
anisms mediating these e!ects were not fully resolved. An impor-
tant mechanism by which AMPK maintains mitophagy involves 
the phosphorylation and activation of ULK1 (38–42). We "nd 
that S108A-KI mice have reduced phosphorylation of ULK1 in 
the liver when fed a HFD and in hepatocytes treated acutely with 
palmitate. #ese data indicate that fatty acids stimulate mitophagy 
through AMPKβ1 Ser108 and that reductions in liver mitochon-
drial function in HFD-fed S108A-KI mice may be due to impaired 
mitophagy. As ULK1 can phosphorylate AMPKβ1 Ser108 (12), 
we measured a downstream substrate of ULK1, ATG14, and found 
no changes with palmitate treatment, suggesting that ULK1 is 
unlikely directly activated by free fatty acids. #e role of AMPK 
in regulating mitophagy is extremely complex (43) with several 
new molecular mechanisms emerging, including an initiation cue 
of Parkin phosphorylation at Ser108 (42), mitoAMPK-mediated 
mitochondrial "ssion factor (MFF) phosphorylation (44), as well 
as several other signaling events which are beyond the scope of our 
work. Here, we show that LC3B-II $ux is attenuated in mitochon-
drial enrichments from S108A-KI hepatocytes treated with pal-
mitate, while no di!erences were found in the adaptor protein 
SQSTM1/P62 or other markers of mitophagy (BNIP3, NIX, and 
CISD1/MitoNEET). In addition to impairments in mitophagy, 
it is also possible that enlarged mitochondria may be a function 
of reduced mitochondrial "ssion induced through AMPK phos-
phorylation of MFF (45, 46) or dynamin-related protein 1 (47). 
#ese data highlight the importance of AMPKβ1 Ser108 in pro-
moting ULK1 phosphorylation and autophagy/mitophagy in 
response to increased fatty acid availability while also highlighting 
the complexity of the mitophagy response that requires further 
study.

#e sequence surrounding Ser108 is relatively well conserved 
between AMPKβ1 and β2, and while both β1 Ser108 and β2 
Ser108 can be phosphorylated by CaMKKβ in vitro, only 
AMPKβ1 Ser108 phosphorylation is detectable in both basal and 
H2O2-stimulated HEK293 cells (12). However, it is unclear 
whether β2 Ser108 is phosphorylated in tissues. Currently, there 
is no high-resolution structural information for β2-containing 
AMPK trimeric complexes bound to an allosteric drug and metab-
olite site-binding activator; thus, the molecular basis for di!eren-
tial requirements of Ser108 phosphorylation between β-isoforms 
remains elusive. A potential limitation of our "ndings is that 
human liver is primarily composed of AMPKβ2-containing het-
erotrimers (48–50) which are insensitive to acute allosteric acti-
vation by free fatty acids (2). Despite the selectivity of this response 
toward the β1-isoform, it is important to note that AMPKβ1-
speci"c activation in humans is su%cient to increase liver AMPK 
activity and impart physiological e!ects (19, 21, 22). #ese data 
suggest that fatty acyl-CoAs may also be important for regulating 
liver lipid metabolism and mitochondrial homeostasis in humans; 
however, this will require further study in primary human hepat-
ocytes. Furthermore, since AMPKβ1 is the predominant β isoform 
in most other cell types besides cardiac and skeletal muscles, these 
"ndings may have implications for other metabolic processes out-
side of the liver, which will require further study. For example, 
ketogenic diets and intermittent fasting increase free fatty acids, 
an e!ect associated with activation of AMPK, mitochondrial bio-
genesis, mitophagy, and consequential improvements in mito-
chondrial function in multiple tissues and cell types. Future studies 
examining whether these e!ects may be mediated through 
AMPKβ1 Ser108 will be important. Additional understanding of 
the importance of the AMPK Ser108 residue will also be 

important to inform further re"nement of compounds to control 
tissue speci"city, duration, and magnitude of AMPK activation.

Materials and Methods

AMPK Activity Assay. AMPK was immunoprecipitated from 30–100 µg lysates with 1 
μg antibodies against α1 or α2 subunit with protein G Sepharose. Phosphotransferase 
activity of AMPK toward the AMARA peptide (AMARAASAAALARRR) was assayed using 
[γ-32P] ATP (51). Isoform-specific AMPKα subunit antibodies were custom made for 
immunoprecipitation as previously described (52).

Immunoblotting. For immunoblotting, tissue homogenates were pre-
pared in lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 100 mM NaF, 10 
mM Na-pyrophosphate, 5 mM EDTA, 250 mM sucrose, 1 mM DTT and 1 mM 
Na-orthovanadate, 1% Triton X-100, and complete protease inhibitor cocktail 
(Roche)), denatured in 4× SDS or Laemmli sample buffer, separated by SDS-
PAGE, and transferred to nitrocellulose or PVDF membrane. Membranes were 
blocked for 1 h in 20 mM tris (pH 7.6), 137 mM NaCl, and 0.1% (v/v) Tween-20 
(TBST) containing 5% (w/v) skim milk or BSA. The membranes were incubated in 
primary antibody prepared in TBST containing 1–5% (w/v) BSA overnight at 4°C. 
The following antibodies were used: pAMPKα1/α2 T172 (CST, 2535), AMPKα1 
(Millipore, 07-350), AMPKα2 (Millipore, 07-363), pAMPKβ1 S108 (CST, 4181, 
CST, 23021*nonspecific band), AMPKβ1/β2 (CST, 4150), AMPKβ1 (CST, 12063), 
AMPKγ1 (OriGene, TA300519), pACC S79 (CST, 3661), ACC (CST, 3676), OXPHOS 
(Abcam, ab110413), β-actin (CST, 5125), pULK1 S555 (CST, 5869), ULK1 (CST, 
8054), LC3B (CST, 2775), pATG14 S29 (CST, 92340), ATG14 (CST, 96752), p62 
(CST, 5114), VDAC (CST,4661), GAPDH (CST, 2118), BNIP3 (CST, 3769), NIX (CST, 
12396), and CISD1 (CST, 83775). Detection was performed using horseradish 
peroxidase-conjugated secondary antibodies and enhanced chemiluminescence 
reagent. OXPHOS samples were not boiled to avoid the degradation of complexes.

Animals. We generated a targeted germline KI mouse model (in collaboration with 
Taconic Biosciences GmbH) in which the codon in exon 2 for Ser108 of Prkab1 was 
modified to encode nonphosphorylatable Ala (SI Appendix). All experiments were 
approved by the McMaster University Animal Ethics Committee (#16-12-41) and 
conducted under the Canadian guidelines for animal research or approved by the 
local Ethical Committee of the Canton of Vaud Switzerland and performed under 
license number 3247. All mice were maintained under controlled environmen-
tal conditions: 12/12-h light/dark cycle with lights on at 0700 h, group housing, 
enrichment provided, and at room temperature (22–23°C). Male mice were used 
for all in vivo experiments. For HFD-fed studies, mice were switched from a normal 
chow diet (Diet 8640, Harlan Teklad) to a HFD (60% calories from fat; D12492 
Research Diets) at 8 wk of age, and tests were performed at indicated weeks.

Metabolic Measurements. Metabolic monitoring was performed in a 
Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments) 
at 12 wk of age for chow-fed mice and 18 wk of age for HFD-fed mice. For intralipid 
and AICAR challenges, mice were given 48 h to acclimatize to the system, were 
fasted overnight starting at 1900 h, and given access to food for 2 h at 0700 h 
before having food removed simultaneously with an oral gavage of saline vs. 10 
ml/kg intralipid or intraperitoneal injection of saline vs. 500 mg/kg AICAR at 0900 
h. The mean lipid oxidation rates were calculated using the formula (1.6946 * 
VO2) – (1.7012 * VCO2) over 4 h starting 1 h postgavage for intralipid and over 1 
h starting 6 h postinjection for AICAR as previously described (2, 53). ipGTT were 
performed in 6 h-fasted (0700 h to 1300 h) mice at 24 wk of age (16 wk of HFD). 
Basal blood glucose values were measured via tail-nick using an Accu-Chek blood 
glucose monitor (Roche) prior to an i.p. injection of 2.0 g/kg and 0.8 g/kg dextrose 
for chow-fed and HFD-fed mice, respectively. Blood glucose values were then 
followed following the injection at indicated time points. Intraperitoneal insulin 
tolerance tests were performed similarly to ipGTT, with an administration of 1.2 
U/kg insulin in place of dextrose in HFD-fed mice (17 wk of HFD). Intraperitoneal 
pyruvate tolerance tests were performed in 12-h fasted mice (1900 h to 0700 h) 
with 1.5 g/kg sodium pyruvate in HFD-fed mice (18 wk of HFD).

Primary Hepatocytes. Primary hepatocytes were isolated from 10 to 15 wk-old 
WT or S108A KI mice fed a normal chow diet. Once mice were anesthetized and at 
surgical plane, livers were perfused with a solution containing 500 µM EGTA fol-
lowed by type IV collagenase (320 U/mL, Sigma, C5138). The livers were removed, D
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placed in warm William’s Medium E, and gently teased apart with forceps. For 
plated experiments, cells were suspended in William’s Medium E (10% FBS, 1% 
antibiotic-antimycotic, and 1% L-glutamine), plated to ~85% confluency, and left 
to adhere overnight. The following morning, the cells were washed with PBS and 
serum starved for 1–2 h prior to the start of the experiment.

For autophagic assessment by western blotting experiments, following serum 
starving, the cells were treated with media containing 1% BSA (fatty acid, endo-
toxin-free Sigma catalog: A8806) ±500 µM sodium palmitate (freshly made) and 
50 µM chloroquine as indicated for 0.5 or 4 h. The cells were washed with cold 
PBS and snap frozen in cell lysis buffer containing 50 mM HEPES, 150 mM NaCl, 
100 mM NaF, 10 mM Na-pyrophosphate, 5 mM EDTA, 250 mM sucrose, 1 mM 
DTT, and 1 mM Na-orthovanadate, with 1% Triton X and 1 tablet/50 ml complete 
protease inhibitor cocktail (Roche) and stored at −80°C until future analysis for 
western blotting. For autophagic flux by tandem fluorescence experiments, the 
cells were suspended in William’s Medium E (10% FBS, 1% antibiotic-antimycotic, 
and 1% L-glutamine), plated to ~70% confluency, and simultaneously transfected 
on culture slides for 24 h using the Premo™ Autophagy Tandem Sensor RFP-
GFP-LC3B Kit (ThermoFisher Scientific, P36239) according to the manufacturer’s 
instructions. The next day, the cells were washed with warm PBS and serum 
starved for 2 h prior to the start of the experiment. The cells were treated for 20 
h. To end experiments, the cells were washed with room-temperature PBS and 
fixed for 10 min using 4% PFA before mounting with ProLong™ Gold Antifade 
with DAPI (ThermoFisher Scientific, P36931) and adding coverslips.

Tissue Processing and TEM. For TEM, liver tissue was fixed in 2% glutaraldehyde 
in 0.1 M sodium cacodylate buffer (pH 7.4) for at least 24 h. Thin sections were 
cut by a Leica UCT ultramicrotome and picked up on Cu grids. Sections were 
poststained with uranyl acetate and lead citrate. Preparation, fixing, and section-
ing were performed by the electron microscopy group at McMaster University 
Medical Center. Electron micrographs were obtained at a direct magnification of 
7500× in an AMT 4-megapixel CCD camera (Advanced Microscopy Techniques) 
mounted in a JEOL JEM 1200 EX TEMSCAN transmission electron microscope 
and operating at an accelerating voltage of 80 kV. For quantification purposes, 
the researcher was blinded and 20 images per sample were acquired by random 
sampling. The total mitochondrial number and surface area were analyzed by a 
blinded researcher using Image J (NIH) and tracing the outer membrane of each 
mitochondria using the freehand selection tool with a stylus (Wacom). Samples 
per animal were averaged to give the represented values.

Tissue Triglycerides. Liver lipids were extracted by an adapted Folch method 
to determine triglyceride levels (54). Tissues were chipped (30–50 mg), homog-
enized in 1 mL of 2:1 chloroform:methanol, and mixed end-over-end overnight 
at 4°C. Samples were spun at 4,500 g for 10 min at 4°C, 0.9% NaCl added, and 
vortexed before being spun down at the same settings above. 400 µL of the 
bottom fraction was freeze-dried and solubilized in 100% 2-propranol before 
being assayed using a colorimetric kit as per manufacturer’s instructions (Cayman 
Chemicals, Triglyceride Kit).

RNA Isolation and Real-Time Quantitative PCR (RT-qPCR). Tissues were lysed 
in 1 mL TRIzol reagent (Invitrogen) using ceramic beads and a Precellys 24 homoge-
nizer (Bertin Technologies). Samples were spun down for 10 min at 12,000 g at 4°C. 
200 µL of chloroform was added and shaken vigorously before spinning samples 
again at same settings. Supernatant was placed in new tubes and an equal amount 
of 70% ethanol was added and then vortexed. Solutions were loaded onto RNeasy 
columns and manufacturer’s instructions were followed (Qiagen). 2 ng/µL RNA was 
added to a first master mix with 0.5 mM dNTPs (Invitrogen) and 50 ng/µL random 
hexamers (Invitrogen). The solutions were heated to 65°C for 5 min and then cooled 
back to 4°C. A second master mix containing 50 units of SuperScript III, DTT, and 
5x First-Strand Buffer (Invitrogen) was added and heated to 25°C for 5 min and 
then 50°C for 1 h. All Taqman primers were purchased from Invitrogen (Ppargc1a, 
Mm01208835_m1; Cpt1a, Mm01231183_m1; and Actb, Mm02619580_g1), 
and relative gene expression was calculated using (2−ΔΔCt) method. Values were 
normalized and expressed as relative to the housekeeping gene Actb.

Mitochondrial Respiration. Mitochondrial respiration was measured by 
high-resolution respirometry (Oroboros Oxygraph-2 k, Innsbruck, Austria) at 37°C 
and room air-saturated oxygen tension. The mitochondrial isolation procedure was 
similar to that described previously (55). Isolated liver mitochondrial respiration 

was performed in MIRO5 buffer containing EGTA (0.5 mM), MgCl2·6H2O (3 mM), 
K-lactobionate (60 mM), KH2PO4 (10 mM), HEPES (20 mM), sucrose (110 mM), 
and fatty acid-free BSA (1 g/L). The order of substrate addition was malate (0.5 
mM), pyruvate (5 mM), ADP (1 mM), glutamate (5 mM), oligomycin (1.25 µM), 
FCCP (titration of 0.5 µM until maximal uncoupled respiration reached), succinate 
(10 mM), and then malonate (5 mM).

Autophagic Flux Analyses by Confocal Microscopy. Images were obtained 
via Olympus FLUOVIEW FV1000 confocal laser scanning microscope (Olympus 
Corporation, Tokyo, Japan) equipped with a 60× (NA 1.42) oil immersion objec-
tive (Olympus) and Olympus FLUOVIEW software (ver4.2a) with appropriate filter 
conditions for the Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit. Image 
acquisitions were performed in at least five randomly selected fields of view, and 
experiments were performed in duplicate, per condition. Image analysis was 
performed using Fiji open-source software based on ImageJ, using the JACoP 
plugin. In brief, all colocalization analysis images were processed equally to 
remove background without altering signal, prior to the calculation of Mander’s 
coefficient. Mander’s coefficient values were expressed as the inverse of the per-
centage of pixels from one channel (i.e., RFP) overlapping with another (i.e., GFP), 
with independent RFP signal representing the degradation of acid-sensitive GFP.

Mitochondrial Enrichment. Primary hepatocytes were treated as above for 
autophagic assessment by western blotting experiments, with the following 
modifications. Cells were rinsed with ice-cold PBS twice before the application 
of lysis buffer supplemented with protease inhibitor solution supplied in the 
Qproteome mitochondria isolation kit (Qiagen, 37612). The cells were scraped on 
ice, and duplicates from 6-well dishes were combined to ensure sufficient protein 
content. Manufacturer’s instructions were followed to yield standard preparations 
for enriched mitochondria, and 30 µL of cell lysis buffer (listed above) was added 
immediately to resuspend the pellet. Following kit instructions, 400 µL of cyto-
solic protein fraction was added to four volumes of ice-cold acetone to concentrate 
samples before resuspending in 50 µL of cell lysis buffer.

Statistics. Values were reported as mean ± SEM throughout the manuscript. 
White circles are individual mice per group or technical replicates from 3 to 5 
separate experiments. Data were graphed and analyzed in GraphPad Prism 9 
software using two-tailed Student’s t tests, two-way ANOVA with Tukey’s posthoc 
analysis, or repeated-measures two-way ANOVA with Sidak’s posthoc analysis, 
where appropriate. Statistical significance was accepted at P < 0.05. Raw data is 
available in the SI Appendix section.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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Supplemental Figure 1. Regulation of recombinant AMPKα2β1γ1 WT and S108A mutant. (A) Recombinant human 
AMPKα2β1γ1 wild-type (WT) and AMPKα2β1(S108A)γ1 mutant was expressed and purified as described previously (1), 
resolved by SDS-PAGE and stained with Coomassie blue (upper image) or subjected to immunoblot analysis (lower 
images) with the indicated antibodies. (B-C) AMPK activity of bacterially expressed recombinant α2β1γ1 WT or S108A 
mutant in the presence of increasing concentrations of AMP (B) or A769662 (C) was measured as described (1). Results 
are presented as fold activation compared to no activator control (average ± SEM of at least 3 independent experiments). 
(D) Unphosphorylated AMPKα2β1γ1 WT and S108A was incubated with varying concentrations of recombinant CaMKKβ 
and the phosphorylation of AMPKα Thr172 was determined by immunoblot analysis. The bands were quantified and 
normalized to AMPKβ1 expression and displayed in the graph above a representative blot (average ± SEM of at least 3 
independent experiments). (E) Phosphorylated AMPKα2β1γ1 WT and S108A was incubated with varying concentrations 
of recombinant protein phosphatase 2Cα (PP2C) and phosphorylation of AMPKα Thr172 was determined by immunoblot 
analysis. The percentage of pThr172 was determined relative to phosphorylated AMPKα2β1γ1 WT or S108A in the 
absence of PP2Cα and a graph is displayed above a representative blot (average ± SEM of at least 3 independent 
experiments). 
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Supplemental Figure 2. S108A knock-in targeting strategy. A schematic illustrating the targeting strategy used to 
generate C57BL/6NTac Prkab1/AMPKβ1 S108A knock-in (KI) mouse model. The targeting strategy is based on NCBI 
transcript NM_031869.2. Exons and FRT recombination sites are represented by dark grey boxes and triangles, 
respectively. The amino acid to be exchanged (Ser108) is encoded by nucleotides located at the exon-intron boundary. 
There was a risk that changes in the nucleotide sequence might interfere with splicing of the transcript (leading to a 
hypomorphic effect). Therefore, we designed the targeting vector to achieve the S108A mutation with two options (KI-PM 
allele 1 or KI-PM allele 2). The constitutive KI-PM allele 1 is obtained after Cre-mediated removal of exons 2 to 7 
(containing the joint exon 2 and 3) and of the NeoR selection marker. The KI-PM allele 1 strategy resulted in normal 
expression of the mutant (S108A) protein in tissues studied as demonstrated in Figure 1B and C.  
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Supplemental Figure 3. S108A-KI mice have no alterations in basal metabolic parameters on a chow or high-fat 
diet. (A) Immunoblots of AMPK subunits, phosphorylation, and downstream markers of activation in the same liver and 
Quad samples from Figure 1A (CD: chow diet-fed). (B-G) Body weight (B), energy expenditure (C), 6 hr fasted blood 
glucose (D), caloric consumption (E), activity levels (F), and respiratory exchange ratio (R.E.R.) (G) in WT and S108A-KI 
mice fed a control chow diet (CD) or high-fat diet (HFD). (H) Intraperitoneal glucose tolerance test (2.0 g/kg) and 
calculated area under the curve (GTT AUC) in WT and S108A-KI mice fed a control chow diet. (I) Representative 
immunoblots and densitometrical analysis of OXPHOS complexes 2-5 of WT and S108A-KI mice fed a control chow diet. 
Data are means ± S.E.M. with p-values reported in the graphs. Black bars signify main effects for diet. Statistical 
significance was accepted at p < 0.05 and determined via two-way ANOVA. White circles are individual mice per group. 
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Supplemental Figure 4.  S108A-KI mice have an attenuated response in lipid oxidation to exogenous lipids, but 
have a normal response to AICAR in vivo. Food intake during 2 hr refeed (A) prior to, and activity levels over 6 hrs (B) 
following, an oral gavage of saline or Intralipid (10 mL/kg) in chow diet-fed WT and S108A-KI mice. Respiratory exchange 
ratio (R.E.R.) time plots of chow-fed WT (C) and S108A-KI (D) treated with saline or Intralipid. Average RER (E) over 4 
hrs, starting 1 hr post-gavage of saline or Intralipid (10 mL/kg). Food intake during 2 hr refeed (F) prior to, and activity 
levels over 1 hr,(G) starting 6 hours following, an injection of saline or AICAR (500 mg/kg). Respiratory exchange ratio 
(R.E.R.) time plots of chow-fed WT (H) and S108A-KI (I) treated with saline or AICAR. Average RER (J) over 1 hr, starting 
6 hrs post-injection of saline or AICAR. Data are means ± S.E.M. White circles are individual mice per group. 
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Supplemental Figure 5. Other markers of mitophagy are not altered with palmitate treatment or S108A-KI in 
primary hepatocytes from mice. Representative immunoblotting (A) and densitometrical analysis of P62 (B) BNIP3 (C), 
NIX (D), CISD1 (E) assessing mitophagy in response to palmitate (500 µM) in primary hepatocytes from CD-fed WT and 
S108A-KI mice. Data are means ± S.E.M. and white circles are technical replicates from experiments from 3 experimental 
replicates per group. Grey bar equals a WT difference and blue bar equals to a S108A-KI difference. Statistical 
significance was accepted at p < 0.05 and determined via repeated-measures two-way ANOVA with Tukey’s posthoc 
analysis. 
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PHARMACOLOGICAL INHIBITION OF ACLY IN A MOUSE MODEL OF NASH 

PROMOTES AUTOPHAGY 
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Eric M. Desjardins, Emily A. Day, Stephen L. Pinkosky, Gregory R. Steinberg 
 

In this chapter, we interrogated mechanisms beyond the inhibition of DNL by which 
bempedoic acid provides hepatoprotective effects in NAFL/NASH. In a previous 
study, we demonstrated that both genetic and pharmacological inhibition of ACLY 
by bempedoic acid improved liver steatosis and hepatocellular ballooning, while 
only bempedoic acid improved fibrosis in a mouse model fed a high-fat high-
fructose diet. The protective effects of bempedoic acid against hepatocellular 
ballooning and fibrosis were recapitulated in the STAM mouse model, which is a 
streptozotosin-induced short-term HFD-fed diabetes mouse model not 
characterized by obesity, hyperinsulinemia, or elevated DNL. In the work outlined 
below, we find that bempedoic acid increases autophagic flux in cultured 
hepatocytes; findings which are further supported by assessing multiple markers 
of autophagy in liver samples collected from the STAM mice mentioned just above. 
We describe that these effects are mediated through increases in gene expression 
of genes related to the autophagy pathway and not via phosphorylation events 
which trigger initiation. The increases in expression of genes related to the 
autophagy pathway were further confirmed by data from a metabolic-associated 
NASH mouse model treated with bempedoic acid. Using proteomics to assess 
protein acetylation status in STAM mice, we identified that a key transcriptional 
regulator of autophagy that is sensitive to acetyl-CoA levels, P300, had reductions 
in multiple acetylation sites within its activation loop, reducing its activity and ability 
to suppress autophagy. Thus, this supports a model by which bempedoic acid 
reduces acetyl-CoA availability, in turn leading to changes in the acetylation of 
proteins and reducing the activity of enzymes which suppress autophagic flux. 
These data identify additional mechanisms by which bempedoic acid treatment 
confers hepatoprotective effects and further supports the development of this 
therapy for the treatment of NASH and fibrosis. 
 
EMD was involved in all experiments illustrated except for Figures 2C and 3E. 
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Abstract 

A discordance between energy sensing mechanisms and substrate 

utilization can promote the progression of nonalcoholic fatty liver disease (NAFLD) 

to nonalcoholic steatohepatitis (NASH) and hepatic fibrosis. A key hallmark of 

NAFLD and NASH are increases in de novo lipogenesis and reductions in 

autophagy within the liver. Acetyl-CoA is a central intracellular metabolic 

intermediate linking nutrient availability and demand and is generated in the cytosol 

through ATP-citrate lyase (ACLY). The inhibition of ACLY in mouse models 

reduces liver cholesterol and fatty acid synthesis while increasing fatty acid 

oxidation and this is associated with reductions in steatosis and fibrosis in several 

preclinical models. In addition to being a key substrate for lipid synthesis, in cancer 

cells, reductions in acetyl-CoA will also trigger autophagy. However, whether this 

also occurs in the liver following inhibition of ACLY has not been evaluated. In the 

current study, we investigated the effects of the ACLY inhibitor bempedoic acid 

(BemA) in a preclinical mouse model of NASH and found increased markers of 

autophagy. Similarly, treatment of primary mouse hepatocytes with BemA 

enhanced autophagic flux. This data suggests that, in addition to lowering fatty acid 

and cholesterol synthesis, the inhibition of ACLY may exert positive effects in 

mouse models of NASH by promoting autophagy. 
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Introduction 

Normal liver function is dependent on a number of homeostatic mechanisms 

that integrate nutrient availability and energy status signals with multiple cellular 

processes (Pinkosky et al. 2017). Chronic over nutrition can disrupt these 

mechanisms and promote insulin resistance, aberrant hepatic lipid metabolism, 

and liver injury, leading to nonalcoholic fatty liver disease (NAFLD) and 

nonalcoholic steatohepatitis (NASH) (Cohen, Horton, and Hobbs 2011). 

Intracellular acetyl-CoA levels are critical for linking cellular nutrient status to 

metabolism(Pietrocola et al. 2015; Galluzzi et al. 2015; Mariño et al. 2014). Acetyl-

CoA is converted to malonyl-CoA – the first committed step in fatty acid synthesis 

and an allosteric inhibitor of carnitine palmitoyl-transferase 1 – through acetyl-CoA 

carboxylase (ACC). Cytosolic acetyl-CoA is also converted to cholesterol through 

the sterol synthesis pathway. Importantly, increases in fatty acid and cholesterol 

synthesis have been causally linked to the development of NAFLD and NASH in 

mice and humans, findings that have led to clinical evaluation of inhibitors targeting 

this pathway (Batchuluun, Pinkosky, and Steinberg 2022). 

In addition to being a substrate for fatty acid and cholesterol synthesis, 

emerging evidence indicates that depletion of acetyl-CoA also enhances 

autophagy (Y. Xu and Wan 2022).  Autophagy is a vital process for recycling 

dysfunctional or aggregated proteins, and organelles including mitochondria and 

peroxisomes (Fukuo et al. 2014; González-Rodríguez et al. 2014; Kashima et al. 

2014).  Although incompletely understood, reductions in acetyl-CoA are proposed 
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to promote autophagy through the acetyltransferase p300 while increases in 

acetyl-CoA reduce autophagy by enhancing mTORC1 which inactivates the 

autophagic initiating protein ULK1 through phosphorylation at Ser757 (I. H. Lee 

and Finkel 2009). Importantly, it is now well recognized that in both rodent models 

and people with NAFLD/NASH autophagy in the liver is reduced (Ramos, 

Kowaltowski, and Kakimoto 2021). These data suggest that in addition to lowering 

fatty acid and cholesterol synthesis reductions in acetyl-CoA availability may exert 

positive effects on reducing NASH by enhancing autophagy. 

A key enzyme controlling cytosolic acetyl-CoA is ATP-citrate lyase (ACLY). 

ACLY is upregulated in the liver of people with NASH and using mendelian 

randomization analysis we have linked this to increases in markers of liver damage 

(Ahrens et al. 2013; Morrow et al. 2022). Consistent with these clinical 

observations, we and others have shown that inhibition of ACLY reduces fatty acid 

and sterol synthesis and increases fatty acid oxidation in hepatocytes and this is 

associated with reductions in steatosis (Morrow et al. 2022; Srere 1959; M. Singh 

et al. 1976; Sullivan et al. 1974; Q. Wang et al. 2009; Pinkosky et al. 2013b, 2016; 

Samsoondar et al. 2017). ACLY can be inhibited pharmacologically with 

bempedoic acid (BemA; ETC-1002) (Pinkosky et al. 2013b, 2016), with recent 

studies showing this not only reduces low-density lipoprotein cholesterol (Ray et 

al. 2019) but also cardiovascular events in statin-intolerant patients (Nissen et al. 

2023). Bempedoic acid also reduces liver steatosis, hepatocellular ballooning, 

lobular inflammation, NAFLD activity composite scores and fibrosis in preclinical 
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mouse models; effects that were linked to reductions in fatty acid and cholesterol 

synthesis and increases in fatty acid oxidation in both hepatocytes and hepatic 

stellate cells (Morrow et al. 2022). And while the effects of bempedoic acid on 

steatosis could be explained by reductions in cholesterol and fatty acid synthesis 

as well as increases in fatty acid oxidation, the pronounced effects of bempedoic 

acid to reduce ballooning and fibrosis were not directly correlated with changes in 

steatosis. These data suggest that additional mechanisms might also be important 

for the beneficial effects of BemA on NASH.   

It is known that autophagy is downregulated in people with NAFLD/NASH 

and that reductions in acetyl-CoA that may enhance autophagy, therefore, the 

purpose of this study was to investigate whether the ACLY inhibitor bempedoic 

acid might affect this pathway. We find that bempedoic acid increases autophagic 

flux in isolated hepatocytes and leads to increased markers of autophagy in the 

STAM mouse model of  NASH. These data suggest that, in addition to regulating 

lipid metabolism, bempedoic acid may reduce hepatocellular ballooning and 

fibrosis in NASH by enhancing autophagy. 

 

Results 

Bempedoic acid increases autophagic flux in cultured rat hepatocytes 

To directly evaluate the effects of bempedoic acid on autophagy 

independently of changes in substrate availability (i.e. glucose or free fatty acids) 

or hormonal regulators (i.e. insulin, glucagon) we conducted studies in cultured rat 
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hepatocytes (McCardle Cells) with or without chloroquine which inhibits lysosomal 

degradation of autophagosomes (Figure 1A).  We utilized McCardle cells because 

they are known to express the acyl-CoA synthetase ACSVL1, the enzyme that 

converts bempedoic acid to its active component bempedoyl-CoA (Pinkosky et al. 

2017).  In the absence of chloroquine, BemA tended to increase LC3BII, however 

this was not significant (Figure 1B). As anticipated, the treatment of hepatocytes 

with chloroquine increased LC3BII levels, however, this effect was dramatically 

enhanced by the addition of BemA (Figure 1B). These data indicate that in an 

isolated controlled system, inhibition of ACLY using BemA increases autophagic 

flux. 

 

Bempedoic acid increases markers of autophagy in the livers of STAM mice. 

To examine whether these effects might also extend to mice with NASH, we 

assessed the LC3BII/LC3BI ratio in STAM mice treated with vehicle or BemA 

(Figure 2A).  We found that chronic treatment with BemA increased the 

LC3BII/LC3BI ratio in the liver of STAM mice relative to vehicle controls suggesting 

that autophagy might be enhanced (Figure 2B). In mouse models, low rates of 

autophagy in NASH will lead to the accumulation of misfolded proteins including 

cytokeratin-18 (CK-18) (Bratoeva et al. 2018; Wieckowska et al. 2006). Consistent 

with enhanced recycling of mis-folded proteins we found that BemA reduced CK-

18 fragment staining (Figure 2C). These data suggest that consistent with 
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observations in hepatocytes BemA may be enhancing autophagy in the livers of 

the STAM mouse model of NASH. 

 

Bempedoic acid increases the expression but not phosphorylation of 

autophagic proteins in the liver of mice 

To examine the potential mechanism contributing to the increase in 

autophagy we assessed the expression and phosphorylation of key components 

of the autophagic pathway from the livers of STAM mice (Figure 3A).  Treatment 

of mice with BemA did not alter the phosphorylation of ULK1 at either the AMPK 

(S555) or mTOR (S757) phosphorylation sites (Figure 3B) but led to increased 

protein content of ULK1 (p = 0.06), Parkin, BNIP3 and p62 (Figure 3C). When 

assessing mRNA expression, no effects were observed on Ulk1, Map1c3, and 

Tfeb, however, BemA did increase the expression of Park2, Bnip3, Sqstm1, Dnm1, 

Fis1, Tfe3, and Gaa (Figure 3D). These data suggest that BemA increases 

autophagy through regulation of gene expression and not through posttranslational 

modifications.  

 

Bempedoic acid reduces acetylation of the activation loop of p300. 

Our findings indicating increased expression of autophagic proteins, in the 

absence of changes in phosphorylation of ULK1, suggested that BemA may be 

working through transcriptional mechanisms. A key transcriptional regulator of 

autophagy that is sensitive to changes in acetyl-CoA availability is the 
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acetyltransferase p300 (Mariño et al. 2014). Consistent with this hypothesis BemA 

reduced the acetylation of peptides within the activation loop of p300 (k1553, 

k1554, and k1557); an effect which is known to suppress the acetyltransferase 

activity of p300 (Figure 3E) (Karanam et al. 2006).  

 

Pharmacological inhibition of liver ACLY increases expression of autophagy 

genes in a mouse model of metabolic-associated NASH  

In addition to our findings that ETC treatment increased the gene expression 

of autophagy markers in STAM mice, we pulled autophagy-related data from a 

NanoString Fibrosis panel to determine whether markers of autophagy were also 

increased in a different mouse model of NASH driven by long-term high-fat high-

fructose feeding and thermoneutral housing. BemA increased the expression of 

Map1lc3, Pik3c3, Mtor, Hif1a, Lamtor2, and Vamp8, indicating that the proposed 

mechanism remains physiologically relevant in a model where increased obesity, 

insulin resistance, and DNL contribute to the severity of disease. 

Taken together these data suggest that lowering acetyl-CoA through ACLY 

inhibition with BemA, leads to reduced p300 activity, transcriptional upregulation of 

autophagic proteins and increases in autophagic flux. These data suggest that, in 

addition to regulating lipid metabolism, ACLY inhibition may exert favorable effects 

on hepatocellular ballooning and fibrosis by promoting autophagy (Figure 5).   
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Discussion 

NAFLD has rapidly emerged as a leading cause of chronic liver disease that 

presents a global health challenge with no approved therapies. Owing to the 

complexity of NASH pathogenesis, several therapeutic strategies are in 

development that target different stages of disease progression. Recently, a new 

class of drugs targeting ACC, the rate-limiting step in de novo fatty acid synthesis, 

has emerged as a promising strategy to reduce hepatic steatosis and potentially 

improve liver-related morbidity and mortality (Lawitz et al. 2018; Stiede et al. 2017; 

Loomba et al. 2018). However, three studies using three different compounds have 

demonstrated that inhibition of ACC results in hypertriglyceridemia, an undesirable 

side effect associated with target engagement (C. W. Kim et al. 2017a; Goedeke 

et al. 2018; Loomba et al. 2018). ACLY is a cytosolic enzyme that is one step 

upstream of ACC and is strategically positioned at the intersection of nutrient 

catabolism, and cholesterol and fatty acid biosynthesis (Pinkosky et al. 2017). 

Based on this unique position, ACLY activity not only modulates cholesterol and 

fatty acid biosynthesis rates, but also cytosolic acetyl-CoA levels which is thought 

to function as a metabolic checkpoint used by cells to gauge nutrient availability 

via protein acetylation (Pietrocola et al. 2015; Jeninga, Schoonjans, and Auwerx 

2010; Wellen et al. 2009; Wellen and Thompson 2012). Therefore, ACLY inhibition 

may mimic the beneficial effects of caloric restriction and could offer a therapeutic 

strategy to reduce hepatic steatosis and address the underlying metabolic 

derangements associated with NASH. This is supported by previous studies which 
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showed that the ACLY inhibitor, bempedoic acid, attenuated the development of 

hepatic steatosis, inflammation, and insulin resistance in rodent models of obesity-

driven metabolic disease and NAFLD (Pinkosky et al. 2013b; Samsoondar et al. 

2017; Morrow et al. 2022). 

Further mechanistic investigation revealed that ETC-1002 reduced the 

acetylation of key sites within p300, an acetyltransferase known to regulate many 

cellular processes in response to changing nutritional status (Mariño et al. 2014; 

Dancy and Cole 2015; Pietrocola et al. 2018). When acetyl-CoA levels are high, 

p300 facilitates high nutrient availability signals by catalyzing the acetylation of 

several target proteins including those involved in autophagy (I. H. Lee and Finkel 

2009). Autophagy in the liver is a critical hepatoprotective process that recycles 

dysfunctional or aggregated proteins and is known to be suppressed in NASH 

(Arab, Arrese, and Trauner 2018). Evidence to date suggests that the induction of 

autophagy through caloric restriction or through interventions that reduce acetyl-

CoA may provide hepatoprotective effects and improve NASH (Madeo et al. 2014), 

however, pharmacological strategies that mimic these effects have not been 

described. In the present study, ETC-1002 reduced p300 acetylation, increased 

markers of autophagy, and this was associated with improved NAS and fibrosis. 

These findings support the concept that the suppression of ACLY can recapitulate 

some of the beneficial effects of caloric restriction and reverse molecular defects 

thought to be critical in NASH pathogenesis. 
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This study had several limitations. Most notable is that we did not assess 

acetyl-CoA levels to see whether they were changed with the treatments. We also 

used a chemically induced mouse model of NASH that produces pathology that 

may differ from disease in humans. Lastly, we did not conduct studies in hepatic 

stellate cells, the cell type in the liver which is vital for controlling fibrosis. Future 

studies investigating whether genetic inhibition of ACLY in hepatic stellate cells 

alters acetylation and whether this is important for inhibiting TGFβ-induced 

activation will be important.
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Figure 1.  Bempedoic acid promotes autophagic flux in hepatocytes. (A) 
Schematic of immunoblotting experiments for bempedoic acid (ETC-1002)-
induced autophagic flux in cultured McArdle hepatocytes with a graphical 
illustrating the use of chloroquine as a tool to halt autophagolysosomal fusion and 
degradation. Hepatocytes were treated with 30μM BemA or DMSO (0.1% v/v), with 
or without 50μM chloroquine, for 4 hours then rapidly lysed in cold cell lysis buffer. 
(B) Immunoblotting and densitometrical analysis assessing autophagic flux in 
response to ETC-1002. Statistical significance was determined was accepted at P 
< 0.05 and assessed by two-way ANOVA with Bonferroni multiple comparisons 
posthoc test. Data are expressed as mean ± SEM of 4 independent experiments.  
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Figure 2. Bempedoic acid increases the LC3BII/I ratio and reduces CK-18 
accumulation in STAM mice. (A) Schematic of experimental design. (B) 
Immunoblotting and densitometrical analysis assessing the LC3BII-to-I ratio in 
livers from STAM mice sacrificed at baseline or treated with Vehicle or ETC-1002 
for another 4 weeks. (C) Representative photomicrographs of CK-18 fragment 
staining in livers from STAM mice sacrificed at baseline or treated with Vehicle or 
ETC-1002 for another 4 weeks. Statistical significance was determined was 
accepted at P < 0.05 and assessed by one-way ANOVA with Bonferroni multiple 
comparisons posthoc test. Data are expressed as mean ± SEM of N=7-8 per group.  
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Figure 3. Bempedoic acid increases the expression of genes associated with 
autophagy and reduces acetylation of P300. (A-C) Immunoblotting and 
densitometrical analysis or (D) mRNA expression of autophagy/mitophagy markers 
in the livers from STAM mice sacrificed at baseline or treated with Vehicle or ETC-
1002 for another 4 weeks. (E) Scatter plot of Log2 (FC STAM+ETC/STAM+Veh) 
versus Log2 (FC STAM /Normal) shown to have reduced acetylation by ETC-1002 
treatment in the livers from STAM mice sacrificed at baseline or treated with 
Vehicle or ETC-1002 for another 2 weeks. Statistical significance was determined 
was accepted at P < 0.05 and assessed by one-way ANOVA with Bonferroni 
multiple comparisons posthoc test (A-D) or via Student’s t-test (E). Data are 
expressed as mean ± SEM of N=7-8 per group, while proteomic analyses were 
performed on 2 samples each generated from 4 pooled mice. 
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Figure 4. Bempedoic acid increases the expression of autophagy-related 
genes in a metabolic-associated NASH mouse model. (A) Schematic of 
experimental design. (B) Gene expression of autophagy-related markers from a 
NanoString Fibrosis panel in the livers of WT mice treated with or without ETC-
1002 for 9 weeks. Statistical significance was determined was accepted at P < 0.05 
and assessed by multiple t-tests with a Holm-Sidak adjustment posthoc test. Data 
are expressed as mean ± SEM of N=4-5 per group.  
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Figure 5: Bempedoic acid promotes autophagy in the liver of mice with 
NASH.  Schematic illustrating the mechanism by which BemA promotes 
autophagy. Briefly, excess carbon is transported out of the mitochondria in the form 
of citrate.  In the cytosol, citrate is cleaved by ACLY to form acetyl-CoA which 
promotes the acetylation and activation of p300, resulting in the suppression of 
autophagy.  In the mitochondria, multiple enzymes required to maintain metabolic 
homeostasis are hyper-acetylated, resulting in altered cellular function. BemA 
inhibits ACLY which promotes the reversal of p300 acetylation, activation of 
autophagy, mitochondrial protein de-acetylation, and restoration of several 
metabolic processes that lead to hepatoprotection. 
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Materials and Methods 

Autophagic flux 

McArdle cells were maintained in DMEM supplemented with 10% FBS, 1% 

antibiotic-antimycotic. For experiments cells plated at a density of 2.5 x 105 cells 

per well in 6 well culture dishes. The following day, cells were washed with PBS 

and media was replaced. Cells were treated with 30μM ETC-1002 or DMSO (0.1% 

v/v), with or without 50μM chloroquine (BioShop), for 4 hours then rapidly lysed in 

cold cell lysis buffer (1M DTT, 200 mM Na3VO4, 20% triton-X, protease inhibitor 

cocktail tablet (Roche), 50 mM HEPES, 150 mM NaCl, 100 mM NaF, 10 mM Na 

pyrophosphate, 5 mM EDTA, 250 mM Sucrose) and snap frozen. Protein 

concentration was determined by BCA assay (Thermo Scientific). Proteins were 

resolved by molecular mass on SDS-PAGE gels and transferred to polyvinylidene 

difluoride membranes prior to blocking in 5% bovine serum albumin. Membranes 

were incubated overnight in primary antibodies β-actin (CST Cat # 5125, 1:1500) 

and LC3B (CST Cat # 2775 1:1000). 

Lysate preparation and Immunobloting 

Lysates were prepared in lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 100 

mM NaF, 10 Na- pyrophosphate, 5 EDTA mM, 250 mM sucrose, and freshly added 

1 mM DTT, and 1 mM Na-orthovanadate, 1% Triton X and Complete protease 

inhibitor cocktail (Roche)).  

Immunoblotting was performed similarly to previously described35. 5 ug of protein 

for liver samples and 7.5 ug of protein for hepatocytes, made at 1 μg/μL and 
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determined via BCA assay, were prepared in 4x SDS sample buffer and boiled at 

95 °C for 5 minutes with the exception of OXPHOS immunoblotting, which was 

kept at room temperature to avoid the degradation of complex IV (MTCO1). 

Antibodies used were from Cell Signaling Technology (listed below). 

Antibodies 

Provider Protein Product # 

Cell Signaling Technology 

β-actin #4970 

LC3B #2775 

SQSTM1/p62 #5114 

pULK1 Ser555 #5869 

pULK1 Ser757 #6888 

ULK1 #8054 

BNIP3 #3769 

Parkin #2132 

anti-Rabbit IgG horseradish 

peroxidase (HRP)-linked 
#7074 

 

Briefly, membranes were blocked for 1 h in 10 mM Tris (pH 7.6), 137 mM NaCl, 

0.1% (vol/vol) Tween 20 (TBST) containing 5% (wt/vol) BSA. Membranes were 

incubated in primary antibody (TBST containing 5% (wt/vol) BSA overnight at 4°C 

as recommended by the manufacturer. Detection was performed with HRP-

conjugated secondary antibodies and enhanced chemiluminescence reagent 

(BioRad Clarity ECL solution). Phospho and total levels were determined 
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separately and were normalized first to loading control (β-actin or β-tubulin). 

Densitometry was then performed using Image J Software (NIH, MD, USA). 

Animals 

STAM mice: C57BL/6 mice (14-day-pregnant female) were obtained from Japan 

SLC, Inc. (Japan). All animals used in the study were housed and cared for in 

accordance with the Japanese Pharmacological Society Guidelines for Animal 

Use.  The animals were maintained in a SPF facility under controlled conditions of 

temperature (23 ± 2°C), humidity (45 ± 10%), lighting (12-hour artificial light and 

dark cycles; light from 8:00 to 20:00) and air exchange. A high pressure was 

maintained in the experimental room to prevent contamination of the facility. The 

animals were housed in TPX cages (CLEA Japan) with a maximum of 4 mice per 

cage. Sterilized Paper-Clean (Japan SLC) was used for bedding and replaced 

once a week. Sterilized solid HFD was provided ad libitum, being placed in a metal 

lid on the top of the cage.  Pure water was provided ad libitum from a water bottle 

equipped with a rubber stopper and a sipper tube. Water bottles were replaced 

once a week, cleaned, and sterilized in an autoclave and reused. Mice were 

identified by ear punch. Each cage was labeled with a specific identification code.  

The viability, clinical signs and behavior were monitored daily. Body weight was 

recorded before the treatment. Food consumption was measured twice weekly per 

cage during the treatment period. Mice were observed for significant clinical signs 

of toxicity, moribundity and mortality approximately 60 minutes after each 

administration. Mice in Group 2-5 were sacrificed 24 ± 2 hours after the last dose 
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at 9 weeks of age by exsanguination through direct cardiac puncture under ether 

isoflurane anesthesia (Pfizer Inc.). Each 3 mice in Group 6-9 were sacrificed at 1, 

2, 6, 12 and 24 ± 2 hours after the last dose at 9 weeks of age to prepare the serum 

sample for shipment by exsanguination through direct cardiac puncture under ether 

isoflurane anesthesia. 

ETC-1002 was administered orally in a volume of 10 mL/kg at 3 dose levels of 3, 

10 and 30 mg/kg once daily. The individual dosage was calculated by body weight 

of the morning on the day. The test substances were administered from 9 to 11 

am.  

Mice were randomized and separated into five treatments groups (1 to 5), n 

=16/group. NASH baseline was determined at the initiation of ETC-1002 treatment 

in mice fed with HFD ad libitum without any treatment and sacrificed at 5 weeks of 

age. For groups 2 to 5, mice were orally administered vehicle [0.5% CMC (pH7-

8)], or ETC-1002 (3, 10, or 30 mg kg in a volume of 10 mL/kg once daily from 5 to 

9 weeks of age.  Satellite groups were (n =15) were treated in parallel and used for 

ITT, OGTT and PK analyses.  

 

Induction of NASH 

NASH was induced in 120 male mice by a single subcutaneous injection of 200 μg 

streptozotocin (STZ, Sigma-Aldrich, USA) solution 2 days after birth and feeding 

with high fat diet (HFD, 57 kcal% fat, Cat# HFD32, CLEA Japan, Inc., Japan) after 

4 weeks of age. 
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Plasma collection and biochemistry 

For plasma biochemistry, blood was collected in polypropylene tubes with 

anticoagulant (Novo-Heparin, Mochida Pharmaceutical Co. Ltd., Japan) and 

centrifuged at 1,000 xg for 15 minutes at 4°C. The supernatant was collected and 

stored at -80°C until use. Plasma ALT were measured by FUJI DRI-CHEM 7000 

(Fujifilm, Japan). 

Test articles 

ETC-1002 (bempedoic acid) was weighed and dissolved in vehicle [0.5% CMC 

(pH7-8)] according to the formulation instructions. This formulation was prepared 

every two weeks 

Statistical Management and Control 

At the end of study individual and group results were provided to Esperion with an 

accompanying summary table describing dates of individual procedures. Group 

means and standard deviations or standard errors were calculated for all measured 

outcomes. Comparisons of variables were determined by analysis of variance and 

post-hoc analysis. A probability level of 0.95 was used as the criterion of 

significance. 

rt-qPCR 

Briefly, RNA was diluted to a concentration of 2 μg/13.5 μL using RNase-free water, 

was mixed with DNTPs and random hexamers, incubated at 65 °C for 5 mins and 

cooled to 4 °C. SuperScript III, First Strand Buffer, and DTT were then mixed and 

incubated for 5 mins at 25 °C, 60 mins at 50 °C, 15 mins at 70 °C, and cooled to 4 
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°C (Invitrogen, CA, USA). cDNA was then diluted 1:20 using RNase-free water. 

Using an optimized mastermix including 1.7 μL RNase-free water, 1 μL 10X Buffer, 

1 μL MgCl2 (25 mM), 1 μL dNTPs (2 mM), 0.05 μL Ampli-Taq Gold, and 0.25 μL 

TaqMan probe per reaction. RT-qPCR was performed with a 10 μL reaction (5 μL 

diluted cDNA, 5 μL mastermix) in a qPCR thermocycler (Corbett Rotor Gene 6000, 

MBI, QC, Canada). Within the thermocycler, the samples were incubated at 95 °C 

for 10 mins to activate the Ampli-Taq Gold, and were amplified with 40 cycles of 

10 secs at 95 °C and 45 secs at 60 °C. Slopes were corrected for and thresholds 

were set at 0.05 using the Corbett Rotorgene software (Corbett Research, 

Australia). All PCR products and TaqMan probes were purchased from Invitrogen 

(CA, USA) and are listed below. Relative gene expression was calculated using 

the comparative Ct method, where values were normalized to a 5 housekeeping 

genes average, and expressed as relative to baseline (BSL) samples. 
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Primers 

Provider TaqMan Gene Expression Product # 

Invitrogen 

Actb Mm02619580_g1 

Ppia Mm02342430_g1 

B2m Mm00437762_m1 

Tbp Mm00446971_m1 

Gapdh Mm99999915_g1 

Map1lc3b Mm00782868_sH 

P62 (Sqstm1) Mm00448091_m1 

Bnip3 Mm01275600_g1 

Park2 Mm00450187_m1 

Ulk1 Mm00437238_m1 

Tfeb Mm00448968_m1 

Tfe3 Mm01341186_m1 

Gaa Mm00484581_m1 

Dnm1 Mm01342903_m1 

Fis1 Mm00481580_m1 
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Proteomics 

Samples were analyzed using the PTMScan method as previously described 

(Rush, Stokes) Cellular extracts were prepared in urea lysis buffer, sonicated, 

centrifuged, reduced with DTT, and alkylated with iodoacetamide.  15mg total 

protein for each sample was digested with trypsin and purified over C18 columns 

for enrichment with the Acetyl-Lysine Motif Antibody (#13416).  Enriched peptides 

were purified over C18 STAGE tips (Rappsilber). Enriched peptides were 

subjected to secondary digest with trypsin and second STAGE tip prior to LC-

MS/MS analysis. 

Replicate injections of each sample were run non-sequentially for each enrichment. 

Peptides were eluted using a 90-minute linear gradient of acetonitrile in 0.125% 

formic acid delivered at 280 nL/min.  Tandem mass spectra were collected in a 

data-dependent manner with a Thermo Orbitrap Fusion™ Lumos™ Tribrid™ mass 

spectrometer using a top-twenty MS/MS method, a dynamic repeat count of one, 

and a repeat duration of 30 sec.  Real time recalibration of mass error was 

performed using lock mass (Olsen) with a singly charged polysiloxane ion m/z = 

371.101237.   

MS/MS spectra were evaluated using SEQUEST and the Core platform from 

Harvard University (Eng, Huttlin, Villen). Files were searched against the SwissProt 

mus musculus FASTA database.  A mass accuracy of +/-5 ppm was used for 

precursor ions and 0.02 Da for product ions.  Enzyme specificity was limited to 

trypsin, with at least one tryptic (K- or R-containing) terminus required per peptide 
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and up to four mis-cleavages allowed.  Cysteine carboxamidomethylation was 

specified as a static modification, oxidation of methionine and acetylation on lysine 

residues were allowed as variable modifications.  Reverse decoy databases were 

included for all searches to estimate false discovery rates, and filtered using a 5% 

FDR in the Linear Discriminant module of Core. Peptides were also manually 

filtered using a -/+ 5ppm mass error range and presence of an acetylated lysine 

residue.  All quantitative results were generated using Skyline (MacLean) to extract 

the integrated peak area of the corresponding peptide assignments.  Accuracy of 

quantitative data was ensured by manual review in Skyline or in the ion 

chromatogram files.  

Metabolic-associated NASH mouse model 

In vivo experiments were approved by the McMaster University Animal Ethics 

Committee (#21-01-4) and conducted under the Canadian guidelines for animal 

research. Male mice with a C57BL/6J background were purchased from Jackson 

Laboratories at 6-7 weeks of age. Mice were housed 3-5 per cage in a controlled 

environment; 12-hour light/dark cycle, given food and water ad libitum, and 

enrichment provided. At 8 weeks of age, mice were moved into specific-pathogen 

free (SPF) microisolators in a room maintained at ~29 ºC and fed a high-fat, high-

fructose diet (NASH Diet; ND; 40% fat from mostly palm, 20% fructose, 0.02% 

cholesterol). Due to fructose being supplemented in the diet, diet was changed 

every few weeks. 16 weeks later, mice were grouped by matching body weight 

and adiposity randomly and placed on respective interventional arms. Adiposity 
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was assessed based on time-domain NMR using a Bruker Minispec LF90II. 

Bempedoic acid-treated mice had the drug supplemented in the diet at a dose of 

30 mg/kg. After 9 weeks of treatment, all mice were sacrificed in the fed state 

between 0900 and 1100 hrs, using a ketamine/xylazine mixture to sedate mice 

before collecting blood via cardiac puncture. Mice were presumed dead by 

exsanguination and cervical dislocation was performed as a secondary measure. 

NanoString Gene Expression Analysis 

For NanoString analysis, 4-5 RNA samples per group were inspected by a 

BioAnalyzer quality control test. The McMaster Genomics Facility ran an 

nCounter Fibrosis v2 Panel (NanoString Technologies) containing 760 target 

genes. Gene expression data was normalized using NanoString Technologies’ 

nSolver 4.0 software (version 4.0.70) and the embedded PLAGE algorithm. 

Linear expression data was taken for genes associated with the autophagy 

pathway on the software and were normalized to Control. Multiple t-tests were 

performed with an adjusted p value of <0.05 with the Bonferroni adjustment being 

deemed significant. 
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COMBINATION OF BEMPEDOIC ACID WITH A GLP-1R AGONIST IMPARTS 

ADDITIVE BENEFITS TO TREAT METABOLIC-ASSOCIATED 
STEATOHEPATITIS AND HEPATIC FIBROSIS IN MICE 

 
Prepared for publication, 2023 

 
Eric M. Desjardins, Jianhan Wu, Declan C.T. Lavoie, Elham Ahmadi, Marisa R. 

Morrow, Logan K. Townsend, Dongdong Wang, Evangelia E. Tsakiridis, 
Battsetseg Batchuluun, Russta Fayyazi, Jacek M. Kwiecien, Theodoros 

Tsakiridis, James S.V. Lally, Guillaume Paré, Stephen L. Pinkosky, and Gregory 
R. Steinberg 

 
NASH and associated fibrosis are multifaceted pathologies that currently have no 
approved pharmacotherapies. To date, monotherapies have struggled to reach 
primary endpoint goals or cannot demonstrate enough benefit to outweigh their 
risks. Considering most people with NASH have an associated metabolic 
comorbidity, with the highest percentages being 69% hyperlipidemia and 51% 
obesity, it is likely that combinatorial therapies will be needed to target diverse 
contributors to the disease. In this chapter, we explored the combination of two 
approved treatments that have distinct molecular targets to not only treat NASH, 
but associated comorbidities with NAFLD. The GLP-1R agonist liraglutide is 
approved for the treatment of obesity and type 2 diabetes, and has shown positive 
results with regards to NASH resolution within the clinic, however, has not been 
able to simultaneously improve fibrosis stage. Bempedoic acid, which is known as 
an ACLY inhibitor, is approved to reduce LDL-cholesterol in patients with 
hypercholesterolemia or established atherosclerosis and has recently been shown 
to reduce NASH and fibrosis in mice. We showed that combining bempedoic acid 
with the GLP-1R agonist liraglutide resulted in favourable improvements in liver 
steatosis, inflammation, hepatocellular ballooning, and hepatic fibrosis without 
increasing serum triglycerides. We also show improvements in some serum 
inflammatory markers. With directed transcriptomic analysis, we found that 
combination therapy resulted in an additive downregulation in pathways associated 
with NASH, had reductions in genes that have been identified as prognostically 
significant in human NASH, and a predictive gene signature towards improving 
fibrosis stage. Overall, these findings provide proof of concept data suggesting the 
combination of bempedoic acid and a GLP-1R agonist could have complementary 
actions which would result in achieving NASH resolution with improvement in 
fibrosis stage. 
 
E.M.D. was involved in all experiments. J.W. and R.F. performed bioinformatic 
analyses, and E.A. scored liver histopathology. 
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benefits to treat metabolic-associated steatohepatitis and hepatic fibrosis in 
mice. 
 
 
Eric M. Desjardins1,2, Jianhan Wu1,2, Declan C.T. Lavoie1,2, Elham Ahmadi1,2, 
Marisa R. Morrow1,2, Logan K. Townsend1,2, Dongdong Wang1,2, Evangelia E. 
Tsakiridis1,2, Battsetseg Batchuluun1,2, Russta Fayyazi1,2, Jacek M. Kwiecien3, 
Theodoros Tsakiridis1,4, James S.V. Lally1,2, Guillaume Paré1,5,6, Stephen L. 
Pinkosky7, and Gregory R. Steinberg1,2,8* 
 
 

1Centre for Metabolism Obesity and Diabetes Research, McMaster University, 
Hamilton, ON L8S 4L8, Canada 
2Division of Endocrinology and Metabolism, Department of Medicine, McMaster 
University, Hamilton, ON L8S 4L8, Canada 
3Department of Pathology, McMaster University, Hamilton, ON L8S 4L8, Canada 
4Department of Oncology, McMaster University, Hamilton, ON L8S 4L8, Canada 
5Population Health Research Institute, McMaster University, Hamilton, ON L8L 
2X2, Canada 
6Thrombosis and Atherosclerosis Research Institute, McMaster University, 
Hamilton, ON L8L 2X2, Canada 
7Esperion Therapeutics, Inc., Ann Arbor, USA 
8Department of Biochemistry and Biomedical Sciences, McMaster University, 
Hamilton, Canada 
 
 
*Correspondence to Gregory R. Steinberg 
Centre for Metabolism, Obesity and Diabetes Research, McMaster University, 
1280 Main St. West, Hamilton, Ontario, L8N 3Z5, Canada, Tel: 905.525.9140 ext. 
21691 
Email:  gsteinberg@mcmaster.ca 
 

 

 

 

 

 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

107 
 

 

Summary 

Increased liver de novo lipogenesis is a hallmark of nonalcoholic fatty liver disease 

(NAFLD) that is characterized by increases in the activity of acetyl-CoA 

carboxylase (ACC) and ATP citrate lyase (ACLY). Glucagon like peptide-1 receptor 

(GLP-1R) agonists lower body mass, improve glucose homeostasis, and are being 

pursued for the treatment of nonalcoholic steatohepatitis (NASH). Recent clinical 

evidence demonstrates GLP-1R agonism resolves NASH without improving 

fibrosis stage, while preclinical evidence indicates pharmacological inhibition of 

ACLY reduces liver fibrosis in mice via direct effects on hepatic stellate cells. Here, 

we find that combining an inhibitor of liver ACLY, bempedoic acid, and the GLP-

1R agonist liraglutide results in favorable improvements in liver steatosis, 

inflammation, hepatocellular ballooning, and hepatic fibrosis without increases in 

serum triglycerides in a mouse model of NASH. Liver RNA analyses revealed 

additive downregulation of pathways that are predictive of NASH resolution, 

reductions in the expression of prognostically significant genes compared to clinical 

NASH samples, and a predicted gene signature profile that supports fibrosis 

resolution. These findings support further investigation and development of this 

combinatorial therapy to treat obesity, insulin resistance, hypercholesterolemia, 

steatohepatitis, and fibrosis in people with NASH. 
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agonist; Liraglutide; Combination Treatment; Mouse Model 

Introduction 

The rising prevalence of both adult and childhood nonalcoholic fatty liver 

disease (NAFLD) poses immense burden on patients’ health-related quality of life, 

healthcare costs, and economic losses (Lazarus et al. 2021). The progressive form 

of NAFLD – nonalcoholic steatohepatitis (NASH) – is typically characterized by 

liver steatosis, hepatocellular ballooning, and lobular inflammation with or without 

perisinusoidal fibrosis and can manifest itself to cirrhosis, liver failure, cancer, and 

death (Kleiner et al. 2005; Friedman et al. 2018). Currently, there are no approved 

therapies for the treatment of NASH. To date, monotherapy strategies in human 

trials have struggled to reach primary endpoint goals or have been called into 

question as to whether benefit outweighs risk (C. W. Kim et al. 2017b). Bearing in 

mind that almost half of the people with NAFLD also live with an associated 

metabolic comorbidity (69% hyperlipidemia, 51% obesity, 39% hypertension, 22% 

type 2 diabetes, and 42% metabolic syndrome) (Z. Younossi et al. 2018), it is 

reasonable to suspect that combinatorial therapies which target different aspects 

of the pathophysiology of NASH and associated comorbidities could lead not only 

to improved efficacy in treating NASH, but also secondary measures and 

tolerability which would sway the risk-benefit ratio (Dufour, Caussy, and Loomba 

2020; Baggio and Drucker 2021). 
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Multiple glucagon-like peptide-1 receptor (GLP-1R) agonists have been and 

are currently being studied in the clinic for the treatment of NAFLD (Newsome et 

al. 2021; Petit et al. 2017; Armstrong et al. 2016) (NCT04166773). GLP-1 is an 

incretin hormone that is secreted in the postprandial phase by intestinal L cells to 

control blood glucose, satiety, and gastrointestinal motility (Baggio and Drucker 

2021). Liraglutide is a long-acting GLP-1R agonist that is approved for the 

treatment of both type 2 diabetes and obesity (Drucker, Habener, and Holst 2017). 

In a multicentre, randomized, placebo-controlled trial, liraglutide treatment resulted 

in a statistically significant percentage of NASH resolution (39%) versus placebo 

(9%) (Armstrong et al. 2016). More recently, semaglutide, a long-acting GLP-1R 

agonist similar to liraglutide but with more pronounced metabolic effects, showed 

a higher percentage of NASH resolution (59% 0.4 mg dose) versus placebo (17%) 

in a 72-week double-blinded phase 2 trial with biopsy-confirmed NASH and liver 

fibrosis of stage F1-3 (Newsome et al. 2021). Although still not clear, liraglutide 

appears to elicit its effects on NAFLD/NASH primarily through reductions in 

appetite and improvements in glucose homeostasis and insulin resistance which 

indirectly lead to improvements in inflammation and steatosis. More recent 

evidence highlights that semaglutide may exert some of its anti-inflammatory 

effects on the liver through a subset of liver-localized γδ T cells and these cells are 

also important for the cardioprotective actions of liraglutide (B. McLean et al. 2021; 

B. A. McLean et al. 2022). Altogether, observations that the GLP-1R is not 

expressed in hepatocytes, Kupffer cells, or hepatic stellate cells suggests that the 
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effects of the GLP-1R agonists are likely largely mediated through indirect 

mechanisms (reviewed thoroughly in (Yabut and Drucker 2022)). However, even 

with some effect on NASH resolution, to date, GLP-1R agonists have not 

demonstrated efficacy at improving fibrosis severity in patients (Armstrong et al. 

2016; Newsome et al. 2021), potentially because they do not act directly on the 

liver and the key cells driving fibrosis, hepatic stellate cells. 

Increases in liver de novo lipogenesis (DNL) are a hallmark of patients with 

NAFLD (Lambert et al. 2014; Softic, Cohen, and Kahn 2016; G. I. Smith et al. 

2020). Two critical enzymes controlling flux through the DNL pathway are acetyl-

CoA carboxylase (ACC) and ATP citrate lyase (ACLY) (reviewed in (Batchuluun, 

Pinkosky, and Steinberg 2022)). Several ACC inhibitors have been developed and 

have been tested in clinical populations where they are found to dramatically 

reduce steatosis, while having modest effects on markers of fibrosis. However, an 

on-target effect of ACC inhibition is an increase in serum triglycerides which 

elevates the risk of pancreatitis and cardiovascular disease. This has led to 

combination trials with inhibitors of DGAT and GLP-1R agonists which have elicited 

encouraging results, however, to date, phase 3 studies have not been completed. 

Bempedoic acid is a small molecule ATP citrate lyase (ACLY) inhibitor that 

reduces risk of major adverse cardiovascular events in statin-intolerant patients 

and has been approved by the U.S. Food and Drug Administration (FDA) and 

European Commission (EC) to reduce low-density lipoprotein cholesterol (LDL-C) 

in adults with heterozygous familial hypercholesterolemia (HeFH) or established 
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atherosclerotic cardiovascular disease (Nissen et al. 2023; Keaney 2023; 

Alexander 2023; Bays et al. 2020; Ray et al. 2019; Pinkosky et al. 2013a). 

Bempedoic acid is a prodrug that is converted to its active moiety, bempedoyl-CoA, 

in the liver by the very-long-chain acyl-CoA synthetase 1 (ASCVL1) (Pinkosky et 

al. 2016). This liver-targeted conversion is important to minimize myotoxicity which 

is common with the use of statins (Pinkosky et al. 2016). We have recently 

established a mouse model of NASH that has very similar metabolic (i.e. obesity, 

insulin resistance), histological, and transcriptional characteristics to people with 

advanced NASH. The model is induced by housing male mice at thermoneutrality 

(~29 ºC) and feeding a high-fat diet supplemented with fructose and physiological 

concentrations of cholesterol for 16 weeks before initiating treatment (Morrow et 

al. 2022). Using this model, we found that bempedoic acid dramatically reduced 

liver steatosis, hepatocellular ballooning, lobular inflammation and also fibrosis 

(Morrow et al. 2022). Additional experiments in hepatic stellate cells from mice and 

humans demonstrated that bempedoic acid suppressed lipogenesis and blocked 

TGFβ-induced proliferation and activation (Morrow et al. 2022). Importantly, 

bempedoic acid also exerted pronounced anti-fibrotic effects independently of 

reductions in steatosis in the STAM mouse model of NASH, which does not have 

obesity and insulin resistance (Morrow et al. 2022). Taken together, these data 

suggest that the beneficial effects of bempedoic acid on NASH and fibrosis are 

likely to be completely distinct from the primary pathways targeted by liraglutide; 

suggesting there may be additive effects combining the two therapeutics.       
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Considering the distinct mechanisms by which liraglutide and bempedoic 

acid reduce NAFLD, the purpose of this study was to evaluate whether the addition 

of bempedoic acid to liraglutide would elicit added benefits to treating NASH and 

hepatic fibrosis in a physiologically relevant mouse model that replicates many of 

the metabolic, histological, and transcriptional characteristics of advanced NASH 

patients. 

Results 

Combination of liraglutide and bempedoic acid reduces body weight, 

adiposity, glucose intolerance, insulin resistance, and serum cholesterol 

As we have previously described, housing C57BL6J mice at 

thermoneutrality and feeding a diet high-in fat and fructose leads to metabolic, 

pathological and transcriptional characteristics similar to human NASH (Morrow et 

al. 2022). Using this diet and housing paradigm, after 16 weeks, mice were 

assigned to five interventional arms by matching body weight and adiposity so 

there were no differences at the start of the treatment period.  

Consistent with our recent study (Morrow et al. 2022), bempedoic acid 

(BemA) was mixed with the diet at a concentration of 10 mg/kg and its effects on 

the mice were compared to mice that received the same diet minus BemA 

(Control).  BemA did not alter body weight, adiposity, glucose tolerance, insulin 

sensitivity, pyruvate tolerance (a measure of hepatic gluconeogenesis), fasting 

serum insulin or triglyceride levels, but did reduce serum cholesterol 

(Supplementary Figure 1A-H). Despite similar adiposity and glucose homeostasis, 
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BemA reduced liver fat percentage, pathological scoring of liver steatosis, 

hepatocellular ballooning, and the NAFLD activity composite score 

(Supplementary Figure 2A-G). Importantly, BemA also reduced percent fibrosis 

area assessed using picrosirius red (PSR) (Supplementary Figure 2H). These data 

indicate that, consistent with our previous study (Morrow et al. 2022) using 

thermoneutral housing but a shorter duration of dietary intervention before initiating 

treatment (10 vs. 16 wks in the current study), BemA reduces liver steatosis, 

ballooning and fibrosis independently of changes in body mass or adiposity. 

Modest reductions in body mass can completely resolve NASH in mouse 

models (Xuelian Xiong et al. 2019). Treatment of mice with GLP-1R agonists such 

as liraglutide (Lira) dose-dependently suppress appetite and body mass and can, 

at higher doses, reduce body mass by greater than 25% over just 14 days of 

treatment after 8 weeks of a high-fat diet (Park, Oh, and Kim 2022). Human clinical 

trials with Lira in people with NASH elicit 5-10% weight loss (Armstrong et al. 2016). 

Therefore, to enhance the potential translatability of Lira treatment in mice to 

humans with NASH, we utilized a submaximal dose of Lira with the aim to elicit 

similar reductions in body mass/adiposity to that observed in participants within 

clinical trials. Consistent with this aim, treatment of mice with Lira compared to 

mice injected at the same frequency with vehicle control, reduced body mass by 

6% at 9 weeks of treatment and this effect on body mass was not altered by the 

addition of BemA (Lira+BemA) (Figure 1A and B). Compared to vehicle control 

mice, Lira and Lira+BemA improved glucose tolerance (Figure 1C) and insulin 
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sensitivity (Figure 1D) but did not alter pyruvate tolerance (Figure 1E). Lira lowered 

fasting serum insulin (Figure 1F) and cholesterol levels (Figure 1G), and these 

effects were also observed in mice treated with Lira+BemA. Serum triglycerides 

(Figure 1H) were unchanged in either Lira or Lira+BemA combination groups. 

Combination of liraglutide and bempedoic acid results in additive benefits in 

liver steatosis, ballooning, and fibrosis  

In comparison to the vehicle group, Lira and Lira+BemA reduced percent 

liver fat by 36 and 47%, respectively (Figure 2A), and triglycerides by 69 and 81%, 

respectively (Figure 2B). Consistent with these observations, steatosis scores from 

H&E sections were reduced with Lira (63%) and Lira+BemA treatments (74%) 

(Figure 2C&D). Hepatocellular ballooning scores were reduced with Lira by 56% 

and Lira+BemA by 94% (Figure 2C&E). Lira and Lira+BemA reduced lobular 

inflammation score to a similar degree (~50%) (Figure 2C&F). In sum, the NAFLD 

activity score (NAS) was reduced by 56% by Lira and by 75% by Lira+BemA (NAS: 

Figure 2G). Importantly, Lira and Lira+BemA treatment groups reduced fibrosis 

area assessed using PSR (40 and 44%, respectively) (Figure 2C & H) and had 

fewer (Lira 1 of 9) or no (Lira+BemA 0 of 9) moderate zone 3, perisinusoidal fibrosis 

(1C) compared to vehicle-treated mice (4 of 8) (Figure 2C&I).  

Serum markers of liver inflammation/damage including alanine 

transaminase (ALT), aspartate aminotransferase (AST), serum amyloid A (SAA), 

the C-X-C motif chemokine ligand 10 (CXCL10), c-reactive protein (CRP) and 

secreted phospholipase A2 (sPLA2) were measured. BemA reduced ALT, AST, 
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SAA, CXCL10, CRP (Ridker et al. 2023), and sPLA2 compared to Control, while 

Lira significantly reduced SAA and sPLA2 versus Vehicle. Combination of 

Lira+BemA reduced SAA similarly to Lira alone, while it resulted in a significant 

reduction in CRP in comparison to Vehicle.  Finally, Lira+BemA significantly 

reduced sPLA2 in comparison to both Vehicle and Lira groups (Table 1).  

Collectively, Lira+BemA led to greater percent reductions and lower p-

values for steatosis, ballooning, NAS, PSR and sPLA2 compared to Lira 

monotherapy. And although not statistically different compared to Lira 

monotherapy, these data suggest BemA may have additive effects towards 

improving liver pathology. 

Targeted gene expression profiling identifies additive downregulation of 

fibrosis-related molecular pathways that are predictive of NASH resolution  

To determine the transcriptional differences between our treatment cohorts, 

we examined the expression of 760 genes implicated in 49 fibrosis related 

pathways using the nCounter Fibrosis v2 Panel. Differential expression analysis 

comparing liraglutide, bempedoic acid and combination treatment to diseased 

control yielded 249, 132, and 263 genes respectively (Supplemental Figure 3A, 

Supplemental Table 3). Combination treatment resulted in the greatest number of 

downregulated genes, significantly reducing the expression of 172 genes 

compared to 97 and 86 by Lira and BemA alone. Of these, 56 genes were uniquely 

altered by combination treatment,113 genes overlapped between all treatment 

cohorts and 3 genes were upregulated by Lira but downregulated in the 
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combination cohort (Supplemental Figure 3B, Supplemental Table 4). Conversely, 

8 genes were uniquely upregulated by combination treatment (Supplemental 

Figure 3C). Over-representation analysis of the uniquely downregulated and 

overlapping genes, which we defined as additive if the effect size was largest in 

the combination treatment cohort, identified seven disease processes of interest 

related to inflammation, fibrosis, and wound healing (Supplemental Figure 3D, 

Supplementary Table 5). Next, we utilized a more comprehensive approach to 

identify gene sets altered by combination treatment by using all genes in the 

nCounter panel (Supplemental Figure 4A) (Tomfohr, Lu, and Kepler 2005). 

Combination treatment led to reductions across 17 pathways with hierarchical 

clustering identifying reductions in overarching disease processes related to 

fibrosis (e.g., collagen biosynthesis & modification, myofibroblast regulation), 

inflammation (e.g., chemokine signaling, cytokine signaling) and wound healing 

(e.g., phagocytic cell function, angiogenesis) which was consistent with pathway 

annotation analysis (Figure 3A).  

To assess gene set association with phenotype observations, we regressed 

disease outcome measurements on the first principal component (PC1) of the 17 

gene sets (Figure 3B) most affected by combination treatment relative to 

monotherapy. This demonstrated a significant predictive relationship between PC1 

increment and hepatic steatosis, inflammation, fibrosis, adiposity, and NAS 

resolution (Figure 3C). 
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Hepatic stellate cells are critical for driving liver fibrosis and therefore we 

explored the expression of key markers implicated in NASH progression (Payen et 

al. 2021). Consistently, markers of activated stellate cells (Col1a1, Col1a2, Col3a1, 

Lox, Timp1) were significantly reduced in the Lira+BemA treatment groups to a 

greater extent than monotherapies of Lira or BemA (Figure 3D). Interestingly, 

BemA appeared to counteract Lira-induced upregulation of TGFβ effectors, 

including Smad3, a transcription factor critical for upregulating fibrotic pathways in 

NASH (Supplementary Figure 4B). Moreover, combination therapy generally 

reduced the expression of several chemokines implicated in NASH progression 

greater than Lira or BemA treatment alone (Figure 3E). Collectively, these data 

indicate that combination therapy with Lira+BemA induces an anti-fibrotic and anti-

inflammatory gene-expression profile that is predictive of reduced liver pathology 

(steatosis, ballooning, and fibrosis).  

Combination treatment induces a prognostically favorable gene expression 

profile that most closely resembles those from healthy human liver biopsies   

In humans a 25-gene signature has been established to be predictive of 

NASH severity (Govaere et al. 2020). Therefore, to contextualize the clinical 

significance of our experimental therapies, we performed an integrative analysis 

combining the expression data of 22 orthologous genes derived from our treatment 

cohorts with the expression data derived from 216 NAFLD/NASH patients. 

Combination treatment significantly downregulated the expression of 13 genes in 

this prognostic signature. Hierarchical clustering using Pearson correlation reveals 
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four clusters with differential compositions of healthy individuals, patients with pre-

fibrotic (NAFLD, F0-F1) or fibrotic (F2-F4) disease and our experimental cohorts 

(Figure 4A). Cluster II exhibits the most clinically benign phenotype. 80% of healthy 

individuals in the patient derived dataset are represented in this cluster compared 

to 7.55%, 1.85% and 0% of patients with F2, F3 and F4 stages of disease (Figure 

4B). We find 4 out of 6 of our combination treatment samples colocalized in this 

cluster while monotherapy treatment samples are mostly grouped in clusters I and 

II which exhibit more advanced disease. Using PCA, we show the progressive 

resolution of NASH in human patients on PC1 (Figure 4C). Mapping our control, 

monotherapy, and combination treatment cohorts with human NASH disease 

stages further supports the increased transcriptional similarity between healthy 

individuals and combination treatment samples beyond what can be achieved 

using Lira and BemA alone.    

Classification of patients into disease subtypes based on their expression 

of pre-defined gene signatures can inform risk stratification and elucidate molecular 

characteristics between disease subtypes. Recent studies have similarly utilized 

treatment specific gene signatures to classify patients exhibiting similar or 

dissimilar gene expression profiles into treatment responsive or non-responsive 

subtypes (Torrens et al. 2021; Geeleher, Cox, and Huang 2014). This analysis may 

provide preliminary evidence informing clinical translation and elucidate molecular 

differences driving therapeutic response in patients. As such, we derived a 

combination treatment specific gene signature by filtering for genes that were 
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differentially regulated by combination treatment both when compared to control 

and monotherapy (Supplemental Figure 5A).  

To determine the prognostic significance of this gene signature, we first 

compared its predictive performance using multivariate logistic regression to the 

reference gene signature derived by Govaere et al in the human NAFLD/NASH 

cohort. For the prediction of fibrosis stage > 2, the treatment signature achieved 

an area under receiver operating curve (AUROC) score of 0.899 which 

approximates the score of 0.922 achieved by the reference signature (Figure 4D). 

Further variable selection using elastic net regularization did not improve prediction 

accuracy (AUROC = 0.893). Among the signature genes, AXL, SLC2A2, CYBB, 

DOCK2, C3AR1, CYFIP1 and LEPR were significantly associated with advanced 

fibrosis in the multivariate model. Subsequently, we utilized Nearest Template 

Prediction to classify patients based on their expression similarity to our treatment 

signature (Hoshida 2010). Patients classified as similar predominantly exhibited 

pre-fibrotic stages of disease (NAFLD and F0-F1) whereas those classified as 

dissimilar were enriched for fibrotic stages (F2 – F4) (Supplemental Figure 5C). 

Single sample GSEA (ssGSEA) of hallmark gene sets and liver cell types reveal a 

favorable transcriptional profile for NASH resolution. Patients in the similar class 

exhibit significant downregulation of fibrosis, inflammation, and cellular damage 

related gene sets while pathways related to fatty acid metabolism, oxidative 

phosphorylation and DNA repair are significantly upregulated (Supplemental 

Figure 5D). Correspondingly, liver cell type analysis based on markers derived 
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from the human liver cell atlas (Aizarani et al. 2019) reveals significant 

downregulation of all non-parenchymal liver cell types including hepatic stellate 

cells, liver sinusoidal endothelial cells and, conversely, upregulation of hepatocytes 

(Supplemental Figure 5B). Overall, the gene expression pattern identified in 

patients who exhibit a similar gene signature profile as combination treatment 

supports fibrosis, steatosis, and inflammation resolution among NAFLD/NASH 

patients.  

Discussion 

 In this study, we combined two approved treatments that have distinct 

molecular targets, have excellent safety profiles, and treat separate comorbidities 

associated with NAFLD. Lira caused reductions in adiposity, glucose intolerance, 

and insulin resistance, while BemA treatment resulted in reductions in total 

cholesterol consistent with both drugs’ primary approved indication; type 2 

diabetes/obesity and cardiovascular disease, respectively. With respect to liver 

pathology, both BemA and Lira monotherapies lowered steatosis, ballooning and 

fibrosis to a similar degree and we found that when combined there were greater 

percent reductions in hepatocellular ballooning and fibrosis.    

As de novo lipogenesis (DNL) is a major player in the accumulation of 

intrahepatic triglycerides in NAFLD (Loomba, Friedman, and Shulman 2021; 

Donnelly et al. 2005), targeting ACLY – an enzyme upstream from acetyl-CoA 

carboxylase (ACC) – with the inhibitor BemA presents an opportunity to reduce 

fatty acid and cholesterol synthesis within the liver (Morrow et al. 2022). In the 
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current study, we found significant reductions in liver fat percentage, triglycerides 

and steatosis scores with both BemA and Lira treatments on their own. With their 

combination, more profound reductions in liver fat percentage and triglycerides 

were found. Importantly, these changes did not result in elevated serum 

triglycerides. 

As distinguishable by its suffix, the prominent feature differentiating 

steatohepatitis from simple liver steatosis is the development of inflammation. Our 

transcriptome analysis indicates a unique cluster with which the combination of 

both BemA and Lira reduced markers of inflammation as characterized by cytokine 

and chemokine signalling, the adenosine pathway, TLR and NF-κB signalling, 

phagocytic cell function, neutrophil degranulation, and interferon signalling. 

Furthermore, the reductions in inflammatory markers within the liver were more 

broadly apparent in the measurements of systemic markers of inflammation in 

serum as shown by large reductions in CRP and SAA.  

Perhaps most importantly, in this study, we found that combining BemA with 

Lira resulted in reductions in fibrosis. These pathological findings were supported 

by transcriptome data indicating combination therapy reduced extracellular matrix 

synthesis, epithelial-to-mesenchymal transition, myofibroblast regulation, focal 

adhesion kinase, and collagen biosynthesis and modification. This is of great 

importance as, to date, neither Lira or semaglutide have shown efficacy at reducing 

fibrosis stage in patients with NASH – although results from the ESSENCE Phase 

III trial (NCT04822181) are to follow (Newsome et al. 2021; Armstrong et al. 2016). 
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Furthermore, our analyses revealed that a potentially unique effect of BemA may 

be due to its effects on countering Lira-induced increases in the TGF-β activated 

transcription factor Smad3, which is a critical driver of fibrosis (Schwabe, Tabas, 

and Pajvani 2020).  As the GLP-1R is not expressed on hepatic stellate cells (Yabut 

and Drucker 2022), and BemA treatment attenuates TGF-β-mediated activation of 

both murine and human hepatic stellate cells in vitro (Morrow et al. 2022), this 

direct effect on hepatic stellate cells may be important for reducing fibrosis. 

However, further studies evaluating the effects of genetically inhibiting ACLY in 

hepatic stellate cells will be required to fully interrogate this hypothesis.  

Given the complexity of NASH pathophysiology, targeting multiple distinct 

pathways may be required to confer clinical improvements not only in liver 

steatosis, inflammation, and fibrosis, but also associated comorbidities which are 

more likely to cause death to patients living with the disease (Z. Younossi et al. 

2018). There are several other rationales for the use of combination therapies to 

treat NASH, as combining two or more drugs could increase response rates, 

maximize response to treatment, reduce side effects, and address loss of effects 

over time (Dufour, Caussy, and Loomba 2020). And although combinatorial 

therapies may increase the difficulty of designing trials and present more 

challenges in patient recruitment/retainment, these efforts may improve the 

benefit:risk ratio compared to monotherapies.  

Our data demonstrate a benefit of combining the ACLY inhibitor BemA and 

the GLP-1R agonist Lira, however, this study has several limitations. Our 
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experimental design and analyses were not able to detect statistically significant 

differences in pathological scoring between Lira and Lira+BemA, although, the 

percent reduction in most parameters was consistently greater with the 

combination treatment regime. This finding is similar to other preclinical studies 

that have also tested combination therapies with GLP-1R agonists in mice (Boland 

et al. 2020). The dramatic effects of Lira to reduce liver steatosis make it difficult to 

observe further improvements given that liver steatosis is comparable to that 

observed in control chow-fed mice (Morrow et al. 2022). Lastly, we utilized a highly 

sensitive and direct method to assess mRNA signatures related to fibrosis using 

NanoString technology, however, there may be additional mechanistic insights to 

uncover utilizing non-biased high-throughput -omics technologies such as single 

cell RNA-seq and metabolomics.  

In summary, the current study demonstrates that combining BemA with Lira 

leads to greater percent reductions in liver pathology compared to monotherapy in 

a mouse model of metabolic-associated NASH and fibrosis. These findings support 

further investigation and potential development of this combinatorial therapy to 

treat obesity, insulin resistance, hypercholesterolemia, steatohepatitis, and fibrosis 

in people with NASH. 
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STAR Methods 

Animals 

All in vivo experiments were approved by the McMaster University Animal Ethics 

Committee (#21-01-4) and conducted under the Canadian guidelines for animal 

research. Male mice with a C57BL/6J background were purchased from Jackson 

Laboratories at 6-7 weeks of age. Mice were housed 3-5 per cage in a controlled 

environment; 12-hour light/dark cycle, given food and water ad libitum, and 

enrichment provided. At 8 weeks of age, mice were moved into specific-pathogen 

free (SPF) microisolators in a room maintained at ~29 ºC and fed a high-fat, high-

fructose diet (NASH Diet; ND; 40% fat from mostly palm, 20% fructose, 0.02% 

cholesterol). Due to fructose being supplemented in the diet, diet was changed 

every few weeks. 16 weeks later, mice were grouped by matching body weight and 

adiposity randomly and placed on respective interventional arms. Adiposity was 

assessed based on time-domain NMR using a Bruker Minispec LF90II. Control 

mice were continued on diet alone, vehicle-treated mice (Vehicle) were given 

subcutaneous saline injections every second day 1-2 hrs before the dark cycle, 

bempedoic acid-treated mice (BemA) had the drug supplemented in the diet at a 

dose of 10 mg/kg, liraglutide-treated mice (Lira) were given subcutaneous 

injections of Victoza diluted in saline to a dose of 70 µg/kg every second day 1-2 

hrs before the dark cycle, and combination-treated mice (Lira+BemA) were given 

subcutaneous injections of Victoza diluted in saline to a dose of 70 µg/kg every 

second day 1-2 hrs before the dark cycle with bempedoic acid supplemented in the 
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diet at a dose of 10 mg/kg. After 9 weeks of treatment, all mice were sacrificed in 

the fed state between 0900 and 1100 hrs, using a ketamine/xylazine mixture to 

sedate mice before collecting blood via cardiac puncture. Mice were presumed 

dead by exsanguination and cervical dislocation was performed as a secondary 

measure. 

 

Metabolic Testing 

Metabolic tests were performed between 4 and 9 weeks of intervention, in 

respective order below. Intraperitoneal glucose (ipGTT; 1.25 g/kg) and insulin 

(ipITT; 1.3 U/kg) tolerance tests were performed in 6-hour fasted mice, with fasting 

starting at 0700 hrs and basal values being tested at 1300 hrs. Intraperitoneal 

pyruvate tolerance tests (ipPTT; 1.5 g/kg) were performed in 15-hour fasted mice, 

with fasting occurring overnight and basal values being evaluated at 0900hrs. 

Fasting blood glucose and serums were collected in 6-hour fasted mice, mimicking 

ipGTT and ipITT times. Blood collection for these tests were obtained via tail-knick.  

 

Liver lipid analysis 

Liver fat percentage was assessed based on time-domain NMR using a Bruker 

Minispec LF90II. Briefly, ~30-50 mg tissue chips were obtained on dry ice, given 

10 minutes to thaw on ice and given 10 minutes to equilibrate at room temperature 

before being placed in biopsy tubes purchased from Bruker. Liver triglycerides 

were assessed using the Cayman Chemicals Triglyceride Colorometric Assay kit 
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(Item no. 10010303). Briefly, 10-20 mg of frozen liver was immediately 

homogenized in 400 µL of diluted NP40 substitute assay reagent. The 

manufacturer’s instructions were followed for all other aspects of the assay. 

 

Histology 

Tissues were fixed in 10% neutral buffered formalin for 48 hrs before being stored 

in 70% ethanol. The medial lobe of the liver was processed, paraffin embedded, 

serially sectioned, and stained with haemotoxylin and eosin (H&E), Masson’s 

Trichrome, and picrosirius red (PSR) by the McMaster Immunology Research 

Centre’s core histology facility. Images were acquired by a Nikon 90i Eclipse 

upright microscope. Liver histology scores were obtained by a blinded pathologist 

who utilized descriptions as documented by Kleiner and colleagues as their basis 

(Kleiner et al. 2005). NAFLD activity scores were compiled by the sum of scores: 

liver steatosis, lobular inflammation, and hepatocellular ballooning, as assessed 

using H&E-stained slides. Fibrosis scores were obtained by the assessment of 

both Masson’s Trichrome and PSR-stained slides. 

 

RNA isolation and analysis 

Liver tissue (~15 mg) was lysed in 1 mL TRIzol reagent (Invitrogen) using ceramic 

beads and a Precellys 24 homogenizer (Bertin Technologies). Samples were spun 

down for 10 mins at 12 000 g at 4 ºC. 200 µL of chloroform was added and shaken 

vigorously before spinning samples again at same settings. Supernatant was 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

128 
 

placed in new tubes and an equal amount of 70% ethanol was added then 

vortexed. Solutions were loaded onto RNeasy columns and manufacturer’s 

instructions were followed (Qiagen).  

 

NanoString Gene Expression Analysis 

For NanoString analysis, 4-5 RNA samples per group were inspected by a 

BioAnalyzer quality control test. The McMaster Genomics Facility ran an nCounter 

Fibrosis v2 Panel (NanoString Technologies) containing 760 target genes as well 

as a CustomSet Panel consisting of 22 orthologous mus musculus genes that 

correspond to the 25-gene NASH severity signature described by Govaere and 

colleagues (Govaere et al. 2020). Gene expression data was normalized and log-

transformed prior to differential gene expression analysis and pathway signature 

score computation using NanoString Technologies’ nSolver 4.0 software (version 

4.0.70) and the embedded PLAGE algorithm.  

Uniquely regulated genes were defined as differentially expressed genes (FDR < 

0.05) between control and combination treatment but not monotherapy. Additively 

regulated genes were defined as differentially expressed genes (FDR < 0.05) 

exhibiting the largest fold change between control and combination treatment 

compared to monotherapy. Combination specific signature was derived based on 

the overlap between uniquely and additively regulated genes and differential 

expression (p-value < 0.05) between combination treatment and monotherapy. An 

elastic net regularization model with 10-fold cross validation was used to further 
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identify a subset of genes associated with fibrosis stages > 2 in a cohort of 216 

human NAFLD/NASH patients using methods implemented in caret v6.0.93 and 

glmnet v4.1.6.Pathway over-representation was determined by tabulating the 

pathway annotations associated with genes in the unique and additive gene sets. 

Statistical significance was computed using Chi-square test.  

 

RNA-Seq Analysis 

Patient derived RNA-Seq data was obtained from GEO repository GSE135251 and 

processed for quality control, alignment, and count as described previously 

(Govaere et al. 2020). Variance stabilizing transformation was applied to compute 

relative mRNA abundance using DESeq2 v1.36.0..  

 

Integrated Human and Mouse Gene Expression Analysis  

Gene expression data derived from NanoString and DESeq2 analyses underwent 

log-scale and z-score transformation prior to integration with human data. PCA and 

hierarchical clustering using Pearson correlation, as implemented in stats v4.2.2, 

were applied to integrated gene expression data to assess sample similarity 

between treatment cohorts and human NASH/NAFLD disease stages.  

Multivariate logistic regression, as implemented in the caret v6.0.93, using the 

combination treatment specific gene signatures and the 25-gene signature 

reported by Govaere et al. were used to predict advanced fibrosis stages in 
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patients. AUROC scores were computed to assess the predictive performance of 

each gene signature using methods implemented in pROC v1.18.0.   

Classification of patients based on similarity to the combination specific gene 

signature was computed using Nearest Template Prediction as implemented in 

GenePattern (Hoshida 2010). The gene set associated with the similar class is 

defined as upregulated genes within the combination specific gene signature. The 

gene set associated with the dissimilar class is defined as downregulated genes 

within the combination specific gene signature. Only patients with statistically 

significant classification (p-value < 0.05) were included in downstream analyses.  

ssGSEA was performed as implemented in GenePattern. Log-transformed gene 

expression along with hallmark gene sets and Aizarani liver cell type gene sets 

derived from MSIgDB were used as the respective inputs for ssGSEA. Differential 

ssGSEA scores were computed using T-test followed by FDR adjustment and 

significance was defined as FDR < 0.05.  

 

Serum measurements 

Serum insulin was assessed in 6-hour fasted samples using the manufacturer’s 

instructions for the Ultra-Sensitive Mouse Insulin ELISA kit (Crystal Chem, Catalog 

# 90080). Fed serum samples were assessed using the manufacturer’s instructions 

for: cholesterol E (Fujifilm, No. 999-02601) triglycerides (Cayman Chemicals, Item 

no. 10010303), non-esterified fatty acids (Fujifilm, NEFA-HR (2), 999-34691, 991-

34891, 993-35191), ALT (Cohesion, #CAK1002), AST (Cohesion #CAK1004), 
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Serum Amyloid A (R&D Systems, MSAA00), and sPLA2 (Cayman Chemical, Item 

No. 765001-96). ProCartaPlex Mouse kits from ThermoFisher were used to 

measure CRP and CXCL10 on a Bio-Rad Bio-Plex Reader. 

 

Statistics 

All other statistical analyses not previously specified using R packages or 

GenePattern softwares were performed using GraphPad Prism 9. Values 

throughout the illustrations are shown as means ± S.E.M. with p-values reported 

in the graphs. Colored bars signify comparisons between groups (with respective 

colors) and control groups (both ND and ND+Veh). Significance was accepted at 

p < 0.05 and determined via unpaired t-tests, one-way or repeated-measures two-

way ANOVA with Tukey or Sidak’s posthoc, where appropriate. For histological 

score analysis, a Kruskal-Wallis test or Mann-Whitney tests were used – these are 

nonparametric tests, with the Kruskal-Wallis test comparing the rank of each 

column with every other column, and correcting for multiple comparisons using 

Dunn’s posthoc test. White circles are individual mice per group (n=8-9 

mice/group).  
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Figure 1. Liraglutide and bempedoic acid lower body mass, adiposity, 
insulin sensitivity and serum cholesterol without increasing serum 
triglycerides.  Percent change in body weight (A) and change in adiposity (post-
pre) (B) throughout intervention. Intraperitoneal glucose tolerance test (GTT) 
(1.25 g/kg) (C) at 4 weeks intervention, ip insulin tolerance test (ITT) (1.3 U/kg) 
(D) at 4 weeks intervention and ip pyruvate tolerance test (PTT) (1.5 g/kg) (E) at 
5 weeks intervention with time plots and area under the curve (AUC). Fasted 
serum insulin (F) collected via tail-knick near-end of intervention (9 weeks). Fed 
serum cholesterol (G) from blood collected by cardiac puncture at sacrifice, and 
fasted serum triglycerides (H). Data are means ± S.E.M. Colored bars signify 
comparisons between groups and Vehicle. Significance was accepted at p < 0.05 
and determined via one-way ANOVA or repeated-measures two-way ANOVA 
with Tukey posthoc, where appropriate. White circles are individual mice per 
group (n=8-9 mice/group). *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Vehicle 
(saline treatments subcutaneously every 2 days), Lira (70 µg/kg liraglutide 
subcutaneously every 2 days before lights out), Lira+BemA (bempdeoic acid 10 
mg/kg in diet and 70 µg/kg liraglutide subcutaneously every 2 days before lights 
out). 
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Figure 2. Liraglutide and bempedoic acid reduce liver steatosis, ballooning, 
inflammation and fibrosis.  (A) Liver fat percentage as measured by time-
domain NMR. (B) Liver triglycerides. (C) Representative micrographs of H&E 
(top) and picrosirius red (PSR; bottom) stained sections (10x) along with 
histograms of histological grades of liver steatosis (D), hepatocellular ballooning 
(E), lobular inflammation (F), and composite NAFLD activity score (NAS) (G), 
Percent positive PSR area (H) and parts of whole indicating presence of 
moderate, zone 3 perisinusoidal fibrosis (I). Data are means ± S.E.M. Colored 
bars signify comparisons between groups and Vehicle with percentages listed 
next to them. Significance was accepted at p < 0.05 and determined via one-way 
ANOVA with Tukey posthoc or, for histological score analysis, a Kruskal-Wallis 
test was used with Dunn’s posthoc test to correct for multiple comparisons, where 
appropriate. White circles are individual mice per group (n=8-9 mice/group). 
*P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Vehicle (saline treatments 
subcutaneously every 2 days), Lira (70 µg/kg liraglutide subcutaneously every 2 
days before lights out), Lira+BemA (bempdeoic acid 10 mg/kg in diet and 70 
µg/kg liraglutide subcutaneously every 2 days before lights out). 
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Table 1. Serum markers of inflammation and liver damage. 

 

ALT=Alanine transaminase, AST=Aspartate aminotransferase (AST), SAA=Serum amyloid A 

CXCL10=C-X-C motif chemokine ligand 10, also known as interferon gamma-induced protein 
10 (IP-10), CRP=C-reactive protein, sPLA2=secretory phospholipase A2. P values reported 
are based on comparisons used throughout the remainder of manuscript – unpaired t-test 
between Control and BemA, One-Way ANOVA with Tukey posthoc between Vehicle, Lira, 
Lira+BemA. Significance was accepted at p<0.05. * indicates a significant difference p<0.05 
between Lira and Lira+BemA 
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Figure 3. Pathway level gene expression analysis reveals additive 
downregulation of fibrosis-related pathways that are predictive of NASH 
resolution. (A) Signature scores of transcriptional pathways most affected by 
combination treatment. Each heatmap column represents an individual sample, 
along with rows annotated according to treatment cohort, histology, and pathway 
scores. (B) PCA of control, monotherapy and combination treatment based on 
pathway signature scores. (C) Odds ratio and 95% confidence interval associated 
with hepatic steatosis, ballooning degeneration, inflammation, fibrosis, NAS, and 
liver adiposity measurements based on PC1 of pathway signature scores. (D) 
Gene expression of hepatic stellate cell markers and (E) chemokines associated 
with NASH progression. 
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Figure 4. Combination treatment reverses the expression of prognostically 
significant genes involved in NASH progression and predicts improved 
fibrosis outcome. (A) Scaled expression of prognostically significant 
orthologous genes involved in NASH progression in healthy, NASH/NAFLD 
patients and experimental cohorts. (B) Distribution of disease stages and 
treatment types in cluster III. (C) PCA of human NASH/NAFLD patients and 
experimental cohorts based on scaled gene expression. (D) ROC of multivariate 
logistic regression models using a combination specific gene signature, a smaller 
subset derived using elastic net regularization, and the 25-gene signature 
previously reported by Govaere et al. for the prediction of fibrosis stage > 2 
among human NASH/NAFLD patients. (E) Classification based on similarity of 
gene signature expression identifies liver cell types that are differentially 
expressed between patients classified into the similar or dissimilar classes.  
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Supplementary 1. Bempedoic acid reduces serum cholesterol, liver 
steatosis, hepatocellular ballooning and NAFLD activity composite score 
independently from body weight, adiposity, and insulin sensitivity in a 
mouse model of diet-induced NASH. Percent change in body weight (A) and 
change in adiposity (post-pre) (B) throughout intervention. Intraperitoneal glucose 
tolerance test (GTT) (1.25 g/kg) (C) at 4 weeks intervention, ip insulin tolerance 
test (ITT) (1.3 U/kg) (D) at 4 weeks intervention and ip pyruvate tolerance test 
(PTT) (1.5 g/kg) (E) at 5 weeks intervention with time plots and area under the 
curve (AUC). Fasted serum insulin (F) collected via tail-knick near-end of 
intervention (9 weeks). Fed serum cholesterol (G) from blood collected by cardiac 
puncture at sacrifice, and fasted serum triglycerides (H). Data are means ± 
S.E.M. Black bars signify comparisons between group and control group (ND). 
Significance was accepted at p < 0.05 and determined via unpaired t-test or 
repeated-measures two-way ANOVA with Sidak posthoc, where appropriate. 
White circles are individual mice per group (n=8-9 mice/group). *P<0.05. ND (or 
control), ND+BemA (bempedoic acid 10 mg/kg in diet). 
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Supplementary 2. Bempedoic acid reduces liver steatosis, hepatocellular 
ballooning, NAFLD activity composite score, and fibrosis. (A) Liver fat 
percentage as measured by time-domain NMR. (B) Liver triglycerides. (C) 
Representative micrographs of H&E (top) and picrosirius red (PSR; bottom) 
stained sections (10x) along with histograms of histological grades of liver 
steatosis (D), hepatocellular ballooning (E), lobular inflammation (F), and 
composite NAFLD activity score (NAS) (G), Percent positive PSR area (H) and 
parts of whole indicating presence of moderate, zone 3 perisinusoidal fibrosis (I). 
Data are means ± S.E.M. Black bars signify comparisons between group and 
control group (ND). Significance was accepted at p < 0.05 and determined via 
unpaired t-test or, for histological score analysis, a Mann-Whitney test was used, 
where appropriate. *P<0.05, **p<0.01. White circles are individual mice per group 
(n=8-9 mice/group).  ND (or control), ND+BemA (bempedoic acid 10 mg/kg in 
diet). 
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Supplemental Figure 3. Targeted gene expression analysis. (A) Number of 
differentially expressed genes in each treatment group. (B) Overlap between 
significantly downregulated and (C) upregulated genes by combination treatment 
and genes differentially expressed in all other treatment groups. Red indicates 
genes uniquely regulated by combination treatment. Orange indicates genes up 
or downregulated in all treatment groups. Blue indicates genes upregulated by 
monotherapy and downregulated by combination treatment. (D) Over-
represented pathway annotations associated with additively and uniquely 
downregulated genes by combination treatment.  
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Supplemental Figure 4. Pathway level gene expression analysis and TGFβ-
related gene expression. (A) Signature scores of all pathways in the Nanostring 
nCounter Fibrosis v2 Panel. (B) Gene expression of select genes involved in 
TGFβ pathway. 
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Supplemental Figure 5. Development of a combination treatment specific 
gene signature for supervised classification. (A) Overlap between genes 
differentially regulated by combination treatment compared to control as well as 
monotherapy. (B) Expression of the 33-gene signature. (C) Distribution of 
disease stages among patients in the similar or dissimilar classes. (D) 
Classification based on similarity of gene signature expression identifies 
differential expression of hallmark gene sets between the similar and dissimilar 
classes. 
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Table Legends: 
Supplemental Table 3: All differentially expressed genes 
Supplemental Table 4: Downregulated genes and pathway annotations   
Supplemental Table 5: Pathway over-representation analysis of genes uniquely 
and additively downregulated by combination treatment  
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CHAPTER FIVE 
 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

 144 

5. DISCUSSION 

5.1 INTRODUCTION 

 Maintaining cellular homeostasis is crucial to overall health. One key aspect 

of this is to balance the regulation of nutrient supply with nutrient utilization. This 

enables cells to optimize their metabolism based on available resources. However, 

when resources are consistently accessible, as in today’s developed world, an 

imbalance of energy intake and lipid metabolism occurs, leading to the increased 

prevalence of metabolic diseases such as obesity, diabetes and NAFLD. 

Mitochondria play an important role in maintaining cellular energy homeostasis by 

producing ATP through oxidative phosphorylation. Therefore, it is crucial to 

understand the regulatory mechanisms that control lipid metabolism and 

mitochondrial function, and how these may be altered within the context of NAFLD 

and NASH.  

An important link communicating nutrient availability with demand is acetyl-CoA, a 

key intermediate of several metabolic pathways. Its regulation is tightly controlled 

by two major enzymes, AMPK and ACLY, which are positioned to monitor and 

adjust their downstream pathways as needed. In the present studies, we aimed to 

further interrogate the sensing and effector functions of these enzymes in the 

context of NAFLD, NASH, and hepatic fibrosis.  
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5.2 ALLOSTERICALLY MODULATING AMPK ACTIVITY TO PROMOTE LIPID 

HOMEOSTASIS IN THE LIVER 

The phosphorylation of AMPK β1 at Ser108 has been extensively studied in 

structural and cell-based studies. And while these studies established the 

phosphorylation event to be important in the allosteric activation of AMPK in 

response to small molecules, natural compounds, and LCFA-CoAs, the in vivo 

physiological importance of this site was not known. In Chapter 2, new insights 

revealed the importance of AMPK β1 Ser108 phosphorylation in acutely regulating 

a feedforward pathway of fatty acids promoting their own oxidation, and being a 

key node to enhance mitochondrial biogenesis and autophagy in response to 

elevated levels of fatty acids. 

We developed and metabolically phenotyped a whole-body knock-in mouse 

model in which AMPK β1 Ser108 is converted to Ala (S108A-KI), rendering this 

site unable to be phosphorylated. In this model, we found reductions in AMPK 

activity in the liver, while AMPK activity in the muscle was unaffected. This is 

explained because the liver predominantly expresses the AMPK β1 isoform, while 

the muscle predominately expresses the AMPK β2 isoform. Interestingly, this is the 

first AMPK mouse model that shows a reduction in AMPK activity without 

reductions in AMPK subunit expression (i.e. genetic KO of AMPK β1 isoforms).  

5.2.1 ROLE FOR AMPK β1 SER108 PHOSPHORYLATION IN LCFA-COA-

MEDIATED FATTY ACID OXIDATION 
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The studies completed in this thesis extend on previous findings in cultured 

cells, where our lab demonstrated that AMPK β1 Ser108 is important for AMPK to 

respond to physiologically relevant increases in LCFAs (Pinkosky et al. 2020). 

Interestingly, there were no detectable differences in AMPK activity in S108A-KI 

hepatocytes or liver in the basal state. It was only with the challenge of short-term 

administration of palmitate in vitro and intralipid in vivo or the long-term exposure 

to elevated fatty acids via high-fat diet feeding which led to observable changes in 

ACC phosphorylation by AMPK (Ser79/212) in vitro, and an increase in fat 

oxidation in vivo. These data are consistent with previous studies showing that 

AMPK β1 Ser108 phosphorylation is maintained at low levels in the basal state 

(Scott et al. 2014). 

AMPK increases fatty acid oxidation through inhibitory phosphorylation of 

ACC1 at Ser79 and ACC2 at Ser212. This reduces the conversion of acetyl-CoA 

to malonyl-CoA, which in turn reduces the inhibition of CPT1 allowing fatty acyl-

CoAs to enter the mitochondria for β-oxidation through the carnitine shuttle. Our 

studies add a novel step to this model by elucidating the requirement of AMPK β1 

Ser108 phosphorylation to interact with LCFA-CoAs to allosterically activate 

AMPK. This was shown by comparing WT and S108A-KI responses in both primary 

hepatocytes with the acute palmitate treatment, and in mice with the administration 

of exogenous fatty acids using intralipid. These data, combined with our previous 

data showing the similar effects in ACC-DKI mice (Pinkosky et al. 2020), indicate 

that the acute effects of fatty acids to stimulate fatty acid oxidation are mediated 
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through an AMPK-ACC-dependent mechanism. Interestingly, LCFA-CoAs are also 

able to allosterically inhibit ACC activity (Ogiwara et al. 1978). This redundancy 

bolsters the evidence that the control of fatty acyl-CoA levels and their metabolites 

are critical to enhance fatty acid oxidation.  

Subsequently, although we saw increases in the phosphorylation of AMPK β1 

Ser108 in WT mice fed a HFD, we did not observe a reduction of ACC 

phosphorylation in S108A-KI mice fed a HFD. And although these findings are 

consistent with the similar rates of fatty acid oxidation found in ACC-DKI mice fed 

a HFD (Fullerton et al. 2013), this is likely because feeding the HFD reduced the  

expression of ACC. This finding is consistent with previous findings which found 

that chronic feeding of a HFD lowers the activity of the transcription factor 

SREBP1c, which suppresses ACC expression (Duarte et al. 2014; Y. Lee et al. 

2002). Repeating the experiments in S108A-KI mice but feeding them a western 

diet consisting of 40% fat, 20% fructose, 0.02% cholesterol may reveal larger 

differences in liver steatosis and fibrosis as we have found this maintains the 

expression of lipogenic enzymes including ACLY and ACC compared to the HFD 

(Morrow et al. 2022), thereby potentially amplifying the importance of the AMPK-

fatty acid sensing mechanism. 

We have established a significant role for the Ser108 fatty acid sensing axis in 

the context of the liver and NAFLD, and these findings complement other 

preclinical studies illustrating that increases in AMPK activation in the liver results 

in the attenuation of HFD-induced steatosis (Garcia et al. 2019; Woods et al. 2017; 
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Neopane et al. 2022; Yang et al. 2008). It would be of interest for future studies to 

determine the relevance and significance of this pathway in other metabolic 

pathways such as lipolysis, carbohydrate, and amino acid metabolism, as well as 

other AMPK β1-expressing cells, tissues, and their associated metabolic diseases. 

For example, macrophages and kidneys predominantly express AMPK β1, 

therefore assessing the significance of the AMPK-fatty acid sensing axis in the 

context of atherosclerosis and autosomal polycystic kidney disease could be of 

interest. Other metabolic-associated diseases in which this axis in AMPK β1-

containing complexes could potentially be relevant could also be acute myocardial 

infarction, irritable bowel-syndrome, x-linked leukodystrophy, Alzheimer’s, pain, 

and many cancers. 

 

5.2.2 A NOVEL MECHANISM BY WHICH FATTY ACIDS PROMOTE 

MITOCHONDRIAL BIOGENESIS AND AUTOPHAGY 

 Considering increased fatty acid exposure leads to increased levels of fatty 

acid oxidation, it is logical that the machinery for β-oxidation would increase in 

parallel with chronic exposure. Several studies have shown that HFD feeding and 

chronic exposure to fatty acids increases mitochondrial biogenesis (Gámez-Pérez 

et al. 2012; Carabelli et al. 2011; Garcia-Roves et al. 2007). In contrast, several 

genetic models of AMPK deficiency have reductions in mitochondrial content 

(Mottillo et al. 2016; H. M. O’Neill et al. 2011; Galic et al. 2011; Hasenour et al. 

2014). AMPK plays an important role in multiple pathways regulating mitochondrial 
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homeostasis, most notably (1) mitochondrial biogenesis, (2) mitochondrial fission, 

and (3) mitophagy.  

 Our study found that S108A-KI had similar liver mitochondrial content on a 

chow-diet, but had reduced content on a HFD. These data, along with experiments 

showing an attenuated induction of Cpt1a and Ppargc1a in response to acute 

palmitate exposure in S108A-KI primary hepatocytes, show that AMPK β1 Ser108 

phosphorylation plays an important role in the response of mitochondrial 

biogenesis to increases in fatty acid levels. One of the most well-reported 

mechanisms by which AMPK activation can lead to the stimulation of mitochondrial 

biogenesis is through an effect mediated by the activity of the transcriptional co-

activator PGC1α. Though there has been a suggestion of direct phosphorylation of 

PGC1α Thr177 and Ser538 in vitro, there are also other mechanisms by which 

AMPK can promote the activity of PGC1α, including the activation of sirtuins, p38 

MAPK, HDAC5, and TFEB (Jager et al. 2007; Y. Wu et al. 2015; Cantó et al. 2009; 

Czubryt et al. 2003; Mihaylova et al. 2011; Settembre et al. 2013). Identifying the 

mechanism by which LCFA-CoA-mediated activation of AMPK stimulates 

mitochondrial biogenesis was beyond the scope of our current work, however, it 

would be interesting to determine which of these mechanisms are influenced by 

this axis and whether there are other novel mechanisms at play. 

Mitochondria from livers of S108A-KI mice fed a HFD had altered structures 

and impaired function compared to their WT counterparts, as measured via 

transmission electron microscopy (TEM) and oxygen consumption kinetic assays, 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

150 
 

respectively. Although we did not assess the contribution of the effects that AMPK 

has on mitochondrial dynamics, it is possible that S108A-KI mice had a defect in 

mitochondrial fission, which facilitates the clearance of damaged or dysfunctional 

mitochondrial sections from their efficient network. AMPK plays a large role in 

mitochondrial dynamics by phosphorylating dynamin-related protein (DRP1) at 

Ser637, mitochondrial fission factor (MFF) at Ser155 and Ser172, and 

mitochondrial fission regulator 1-like protein at Ser103 and Ser238 (Ducommun et 

al. 2015; Toyama et al. 2016; Xie et al. 2020; Tilokani et al. 2022; C. Zhang and 

Lin 2016; Herzig and Shaw 2018). And although these processes are intricate and 

can counteract one another, it has recently been suggested that AMPK can 

influence the utilization or partitioning of LCFA into lipid droplets via the promotion 

of mitochondrial fission (J. E. Song et al. 2021). These studies utilized a non-

specific activator of AMPK, AICAR, and could be repeated with S108A-KI 

hepatocytes, as well as specific activators such as A-769662 to determine 

specificity to allosteric activation of AMPK β1-containing heterotrimers.  

Another potential explanation for altered mitochondrial morphology and 

function in S108A-KI mice fed a HFD was a defect in mitophagy. And although the 

mechanisms by which AMPK promotes mitophagy are growing more and more 

complex, we found a reduction in the phosphorylation of the initiating factor ULK1 

at Ser555, and in mitochondria-enriched fractions, a reduction in palmitate-induced 

LC3BII flux in primary hepatocytes from S108A-KI mice. Interestingly, we did not 

find alterations in the adaptor protein p62, or other markers of mitophagy such as 
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BNIP3, NIX, and MitoNEET, which have been shown to be under some form of 

control by the AMPK signalling pathway in other studies (S. Wang et al. 2022). 

These findings suggest that, at least in part, AMPK’s role is to initiate mitophagy 

through phosphorylation of ULK1 and terminate the process through the promotion 

of lysosomal biogenesis by promoting TFEB activity. While completing these 

studies, an interesting report was published indicating a new AMPK-ULK1-Parkin 

phosphorylation axis (Hung et al. 2021). This analysis was not performed in our 

studies, however, it would be interesting to see whether LCFA-CoA activation of 

AMPK results in alterations in the phosphorylation of Parkin at Ser108, and 

subsequently results in enhanced mitophagy through a PINK1-regulated pathway. 

Other important concepts that can be explored are the role of the LCFA-CoA-

AMPK axis to regulate lipophagy and lipid droplet dispersion (Herms et al. 2015). 

This highlights the complexity of AMPK and autophagy and is the subject of intense 

investigation in other labs around the world.  

Several questions remain, however one potentially limiting factor which can 

affect the translatability of our findings to humans is the difference in liver isoform 

predominance in human versus mouse: human hepatocytes predominantly 

express AMPK β2-containing heterotrimers (β2-42.7 nTPMs vs. β1-6.4 nTPMS), 

while mouse hepatocytes predominantly express AMPK β1-containing 

heterotrimers (Human Protein Atlas). Though the sequence for Ser108 is relatively 

well-conserved between AMPK β1 and β2, Ser108 is not phosphorylated in AMPK 

β2-containing isoforms and ADaM site activators do not bind AMPK β2 complexes 
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(Ford et al. 2015; Dzamko et al. 2010; Stephenne et al. 2011; J. Wu et al. 2013). 

Furthermore, our previous report showed that AMPK β2-containing heterotrimers 

were not sensitive to LCFA-CoAs (Pinkosky et al. 2020). Despite this concern, 

recent studies have illustrated that the activation AMPK β1 in humans is sufficient 

to increase total liver AMPK activity and may actually be preferred compared to 

pan-β activators which result in undesired cardiac hypertrophy (Myers et al. 2017; 

Cokorinos et al. 2017; Esquejo et al. 2018; Cusi et al. 2021; Gluais-Dagorn et al. 

2021). To further support this, PXL770, an allosteric activator of AMPK with 20-fold 

greater propensity to activate AMPK β1-containing heterotrimers, reduced liver 

steatosis by 13% vs 1% for placebo after 12 weeks in a phase 2a study without 

any cardiac toxicity (Cusi et al. 2021). Taken together with other studies showing 

a reduction of NASH and fibrosis in rodents, and reduced DNL, inflammation, and 

stellate cell activation in primary human cells, these studies support further 

development of AMPK β1 activators to treat NAFL and NASH (Gluais-Dagorn et 

al. 2021; Fouqueray et al. 2021). 

In summary, the findings in Chapter 2 support the further development of direct 

AMPK β1 activators for the treatment of NAFLD and NASH by demonstrating that 

AMPK can promote fatty acid oxidation when challenged with excess fatty acids 

acutely, while promoting mitochondrial homeostasis in chronic conditions of 

elevated lipids. Understanding the myriad of molecular mechanisms by which 

AMPK can improve cellular homeostasis not only increases our confidence in 

targeting this enzyme for metabolic diseases, but the elucidation of multiple 
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redundancies within its control of signalling arms emphasizes that, once activated 

in a physiologically relevant manner, it will regulate itself to overcome potential 

compensatory mechanisms. 

 

5.3 ALTERNATE MECHANISMS BY WHICH BEMPEDOIC ACID IMPROVES 

LIVER PATHOLOGY 

Previous investigations have shown that the ACLY inhibitor bempedoic acid 

attenuates the development of, and treats established, hepatic steatosis, 

inflammation, and glucose intolerance (Pinkosky et al. 2013b; Samsoondar et al. 

2017; Morrow et al. 2022). Many of these effects have been attributed to the 

inhibition of DNL and increases in fatty acid oxidation, resulting in the reduction of 

lipids including cholesterol and triglycerides. However, as ACLY controls the 

production of nucleocytosolic acetyl-CoA, it is also positioned to be a regulator of 

protein acetylation (Pinkosky et al. 2017). In Chapter 3, we have used the STAM 

mouse model to explore the perhaps less appreciated molecular mechanisms by 

which bempedoic acid can confer hepatoprotective effects in the context of NASH 

and fibrosis. This model is not characterized by obesity, or hyperinsulinemia, and 

is fed a HFD which, as discussed in the previous section, reduces the drive for 

DNL, yet still rapidly develops NASH and fibrosis with human-like histopathology. 

Treatment of STAM mice with bempedoic acid for 4 weeks improved steatosis 

(albeit it a very small amount due to the already low steatosis grade in this disease 

model), hepatocellular ballooning, serum triglycerides, and hepatic fibrosis 
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(Morrow et al. 2022). Using the liver samples collected from these mice, as well as 

other experiments outlined in Chapter 3, we characterized the changes occurring 

in bempedoic acid treated STAM mice at the gene, protein, and metabolite levels. 

Integrating prior knowledge that reduced cytosolic acetyl-CoA levels induce 

autophagy, and that autophagy is known to be dysregulated in NASH, we 

measured key markers of the autophagic pathway and found some significant 

increases with bempedoic acid treatment. This led us to measure autophagic flux, 

where we found significantly higher flux in cultured rat hepatocytes acutely treated 

with bempedoic acid compared to vehicle. 

The goal of this study was to explore and identify potential alternate 

mechanisms by which bempedoic acid improved liver histopathology aside from 

reducing lipids. We identify, that bempedoic acid reduced the acetylation of p300. 

However, further investigations would be necessary to validate this as a potential 

mechanism for NASH and fibrosis improvement. For example, an initial study could 

use cultured hepatocytes in the presence or absence of a p300 inhibitor with or 

without bempedoic acid to identify whether the increase in autophagic flux from 

bempedoic acid is altered. As p300 inhibition will induce autophagy on its own, the 

idea would be to see if there is a further increase in autophagy with bempedoic 

acid. If there is, it is likely to suggest an alternate mechanism is at play. More 

sophisticated studies could utilize molecular biology techniques to create mutant 

forms of lysine residues of p300 identified in our proteomic analyses 

(k1553,1554,1557) in cultured cells, and shift residues to an arginine to mimic 
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constitutively acetylated site. However, prior to this, future studies discussed below 

should be considered. 

In 2013 Pinkosky and colleagues described bempedoic acid as an AMPK 

activator and ACLY inhibitor (Pinkosky et al. 2013b). Ensuing experiments in 

enzyme preparations showed that AMPK activation by bempedoyl-CoA was AMPK 

β1-dependent, eluding to an effect which could mimic LCFA-CoA-dependent 

activation of AMPK (Pinkosky et al. 2016). Though these previous studies 

concluded that bempedoic acid’s positive effects on atherosclerosis were 

independent from AMPK, it is possible that AMPK activation may be mediating at 

least some of the favourable effects in NASH and fibrosis. Morrow and colleagues 

showed an ~25% reduction in hepatocellular ballooning with hepatocyte-specific 

ACLY knockout mice and an ~50% reduction with bempedoic acid treatment 

(Morrow et al. 2022). Although the work went on to describe a hepatic stellate cell-

mediated mechanism for reduced fibrosis, there remains the possibility of other 

factors, such as AMPK activation, that may have been important for mediating 

positive effects. Thus, it would be interesting to repeat experiments performed in 

either the STAM model or the high-fat high-fructose thermoneutral NASH mouse 

model with or without bempedoic acid treatment in (1) an inducible hepatocyte-

specific knockout of ACLY – to determine whether the effects are ACLY dependent, 

(2) an inducible hepatic stellate cell knockout of ACLY using an adeno-associated 

virus with a Cre construct under the lecithin retinol acyltransferase promoter 

(AAV9-LRAT-Cre) construct administered to an ACLY flox mouse model to 
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determine whether the effects of reduced hepatic fibrosis are solely due to 

alterations in hepatic stellate cell activation via ACLY inhibition, and (3) an 

inducible, liver-specific S108A-KI mouse model – to determine whether effects are 

partially mediated through AMPK.  

The effects of bempedoic acid on acetyl-CoA and autophagy may also be 

mediated in part through activation of AMPK. First, AMPK phosphorylates acetate-

CoA synthetase 2 (ACCS2) at Ser656 causing translocation to the nucleus where 

it interacts with TFEB, leading to upregulation of the expression of lysosomal and 

autophagosomal genes (Hao Zhang et al. 2019). Activated ACCS2 also recruits 

p300 which recaptures acetate from histone deacetylation to reform acetyl-CoA, 

providing substrates for histone acetyl transferases such as p300.   AMPK also 

directly phosphorylates histone deacetylases (HDACs) including HDAC5 (McGee 

et al. 2008). Lastly, AMPK regulates p300 through direct phosphorylation and 

indirectly by inhibiting mTORC1 leading to increases in p300 activity (Vancura et 

al. 2018; Wan et al. 2017). Taken together, these data indicate there are multiple 

overlapping pathways by which inhibition of ACLY or activation of AMPK can 

promote autophagy.  

The work in Chapter 3 strengthens evidence suggesting that ACLY-regulated 

acetylation contributes to changes in mitochondrial function, autophagy, and 

oxidative stress, specifically in the context of NASH (Su, Wellen, and Rabinowitz 

2016; Pinkosky et al. 2017; Wellen et al. 2009). Although speculative, our data 

support that one of the reasons that ACLY inhibition and AMPK activation by  
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bempedoic acid may not result in hypertriglyceridemia as observed with ACC 

inhibitors is because this lowers the acetylation of  SREBP1c (Ponugoti et al. 

2010).  

 

5.4 CHARACTERIZATION OF A NEW COMBINATION THERAPY TO TREAT 

NASH, HEPATIC FIBROSIS, AND RELATED COMORBIDITIES 

 Given the complexity and variability of NASH pathogenesis from patient to 

patient, it is no surprise that most clinical trials so far do not support a “one size fits 

all” treatment for NASH. The rationale behind combination therapies is to improve 

the efficacy of intervention by the development of complementary or synergistic 

mechanisms of action, while also improving tolerability by the utility of sub-maximal 

dosing regimens (Dufour, Caussy, and Loomba 2020). In Chapter 4, we 

characterized a new combination therapy, the GLP-1R agonist liraglutide plus 

bempedoic acid, utilizing a metabolic-associated NASH mouse model with similar 

metabolic, histological, and transcriptional characteristics to people with advanced 

NASH and fibrosis. We chose these two treatments for the following reasons: (1) 

distinct mechanisms of action likely to affect different portions of NASH pathology, 

(2) excellent safety profiles, and (3) treat separate comorbidities associated with 

NASH. We found that, in addition to each drug’s primary approved indications of 

T2D/obesity and serum cholesterol,  the combination of liraglutide and bempedoic 

acid resulted in greater histopathological reductions in hepatocellular ballooning 

and hepatic fibrosis compared to either monotherapy alone. These results were 
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further confirmed with targeted transcriptomics, and with the use of a gene 

signature predictive of NASH severity, combination therapy resulted in a 

prognostically favorable profile for fibrosis resolution that closely resembled 

signatures from healthy human liver. 

 Both GLP-1R agonists liraglutide and semaglutide have been shown to 

meet only one of the two histological endpoints that the FDA has set as surrogate 

endpoint for clinical trials: GLP-1R agonists resolve NASH at a higher percentage 

than placebo but have not shown a significant effect on improving fibrosis by 1 

stage (Armstrong et al. 2016; Newsome et al. 2021). This is significant as liver 

fibrosis is the key determinant of clinical outcomes in patients with NASH (Angulo 

et al. 2015). And although some have partially attributed these results to the stages 

of fibrosis, statistical power, and trial duration, GLP-1R agonists do not act directly 

on the hepatic stellate cells (HSCs) which drive the process of fibrosis. Recent 

work from our lab described that bempedoic acid can act directly on HSCs to inhibit 

DNL and TGFβ-induced  proliferation and activation (Morrow et al. 2022). Together 

with the possibility that data in Chapter 3 showing that bempedoic acid alters 

acetylation and autophagy as occurs in hepatocytes and possibly HSCs, this 

combination covers all four aspects of current histopathological scorings.  

 Although our data provide the first demonstration of a benefit of combining 

liraglutide and bempedoic acid for the treatment of NASH and hepatic fibrosis, we 

believe that some of our results were impacted by the strength of improvements 

seen with liraglutide treatment in mice. We chose our dosing with liraglutide to 
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mimic the weight loss effects seen in patients (~10%), however, we believe we 

may be observing a ‘basement effect’ with the assessment of liver parameters, as 

liraglutide treatment as a monotherapy results in a comparable liver fat percentage 

to that of a chow mouse (20.1±2.1 Lira vs. 20.8±1.2 Chow). This likely limited our 

ability to detect differences between liraglutide monotherapy versus combination 

therapy as has also been reported in other in other GLP-1R combination studies in 

mice (Boland et al. 2020). Thus, it would be of interest to repeat these combination 

experiments with (1) a lower dose of liraglutide or extend to semaglutide since this 

is the GLP-1R agonist used in clinical trials, and (2) utilize a more severe mouse 

model of NASH where the intervention begins with severe fibrosis or onset of 

cirrhosis. The model used in our work has not been validated to reach this critical 

point in fibrosis development, however, it is likely that increasing the length of time 

on diet and thermoneutral housing by an additional 20-25 weeks (~45-50 weeks 

total) might lead to greater fibrosis. It has also been recently reported that utilization 

of agouti yellow mutant mice with a high-fat high-fructose diet results in further 

progression of fibrosis compared to wild-type mice (St. Rose et al. 2022). Perhaps 

using these mice in the setting of thermoneutrality will yield F3 fibrosis and 

potentially cirrhosis at an earlier timepoint. However, there are currently no reports 

of metabolic mouse models with liver cirrhosis and this should be an area for future 

investigation (Gallage et al. 2022).  
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 Our directed transcriptomic analyses revealed a unique counteractive effect 

on TGFβ effectors when combining bempedoic acid and liraglutide treatments. 

Interestingly, bempedoic acid reduced Crebp, Smad3, and Tgfbr1, while liraglutide 

either increased Crebp and Smad3, or had no effect on Tgfbr1. These results are 

perplexing as it has been previously shown in several studies that liraglutide 

treatment reduces the expression of Tgfb1 and the phosphorylation of Smad3 (N. 

Song et al. 2022; Xingchun Wang et al. 2021; Ji et al. 2022; L. H. Zhang et al. 

2015; Li et al. 2018). However, we may be unveiling a compensatory mechanism 

that has not been described previously given previous studies were conducted in 

mice housed at room temperature. Whether these effects are due to indirect 

actions of GLP-1R agonism or through direct effect on the liver-localized γδ T cells 

(B. A. McLean, Wong, Kaur, et al. 2021) could be an interesting investigation, 

however, repeating these findings in another study to confirm this compensatory 

response should be performed first. Collectively, it is possible that bempedoic acid 

negates this compensatory mechanism and could act in synergy with liraglutide to 

prevent the activation of HSCs and reduce ECM synthesis to prevent hepatic 

fibrosis progression. 

With the very recent CLEAR Outcomes trial results demonstrating that 

treatment of statin-intolerant patients with bempedoic acid lowers the risk of major 

adverse CVD events, bempedoic acid is ideally situated to be repurposed for the 

treatment of NASH (Nissen et al. 2023; Alexander 2023; Keaney 2023). Being 

approved for the treatment of hyperlipidemia and having an excellent safety profile 
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further supports its development as a therapy for NASH and hepatic fibrosis, as 

most patients are at increased risk for death due to CVD complications. In addition, 

some of the therapies that have been tested in clinical trials, including ACC 

inhibitors and the FXR agonist obeticholic acid, have resulted in increased 

measures relating to risk factors for CVD such as hypertriglyceridemia and 

hypercholesterolaemia, respectively (Pockros et al. 2019; Lawitz et al. 2023). 

Furthermore, new findings show that the GLP-1R agonist semaglutide does not 

improve fibrosis in patients with NASH-related cirrhosis (Loomba et al. 2023). 

Multiple studies have now shown that GLP-1R agonists effectively resolve NASH, 

but do not improve fibrosis stage. Thus, it has become clear that an additional 

therapy that reduces fibrosis on its own will be crucial in meeting the surrogate 

endpoints currently established by the FDA. Collectively, these data support the 

evaluation of clinical biomarkers of NASH in the bempedoic acid CLEAR outcomes 

trials. If positive reductions in clinical biomarkers of NASH are observed, 

subsequent clinical trials could be designed to assess whether bempedoic acid and 

a GLP-1R agonist can treat biopsy-proven NASH.  

 
 
5.5 SUMMARY 

 
In this thesis, we gain a greater understanding of the molecular mechanisms 

by which AMPK and ACLY regulate lipid metabolism within the liver. We identified 

the physiological role of AMPK β1 Ser108 phosphorylation in sensing LCFA-CoAs 

to increase fatty acid oxidation, stimulate autophagy, and promote mitochondrial 



Ph.D. Thesis – Eric M. Desjardins; McMaster University – Medical Sciences 

162 
 

homeostasis. Under conditions of a chronic HFD, S108A-KI mice had impaired 

glucose tolerance, greater accumulation of liver lipids, and mitochondrial 

dysfunction. These data support ongoing clinical efforts in targeting liver AMPK to 

treat NAFLD and NASH. Subsequently, using a NASH mouse model not 

characterized by obesity, hyperinsulinemia, and a reduced drive for DNL, we 

identified that the ACLY inhibitor and AMPK activator bempedoic acid improves 

liver function in part through changes in acetylation status and the stimulation of 

autophagy. These hepatoprotective effects likely contribute to the improvements 

seen in hepatocellular ballooning and fibrosis within multiple NASH mouse models. 

Lastly, we demonstrated that a combination therapy regime involving bempedoic 

acid and liraglutide led to greater reductions in NASH and liver fibrosis while 

reducing common NASH-associated comorbidities including obesity, insulin 

resistance, hypercholesterolemia, and CVD. Collectively, our data provide further 

support to develop therapies which target AMPK and ACLY, to help the over 1.8 

billion people living with NAFLD and NASH worldwide. 
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Figure 5.1. New molecular insights and application of AMPK activation and 
ACLY inhibition to support the development of treatments for NASH and 
associated comorbidities.  
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