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ABSTRACT 

 

Non-alcoholic fatty liver disease (NAFLD) is the number one cause of chronic liver 

disease worldwide, with 25% of these patients developing nonalcoholic steatohepatitis 

(NASH). NASH is characterized by steatosis, inflammation, cell death, and liver fibrosis 

and significantly increases the risk of cirrhosis and decompensated liver failure. There are 

currently no approved drugs on the market for treating NASH leaving a major unmet 

medical need for drug discovery research. The aim of this dissertation is to better 

understand the pathophysiology of NASH and elucidate disease driving molecular 

mechanisms that can be used for drug targeting. Analysis of human liver samples using 

state of the art mass spectrometry proteomics identified dysregulation of one-carbon 

metabolism in NASH. This dissertation details the molecular mechanisms for how these 

proteomic changes can drive NASH pathogenesis and be targeted for therapeutic 

purposes. Chapter 1 provides an extensive background on NASH prevalence and 

pathophysiology and the association of one-carbon metabolism and NASH. Chapter 2 

presents the identification of reduced glycine N-methyltransferase, a key regulator of one-

carbon metabolism, in human NASH patients. Using a diet-induced animal model of 

NASH and targeted proteomics and metabolomics it was found glycine N-

methyltransferase reduction in NASH leads to an accumulation of S-adenosylmethionine, 

activation of polyamine metabolism, and production of oxidative stress. Oxidative stress 

is a key component to NASH pathogenesis and this work identifies a novel mechanism 

for how oxidative stress is produced during NASH. Chapter 3 covers the discovery of 

increased folate receptor gamma (FOLR3) specifically in the liver of NASH patients. 

Initially, FOLR3 was predicted to impact one-carbon metabolism through folate 

metabolism, but molecular characterization found FOLR3 drives liver fibrogenesis 

independent of one-carbon metabolism. Chapter 3 details the molecular mechanism for 

how FOLR3 drives liver fibrosis by enhancing transforming growth factor beta activation 

of hepatic stellate cells through its interaction with serine protease HTRA1. The effect of 

FOLR3 was then validated in an in vivo model of NASH showing FOLR3 treatment can 

induce severe liver fibrosis in mice comparable to human liver fibrosis. These findings 

provide a translational animal model that can be used for NASH drug development and 
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introduce a novel drug target in FOLR3. Chapter 4 discusses the innovation and 

translational impact of these findings and Chapter 5 summarizes the main results of this 

dissertation. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Nonalcoholic Steatohepatitis Prevalence 

Nonalcoholic fatty liver disease (NAFLD) is the number one cause of chronic 

liver disease worldwide. NAFLD is a metabolic disorder involving the buildup of lipids 

in the liver in the absence of alcohol abuse. Nonalcoholic steatohepatitis (NASH) is an 

advanced subtype of NAFLD that presents with inflammation, hepatocellular damage, 

and fibrosis of the liver. In parallel to the growing obesity epidemic the number of 

patients affected by NAFLD has grown tremendously over the past two decades.  It is 

currently estimated a quarter of the entire world population has NAFLD and is predicted 

to rise to over 33% by 2030 (1, 2). South America has the largest prevalence of NAFLD 

affecting 32% of the population followed by Asia (27%) and USA (24%). Africa has the 

smallest prevalence affecting 14% of its population. It is difficult to predict the 

prevalence of NASH because a definitive diagnosis requires a liver biopsy, but it has 

been estimated about 1.5-6% of the world population currently has NASH. Generally, 

NAFLD and NASH are more common in men and elderly patients. There is still a lot 

unknown about what drives the progression of NAFLD to NASH as there is very high 

inter-patient variability. Some NAFLD patients will never progress to further liver 

damage while others can rapidly progress to develop cirrhosis and decompensated liver 

failure. Two of the main factors associated with NAFLD prevalence and progression to 

NASH are genetic polymorphisms and environmental factors (diet, physical activity) (1).  

There have been several genome wide association studies performed in attempt to 

identify genetic polymorphisms associated with NAFLD and disease progression (3, 4). 

Several genes with single point mutations have been identified as closely associated with 
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NAFLD severity including PNPLA3, TM6SF2, and MBOAT7. The most prominent well 

replicated polymorphism associated with NASH is in PNPLA3 (5). This gene encodes 

patatin-like phospholipase domain protein 3 (PNPLA3) which is involved in lipid droplet 

remodeling with hydrolase activity towards triglycerides and retinyl esters. The I148M 

polymorphism in this gene results in loss of enzymatic activity and prevention of 

triglyceride hydrolysis. This effectively traps triglycerides within lipid droplets and leads 

to build up of fat in the liver. The I148M mutation increases the risk of developing 

NASH nearly four-fold. Currently, there are multiple therapies being developed targeting 

this mutation for the treatment of NASH (6, 7). Understanding genetic polymorphisms 

associated with NASH will provide a better understanding of the disease process and the 

development of personalized medicine. 

 Another factor closely associated with NASH is environmental factors including 

diet and physical activity (8). NASH is much more prevalent in the developed Western 

populations where there is a high abundance of food and low demand for physical 

exertion. The metabolic syndrome and its components including insulin resistance, 

dyslipidemia, hypertension, and obesity, have all been established as risk factors for 

NAFLD progression to NASH. In a meta-analysis of 18 individual studies and over 8 

million patients, the overall NASH prevalence among NAFLD patients with a biopsy was 

59%. Among the NAFLD and NASH patients 51% and 82% of them were obese, 22.5% 

and 43% had diabetes, 69% and 72% had dyslipidemia, 39% and 68% had hypertension, 

and 42.5% and 70% were diagnosed with metabolic syndrome, respectively (9). These 

numbers make it strikingly clear metabolic disorders are strongly associated with 

NAFLD progression to NASH. These findings have led to the concept of NAFLD as the 
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hepatic manifestation of metabolic syndrome and treating NASH as a metabolic disorder 

(10, 11). 

With the ongoing obesity epidemic facing the world, the prevalence of NASH 

continues to increase. The impact of NASH on our healthcare system is already being 

realized. In 2017, the estimated direct medical costs for patients with NASH were 

estimated at 222 billion dollars (12). In addition, NASH has already become the number 

one cause for liver transplantation in women and will soon overtake alcoholism for the 

number one cause for liver transplantation in all patients (2). Currently, there are no FDA 

approved treatments on the market for treating NASH. NASH patients are restricted to 

lifestyle interventions (calorie restriction, exercise) and treating comorbidities (insulin 

resistance, obesity). Due to low success rates and poor patient compliance, there is a large 

unmet medical need in the treatment and prevention of NASH.  

 

1.2 Natural History of Nonalcoholic Steatohepatitis 

NAFLD encompasses a spectrum of histological disorders ranging from simple 

steatosis to NASH to cirrhosis and decompensated liver failure (shown in Figure 1.1). 

NAFLD is viewed as a slow progressive liver disease, but recent evidence shows it is 

highly heterogeneous and does not follow a linear progression (13, 14). NAFLD begins 

with steatosis or the buildup of fat in the liver. Clinically, this is defined as intra-hepatic 

fat of >5% of liver weight. Steatosis is primarily a benign condition with minimal impact 

on liver function, but it is estimated about 25% of NAFLD patients will progress to the 

more severe form NASH. NASH is defined as steatosis in addition to inflammation of the 

liver, hepatocyte injury, and varying degrees of fibrosis. There are four stages of liver 

fibrosis based on the degree of collagen deposition in the liver. On average NASH 
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patients progress one stage of fibrosis every seven years (15). At stages 3 and 4 the liver 

tissue becomes cirrhotic and liver failure occurs. Clinical studies have shown fibrosis is 

the strongest predictor of severe liver disease and mortality. In a retrospective analysis of 

646 biopsy proven NAFLD patients they found a significant increase in liver-related 

mortality for NAFLD patients (7.9%) compared to control (1.2%) (16). The risk for 

severe liver disease or mortality both increased with each increasing stage of fibrosis and 

accounting for the presence of NASH did not make a significant difference. Due to the 

liver’s regenerative nature, NASH histology can be reversible in the early stages of 

fibrosis (17). A 10% body weight reduction and some investigational therapies aimed at 

improving liver metabolism have shown great promise in resolving NASH histology (18-

20).  

The diagnosis of NASH can be difficult and is often not detected until the disease 

has started to progress. NAFLD is usually suspected when metabolic comorbidities are 

Figure 1.1 The natural history of NAFLD. Metabolic disorders are the primary risk factors for 

developing NAFLD. It is estimated 25% of NAFLD patients will progress to develop NASH. On average 

patients with NASH progress one stage of fibrosis per decade. Early stages of fibrosis and NASH can be 

reversed back to NAFLD by improvements in metabolic health. Late stages of fibrosis (F3, F4) 

significantly increase the risk of hepatocellular carcinoma (HCC), cirrhosis and decompensated liver 

failure. 
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present and can be reliably identified using ultrasound, computer tomography, or 

magnetic resonance imaging (MRI). Patients with NASH are often asymptomatic until 

late stages of the disease. NASH can be suspected when steatosis is present and there are 

elevated levels of liver enzymes aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT). Other non-invasive assessments of liver fibrosis including 

imaging techniques: transient elastography and magnetic resonance elastography and 

blood-based test: FIB-4 Index consisting of ALT, AST, and platelet count can be good 

indicators of advanced liver fibrosis, but not early stages of NASH. The only way to 

definitively diagnose NASH is through histological analysis of a liver biopsy. NASH is 

diagnosed by the presence of steatosis, lobular inflammation, and cellular degeneration. 

The NASH Clinical Research Network developed the NAFLD Activity Score (NAS) to 

assess NAFLD severity in therapeutic trials (21). This scoring system is based on three 

histological parameters steatosis, lobular inflammation, and cellular ballooning 

(described in Table 1.1). These parameters are commonly used as primary and secondary 

outcome measures in clinical trials (22). The lack of specific non-invasive biomarkers for 

identifying NASH and the requirement of a liver biopsy for diagnosis results in late 

identification of the disease and poor clinical outcomes. The Federal Drug Administration 

(FDA) has made a large investment into identifying novel non-invasive markers for 

identifying NASH in early stages to aid in disease treatment and clinical trial success. 

Progress in this area has shown great promise for identifying and assessing treatments for 

NASH in a more efficient matter (23-25). 
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Table 1.1 NAFLD Activity Scoring System (NAS). The NAS is used to assess the severity of the disease 

state based on steatosis, lobular inflammation, and hepatocyte ballooning. A total score of over 6 translates 

to a NASH diagnosis. This system has been successfully used in the clinic to assess novel therapeutics and 

modified for use in preclinical studies. 

On the molecular level, the pathogenesis of NASH was originally described by 

the two-hit hypothesis (26). This theory states there is an initial “hit” of lipid 

accumulation in the liver and a subsequent “hit” of oxidative stress that activates 

proinflammatory and fibrogenic pathways. As we learn more about NASH 

pathophysiology it has become increasingly clear there are multiple parallel factors 

working simultaneously causing this highly heterogenous disease. The pathogenesis of 

NASH is now described by the commonly accepted “multiple hit theory” where genetic 

predisposition and several metabolic insults including increased de novo lipogenesis, 

mitochondrial dysfunction, and oxidative stress occur simultaneously leading to the 

disease state (27). The buildup of fat in the liver is the first step towards NASH. Free 

fatty acids (FFA) are increased in the liver through diet, increased lipolysis due to insulin 

resistance, and activation of de novo lipogenesis within the liver. The liver stores the 
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abundance of FFA through triglyceride synthesis and lipid droplet storage in hepatocytes. 

It has been demonstrated triglyceride storage is not hepatotoxic and can be viewed as a 

defense mechanism to prevent the accumulation of FFA (28, 29). The accumulation of 

FFA can disrupt metabolic equilibrium and result in free radical production through lipid 

peroxidation. This causes increased levels of oxidative stress, mitochondrial dysfunction, 

and endoplasmic reticulum stress. Additionally, adipocyte dysfunction and gut dysbiosis 

increases the secretion of proinflammatory cytokines (IL-6, TNF-a) from adipose tissue 

and gut microbiota (30). As mentioned before genetic polymorphisms in genes related to 

lipid metabolism can predispose patients to these insults making them more vulnerable to 

NASH progression. Collectively these factors can occur in varying orders leading to 

activation of proinflammatory, apoptotic, and fibrogenic pathways resulting in the 

development of NASH. A better understanding of how these processes are activated and 

regulated are required for the identification of novel drug targets for treating NASH. 

 

1.3 One-Carbon Metabolism in NASH Pathophysiology 

One-carbon metabolism is a vital network of interrelated metabolic pathways, including 

methionine and folate metabolism, involving the transfer of one-carbon units from 

different nutrients, amino acids, and molecules Figure (1.2). It plays a major role in the 

production of methyl groups for methylation reactions. Methionine can be used to 

synthesize S-adenosylmethionine (AdoMet) which is the primary methyl donor of all 

biological reactions including DNA and protein methylation and nucleotide, polyamine, 

phosphatidylcholine, and glutathione synthesis. Folate can be derived in many ways to 

facilitate the transfer of methyl groups between cellular organelles for nucleotide 

synthesis and other biological processes. The transfer of one-carbon units from serine to 
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5-methyltetrahydrofolate, are used to remethylate homocysteine to reform methionine 

and regenerate the one-carbon cycle. One-carbon metabolism encompasses multiple 

metabolic pathways and has been associated with several biological processes including 

lipid metabolism, cellular homeostasis, and immune function (31). The liver is the main 

metabolic organ of the body and a major site for one-carbon metabolism. Several studies 

have shown alterations in one-carbon metabolism, through metabolite deficiencies and 

genetic deletions, are strongly associated with hepatic lipid metabolism, immune 

function, and liver fibrosis (32, 33).  

 

 The most well-known link between one-carbon metabolism and NASH 

pathophysiology is the methionine choline deficient (MCD) diet. During the 1960s, it was 

found that methionine or choline deficiencies induce steatosis, inflammation, and liver 

damage in mice, mimicking human NASH liver pathophysiology (34, 35). The MCD 

Figure 1.2 One-carbon metabolism. MS, methionine synthase; MTHFR, 5,10-methylenetetrahydrofolate 

reductase; THF, tetrahydrofolate; DHFR, dihydrofolate reductase; SHMT, serine 

hydroxymethyltransferase; Me-THF, 5,10-methylenetetrahydrofolate; M-THF, 5-methyltetrahydrofolate; 

BHMT, betaine-homocysteine methyltransferase; DMG, dimethylglycine; MAT, methionine 

adenosyltransferase; AdoMet, S-adenosylmethionine; GNMT, glycine-N-methyltransferase; PEMT, 

phosphatidylethanolamine methyltransferase; MT, methyltransferase; AdoHcy, S-adenosylhomocysteine; 

AHCY, adenosylhomocysteinase. 
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model is still widely used today for studying NASH pathogenesis and drug discovery. 

Although, the MCD model has been highly criticized because of its metabolic profile. 

The MCD consistently results in weight loss instead of weight gain and insulin resistance 

commonly seen in human NASH (36, 37). Because of the strong association of NASH 

and metabolic comorbidities the translation of this model is limited. Despite this, the 

MCD model still provides great insight into how alteration in one-carbon metabolism can 

induce liver damage and steatosis. 

Although the exact mechanisms for how MCD diet induces NASH are still not 

well known it has been shown the synthesis of phosphatidylcholine (PC) plays a large 

role (38). PC is the most abundant phospholipid and is required for lipoprotein assembly 

and secretion. PC can be synthesized in two ways; by the CDP-choline pathway (70%) 

and through three sequential methylations of phosphatidylethanolamine (PE) by 

phosphatidylethanolamine methyltransferase (PEMT) (30%). The lack of methionine and 

choline reduce the synthesis of PC through the PEMT and CDP-choline pathway, 

respectively. Studies using dietary deficiencies have shown a reduction in PC synthesis 

results in poor lipoprotein secretion and buildup of fat in the liver. Further studies support 

this idea using PEMT knockout mice to limit the production of PC to the CDP-choline 

pathway (39). PEMT knockout does not induce steatosis or liver damage unless the 

animals are on a high fat diet. Furthermore, the liver damage can be prevented by 

supplementing the diet with choline showing the CDP-choline pathway can be sufficient 

for PC production if there is enough choline present. It has been postulated increased 

choline intake can be sufficient to process the higher demand of lipoprotein secretion due 
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to a high fat diet and prevent steatosis. Choline supplementation warrants further studies 

in its efficacy for treating NAFLD. 

Despite the clear association of one-carbon metabolism and proper liver function 

there have not been any therapeutics that directly modulate one-carbon metabolism tested 

in humans for the treatment of NAFLD or NASH. This area of research has relied heavily 

on the MCD diet and the role of PC synthesis in steatosis. NASH entails much more than 

steatosis including severe inflammation, liver damage, and fibrosis. It is highly probable 

there are multiple mechanisms involving one-carbon metabolism leading to the NASH 

disease state. In a study done by Niebergall et al, they demonstrated a decrease in PC:PE 

ratio is not a driver of NASH (40). Using a knockout of CTP: phosphocholine 

cytidylyltransferase (CTa), the rate-limiting enzyme in the CDP choline pathway for PC 

synthesis, they showed NASH is only induced when the animals are fed a high-fat diet 

and restoring PC levels by CDP: choline injections, lysophosphatidylcholine 

supplementation, or adenoviral expression of CTa did not prevent NASH progression. In 

addition, recent studies have begun to show additional roles of one-carbon metabolism in 

macrophage activation and inflammation (41, 42).  

Gaining a better understanding of how one-carbon metabolism is perturbed in 

NASH will help identify novel drug targets and biomarkers for this disease. For example, 

Alonso et al. has demonstrated the potential to differentiate subgroups of NASH patients 

based on their one-carbon metabolic profile (43). The goal of this dissertation is to 

investigate changes in one-carbon metabolism and their role in NASH. Analysis of 

human liver samples using state of the art mass spectrometry proteomics identified 
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distinct proteomic changes in one-carbon metabolism in NASH liver. The hypothesis and 

specific aims for this dissertation are as follows: 

Hypothesis: Alterations in one-carbon metabolism in response to over nutrition 

contribute to the progression of nonalcoholic fatty liver disease to nonalcoholic 

steatohepatitis. These metabolic changes foster a hepatotoxic environment through the 

production of oxidative stress, inflammation, and fibrosis. A better understanding of how 

one-carbon metabolism is affected under pathophysiological conditions will lead to the 

identification of biomarkers and effective drug targets for treating this devastating 

disease. 

Aim 1: Determine how down regulation of glycine N-methyltransferase in NAFLD leads 

to metabolic reprogramming of one-carbon metabolism and the development of NASH 

Aim 2: Understand the physiological role of folate receptor gamma and how elevated 

expression in NASH liver contributes to the disease. 
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CHAPTER 2 DYSREGULATION OF S-ADENOSYLMETHIONINE IN 

NONALCOHOLIC STEATOHEPATITIS LEADS TO POLYAMINE FLUX AND 

OXIDATIVE STRESS 

 

2.1 Introduction 

Glycine N-methyltransferase (GNMT) is a key component of one-carbon 

metabolism and is the most abundant methyl transferase in the liver, accounting for over 

1% of all cytosolic protein in hepatocytes (44, 45). It catalyzes the transfer of a methyl 

group from S-adenosylmethionine (AdoMet), the universal methyl donor, to glycine to 

form sarcosine. Because of its high abundance, GNMT plays a crucial role in one-carbon 

metabolism by controlling AdoMet metabolism and methyl transferase reactions 

involving AdoMet. 75% of all transmethylation reactions take place in the liver, making 

AdoMet a vital component to liver metabolism and regulation (44). The importance of 

GNMT in the progression of NAFLD has been demonstrated in several studies. GNMT 

KO animals spontaneously develop steatosis around 3 months of age and inflammation 

and fibrosis of the liver at 8 months (46, 47). These studies show GNMT KO results in a 

significant increase in liver AdoMet that is directly responsible for steatosis and fibrosis. 

It was shown elevated AdoMet can lead to hypermethylation of DNA and modulation of 

lipid metabolism through phosphatidylcholine synthesis. Furthermore, multiple genetic 

analyses of human patients have found GNMT gene expression is repressed in both 

NASH and hepatocellular carcinoma patients (48-50). These findings highlight the role of 

GNMT downregulation in the early stages of NAFLD and its progression to NASH and 

eventually HCC. Despite this, the impact of GNMT attenuation and its impact on the 

disease process is still not fully understood. 
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In addition to transmethylation reactions, AdoMet is a required precursor for 

polyamine catabolism. AdoMet can donate its aminopropyl group to putrescine, the basic 

polyamine building block, to produce mature polyamines, spermine and spermidine. 

Polyamines are polycations that play a role in multiple cellular processes including 

cellular proliferation, differentiation, and death. The role of polyamine metabolism has 

been indicated in several disease states including cancer and obesity (51, 52). Previously, 

we have demonstrated the role of polyamine flux and acetyl-CoA utilization in lipid 

accumulation in the adipose tissue (51, 53, 54). To date the role of polyamine metabolism 

has not been studied in the pathophysiology of NASH. We hypothesized the 

downregulation of GNMT in NASH will result in activation of polyamine synthesis to 

utilize excess AdoMet. 

In this study, the attenuation of liver GNMT in patients with NASH compared to 

healthy controls was confirmed. To further assess the effects of GNMT downregulation in 

NASH, a diet-induced NASH animal model was used to show that GNMT downregulation 

leads to a significant increase in AdoMet levels. It was also shown that GNMT 

downregulation results in reduced transmethylation activity and increased flux into 

polyamine metabolism using targeted proteomics and metabolomics. Activation of 

polyamine flux results in increased oxidative stress through oxidative enzyme polyamine 

oxidase. This study provides key insights into metabolic changes in the liver contributing 

to a cytotoxic environment and NASH pathogenesis (Figure 2.1). 



14 

  

2.2 Methods 

 

Human liver samples 

Human liver tissue was purchased commercially from XenoTech. Liver tissue was supplied 

as frozen pre-lysate in buffer. Samples were fully characterized with pathological 

diagnoses of NASH.  

 

Animal studies 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC). Specific pathogen-free, 6-week-old, male, C57BL/J6 mice of 

approximately 25 grams body weight were purchased from Jackson’s laboratories, Bar 

Harbor, ME. Seven days of arrival the animals were weighed, and ear tagged for individual 

identification. Animals were randomly assigned in two groups (n=7 per group), with no 

statistical difference in body weight. At 7 weeks of age, the NASH group started receiving 

high fat/high sucrose diet (Research Diets # D12331i) and at 28 weeks of age the diet was 

Figure 2.1 Graphical abstract. The downregulation of GNMT during NASH leads to an accumulation of 

AdoMet and activation of polyamine flux resulting in oxidative stress production. 
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switched to high fat/high fructose/high cholesterol diet (Research Diets # D09100310i). 

Control animals received CHOW diet. Bodyweight was monitored weekly. A glucose 

tolerance test was performed at week 65. Animals were fasted for 5 h and administered a 

bolus of glucose (1 g/kg) by oral gavage. Blood samples were collected from the tip of the 

tail and blood glucose was measured at 0, 15, 30, 45, 60, and 120 min after the glucose 

administration. Animals were euthanized at 66 weeks of age and liver tissue was stored at 

−80 °C.   

 

Histology and NAS scoring 

Formalin-fixed liver tissues were paraffin-embedded and sectioned onto slides. Slides from 

each animal were stained with hematoxylin & eosin (H&E), Mason trichrome, and Sirius 

red staining. All images were taken at 40x magnification. H&E and Sirius red staining were 

used to quantitate the NAFLD Activity Score (NAS) and Fibrosis score, respectively. The 

scores were quantitated based on the scale developed by the Non-alcoholic Steatohepatitis 

Clinical Research Network. The parameters evaluated were steatosis, lobular inflammation 

hepatic ballooning and fibrosis (21). 

 

4HNE immunofluorescence 

Liver sections were subjected to immunofluorescence to evaluate 4HNE-modified protein 

expression. Briefly, slides were deparaffinized and epitopes were retrieved with citric acid 

solution followed by incubation in glycine solution. Non-specific background was blocked 

using 10% goat serum. Slides were incubated with anti-4HNE monoclonal antibody 

(Abcam ab46545), washed and incubated again with goat anti-rabbit antibody (Thermo 



16 

Fisher A27034). Nuclei were stained with DAPI. Pictures were taken using confocal 

microscopy and 4HNE intensity was quantitated with Harmony® software. 

Global mass spectrometry analysis 

For label-free global proteomics studies the proteins were extracted by adding 6M 

guanidium hydrochloride buffer and dilution buffer (25mM Tris, 10% acetonitrile). The 

proteins were digested with Lys-C for 4 hours at 37 0C. Second digestion was achieved by 

overnight incubation with trypsin. The incubated solution was acidified and centrifuged at 

4,500 g for 5 minutes. The supernatants consisting of peptides were loaded onto activated 

in-house-made cation stage tips (55, 56). The peptides from each sample were eluted into 

six fractions using elution buffers as previously described (55-58). Mass spec analyses 

were performed on these fractions using the Q Exactive mass spectrometer (ThermoFisher 

Scientific). The desalted tryptic peptide samples were loaded onto an Acclaim PepMap 100 

pre-column (75 μm x 2cm, ThermoFisher Scientific) and separated by Easy-Spray PepMap 

RSLC C18 column with an emitter (2 μm particle size, 15 cm x 50 μm ID, ThermoFisher 

Scientific) by an Easy nLC system with Easy Spray Source (ThermoFisher Scientific). To 

elute the peptides, a mobile-phase gradient is run using an increasing concentration of 

acetonitrile. Peptides were loaded in buffer A (0.1% (v/v) formic acid) and eluted with a 

nonlinear 145-min gradient as follows: 0–25% buffer B (15% (v/v) of 0.1% formic acid 

and 85% (v/v) of acetonitrile) for 80 min, 25-40% B for 20 min, 40-60% B for 20 min and 

60-100% B for 10 min.  The column was then washed with 100% buffer B for 5 min, 50% 

buffer B for 5 min, and re-equilibrated with buffer A for 5 min. The flow rate was 

maintained at 300 nl/min. 
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Electron spray ionization was delivered at a spray voltage of −1500 V. MS/MS 

fragmentation was performed on the five most abundant ions in each spectrum using 

collision-induced dissociation with dynamic exclusion (excluded for 10.0 s after one 

spectrum), with automatic switching between MS and MS/MS modes. The complete 

system was entirely controlled by Xcalibur software. Mass spectra processing was 

performed with Proteome Discoverer v2.5. The generated de-isotoped peak list was 

submitted to an in-house Mascot server 2.2.07 for searching against the Swiss-Prot 

database (Release 2013_01, version 56.6, 538849 sequences) and Sequest HT database. 

Both Mascot and Sequest search parameters were set as follows: species, homo sapiens; 

enzyme, trypsin with maximal two missed cleavage; fixed modification, cysteine 

carboxymethylation; 10 ppm mass tolerance for precursor peptide ions; 0.02 Da tolerance 

for MS/MS fragment ions.  

 

Bioinformatic analysis 

Differentially expressed proteins from the proteomic analysis were further analyzed using 

Qiagen’s Ingenuity Pathway Analysis (IPA). Differentially expressed proteins were 

uploaded to IPA and compared against Ingenuity Knowledge Base reference set. 

Overrepresented canonical pathways, diseases and functions, and biological networks were 

identified, and Fisher’s exact test was used to determine significance.  
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Polyamine metabolomic analysis 

Polyamine metabolites were measured by HPLC using the AccQ.Fluor kit (Waters, 

Milford, Mass.) as described previously (59). Polyamine oxidase activity was measured 

using soluble protein extracts of mouse liver tissue as previously described (54). 

 

 

Targeted mass spectrometry analysis 

Liver tissue samples were prepared as described in global mass spectrometry analysis. 

Quantification of GNMT and related proteins were performed on a TSQ Quantum Ultra 

triple quadrupole mass spectrometer (Thermo Scientific) equipped with an Ultimate 3000 

RSLCnano system with autosampler (Thermo Scientific). The mobile phase consisted of 

Buffer A, 0.1% formic acid and Buffer B, 85% acetonitrile with 0.1% formic acid. Peptides 

were separated on an Acclaim PepMap RSLC C18 precolumn (3µm, 100Å) and column 

(2µm, 100 Å). They were then eluted with a flow gradient of 2-95% Buffer B over 20 

minutes. Peptides entered the mass spectrometer through nanoelectrospray ionization with 

a voltage of 1600 V and capillary temperature 270 °C. Data was collected using Xcalibur 

software and imported into Skyline software for peak area integration and data analysis. A 

selected reaction monitoring (SRM) method was developed for seven proteins involved in 

AdoMet regulation (peptides used for human GNMT are conserved in mouse). Using 

Skyline targeted mass spectrometry software, a spectral library was created from our global 

proteomics results and a transition list consisting of precursor and product ions was created 

using the following peptide parameters:  trypsin max missed cleavages = 0, Min length = 

6, Max length = 25, exclude peptides with methionine and cysteine and the following 
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transition settings: precursor charge = 2,3 ion charge = 1,2 and ion match tolerance 0.5 

m/z. The transition list contained at least three peptides for each protein and at least 5 

product ions for each peptide for a total of 2,417 transitions. 7 MRM methods were created 

to monitor all transitions with about 300 transitions in each method and a cycle time of 3 

seconds. Mouse liver protein lysate was aliquoted and prepared for mass spectrometry 

analysis as described above. Each elution of the mouse liver digest was then analyzed in 

duplicate using all 7 methods. The data was imported into Skyline and optimal precursor 

ions were chosen for each protein based on peak shape, retention time, reproducibility, and 

fragmentation pattern compared to our global proteome analysis. The methods were then 

refined, and mouse liver digest was analyzed again to optimize collision energy for each 

transition. The final methods consisted of 346 transitions for 42 peptides belonging to 7 

proteins. The final transition table with SRM parameters is shown in Appendix A. There 

were at least two unique peptides for each protein and 4 product ions for each peptide. One 

peptide was chosen for the relative quantification of each protein based on intensity, 

reproducibility, coefficient of variation, and linearity. The coefficient of variation for each 

peptide was calculated based on six technical sample replicates and three SRM replicates 

of the same sample. Each peptide used for quantitation had a coefficient of variation < 

20%. The linearity was assessed by preparing mouse liver digests with varying protein 

concentrations (10ug-200ug) and quantifying the peak area for each transition. The results 

for transition reproducibility and linear regression and example chromatograms are shown 

in Appendix A. 
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Statistical analysis 

Data are expressed as mean values ± standard error of the mean (SEM). Statistical 

comparisons were performed using unpaired, two-tailed Student’s t tests. Differences were 

considered significant when P0.05.  

 

2.3 Results 

 

GNMT is downregulated in human NASH  

Multiple studies have shown GNMT mRNA levels are decreased in NASH patients and 

there is a negative correlation between the severity of liver damage and GNMT expression 

(49, 50). To confirm the reduction of GNMT on the proteomic level, GNMT protein 

abundance was measured in a cohort of NASH and control patients. The control group 

consisted of 3 male and 2 female healthy patients with a mean age of 43 and normal BMI. 

The NASH patients included 2 males and 3 females with a mean age of 54. All NASH 

patients had a BMI greater than 30 and were diagnosed with either type I or II diabetes. 

GNMT was quantified in each liver sample by targeted label-free mass spectrometry. A 

targeted mass spectrometry method using selected reaction monitoring (SRM) was 

developed and validated to quantitate liver GNMT. The method had a coefficient of 

variation below 15% and 5% for technical and SRM replicates, respectively, and the peak 

area response was linear from 10 to 200 µg of total protein (R2 = 0.997) (Supplementary 

Figures 2.2 and 2.3). The results shown in Figure 2.2 show GNMT protein abundance was 

decreased nearly threefold in NASH patients compared to healthy subjects.  
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Modified amylin diet induces NASH in mice  

To better understand the effect of GNMT reduction in the progression of NASH we 

modified a diet-induced animal model (amylin diet) to study NASH pathophysiology. 

Specifically, mice were fed a high fat and fructose diet for 27 weeks to induce insulin 

resistance. Thereafter, cholesterol was added to the diet to mimic the consequences of 

metabolic syndrome in humans. Recent studies have shown high fat diets with high 

cholesterol are able to induce inflammation and fibrosis in rodent liver (60, 61) and 

transcriptomic and metabolic analyses show these diets can accurately model human 

NASH and activate key pathways involved in human NASH progression (48, 62). The 

modified amylin diet fed mice showed a significant increase in weight compared to control 

animals and demonstrated insulin resistance during glucose tolerance test Figure 2.3. At 

the end of the study the liver tissue was collected, and liver tissue structure and integrity 

Figure 2.2 GNMT is downregulated in human NASH liver. (A) Table displaying patient characteristics 

for control and NASH liver samples. (B) Representative chromatograms from selected reaction monitoring 

(C) GNMT protein abundance in human liver samples. Data presented as mean ± SEM. (N=5 *p<.05) 
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were visualized by H&E, Mason Trichrome, and Sirius red staining (Figure 2.3). Tissue 

damage and cell death were evident in the modified amylin diet animals from cytoplasm 

clearing, cell enlargement, and immune cell infiltration. The NAFLD Activity Score (NAS) 

and Fibrosis score were used to confirm the diagnosis of NASH (63, 64). The NAS scoring 

system is based on three parameters steatosis, lobular inflammation, and hepatic 

ballooning. The modified amylin diet animals had a significant increase in all three 

parameters compared to control and an average NAS score of 6. The degree of fibrosis was 

assessed by Mason trichrome and Sirius red staining of collagen fibers. The modified 

amylin diet animals had an average Fibrosis score of 2 (Figure 2.3). This analysis verified 

the diagnosis of NASH with moderate fibrosis in modified amylin diet animals and 

validated our studies on NASH pathophysiology.  

 

Figure 2.3 Modified amylin diet induces NASH in mice. (A) H&E, Masson trichrome, and Sirius red liver 

histology staining. Scale bar = 75 µm. (B) Body weight of mice. (C) Results from glucose tolerance test 

and area under the curve quantitation. (D) The NAS scoring system was used to assess liver histology. 

Mice fed a modified amylin diet were diagnosed with NASH with a total average NAS score of 6 and 

fibrosis score of 2. Data presented as mean ± SEM. (N = 7, **** p < 0.0001). 
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Proteomic characterization of NASH animal model resembles human 

pathophysiology 

Global unbiased label-free proteomics were then used to gain insight into NASH 

pathophysiology on the molecular level. Liver tissue from three control and three NASH 

animals was collected and individually processed for proteomic analysis. Our modified in-

Stage Tip (iST) sample preparation process allows for minimal sample handling and 

fractionation to ensure high reproducibility and sensitivity (55-58). From this analysis a 

total of 4,783 proteins were identified and quantified with high confidence (Appendix A). 

There were 646 differentially expressed proteins between control and NASH groups, 418 

downregulated and 228 upregulated. Several of the differentially regulated proteins are 

involved in NASH pathophysiology including lipid metabolism, apoptosis, fibrosis, and 

inflammation (Figure 2.4). Specifically, GNMT, platelet glycoprotein-4 (CD36), and acyl-

coenzyme A thioesterase 9 (Acot9) are involved in lipid metabolism and have previously 

been associated with NAFLD progression (46, 65-67). Collagen type 1 alpha 1 chain 

(COL1A1), actin alpha 2 (ACTA2), and decorin (Dcn) are three of the major markers of 

extracellular matrix deposition and liver fibrogenesis (68). Inflammatory and 

immunoregulatory proteins, galectin-3 (Lgals3) and interferon-induced protein with 

tetratricopeptide repeats 3 (Ifit3) were both upregulated in our NASH model in accordance 

with previous studies (69-71). Currently there are multiple galectin-3 inhibitors being 

developed for the treatment of NASH (70). Overall, these findings correlate well with our 

liver histology analysis demonstrating NASH pathophysiology on the macroscopic and 

molecular level. Ingenuity Pathway Analysis (IPA) software was then used to analyze the 

differentially expressed proteins for overrepresented canonical pathways, regulators, and 
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biological processes (Figure 2.5). IPA identified acute phase response signaling as the top 

altered canonical pathway, demonstrating immune response and inflammation in our 

animal model. Major nuclear receptor pathways regulating liver metabolism were also 

identified as differentially regulated including liver X receptor (LXR), farnesoid X receptor 

(FXR), and retinoid X receptor (RXR These nuclear receptors regulate liver metabolism 

and immunology and have been previously shown to induce steatohepatitis (72, 73). 

Several drugs targeting these nuclear receptors are under investigation for the treatment of 

NASH [36]. Furthermore, pathways involved in fibrosis signaling and oxidative stress 

production were shown to be activated in our animal model. Overall, these findings 

correlate well with human NASH pathophysiology and validate our animal model for 

studying NASH on the molecular level. IPA identified proteins contributing to 

steatohepatitis based on previous reports and differential protein expression. Several of 

these proteins including GNMT, ACOT9, and LGALS3 have been shown to rescue/induce 

NASH through genetic knockouts [7,29,31]. In accordance with our initial human liver 

analysis, the downregulation of GNMT was identified as a contributing factor to 

steatohepatitis. Despite this, the effects of GNMT attenuation under pathophysiological 

conditions are still not well understood. 
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Figure 2.4 Global proteomic analysis identifies molecular signatures of NASH. (A) Heat map displaying 

differentially regulated proteins involved in apoptosis, lipid metabolism, fibrosis, and inflammation. (B) 

Individual bar graphs for markers of NASH. Glycine N-methyltransferase methyltransferase (GNMT), 

platelet glycoprotein 4 (CD36), acyl-coenzyme A thioesterase 9 (Acot9), collagen type 1 alpha 1 chain 

(COL1A1), actin alpha 2 (Acta2), decorin (Dcn), galectin-3 (Lgals3), interferon-induced protein with 

tetratricopeptide repeats 3 (Ifit3). 

Dysregulation of AdoMet metabolism in NASH  

GNMT is highly abundant in hepatocytes and is the main regulator of AdoMet levels in 

the liver. Next, using a new group of control and NASH mice (n=4), the down regulation 

of GNMT and the effect on AdoMet regulation were further investigated. A targeted mass 

spectrometry method was developed to quantify proteins involved in AdoMet regulation 

(Appendix A). It was found both GNMT and sarcosine dehydrogenase (SARDH) were 

downregulated in NASH. Together, GNMT and SARDH form a futile cycle in the 

methylation and demethylation of glycine and sarcosine to control AdoMet concentration. 
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Furthermore, we found adenosylhomocysteinase (AHCY), an enzyme downstream of 

GNMT in the transmethylation pathway was downregulated and AdoMet biosynthetic 

enzyme, methionine adeonsyltransferase 1A (MAT1A) was significantly upregulated in 

NASH (Figure 2.6). We then measured the levels of AdoMet and S-adenosylhomocysteine 

(AdoHcy) in the liver. There was a fourfold increase in AdoMet levels and approximately 

30% reduction in AdoHcy in NASH (Figure 2.6). This resulted in a significant increase in 

the AdoMet/AdoHcy ratio. These results show AdoMet regulation is disrupted in NASH 

inducing significantly higher concentrations of AdoMet. 

Figure 2.5 Ingenuity pathway analysis predicts activation of steatohepatitis (A) Top altered canonical 

pathways in NASH liver (B) Steatohepatitis network of differentially expressed proteins contributing to the 

disease state. Individual proteins are listed in the table below. 
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Figure 2.6 Dysregulation of AdoMet metabolism in NASH (A) Relative protein abundance of select 

AdoMet regulating enzymes in control and NASH livers. (B) Quantification of liver AdoMet and AdoHcy in 

control and NASH animals. Data presented as mean ± SEM. (N=4 ****p<.0001 ***p<.001 

**p<.01*p<.05) 

 

Polyamine metabolism is activated in NASH causing flux and oxidative stress 

In addition to transmethylation, AdoMet is a required substrate for polyamine synthesis 

and AdoMet levels can impact polyamine flux. Based on the increased levels of AdoMet 

we predicted to find activation of polyamine metabolism. Targeted mass spectrometry 

analysis found a significant increase in both rate-limiting biosynthetic enzyme S-

adenosylmethionine decarboxylase (AdoMetDC) and catabolic enzyme 

spermidine/spermine-N1-acetyltransferase (SSAT1) (Figure 2.7). Quantification of key 

polyamine metabolites revealed a significant increase in the polyamine building block 

putrescine. From our analysis there was no change in spermidine and spermine levels, but 

there was a significant increase in 5'-methylthioadenosine (MTA), the side product of 

spermidine and spermine synthesis (Figure 2.7). Polyamine catabolism involves 
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acetylation of spermine and spermidine by SSAT1 and acetyl CoA. The acetylated products 

can then be exported from the cell or oxidized to produce putrescine, hydrogen peroxide, 

and reactive aldehyde species. We found the activity of catabolic enzyme polyamine 

oxidase (PAO) was significantly increased in NASH (Figure 2.8). Together, these findings 

demonstrate an increased flux into spermidine and spermine synthesis, and rapid export or 

degradation back to putrescine to maintain equilibrium. High rates of polyamine 

metabolism and polyamine oxidase activity can create high levels of oxidative stress 

through the production of hydrogen peroxide and reactive aldehyde species. The degree of 

oxidative damage in the liver was measured using a monoclonal antibody for proteins 

modified by 4-hydroxynonenal (4HNE). 4HNE is a product of lipid peroxidation and can 

modify biological molecules through carbonylation. We found significantly higher 

amounts of 4HNE carbonylation in NASH animals demonstrating a high degree of 

oxidative stress (Figure 2.8). These findings are further supported by our global proteomics 

analysis showing that several proteins involved in redox potential are differentially 

regulated in NASH (Supplemental Table 2.1). Among these proteins are glutathione 

peroxidase 3 and 5 and glutathione S-transferase theta 3, which have previously been 

indicated in NASH and are involved in 4HNE detoxification (74-76). 



29 

 

2.4 Discussion 

Nonalcoholic steatohepatitis is a largely heterogenous disease with a complex 

natural history.  One of the major barriers to developing new therapies for NASH is the 

lack of clinically relevant animal models. Over 70% of NASH patients are obese or have 

Figure 2.7 Increased activity of polyamine oxidase and oxidative damage in NASH (A) Activity of 

polyamine oxidase in control and NASH livers. (B) Immunofluorescence staining of control and NASH 

livers for 4-hydroxynonenal modified proteins. Quantification of the fluorescence is shown on the right. 

Data presented as mean ± SEM. (N=4 ****p<.0001 ***p<.001)   

Figure 2.8  Polyamine metabolism is activated in NASH causing a flux. (A) Relative protein abundance 

of select polyamine metabolic enzymes in control and NASH livers. (B) quantification of polyamine 

metabolites in control and NASH livers. Data presented as mean ± SEM. (N=4 **p<.01*p<.05) 
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type II diabetes. Using a modified amylin diet-based animal model we were able to 

successfully recapitulate the key features of human NASH associated with metabolic 

syndrome. The animals developed steatosis, lobular inflammation, and liver fibrosis 

while gaining a significant amount of weight and becoming insulin resistant. Our global 

proteomic analysis provided an in-depth molecular characterization of the disease state 

and identified key biomarkers and pathways associated with human NASH pathogenesis, 

including the downregulation of GNMT. The reduction of GNMT in human NASH liver 

samples was verified and Ingenuity Pathway Analysis identified GNMT downregulation 

as a key driver in steatohepatitis. Targeted mass spectrometry was then used to 

understand how GNMT downregulation was affecting one-carbon metabolism and 

specifically AdoMet regulation in our NASH model. Our findings corelated well with 

previous studies using GNMT KO animals showing elevated levels of AdoMet (46). 

 Interestingly, the depletion of AdoMet through knockout of synthetic enzyme 

methionine adenosyltransferase 1 A (MAT1A) or a methionine-choline deficient (MCD) 

diet have also been shown to lead to NASH (77-79). Multiple studies have reported 

deficient AdoMet levels in association with NASH and evidence supporting the 

supplementation of AdoMet for treatment of NASH  (80-82). Therefore, the progression 

of NASH is viable in the presence of either elevated or reduced levels of AdoMet (83). 

One explanation for these conflicting findings could be the models used for studying 

NASH pathogenesis and their translation to human disease. The studies supporting the 

notion of AdoMet supplementation for NASH treatment rely heavily on data based on the 

MCD diet. Methionine deficiency leads to decreased levels of AdoMet and results in 

hypomethylation of DNA and reduced VLDL assembly and export (78, 84, 85). In our 



31 

study we chose to use a modified amylin diet to induce NASH based on the close 

association of NASH with metabolic syndrome (8). The Western diet co-presents with 

obesity and insulin resistance, whereas the MCD diet induces weight loss. In addition, a 

recent study comparing the MCD and Western diet concluded the human NASH 

metabolic profile was better represented by a diet high in fat, carbohydrates, and 

cholesterol (62). Therefore, we hypothesize our findings using the modified amylin diet 

more closely resembles the pathophysiology seen in NASH patients. This is further 

supported by our findings of reduced GNMT expression in patients with NASH and type 

II diabetes. Another explanation for these differences could be explained by the 

heterogeneity of NASH. The progression of NAFLD to NASH is a complex process that 

results from several genetic and environmental factors (27). Genetic studies analyzing 

NASH have identified subgroups of NASH patients with distinct genetic signatures. In a 

study performed by Alonso et al, they identified an “M subgroup” of NASH patients with 

a similar genetic signature to MAT1A KO mice, though this subgroup accounted for less 

than half of the study population (43). This study illustrates NASH heterogeneity and 

demonstrates the large majority of NASH patients are not properly modeled by the MCD 

diet. In addition, a recent meta-analysis of seven human NAFLD genetic data sets 

identified GNMT downregulation in a genetic signature of NAFLD progression, while 

MAT1A was not acknowledged (49). Our study provides evidence the pathogenesis of 

NASH in association with metabolic syndrome causes an increase in AdoMet. These 

findings are further supported by previous studies showing a high fat diet can lead to 

increased AdoMet levels in association with NASH. In a study done by Maria Del Bas et 

al, they use a high fat diet with selenium and vitamin e deficiency to induce NASH in 
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hamsters (86). They found AdoMet is significantly upregulated in NASH associated with 

metabolic syndrome and not altered in simple steatosis. These findings can help stratify 

the highly heterogenous NASH population into subgroups based on their metabolic 

profile. The ability to personalize treatment for NASH will greatly help the success of 

large phase three trials and the development of new treatments for NASH. 

From our findings a consequence of elevated AdoMet levels was the activation of 

polyamine metabolism in NASH. AdoMet is a required substrate for polyamine synthesis 

and high levels of AdoMet can cause a flux into polyamine metabolism. Both our 

proteomic and metabolomic analyses demonstrated the activation of polyamine 

metabolism in NASH, showing increased expression and activity of metabolic enzymes 

and both polyamine precursors and products of catabolism. These findings are supported 

by previous studies characterizing GNMT KO mice. Hughey et al. showed the knockout 

of GNMT caused an increase in several polyamine metabolites in attempt to reduce 

elevated AdoMet levels (47). From our understanding this is the first time polyamine flux 

has been shown in diet induced NASH pathogenesis. Intracellular concentrations of 

polyamines can reach millimolar levels and catabolism through polyamine oxidase can 

produce an overwhelming amount of hydrogen peroxide and oxidative stress (87). 

Oxidative stress, specifically lipid peroxidation, is strongly associated with NASH and is 

a driver of NAFLD progression. Increased oxidative stress can lead to mitochondrial 

dysfunction, endoplasmic reticulum stress, and inflammation in NASH development (88). 

This study shows lipid peroxidation stress marker, 4HNE, was significantly increased in 

our NASH model. These findings highlight the contribution of activated polyamine 

metabolism to the production of oxidative stress. Overall, this study shows the reduction 
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of GNMT in NASH pathophysiology results in an accumulation of AdoMet and 

polyamine flux leading to oxidative stress production. These findings bring a better 

understanding to the metabolic changes taking place in one-carbon metabolism during 

NASH will help identify biomarkers and new drug targets for treating this disease.  

2.5 Future Direction 

Two of the major findings of Chapter 2 are 1) Diet-induced NASH leads to the 

accumulation of liver AdoMet 2) Activation of polyamine flux in NASH contributes to 

oxidative stress production. There are conflicting reports on the impact of AdoMet 

concentrations in NASH pathophysiology (83). Future studies will focus on measuring 

AdoMet levels in the liver and plasma of NASH and healthy patients to assess its 

potential as a stratification strategy for identifying subtypes of NASH for personalized 

medicine. Polyamine metabolism will be further analyzed for the impact it has on 

oxidative stress production in NASH pathogenesis. An in vitro model will be developed 

for assessing oxidative stress production in NASH. Polyamine metabolism will then be 

manipulated by genetic and chemical means to assess its contribution to oxidative stress 

in the pathogenesis of NASH. These studies will determine the direct impact of 

polyamine flux on NASH progression and the potential of polyamine targeted drugs for 

the treatment of NASH. 
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CHAPTER 3 UNDERSTANDING THE ROLE OF FOLATE RECEPTOR GAMMA IN 

NONALCOHOLIC STEATOHEPATITIS 

 

3.1 Introduction 

This chapter goes through a series of experiments designed to understand the role 

of folate receptor gamma in liver metabolism and NASH pathogenesis. Using label-free 

unbiased global proteomics we aimed to identify proteins with altered expression in NASH 

patients versus patients with steatosis or type II diabetes. From this analysis we found folate 

receptor gamma (FOLR3) abundance was exclusively increased in NASH patients with a 

positive correlation with fibrosis stage. Initially, it was hypothesized the increase in FOLR3 

in NASH was affecting one-carbon metabolism through the uptake of folate, but further 

characterization of FOLR3 found it drives liver fibrosis independent of one-carbon 

metabolism. In vitro assays in HSCs and protein-protein interaction studies found FOLR3 

can enhance the activation of HSCs through its interaction with serine protease HTRA1. 

The applicability of these findings was then shown in vivo by demonstrating FOLR3 

treatment in a diet-induced mouse model of NASH could further exacerbate the disease 

state inducing severe bridging fibrosis as seen in human NASH pathophysiology. Together 

this study identifies the importance of FOLR3 in human liver fibrogenesis and its potential 

as a model for human NASH and a drug target for treating the disease.  

3.1.1 Liver Fibrosis and Hepatic Stellate Cells 

Previous studies have demonstrated fibrosis progression is the number one 

determinant of adverse events in NASH patients and resolution of fibrosis is key for 

treating NASH (15, 16, 89). Despite the growing impact of NASH on the healthcare system 

and the importance of fibrosis there is still an absence of approved therapies for treating 
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NASH and liver fibrosis. Thus, there is a large unmet need for understanding liver 

fibrogenesis and identifying effective drug targets for treating NASH. Liver fibrosis is the 

excessive formation of scar tissue within the liver in response to liver damage. The liver is 

a regenerative organ and can repair itself during injury by making new liver cells, but 

chronic liver injury results in dysregulation of this process and the formation of scar tissue. 

Scar tissue is made up of several different extracellular matrix proteins, including collagen, 

fibronectin, and laminins, which form insoluble fibers with no molecular function. As the 

scar tissue replaces healthy liver tissue it results in stiffness of the liver, reduced blood flow 

and nutrients, disturbance of metabolic homeostasis, and additional cell death and scar 

tissue formation (90, 91). It is understood multiple molecular insults occurring during 

NASH including, oxidative stress, insulin resistance, and endoplasmic reticulum stress, 

result in liver damage and fibrosis development. The molecular mechanisms for how 

fibrogenesis is initiated and progresses is still under investigation. Specialized cells within 

the liver called hepatic stellate cells (HSCs) have been identified as the main pro-fibrogenic 

cell type within the liver and are responsible for extracellular matrix protein production 

and secretion during fibrogenesis. The role of hepatic stellate cells in liver fibrosis has been 

extensively reviewed (68, 92). Stellate cells make up about 5-8% of the liver and are found 

in the small space between the liver sinusoids and hepatocytes, known as the perisinusoidal 

space. HSCs have long protrusions that wrap around the sinusoids and support liver 

metabolism. Under normal conditions, HSCs are in a quiescent non-proliferative state 

responsible for storing vitamin A. In response to liver injury and inflammation, HSCs 

become activated and transdifferentiate into a myofibroblast phenotype as part of the 

wound healing response (Figure 3.1). HSC activation occurs in two parts initiation and 
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perpetuation. During initiation there is a change in gene expression to express elevated 

levels of growth factor receptors, including platelet derived growth factor and transforming 

growth factor beta, to make the cells responsive to external cytokines. In perpetuation, 

HSCs amplify these signals increasing proliferation, contractility, and production of 

extracellular matrix proteins (93). Numerous studies, dating back to the 1990s, have 

demonstrated the importance of HSCs in liver fibrosis(68, 94, 95). A fate tracing study of 

HSCs done by Mederacke et. al., showed HSCs are responsible for 82-96% of 

myofibroblasts in several models of liver fibrosis and should be the primary cellular target 

for antifibrotic treatments (96). These studies clearly show the importance of HSCs in liver 

fibrosis, but a better understanding of the activation of HSCs during liver fibrosis is 

required to develop mechanism-based therapies for blocking fibrosis progression and better 

patient outcomes in the clinic. 

3.1.2 Transforming Growth Factor Beta Signaling 

Transforming growth factor beta 1 (TGFβ1) has been identified as the most potent 

fibrogenic cytokine acting on HSCs. TGFβ1 (family) is a peptide hormone that is part of 

the transforming growth factor family of regulatory proteins. TGFβ1 is ubiquitously 

expressed and is involved in several cellular processes including, cell growth, cell 

proliferation, and apoptosis. In HSCs, TGFβ1 binds to its receptor transforming growth 

Figure 3.1 Activation of hepatic stellate cell. HSCs become activated during liver injury and differentiate 

into a myofibroblast phenotype expressing high levels of extracellular matrix proteins and inflammatory 

cytokines. 
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factor receptor II (TGFBR2) and initiates a molecular cascade leading to upregulation of 

several ECMs. After TGFβ1 binds to TGFBR2, transforming growth factor receptor I 

(TGFBR1) is recruited to the cell membrane and is phosphorylated by TGFBR2. TGFBR1 

can then phosphorylate transcription factors, mothers against decapentaplegic homolog 2 

and 3 (SMAD2/3). SMAD2/3 then form heterodimeric complexes with SMAD4 and 

translocate to the nucleus where it can activate the transcription of several target genes 

involved in extracellular matrix remodeling. The role of TGFβ1 in driving liver fibrosis 

has been clearly shown in multiple in vivo studies modulating the expression of TGFβ1 

(97, 98). Hellerbrand et al. showed the knockout of TGFβ1 in mice prevented the 

accumulation of collagen by 80% compared to controls. In addition, they showed the 

specific overexpression of TGFβ1 in mouse liver led to a 15-fold increase in collagen levels 

compared to controls (98). Kanzler et al, showed an animal model overexpressing TGFβ1 

in mouse liver resulted in activation of hepatic stellate cells, increased production of 

ECMS, and advanced fibrosis (97). Furthermore, TGFβ1 and signaling components have 

consistently been shown to be increased in human NASH with fibrosis (99-101). Despite 

these findings the promiscuous nature of TGFβ has prevented successful application in the 

clinic. Multiple drugs have been developed to specifically target TGFβ and its signaling 

pathway but have failed to translate to clinical efficacy (102, 103). These strategies include 

small molecule inhibitors of TGFBR1/2, antibodies for TGF1β1, natural inhibitors of 

TGFβ signaling (SMAD7, BMP7, LAP), and ligand traps for TGFβ1. Although these 

strategies have shown significant resolution of fibrosis in vivo the findings have not been 

replicated in clinical studies and present severe side effects (104, 105). A better 

understanding of TGFβ signaling in activated hepatic stellate cells is required to develop 
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specific therapies that can inhibit TGFβ signaling and fibrosis development without 

negative side effects. 

3.1.3 Liver Folate Metabolism and Folate Receptor Gamma 

Folate (vitamin B9) is a generic term for a group of naturally occurring 

compounds containing a pterin ring, para-aminobenzoic acid moiety, and mono or 

polyglutamate tail. Folates can vary based on the oxidation state of the pterin ring, 1-

carbon donor substitution, and polyglutamate tail lengths. Folic acid is the synthetic form 

of folate where the pterin ring is completely oxidized and there are no 1-carbon donors. 

Mammals cannot produce folate endogenously and must obtain it through diet. In the 

body folate is used as an enzymatic substrate for one-carbon transfer reactions. Folate-

dependent one-carbon reactions are vital to several metabolic processes including 

DNA/RNA synthesis, epigenetic regulation, methylation reactions, amino acid synthesis, 

and mitochondrial protein synthesis (106). 

 Due to its involvement in various biological processes, folate is an essential 

vitamin for proper metabolism. Multiple studies have found an association between 

serum folate concentration and metabolic disorders including obesity, type II diabetes, 

and NAFLD (107-110). In 2015, a regression analysis based on the US National Health 

and Nutrition Examination Survey demonstrated an inverse relationship between BMI 

and serum folate concentration. There was a significant reduction of serum folic acid in 

obese patients (12.4ug/L n=1141) compared to healthy controls (13.1ug/L n=1236) (107). 

A study done by Hirsch et al., analyzed serum folate levels in a group of 43 obese 

patients divided into two groups, normal liver and severe NAFLD. They reported a 

significant reduction of serum folate in the obese patients with NAFLD (9.3ug/L n=17) 
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versus obese only patients (12.2ug/L n=26). These studies show reduced folate 

concentration is associated with obesity and NAFLD, but a causal relationship has not 

been determined and the direct effect of reduced folate on liver metabolism is still under 

investigation.  

 The role of reduced folate in liver metabolism has been mainly linked to reduced 

methylation capacity in the liver (111). Folate is a primary carbon donor for methionine 

synthesis and required for AdoMet-dependent methylation reactions. Studies using a 

folate-deficient diet in mice have shown reduced folate intake causes a decrease in 

phosphatidylcholine synthesis (112). As mentioned in Chapter 1, PC is an essential 

phospholipid involved in VLDL export and cell membrane structure and integrity. In 

addition, Champier et al. showed folate deficiency caused an upregulation of several lipid 

metabolism proteins which could contribute to steatosis (113). Furthermore, several in 

vitro and in vivo studies have shown the beneficial effect of folate supplementation in 

models of NAFLD and NASH. Multiple studies from independent groups have reported 

evidence demonstrating folate supplementation can prevent lipid accumulation, oxidative 

stress, and hepatocellular damage in the pathogenesis of NASH (114-119).  

On the other hand, there have been some conflicting reports in the literature on 

the benefits of folic acid supplementation for NAFLD. In 1998 the United State Food and 

Drug Administration mandated folic acid fortification. Since then, an average Western 

diet contains sufficient levels of folic acid and folate deficiency has become rare. This 

demonstrates folate deficiency might be an effect of NAFLD instead of a cause. In 

addition, there is a concern of over consumption of folate, which has been shown to cause 

reduced methylation capacity, apoptosis, and tissue degeneration (120). Marsillach et al. 
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showed supplementation of folic acid at similar levels of previously discussed studies 

(25mg/kg of food) can exacerbate liver fibrosis and activate hepatic stellate cells in an 

experimental murine model of NASH (121). This demonstrates folic acid 

supplementation may be beneficial in the prevention NASH but can further drive the 

disease once it has developed. A clinical trial performed in 2007 assessed the safety and 

efficacy of folic acid supplementation in a cohort of ten NASH patients (122). Patients 

received 1mg of folic acid daily for six months and adverse events were monitored. The 

results showed folic acid treatment was safe, but there was no improvement in liver 

enzyme levels. A major limitation to this study is NASH cannot be properly assessed 

based solely on liver enzyme levels. Liver histology should be analyzed before and after 

treatment to properly assess the effect on NASH resolution. The effects of folate 

supplementation in NASH are still unclear and further studies on folate metabolism in 

NASH pathophysiology are needed. 

Folate transport into circulation and uptake into cells is primarily mediated by 

three proteins, reduced folate carrier (RFC), proton coupled folate transporter (PCFT), 

and folate receptors (FR). RFC and PCFT are ubiquitously expressed in the body and are 

responsible for the majority of folate uptake. The folate receptor family consists of three 

subtypes, folate receptor alpha (FOLR1), folate receptor beta (FOLR2), and folate 

receptor gamma (FOLR3). These receptors have much higher affinity compared to RFC 

and PCFT for binding folates and their tissue expression is more restricted, appearing to 

have a more specialized role in folate metabolism. Numerous studies have found many 

different cancer types upregulate folate receptors to fulfill their folate requirements (123). 

It is estimated 40% of cancers upregulate FOLR1 and six folate-targeting drugs are 
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currently in the clinic for the treatment of various diseases. It appears the main biological 

role of these receptors is to increase folate uptake into cells, but recent data shows folate 

receptors could have additional roles independent of folate metabolism. A study done by 

Chattopadhyay et al., showed FOLR1 only had a minimal impact on folate uptake 

compared to RFC in multiple cancer cell lines by silencing FOLR1 expression (124). 

Furthermore, two independent groups have shown FOLR1 can impact gene expression 

and act as a transcription factor. Hansen et al. reported FOLR1 can activate pro-oncogene 

signal transducer and activator of transcription 3 (STAT3) and increase cancer cell 

proliferation (125). Mayanil et al. published a series of papers demonstrating the role of 

FOLR1 as a direct transcription factor increasing the expression of several genes 

involved in pluripotency and stem cell regulation (126-128). These findings increase the 

complexity of folate metabolism and bring a novel interest in the role of folate receptors 

in disease pathophysiology. 

FOLR3 differs from the other folate receptors by the absence of a signal for 

glycophosphatidylinositol (GPI) modification. Modification by GPI acts as a hydrophobic 

anchor to attach the receptor to the cell membrane and mediate the intake of folate into the 

cell. FOLR3 was first characterized in 1995 and it was shown FOLR3 does not attach to 

the cell membrane and is a secreted protein with similar affinity for folates as FOLR1 and 

FOLR2 (129). In addition, they found FOLR3 is mainly expressed in hematopoietic tissues. 

More recently, single cell RNA sequencing analysis of the human liver has identified the 

expression of FOLR3 in a distinct macrophage population. FOLR3 gene expression was 

shown to be mainly expressed in inflammatory macrophages with low levels of expression 

in hepatic stellate cells (130). Since the discovery of FOLR3 there have been very few 
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reports on its function (131, 132). This chapter covers a series of experiments performed 

to identify and characterize the role of folate receptor gamma (FOLR3) in driving liver 

fibrosis during NASH and demonstrate how these findings can be applied to develop an 

animal model for studying NASH-related liver fibrosis that resembles human 

pathophysiology.  

3.2 Methods 

 

Human liver samples 

Human liver tissue was purchased commercially from XenoTech. Liver tissue was supplied 

as frozen pre-lysate in buffer. Samples were fully characterized with pathological 

diagnoses of NASH, steatosis, or type II diabetes.  

 

Global mass spectrometry analysis 

The global mass spectrometry analysis was performed as described in Chapter 2. 

 

Targeted mass spectrometry analysis 

The instrument configuration and parameters for targeted mass spectrometry analysis 

were as described in Chapter 2. Liver tissue samples were prepared as described in the 

global mass spectrometry analysis. FOLR3 quantification was performed on a TSQ 

Quantum Ultra triple quadrupole mass spectrometer (Thermo Scientific, Waltham, MA, 

USA) equipped with an Ultimate 3000 RSLCnano system with autosampler (Thermo 

Scientific, Waltham, MA, USA). The mobile phase consisted of Buffer A, 0.1% formic 

acid, and Buffer B, 85% acetonitrile with 0.1% formic acid. Peptides were separated on 

an Acclaim PepMap RSLC C18 precolumn (3 µm, 100 Å) and column (2 µm, 100 Å). 
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They were then eluted with a 2–95% Buffer B flow gradient over 20 min. Peptides 

entered the mass spectrometer through nanoelectrospray ionization with a voltage of 

1600 V and capillary temperature 270 °C. The mass spectrometer was run in selected 

reaction monitoring (SRM) mode detecting the transitions listed in Table 3.2. Data was 

collected using Xcalibur software 4.1 and imported into Skyline software 21.1 for peak 

area integration and data analysis. FOLR3 peak area was normalized by β-actin for each 

sample. 

 

Cell culture  

Hek-293T cells were purchased from American Type Culture Center (ATCC) and grown 

in Dulbecco’s minimal essential media (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin. LX-2 cells were purchased from Sigma and 

grown in Dulbecco’s minimal essential media (DMEM) supplemented with 2% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. Cells were stored at 37°C, 5%CO2, 

and media was changed every other day 

 

Overexpression and purification of FOLR3 

Recombinant FOLR3 used in experiments was obtained by overexpression in Hek-293T 

cells and purification from cell culture supernatant. Hek-293T cells were grown to 80% 

confluency in 100mm cell culture dish and switched to DMEM media with 5% FBS. 

Cells were transfected with 5ug of FOLR3 expression plasmid with FLAG tag (Origene 

RC212963) using JetPRIME transfection reagent (Polyplus) following the manufacturer’s 

procedures. The cell culture media was collected and replaced every three days over a 
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two-week period. The collected media was then processed for FOLR3 purification. 30mL 

of media was concentrated to 3mL using 3K molecular weight cutoff filters (MWCO) 

from Millipore. FOLR3 was then purified using PierceTM Anti-FLAG Magnetic Agarose 

following manufacturer’s procedures. FOLR3 was eluted from magnetic agarose using 

3X FLAG peptide and stored in PBS at -80°C. FOLR3 purity was assessed by gel 

electrophoresis and protein concentration was determined using Bradford assay. Results 

from the optimization of FOLR3 overexpression and FOLR3 purification are shown in 

Appendix B. 

 

Western blot 

Human primary hepatic stellate cells were grown in 6-well plates to 80% confluency. The 

cells were then serum starved overnight and treated with FOLR3, TGF1b, or vehicle for 

24 hours. Cell culture supernatant was then collected and concentrated in 3K MWCO 

filters to ~25ul. Samples were mixed with SDS sample buffer 4:1 and boiled at 95°C for 

5 minutes. Samples were then separated on a 12% Bis-Tris gel and transferred to 

nitrocellulose membrane at 100V for 40 minutes. The membrane was blocked with 5% 

blotting grade milk in Tris-buffered saline containing 0.05% Tween 20. They were then 

probed with a primary antibody for COL1A1 (Cell Signaling 39952S) 1:1000 overnight 

at 4°C. The membrane was washed with Tris-buffered saline 0.05% Tween 20 and 

probed with secondary antibody IR800DyeCW Goat anti-rabbit (LiCor) 1:5,000 for one 

hour. The membrane was then washed again and imaged using LiCor Odyssey Imager.  
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Cellular proliferation assay 

Human hepatic stellate cells were plated in a 24-well plate 6,000 cells per cm2 and grown 

in DMEM 10% FBS with or without FOLR3 1ug/mL. At 24, 48, 72, and 96 hours cells 

were collected (N=4) and counted using Countess® automated cell counter. 

 

Immunofluorescence  

Immunofluorescence experiments were performed in a 96-well plate. LX-2 cells were 

grown to 80% confluency and serum-starved overnight in DMEM. The cells were then 

stimulated with TGFβ1 5ng/mL for 2 hours. FOLR3 200nM was then added, and after 30 

minutes, HTRA1 200nM was added. The cells were then fixed in 4% paraformaldehyde 

for 10 minutes. After fixation, the cells were washed three times in PBS and blocked with 

10% goat serum in PBS for one hour. Primary mouse monoclonal antibody for TGFBR2 

(ProteinTech 66636-1-Ig) was diluted 1:100 in 1% bovine serum albumin and added to 

cells for two hours at 37°C. Cells were washed three times in PBS and incubated with 

polyclonal goat anti-mouse Alexa555 secondary antibody for 1 hour at 37°C. Cells were 

washed three times in PBS and imaged using Operetta CLS high content imager. 

Alexa555 intensity was measured in the membrane region of each cell. 

 

Immunoprecipitation 

Immunoprecipitation of FOLR3 with a FLAG tag was performed to identify protein 

interactors with FOLR3. FOLR3 was added to PierceTM Anti-DYKDDDDK magnetic 

agarose (Invitrogen) to immobilize FOLR3. 200ug of hepatic stellate cell protein lysate 

was added to the agarose and incubated for one hour at 37°C. The beads were then 
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washed with PBS three times. FOLR3 was then eluted from the beads with 3X FLAG 

(ApexBio A6001). The eluates were then prepared for LC-MS/MS analysis described in 

the global proteomic analysis. For Western blot analysis the samples were eluted with 

LDS sample buffer and processed as described in the Western blotting section with 

primary antibodies for FLAG (R&D MAB8529) and HTRA1 (ProteinTech 55011-1-AP). 

 

Animal studies 

Animal experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC). Specific pathogen-free, 6-week-old, male, C57BL/6NTac mice of 

approximately 25 g body weight were purchased from Taconic Biosciences. The animals 

were weighed and ear-tagged seven days after arrival for individual identification. 

Animals were randomly assigned into three groups (n=3 per group), with no statistical 

difference in body weight. At 7 weeks of age, the NASH group started receiving an 

Amylin diet consisting of 40 kcal% fat, 20 kcal% fructose and 2% cholesterol (Research 

Diets # D09100310i). Control animals received a CHOW diet. At week 41, FOLR3 

animals began receiving 1ug of recombinant FOLR3 once a day by i.p. injection. 

Animals were euthanized at 45 weeks of age, and liver tissue was stored at −80 °C. 

 

Liver histology 

Formalin-fixed liver tissues were paraffin-embedded and sectioned onto slides. Slides 

from each animal were stained with hematoxylin and eosin (H&E) and Sirius red 

staining. H&E and Sirius red staining quantitated the NAFLD activity score (NAS) and 

fibrosis score, respectively. The scores were quantitated based on the scale developed by 
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the Nonalcoholic Steatohepatitis Clinical Research Network(63). The parameters 

evaluated were steatosis, lobular inflammation, hepatic ballooning, and fibrosis. 

 

Molecular modeling 

The model of the HTRA1-FOLR3 complex were building using three copies of each 

protein. The catalytic domain of human HTRA1 (residues 158-375) was modeled with 

full-length human FOLR3 (residues 1-245). The model was run on the ColabFold batch 

notebook, using AlphaFold2-multimer-v2, 24 recycles, with Amber relax. Models were 

compared to the crystal structure of the HTRA1 protease domain (PDB ID 3NWU) to 

gauge the similarity of the trimeric structure, and to the crystal structure of inhibitor-

bound HTRA1 (PDB ID 3NZI) to recognize the overlap with this substrate analog. 

 

Statistical analysis 

Data are expressed as mean values ± standard error of the mean (SEM). Statistical 

comparisons were performed using unpaired, two-tailed Student’s t tests. Differences were 

considered significant when P0.05.  

 

3.3 Results 

 

Unbiased proteomic analysis identifies a unique proteomic profile and elevated 

FOLR3 in NASH 

NASH is commonly associated with other metabolic conditions, including obesity and 

type II diabetes. To identify proteins/pathways specifically affected in NASH patients, an 

unbiased proteomic analysis was performed on human liver tissue samples from four 
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groups of subjects (n=6): NASH, steatosis, type II diabetes (T2DM), and healthy (Table 

3.1 and Supplemental Table 3.1). 

 

Healthy 
(n=6) 

NASH 
(n=6) 

Steatosis 
(n=6) 

T2DM 
(n=6) 

Age 40.5 ± 17.0 57.2 ± 15.9 53.7 ± 6.3 48.0 ± 9.5 

Gender: M, F (%) 50,50 33.3,66.7 50,50 66.7,33.3 

BMI 20.0 ± 3.15 39.9 ± 14.9 37.5 ± 4.6 37.9 ± 7.5 

Type II Diabetes (%) 0 0 100 100 

     
Table 3.1 Subject characteristics for global proteomic analysis 

 Liver tissue samples were prepared and analyzed using our in-house label-free global 

proteomic analysis workflow as previously described (Figure 3.2) (56, 58, 133). Among 

the samples, 5,860 proteins were identified and quantified with high confidence 

(Supplemental Table 3.2). The grouped heat map shown in Figure 3.3 displays the 

differentially expressed protein among the cohorts, and unsupervised clustering 

demonstrates NASH has the most distinct proteomic profile. We found several proteins 

differentially expressed in NASH patients, which have previously been associated with 

NASH, including proteins in liver metabolism, ENO3 and Hp, and 

inflammation/apoptosis, SCAF11, FAM169A, and GSTM5 (134-138). Of the 

differentially expressed proteins, we identified folate receptor gamma (FOLR3) as the 

highest upregulated protein, specifically in the NASH cohort. Further proteomic analysis 

of a cohort of NASH patients with varying fibrosis stages showed FOLR3 had a 

significant positive correlation between protein abundance and fibrosis stage (Figure 3.3).  

Figure 3.2 Experimental design for unbiased label free global proteomic analysis 
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Validation of SRM method for quantification of FOLR3 in human liver 

To confirm the upregulation of FOLR3 specifically in NASH a targeted mass 

spectrometry method was developed to quantify FOLR3 using nano-liquid 

chromatography and selected reaction monitoring (SRM). SRM is a highly sensitive and 

specific label-free method based on the quantitation of a unique tryptic peptide belonging 

to the protein of interest (139). FOLR3 has high sequence homology to other proteins in 

the folate receptor family, folate receptor alpha (FOLR1) and folate receptor beta 

(FOLR2). There is a 67% and 75% sequence similarity between FOLR3 and FOLR1 and 

FOLR3 and FOLR2, respectively. Sequence analysis and SRM parameter optimization 

identified a tryptic peptide in the C-terminus of FOLR3 as a suitable candidate for SRM 

Figure 3.3 Folate receptor gamma is upregulated specifically in NASH. (A) Heat map of differentially 

expressed proteins among patient groups and (B) quantitation for selected proteins (C) Individual FOLR3 

abundance from global proteomic analysis. (D) Correlation analysis between FOLR3 abundance and 

fibrosis stage. (n=6 * p>0.05 ** p<0.01 *** p<0.001 
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quantitation of FOLR3 (shown in Fig 3.4). To assess the specificity, sensitivity, and 

linearity of the method mouse liver lysates were prepared and spiked with varying 

concentrations of FOLR3 ranging from 10pg/ug of protein to 2ng/ug of protein. FOLR3 

is not expressed in mice and the liver lysate was used as a blank matrix. FOLR3 peak 

area was normalized to the peak area of a β-actin peptide. The SRM instrument 

parameters and ion transitions used for quantitation are shown in Table 3.2. The retention 

time of FOLR3 was consistently 25.5 minutes. Linear regression analysis of varying 

concentrations of FOLR3 and peak area ratio demonstrated a linear response well 

represented by the equation y=mx+b. A representative standard curve for FOLR3 is 

shown in Fig 3.4 with a coefficient of determination (R2) >.99. The lower limit of 

quantitation was calculated to be 50pg/ug of protein. The accuracy and precision of the 

method were assessed using six (n=6) replicates of mouse liver lysate spiked with two 

different concentrations of FOLR3, 50pg/ug of protein (Low QC) and 1ng/ug of protein 

(High QC). The accuracy and precision of the High QC was 18% and 13.1% and the low 

QC was 17.6% and 9.1%, respectively. This validates the method for quantification of 

FOLR3 in human liver tissue. The method was then used to quantify FOLR3 in liver 

samples from subjects with NASH, T2DM, steatosis, or healthy controls. The results 

shown in Figure 3.4 verify the upregulation of FOLR3 specifically in NASH correlating 

with our findings in the global proteomic analysis. There was a 6-fold increase in FOLR3 

levels in control versus NASH subjects with an average FOLR3 concentration of 

184±200pg/ug and 1826±560.7pg/ug for control and NASH, respectively. FOLR3 has 
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not yet been characterized in liver metabolism or fibrosis and prompted further studies 

into its function. 

 

FOLR3 enhances TGFβ1 mediated hepatic stellate cell activation 

Single-cell RNAseq analysis shows FOLR3 liver expression is mainly in pro-

inflammatory macrophages with minor expression in hepatic stellate cells (130). After 

finding the upregulation of FOLR3 in NASH liver tissue and a positive correlation 

Table 3.2 Selected reaction monitoring transition table for FOLR3 and β-actin 

Figure 3.4 Validation of SRM method for quantitation of FOLR3 in human liver. (A) Sequence 

alignment of folate receptor family and identification of unique tryptic peptide for FOLR3. (B) Standard 

curve for FOLR3 spiked into blank liver lysate. (C)  Skyline software display showing the product ions used 

for quantitation. A representative chromatogram is shown with peak area and retention time for High and 

Low QC analysis. (D) Results from liver FOLR3 quantitation in control, NASH, steatosis, and type II 

diabetes patients. (N=3-5 * p<.05) 
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between FOLR3 abundance and fibrosis staging, it was hypothesized that FOLR3 could 

play a role in fibrogenesis. To better understand the role of FOLR3 in liver fibrosis, the 

effect of FOLR3 on immortalized primary human hepatic stellate cells (LX-2) was 

studied. Preliminary studies were performed to optimize the concentration of FOLR3 to 

see an effect on hepatic stellate cell activation. LX-2 cells were treated with varying 

concentrations of FOLR3 for 2 and 24 hours and cell lysates were collected and analyzed 

for COL1A1, a marker for stellate cell activation, using western blot. The results are 

shown in Figure 3.5 and show there is a dose dependent increase in COL1A1 up to 

1ug/mL of FOLR3. FOLR3 at 1ug/mL was used for the following studies. The 

proliferation of LX-2 was also assessed with FOLR3 treatment. There was a significant 

increase in LX-2 cell growth when cells were treated with FOLR3 from 48 hours to 96 

hours (Figure 3.5). These studies were performed in DMEM with 2%FBS where TGFβ1 

is present.  
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 To assess the global effect of FOLR3 by itself on hepatic stellate cell activation, cells 

were treated with FOLR3 in serum free media and the secretome was analyzed in 

conditioned media. Our in-house global proteomic analysis was used to analyze the 

secretome of hepatic stellate cells treated with vehicle, FOLR3 1ug/ml, TFGβ1 2ng/ml, 

or FOLR3 1ug/mL and TGFβ1 2ng/mL for 24 hours (n=4). The cell supernatants were 

individually processed and prepared for global unbiased label-free proteomic analysis as 

described in the methods. 1,707 proteins were identified and quantified from this 

analysis, with 97 being extracellular matrix proteins (Supplemental Table 3.3). The heat 

map displayed in Figure 3.6 shows the expression of extracellular matrix proteins from 

the four experimental groups. Hierarchical clustering shows proteins specifically 

upregulated in cells treated with FOLR3: collagen alpha-1(XVIII) chain and collagen 

alpha-1(X) chain or TGFβ1: CCN family member 2, collagen alpha-2(IV), plasminogen 

activator inhibitor 1, and matrix metalloproteinase-3. The cells treated with FOLR3 and 

TGFβ1 demonstrated a synergistic effect increasing the expression of several 

Figure 3.5 FOLR3 activates hepatic stellate cell activation. (A) Western blot analysis of COL1A1 in 

conditioned LX-2 media after treatment with FOLR3 at varying concentrations (B) Cellular proliferation 

assay for LX-2 cells treated with FOLR3 (n=3 *p<0.05 **p<0.01) 
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extracellular matrix proteins, including collagen and matrix metalloproteinases. In 

addition, TGFβ1 and TGFβ regulatory proteins, latent transforming growth factor binding 

protein 2 and 3 (LTBP2 and LTBP3) and transforming growth factor beta-induced 

protein (TGFBI) were all significantly increased with the treatment of FOLR3 and 

TGFβ1 demonstrating FOLR3 can have a direct effect on TGFβ signaling (Figure 3.6). 

Principal component analysis (PCA) correlates with these findings showing the 

FOLR3+TGFβ1 samples grouped together demonstrating a distinct expression profile 

compared to the other experimental groups. The secretion of COL1A1 in cell culture 

media was further analyzed by western blotting. These results confirmed the elevation of 

COL1A1 in the cells treated with FOLR3 and TGFβ1. Overall, these results show that 

FOLR3 can increase extracellular matrix protein production in hepatic stellate cells and 

enhance the effect of TGFβ1 during fibrogenesis. 
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FOLR3 regulates TGFβ signaling through interaction with serine protease HTRA1 

To determine how FOLR3 activates hepatic stellate cells mechanistically, extensive 

protein-protein interaction studies were performed. First immunoprecipitation using 

magnetic beads coated with anti-FLAG antibodies were used to pulldown FOLR3 with a 

FLAG tag and interacting proteins. FOLR3 and interacting proteins were then eluted 

from the magnetic beads and analyzed using LC-MS/MS. Samples with and without 

FOLR3 were processed simultaneously to eliminate false positives. From this analysis 

Figure 3.6 FOLR3 enhances TGF1b mediated hepatic stellate cell activation. (A) Heat map showing the 

expression of extracellular matrix proteins in the supernatant of cells treated with vehicle, FOLR3, TGF1β, 

and FOLR3+TGF1β and individual quantitation of NASH-associated proteins (n=4 *p<0.05 **p<0.01 

***p<0.001) (B) Principal component analysis plot (C) Western blot analysis and quantitation of COL1A1 

(n=3 **p<0.01 ***p<0.001) 



56 

three proteins were identified as specifically pulled down by FOLR3: serine protease 

HTRA1, glutaminyl peptide cyclotransferase, and midkine. (Supplemental Table 3.4). 

Interestingly, all of these proteins are involved in the extracellular matrix. The most 

abundant protein in the pulldown was serine protease HTRA1, and it was only detected in 

the pulldown samples with FOLR3 present (Figure 3.7). The peptide spectrum match for 

the most intense HTRA1 peptide is shown in Figure 3.7 and provides high confidence for 

the detection of HTRA1. HTRA1 is involved in extracellular matrix remodeling and 

regulates TGFβ signaling through degradation of transforming growth factor receptor 2 

(TGFBR2) (140, 141). To further confirm the interaction between FOLR3 and HTRA1, 

the pulldown experiment was repeated and analyzed using Western blot (Figure 3.7). 

These results confirmed the interaction of FOLR3 and HTRA1.  To explore the potential 

structural basis for the interaction between FOLR3 and HTRA1, we built a model of this 

interaction using ColabFold-AlphaFold2 (142, 143). The catalytic (serine hydrolase) 

domain of HTRA1 is known to form a homotrimer, with the N- and C-terminal domains 

of the protein dispensable for its activity (144). Accordingly, we applied ColabFold-

AlphaFold2’s multimer model (145) using a 3:3 stoichiometry of FOLR3 and HTRA1’s 

catalytic domain. In the best-scoring model (Figure 4D), the overall structure and trimeric 

arrangement of HTRA1 are virtually superposable with the previously-reported crystal 

structure (144); meanwhile, the three copies of FOLR3 are placed in a symmetric 

arrangement relative to each subunit. Specifically, FOLR3 occupies a region just outside 

the56ctivee site, engaging the protein close to the catalytic triad. While there are no direct 

contacts with the residues comprising the catalytic triad, the model of FOLR3 overlaps 

with a peptide inhibitor included in the crystal structure (Figure 4D, inset): thus, we 
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speculate that the binding of FOLR3 to this region might inhibit catalysis by preventing 

substrate access to the active site. Because HTRA1 has previously been shown to inhibit 

TGFβ signaling by degrading TGFBR2 in fibroblasts, we wanted to determine if HTRA1 

degrades TGBR2 in hepatic stellate cells and the functional impact of FOLR3 on 

HTRA1. Immunofluorescence was used to visualize active TGFBR2 on the cell 

membrane of hepatic stellate cells (Figure 3.8). Activated hepatic stellate cells showed 

robust expression of TGBR2 on the cell surface. Treating the cells with HTRA1 for 2 

hours significantly decreased the amount of TGFBR2 on the cell surface, and when the 

cells were pre-treated with FOLR3, it prevented the degradation of TGFBR2. These 

results show that FOLR3 can inhibit the degradation of TGFBR2 and demonstrate the 

functional impact of FOLR3 on HTRA1. Altogether these studies show that FOLR3 

interacts with HTRA1 and can impact its function by preventing the degradation of 

TGFBR2. 
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Figure 3.7 Folate receptor gamma interacts with HTRA1. Anti-FLAG coated magnetic beads were used 

to pulldown FOLR3 and interacting proteins within hepatic stellate cell lysate. Samples without FOLR3 

were processed simultaneously. All pulldowns were analyzed by LC-MS/MS. (A) Scaled abundance for 

FOLR3 and HTRA1 in pulldown samples. Blue bars are average abundance and standard deviation for 

each group and gray bars are individual abundances for each replicate (B) Peptide spectrum match for 

serine protease HTRA1. (C) Western blot analysis for HTRA1 after FOLR3 pulldown (D) AlphaFold2 

model of the HTRA1-FOLR3 interaction. The trimeric arrangement of HTRA1 in the model (blue) is 

essentially identical to the previously reported crystal structure of the HTRA1 catalytic domain (silver). 

Three copies of FOLR3 (cyan) are symmetrically arranged relative to HTRA1 in the model, close to the 

active site (gold). As shown in the inset, this model of FOLR3 (cyan) does not include direct contacts with 

the residues comprising the catalytic triad (gold); rather, it occludes the region that would otherwise be 

occupied by substrate (green), suggesting a means by which FOLR3 may directly inhibit the proteolytic 

activity of HTRA1 
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FOLR3 exacerbates fibrosis in a diet-induced mouse model of NASH 

In vitro characterization of FOLR3 in HSCs showed that FOLR3 can enhance TGFβ 

signaling through HTRA1. Mice do not express FOLR3, and it has been shown mice do  

not develop severe fibrosis comparable to the human disease. Due to the high sequence 

similarity between human and mouse HTRA1, it was predicted FOLR3 could induce 

severe fibrosis in a NASH diet-induced model. To assess the effect of FOLR3 in an in 

vivo model of NASH, FOLR3 was administered to animals on an Amylin diet, previously 

shown to induce NASH (133). Animals were fed a chow diet (n=3) or an Amylin diet 

(n=6) for the entirety of the study. For the last four weeks of the study, three Amylin diet 

mice were treated with FOLR3 1ug/day i.p. (Figure 3.9). Liver tissue was collected at the 

end of the study, and histology was analyzed using the NAFLD Activity Score (NAS). 

Animals treated with FOLR3 had significantly elevated steatosis, hepatic ballooning, and 

overall NAS score compared to Amylin animals. Sirius red staining was used to visualize 

collagen fibers within the liver tissue and quantify the fibrosis score. Animals treated 

with FOLR3 had significantly higher levels of fibrosis and presented clear signs of 

Figure 3.8 FOLR3 regulates TGFβ signaling through interaction with HTRA1. Immunofluorescence of 

TGFBR2 (green) in LX-2 cells treated with HTRA1 and FOLR3. Nuclei and cell body stained in blue and 

red respectively. Quantitation of TGFBR2 shown in the bar graph. (n=300 **** p<.0001) 
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advanced fibrosis, including bridging fibrosis commonly seen in human NASH (Figure 

3.9). To evaluate changes on the molecular level, an unbiased proteomic analysis was 

performed on the liver tissue of each mouse. Several ECMs were significantly increased 

in both Amylin and Amylin+FOLR3 animals (Supplemental Table 3.5). Furthermore, the 

heat map shown in Figure 3.9 shows a subset of ECMs specifically increased in only 

Amylin+FOLR3 animals, including galectin-3 (Lgals3), apolipoprotein E (APOE), and 

proteins increased in our in vitro studies, thrombospondin 1 (THBS1), serpin family E 

member 2 (SERPINE2), and collagen type 6 (COL6A2). Interestingly, these proteins 

have previously been shown to increase during TGFβ1 activation (92, 146-148). These 

results are in good agreement with our in vitro analyses and demonstrate that FOLR3 can 

drive NASH fibrogenesis in an animal model of NASH. 
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3.4 Discussion 

A better understanding of TGFβ1 regulation, specifically in HSCs, is required to 

develop more targeted therapies for controlling TGFβ1 regulation during NASH 

progression. In this study, FOLR3 was identified as a regulator of TGFβ1 signaling through 

interaction with serine protease HTRA1. Using global proteomic analysis on liver samples 

from healthy, steatosis, type II diabetes, and NASH subjects, a distinct proteomic profile 

of NASH patients was characterized. Proteomic changes specific to NASH included 

differential expression of several ECMs and inflammatory proteins, previously indicated 

Figure 3.9 FOLR3 exacerbates fibrosis in a diet-induced mouse model of NASH. (A) Experimental 

design. (B) Mouse liver histology with Sirius red staining. Images are taken at 10x, 20x, and 40x. Scale bar 

= 500, 200, and 75µm, respectively (C) NAFLD Activity Score and Fibrosis score quantitation (D) Heat 

map displaying extracellular matrix protein abundance from proteomic analysis (n=3 **p<0.01 

***p<0.001) 
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in NASH. These findings identified FOLR3 as the top significantly increased protein 

specific to NASH patients and positively correlated with fibrosis stages.  

FOLR3 is the secreted form of the folate receptor family. The folate receptor 

family, specifically FOLR1 and FOLR2, has been significantly overexpressed in various 

tumors and diseases associated with inflammation and targeted for therapeutic drug 

delivery (123, 132, 149). Recent studies have identified that FOLR3 gene expression 

increased in oral cancers and tumor peripheral blood mononuclear cells, but the molecular 

function of FOLR3 has not yet been characterized. The importance of FOLR3 has been 

demonstrated in studies identifying FOLR3 single nucleotide polymorphisms strongly 

associated with disease progression(131). As mentioned in the introduction several recent 

studies have shown that folate receptors have additional roles independent of folate 

metabolism ((124). These findings expand the complexity of folate metabolism and bring 

a novel interest In the role of folate receptors in disease pathophysiology. 

This study is the first time elevated FOLR3 expression has been identified in 

NASH. Our proteomic analysis did not detect significant changes in other folate receptors 

or folate metabolic enzymes. These findings corelated with our previous findings in HEK-

293T cells overexpressing FOLR3 (Supplemental Figure 3.3) and indicate FOLR3 is 

exerting its function independent of one-carbon and folate metabolism. Previous liver 

tissue single-cell RNAseq analysis showed FOLR3 expression mainly in inflammatory 

macrophages with some expression in hepatic stellate cells. From these findings, it was 

hypothesized FOLR3 was acting as a cytokine secreted from inflammatory Kupffer cells 

during NASH and activating HSCs contributing to fibrogenesis.  
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In vitro studies using HSCs demonstrated that FOLR3 could enhance the activation 

of HSCs by TGFβ1. Secretome analysis of conditioned HSC media showed upregulation 

of several extracellular matrix proteins in cells treated with FOLR3 and TGFβ1 versus 

treatment with FOLR3 or TGFβ1 alone. These included several proteins involved in 

TGFβ1 signaling and regulation, including TGFβ1, TGFBI, and latent TGF binding 

proteins 1-3 (LTBP 1-3). TGFβ1 is tightly regulated spatially. TGFβ1 is secreted in an 

inactive state and is bound by latent TGFβ binding proteins in the extracellular matrix 

(150). The localization of TGFβ1 in the ECM allows for rapid response to cellular stimuli 

and activation of TGFβ1. LTBP1-3 has previously been shown to be increased in NASH 

and hepatocellular carcinoma and signify activation of TGFβ1 signaling (151, 152). In 

addition, previous studies showed the knockout of LTBP1 in mice prevents hepatic 

fibrogenesis (153). The overexpression of several ECMS, specifically TGFβ1 and LTBP1-

3, demonstrates that FOLR3 can activate HSC in the presence of TGFβ1 and could impact 

TGFβ1 regulation directly.  

Extensive protein-protein interaction studies were then performed to identify 

binding partners of FOLR3. The results from our IP-MS analysis identified multiple ECM 

proteins as potential binding partners of FOLR3. Of most interest was the interaction with 

serine protease HTRA1. HTRA1 is a secreted protein with a highly conserved trypsin-like 

serine protease domain and is implicated in several pathologies involving aberrant 

extracellular matrix deposition, including fibrotic cirrhosis (154). Previous studies have 

shown HTRA1 can negatively regulate TGFβ signaling through degradation of TGFβ 

receptors (140, 141). For example, missense mutations of the HTRA1 gene have been 

identified in cerebral autosomal recessive arteriopathy with subcortical infarcts and 
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leukoencephalopathy (CARSIL). These mutations lead to decreased proteolytic activity 

and disinhibition of TGFβ1 signaling(155). These findings show HTRA1 is a crucial 

regulator of TGFβ1 signaling and could be involved in hepatic stellate cell activation 

during hepatic fibrogenesis. Our functional analysis demonstrates that HSCs treated with 

HTRA1 degrade active TGFBR2 on the cell membrane. To our knowledge, this is the first 

time HTRA1 has been shown to degrade TGFBR2 in hepatic stellate cells. Furthermore, 

we showed that FOLR3 could inhibit the degradation of TGFBR2 and preserve active 

receptors on the cell surface, correlating with our molecular model. These results indicate 

that FOLR3 can prevent negative regulation of TGFβ signaling by HTRA1 and lead to 

excessive production and secretion of ECMs.  

A major limitation for developing therapeutics for NASH is the lack of preclinical 

animal models that properly model the human disease. Diet-induced rodent models 

consistently develop steatosis and inflammation but do not develop severe fibrosis stages 

commonly seen in the human condition. Because rodents do not have the FOLR3 gene and 

FOLR3 exacerbates TGFβ1 effect on ECM activation, it was hypothesized that FOLR3 

could play a role towards severe fibrosis development. In addition, mice express HTRA1 

with high sequence homology with the human protein, implying human FOLR3 can 

interact with mouse HTRA1 and prevent its activity, as shown in our in vitro studies. We 

fed mice a NASH-inducing diet and treated them with FOLR3 to assess the effects on 

fibrosis development. We found the animals treated with FOLR3 developed advanced 

stages of fibrosis demonstrated by liver histology analysis. The animals showed excessive 

collagen deposition and bridging fibrosis, a key hallmark of human NASH. Furthermore, 

proteomic analysis of the liver tissue showed mice treated with FOLR3 had increased 
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expression of a unique subset of ECMs compared to animals on the Amylin diet, including 

collagen 6A2, galectin-3, and serpine2. These proteins were also increased during in vitro 

studies with FOLR3 and have previously been increased in human NASH (69, 146, 147, 

156). Together these results show that FOLR3 treatment can induce NASH with advanced 

fibrosis stages in mice. Therefore, FOLR3 treatment could be used as a model for inducing 

fibrosis in mice and have great utility for the preclinical development of therapeutics for 

hepatic fibrosis in NASH.  

Overall, this study identifies a novel role of FOLR3 in human NASH (Figure 3.10). 

We have shown the increased abundance of FOLR3 during NASH can enhance TGFβ1 

signaling by binding to HTRA1 and preventing the degradation of TGFBR2. This leads to 

the overactivation of TGFβ1 and the excessive production of ECMs. These results 

demonstrate that FOLR3 can be a potential drug target for treating hepatic fibrosis, and 

FOLR3 treatment can be used in preclinical models to induce advanced stages of fibrosis 

that better represent the human disease. 



66 

  

Figure 3.10 FOLR3 enhances TGFβ1 signaling in hepatic stellate cells during NASH 



67 

CHAPTER 4 INNOVATION AND TRANSLATIONAL IMPACT 

 

The findings of this dissertation have made significant contributions to the understanding 

of NASH pathophysiology. In Chapter 2 GNMT protein abundance was shown to be 

decreased in human NASH for the first time. These findings correlate with previous 

analyses showing GNMT gene expression reduced in NASH. A translational animal 

model for NASH was then developed to study the molecular consequences of GNMT 

downregulation. Previous animal models for NASH have faced several limitations 

occluding their translation to the human disease, including the use of non physiologic 

toxins, genetic manipulations, and a lack of fibrosis and insulin resistance development. 

Our novel modified amylin diet using C57BL/J6 mice replicated a natural progression of 

NASH commonly seen in humans by first using a high-fat high-sucrose diet to induce 

obesity and insulin resistance and then adding cholesterol to the diet to induce 

inflammation and fibrosis of the liver. The animal model showed great translation to 

human NASH with mild fibrosis reproducing key features of NASH on the histological 

and molecular level including decreased GNMT levels.  Using this model, we found 

decreased GNMT leads to a significant increase in AdoMet levels and induction of 

polyamine flux resulting in increased levels of oxidative stress. These findings reveal a 

novel mechanism for oxidative stress production during NASH. Polyamine flux has 

previously been indicated in several disease states including hepatocellular carcinoma 

and hepatitis C, causing oxidative stress and inflammation in the liver [52,53]. 

Furthermore, mechanistic studies performed in vivo and in vitro have shown that 

inhibition of polyamine oxidation can reduce levels of reactive oxygen species and 

prevent cytotoxicity [52,54-56]. These findings demonstrate polyamine oxidation could 
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be a viable drug target for preventing oxidative stress and treating NASH patients. 

Polyamine oxidation can be inhibited through multiple means, including genetic KO of 

polyamine metabolic enzymes or small molecule activators or inhibitors of GNMT and 

polyamine enzymes respectively(53, 54, 157, 158). Future studies will aim to utilize these 

tools for manipulating polyamine metabolism in the liver and determine the impact of 

oxidative stress produced by polyamine flux and the viability as a drug target. Another 

major application of these findings is the use of AdoMet concentration as a biomarker for 

NASH progression and drug treatment. NASH can often be a “silent disease” that does 

not show any signs or symptoms until late stages of the disease where severe damage has 

already taken place in the liver. There has been a huge effort from the Federal Drug 

Administration (FDA) to identify biomarkers for early stages of the disease for 

diagnosing patients at high risk for NASH and monitoring the disease state during 

treatment. The work of this dissertation shows AdoMet levels are significantly elevated 

in a translational animal model of NASH and are predicted to be elevated in human 

NASH based on downregulation of GNMT. As mentioned in Chapter 2 there have been 

conflicting findings of the levels of AdoMet during NAFLD, but previous studies have 

shown patients can be stratified based on the metabolic profile to personalize treatment 

and enhance patient outcomes (43). To build upon these findings the concentration of 

liver and plasma AdoMet should be assessed in a large NASH patient population to 

determine its applicability as a biomarker. Overall, this work lays the foundation for 

monitoring polyamine metabolism during NAFLD and targeting it for therapeutic 

purposes. 
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 In Chapter 3 of this dissertation mass spectrometry proteomics were applied to 

analyze human liver tissue and characterize a unique NASH proteome profile and 

identify molecular drivers of the disease process. Mass spectrometry proteomics have 

advanced tremendously over the past decade and provide an innovative approach to 

understanding disease processes in an unbiased and non-hypothesis driven manner (159). 

From our extensive analyses we identified FOLR3 as specifically upregulated in NASH 

patients compared to common comorbidities. This study was the first time FOLR3 was 

identified in NASH patients and the function of FOLR3 is not well understood. Initially, 

it was thought FOLR3 was playing a role in folate metabolism and one-carbon 

metabolism, but molecular characterization of FOLR3 found it can enhance TGFβ 

signaling in hepatic stellate cells and drive liver fibrosis. FOLR3 exerts this function 

through binding to serine protease HTRA1 and preventing the degradation of TGFBR2. 

These findings demonstrate the role of FOLR3 in liver fibrosis and provide a novel target 

for treating NASH. 

 It was shown that FOLR3 treatment in a murine model of NASH can successfully 

recapitulate human liver fibrosis in NASH. Commonly used models of NASH in rodents 

do not produce severe fibrosis that is commonly seen in human patients. This lack of 

efficient animal models for studying NASH with fibrosis has prevented successful 

translation of preclinical drug candidates into the clinic and a major reason for the 

absence of approved drugs for treating NASH. Interestingly, FOLR3 is not expressed in 

rodents and it was hypothesized the lack of fibrosis development in rodents is due to the 

absence of FOLR3. This dissertation demonstrates mice fed a modified amylin diet and 

treatment with FOLR3 can properly reproduce NASH with severe bridging liver fibrosis 
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and can be a powerful tool for NASH anti-fibrotic drug development. Furthermore, the 

data presented in Chapter 3, supports the utility of FOLR3 as a drug target for treating 

NASH. It was shown FOLR3 is significantly elevated in NASH patient liver samples 

with fibrosis and FOLR3 can exacerbate fibrosis in both in vitro and in vivo studies 

through its interaction with HTRA1. Molecular modeling of the interaction between 

FOLR3 and HTRA1 show FOLR3 binds in close proximity to the catalytic site of 

HTRA1 and predict inhibition of substrate binding to HTRA1. Our functional analysis 

demonstrates this prediction by showing FOLR3 can inhibit HTRA1 degradation of 

TGFBR2 on the surface of hepatic stellate cells. Several of the amino acid residues of 

FOLR3 at the interface of HTRA1 binding (Y150, A171, L174) are unique to FOLR3 

compared to the other folate receptors and could be an ideal target for monoclonal 

antibodies against FOLR3 to effectively block the interaction between FOLR3 and 

HTRA1. Further studies will focus on validating the role of FOLR3 and HTRA1 

interaction during the disease using site-specific mutations of FOLR3 and the use of 

monoclonal antibodies targeting FOLR3 for the treatment of NASH. Overall, these 

studies introduce a novel molecular driver of NASH fibrogenesis and a potential drug 

target for treating NASH.  
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CHAPTER 5 SUMMARY 

 

Nonalcoholic steatohepatitis (NASH) is an advanced form of nonalcoholic fatty liver 

disease (NAFLD) involving lipid accumulation, inflammation, and fibrosis of the liver 

tissue. The prevalence of NASH is rapidly increasing and now effects over 6% of the 

United States population (160). Without any approved treatments on the market, there is 

an urgent need for a better understanding of NASH pathophysiology to identify effective 

drug targets that can be modulated for NASH treatment. In this dissertation, the role of 

two molecular drivers of NASH pathogenesis was extensively studied using global 

proteomic technology and various biochemical techniques. In Chapter 2, a novel 

mechanism for oxidative stress production during NASH was identified. It was found the 

reduction of GNMT during NASH leads to a polyamine flux and excessive production of 

reactive oxygen species, contributing to NASH progression. Future studies will focus on 

determining the impact of polyamine flux on overall oxidative stress and the utility of 

AdoMet as a biomarker for monitoring disease progression. In Chapter 3, FOLR3 was 

identified for the first time as being upregulated in human NASH. It was hypothesized 

elevated FOLR3 would impact folate and one-carbon metabolism, but characterization of 

FOLR3 found it can induce fibrogenesis by enhancing TGFβ1 signaling through its 

interaction with serine protease HTRA1. These findings were validated in an in vivo 

study showing a diet-induced animal model treated with FOLR3 can induce severe liver 

fibrosis similar to the human disease. Overall, this dissertation provides innovative 

animal models for studying NASH and two distinct disease mechanisms driving 

oxidative stress and fibrogenesis in NASH; this will significantly contribute to the 

development of therapeutics for this devasting disease. 
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APPENDICES 

 A. SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 

  

Supplementary Figure 2.1 Representative analysis in Skyline for targeted mass spectrometry analysis. 



89 

 

 

Supplementary Figure 2.2 Coefficient of variation for SRM transitions.  Five replicate preparations of 

liver protein lysate were prepared to measure the technical replicate coefficient of variation for each 

peptide. The SRM replicate variation was assessed by three replicate injections of the same sample 

preparation. All peptides used for quantification had a coefficient of variation below 20%. 
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Supplementary Table 2.1  -Global proteomic analysis of modified amylin diet mice 

Supplementary Table 2.2 - Selected reaction monitoring transition table 

 

 

  

Supplementary Figure 2.3 Linearity of SRM transitions. The linearity of each peptide assay was assessed 

by preparing liver protein lysate samples with varying amounts of total protein amount. The linear 

regression for each peptide is shown and a total of 100ug of protein was used for subsequent analyses. 

https://tuprd-my.sharepoint.com/:x:/g/personal/tuh16123_temple_edu/EaIiJSteSp1Bkd3IFcZ1yqsBPQOYPh84mBzGleIpJ3pZaw?e=0EbgAC
https://tuprd-my.sharepoint.com/:x:/g/personal/tuh16123_temple_edu/ETCjrZGwA7lBnAlU-ZCKojcBf_8KsXJJtqWO0QsCf_PBbw?e=Kn7HK9
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B. SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

 

 

 

 

 

 

Overexpression of FOLR3 in human embryonic kidney cells  

To begin to understand the biological role of FOLR3 overexpression, an expression 

plasmid to overexpress FOLR3 was transfected in human embryonic kidney cells (Hek-

Supplementary Figure 3.1 Optimization of FOLR3 overexpression in Hek-293T cells. FOLR3 expression 

plasmid was transfected into Hek-293T cells as described in the methods section. The amount of plasmid 

transfected, and the time cells were incubated for were optimized. 

Supplementary Figure 3.2 Purification of FOLR3. FOLR3 was purified as described in the methods 

section. Purity was assessed by gel electrophoresis (left). Proteins were transferred to nitrocellulose 

membrane and stained with Ponceau S. Lane 1: Molecular weight ladder Lane 2: 500ng of purified 

FOLR3 Lane 3: Unpurified cell culture media. Results from western blot with anti-FLAG antibody are 

shown on the right. 
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293T). The overexpression of FOLR3 was confirmed by Western blot and it was found 

FOLR3 was present in the cell lysate and secreted into the cell culture media 

(Supplemental Figure 3.3). The cell lysate from cells overexpressing FOLR3 was then 

analyzed using our global proteomics workflow. Cells were transfected with the FOLR3 

vector and after 24 hours the cell lysate was collected and prepared for proteomics as 

previously described. Control cells were prepared in parallel only treated with 

transfection reagent. The results of the proteomic analysis are shown in Supplemental 

Figure 3.3. To our surprise we do not see much of an effect on the folate metabolic 

pathway. Dihydrofolate reductase showed a slight decrease in abundance, but reduced 

folate carrier, thymidylate synthase, dihydrofolate reductase 2, and serine 

hydroxymethyltransferase did not change. The top altered pathway in FOLR3 

overexpressing cells was the endoplasmic reticulum (ER) stress response system. We 

found a significant increase in abundance of several ER stress proteins including 

calnexin, calreticulin, and 78-kDa glucose-regulated protein. ER stress has been 

associated with NASH pathophysiology, but these findings need to be further 

investigated to determine if the ER response was caused by FOLR3 itself or from the 

high rate of translation from the overexpression. We also found three proteins involved in 

vesicle formation upregulated in the FOLR3+ cells: DENN domain-containing protein 

5B, protein transport protein Sec23B, and protein transport protein Sec23A. These 

proteins are involved in protein transport and could be involved in the secretion of 

FOLR3 from the cell. In terms of known NASH pathophysiology, we identified three 

differentially expressed proteins: hypoxia upregulated protein 1, superoxide dismutase, 

and granulocyte colony-stimulating factor (G-CSF). G-CSF is a cytokine that induces the 
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production and release of granulocytes and stem cells from the bone marrow. FOLR3 

expression is enhanced in monocytes and could play a role in immune response 

activation. This analysis was used as a preliminary study to get an idea of the function of 

FOLR3. Some major limitations to this study are Hek-293T cells are a kidney cell line 

where FOLR3 is not endogenously expressed and FOLR3 is a secreted protein and could 

be better modeled by adding FOLR3 to the cell culture media instead of overexpressing 

the gene within the cell. Further in vitro experiments will be done in specific liver cells 

treated with FOLR3 to better simulate how FOLR3 functions within the liver.  

 

 

Supplementary Table 3.1 - Patient characteristics table 

Supplementary Table 3.2 - Global proteome analysis human liver 

Supplementary Table 3.3 - Hepatic stellate cell secretome analysis  

 

Supplementary Figure 3.3 Overexpression of FOLR3 in Hek-293T cells. (A) FOLR3 with FLAG tag was 

overexpressed in Hek-293T cells and prepared for global proteomic analysis. The expression of FOLR3 

within the cell and in cell culture media was verified by western blotting. (B) Table displaying the results 

from global proteomics analysis of FOLR3 overexpressing cells versus control cells (N=4). 

https://tuprd-my.sharepoint.com/:x:/g/personal/tuh16123_temple_edu/Ee0pku2pPgxJkTIFzNDcbmABWpk9Nr62RLrYIVH_6DZ7Kg?e=CxTGfY
https://tuprd-my.sharepoint.com/:x:/g/personal/tuh16123_temple_edu/ETXoEB2Ba39MqVSc_Y8Z_mAB019qfQl3BH_IJDjjMxNKpw?e=sHNEvO
https://tuprd-my.sharepoint.com/:x:/g/personal/tuh16123_temple_edu/EYwHCbJswx9Ml_f7ftEsfEoBcORcuM4JaV5HSu334iJwtA?e=8alBwd
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Supplementary Table 3.5 - Global proteome analysis FOLR3 mouse liver 

 

Accession Description # PSMs MS Amanda Score Lysate Lysate+FOLR3

P41439 Folate receptor gamma 174 21813.62 0.00E+00 1.87E+08

Q92743 Serine protease HTRA1 6 290.14 0.00E+00 3.06E+06

Q16769 Glutaminyl-peptide cyclotransferase 44 2636.15 0.00E+00 1.97E+06

P21741 Midkine 9 754.55 0.00E+00 1.16E+06

Abundance

Supplementary Table 3.4 Results from FOLR3 pulldown in hepatic stellate cell lysate. The top 

interactors with FOLR3 are listed in the table. 

https://tuprd-my.sharepoint.com/:x:/g/personal/tuh16123_temple_edu/EeB8gOEeJx5Lk2W0PcuK4DkBVKLHxK95D3FVrl1hOJfzCg?e=nRru6c

