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ABSTRACT

Metabolic syndrome, marked by obesity, insulin resistance, hypertension, and
hyperlipidemia, poses significant health challenges, with obesity being its core symptom. The
pathogenesis of obesity is intricately linked with cardiovascular, and hepatic complications,
including heart disease, stroke, non-alcoholic fatty liver disease (NAFLD), and type 2 diabetes
(T2D). Despite its prevalence, the mechanisms underpinning obesity remain elusive. This
dissertation delves into the role of macrophage migration inhibitory factor (MIF), a pro-
inflammatory cytokine in regulating obesity and NAFLD. Our research unveils two key findings:
(1) The Roles of MIF in Adipose Tissue during Obesity Development: Hormone-sensitive
lipase (HSL) plays a fundamental role in mediating the free fatty acids release (FFAs) from adipose
tissue by catalyzing triglycerides and diacylglycerides. Inhibition of adipose HSL significantly
exacerbates the progression of obesity. Our work unveiled that extracellular MIF downregulates
HSL levels by activating the 5' AMP-activated protein kinase (AMPK)/c-Jun N-terminal kinases
(JNK) signaling pathway via its membrane receptor, cluster of differentiation 74 (CD74).
Evidently, blocking extracellular MIF action with a neutralizing antibody mitigates obesity in mice
fed a high-fat diet (HFD), underscoring the dominant role of extracellular MIF in HSL
downregulation in obesity development under physiological context. Conversely, intracellular
MIF exhibited an opposing effect by inhibiting JNK phosphorylation. Intracellular MIF deficiency
significantly downregulated the HSL expression and activation shown as in Mif” mice, thereby
exacerbating obesity during HFD. Thus, extracellular and intracellular MIF exert contrasting

influences over HSL regulation during the development of obesity.

(2) MIF's Role in Exacerbating NAFLD: We explored the role of MIF in the pathogenesis of

one obesity complication, NAFLD. Our findings revealed that elevated MIF levels increased



hepatic CD74 protein levels without altering gene expression, independently of liver inflammation
both in vitro and in vivo. The escalated hepatic CD74 levels were associated with the progression
of hepatic steatosis and fibrosis. These high MIF levels mediated the CD74 protein the
accumulation, and related pathological phenotype in the liver could be ameliorated through MIF
neutralization or MIF knockout. We observed that the increase of MIF-induced CD74
accumulation didn’t rely on a direct physical binding interaction between MIF and CD74. Caspase-
4 recognized as a significant contributor to CD74 degradation. Our study elucidates a novel
mechanism wherein endocytic MIF hinders caspase-4 cleavage and its subsequent activation,
consequently stabilizing CD74 levels and promoting hepatic CD74 accumulation, ultimately

contributing to the onset of NAFLD.

In summary, our research illuminated the intricate mechanisms by which MIF impacts
obesity and NAFLD. Activation of MIF engaged the AMPK/JNK axis, resulting in the
downregulation of HSL-mediated lipolysis, leading to adipocyte hypertrophy and contributing to
obesity development. Furthermore, hepatic MIF sustained CD74 protein through caspase-4
inhibition, playing a pivotal role in mediating obesity-related complications in the liver. These
findings offered valuable insights into potential therapeutic avenues for addressing metabolic

dysfunctions associated with obesity and NAFLD.



LAY SUMMARY

Unlocking the Puzzle of MIF in Metabolic Syndromes

Obesity is on the rise, and with it, a cluster of health issues known as metabolic syndrome.
This syndrome involves problems like insulin resistance and too many fatty acids in the blood,
which can lead to serious conditions like heart disease, fatty liver disease, and diabetes. In this
dissertation, we dive deep into the molecular mysteries that link a specific protein, macrophage
migration inhibitory factor (MIF), to metabolic syndrome, particularly focusing on obesity, insulin
resistance, and fatty liver disease. Our research has unveiled some key insights: (1) MIF's Double-
Edged Sword: MIF can be a friend or foe. First, it stops a crucial enzyme called Hormone-Sensitive
Lipase (HSL) in its tracks, making fat cells swell and leading to obesity. Second, when MIF is
inside cells, it plays a different tune. It teams up with other proteins to put a brake on HSL, and
when this brake fails, it can trigger even more obesity. (2) MIF's Role in Fatty Liver Disease: MIF
doesn't stop at obesity. It's also a major player in non-alcoholic fatty liver disease (NAFLD). It
does this by protecting its membrane receptor, a protein called CD74, which is a key player in liver
health. Even without liver inflammation, high levels of MIF can mess with CD74 leading to
NAFLD. Briefly, this research helps us better understand how MIF fits into the complex puzzle of
metabolic syndromes. This knowledge opens doors to potential treatments that could tackle the
connections between inflammation and metabolic issues, offering hope for people dealing with

these health challenges.
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CHAPTER 1: INTRODUCTION
1.1 Metabolic Syndrome

Metabolic Syndrome (MS) is characterized by a cluster of metabolic abnormalities,
including dyslipidemia, hypertension, hyperglycemia, insulin resistance, and central obesity.
Among these symptoms, obesity has been considered the core symptom that may initiate and
exacerbate other symptoms. Obesity also increases the risk of cardiovascular disease (CVD),
stroke, type 2 diabetes (T2D), and non-alcoholic fatty liver (NAFLD) ! 2 3 4. NAFLD is due to
overwhelming lipid accumulation in the liver, and it is a common disease associated with obesity.
However, to date, the mechanism regulating obesity and NAFLD is not fully elucidated. Thus, our

current research investigated the molecular mechanisms of obesity and NAFLD.
1.2 Obesity
1.2.1 Definition of Obesity

Obesity is a key global health issue, and its morbidity has significantly increased over the
past decades in both developed and developing countries ° ¢, In general, obesity is defined as a
chronic abnormal or excessive fat accumulation, often physiologically evidenced by enlarged
adipocyte size or “adipocyte hypertrophy.” It also leads to metabolic changes in other crucial organ
systems, including liver, skeletal muscle, and heart. The body mass index (BMI) is the common
indicator of obesity or overweight (BMI > 25 is overweight and BMI >30 is obese). Obesity is
caused by various factors including genetic disorders, excess caloric consumption (Western diet),

sedentary lifestyle, and certain medications 7 8 °.
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1.2.2 Pathophysiology/Mechanisms of Obesity
1.2.2.1 The genetic factors

Genetic induced obesity is attributed to chromosomal deletions, large-scale genetic
abnormalities, or single-gene defects. Genetic-induced obesity can be broadly categorized into
monogenic and polygenic obesity, both linked to abnormal neural regulation of food intake and
thermogenesis '°. Monogenic obesity is typically stems from gene mutations or deletions, such as
melanocortin-4 receptor (MC4R, the most frequent mutation), leptin, or pro-opiomelanocortin
(POMC) "' Of them, the mutations of the MC4R gene account for almost 4% of monogenic obesity

13

12, These genes play crucial roles in the regulation of food intake, energy expenditure '*, and

hormone secretion 7 %, For example, leptin deficiency, leptin receptor mutations, and rare defects
of the POMC gene contribute to severe hyperphagia in humans and animal models 4 15 16,
Common polygenic variants related to fat mass, also increase susceptibility to obesity both in

children and adults. For instance, the rs9939609 variant has been identified as an obesity

susceptibility locus, heightening the risk of obesity !7.
1.2.2.2 The lifestyle

Compared to genetic factors (< 5%), dietary habits play a more significant role in the
pandemic of obesity '® '°. The Western diet, characterized by its high fat and sodium content,?’

2120 cardiovascular disease, and cancer 2. In contrast, diets rich in

increases the risk of obesity
vegetables, fruits, whole grains, nuts, and yogurt demonstrate a negative correlation with body

weight gain and a reduced risk of fatal diseases >*.

A sedentary lifestyle is another significant factor exacerbating obesity !7 2% The

unprecedented period of mandatory isolation during the COVID-19 pandemic has provided a
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unique opportunity to investigate the association between body weight gain and changes in
physical activities. The reduction of physical activities was significantly associated with increased
body weight gain 23, particularly in children and adolescents 2. As a result, the global obesity
pandemic worsened due to COVID-19 27 28 2% Conversely, numerous prior studies have
highlighted that increased physical activity could ameliorate and even reverse obesity. Engaging
in regular physical activity for 250 minutes per week increases energy expenditure, thereby

contributing to a reduction in body weight 3.

Many medications, including atypical antipsychotics (e.g., clozapine, olanzapine,
risperidone) 3! 32, antihyperglycemics (e.g., thiazolidinediones), and steroid hormones (e.g.,
corticosteroids, glucocorticoids) 3* 3, as well as antihypertensive drugs (e.g., nitrendipine, atenolol)

35 are known to induce obesity 3! 3¢ 37

. Approximately 70% of patients with mental disorders are
overweight or obese * 3°. The overweight or obese condition in these patients is further
exacerbated following antipsychotic therapies 4, especially, clozapine and olanzapine, which may
increase body weight gain by an average of 4.5-16.2 kg and 3.6-10.2 kg, respectively 4!
Antihyperglycemic medications, such as pioglitazone and rosiglitazone also contribute to

increased body weight due to their effects on lipogenesis !

. Long-term treatment of
glucocorticoids increases body weight (e.g., cortisone,1.5-8.4 kg) 4> 4> 4 and triggers metabolic
dysfunction. Beta-blockers as a typical antihypertensive drug also enhance body weight gain #° to

different extents. Notably, among beta-blockers, atenolol (-0.5+3.4 kg 46 47), propranolol (-0.5+2.3

kg *® 4%), and metoprolol (1.2-2.0 kg 3° °) are associated with the highest body weight gain *!.
1.2.2.3 Cellular mechanisms of obesity

White adipose tissue (WAT) is a primary contributor to obesity 32, consisting of adipocytes

and non-adipocytes cells. The non-adipocytes cells collectively known as the stromal vascular
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fraction (SVF), comprising preadipocytes, macrophages, fibroblasts, and vascular endothelial cells
8. Although the total number of adipocytes is solidified in childhood and remains steady throughout
the whole of adulthood >, approximately 10% of these cells undergo renewal annually under
physiological conditions. Nevertheless, any aberration or malfunction within these cellular

components has the potential to instigate the development of obesity.
1.2.2.3.1 Adipocyte hyperplasia

Hyperplasia refers to “increased cell number”, which is a process that expands adipose
tissue and provides a beneficial effect against insulin resistance and metabolic dysfunction >* 3. In
the initial phase, known as "healthy adipose expansion," smaller adipocytes, derived from
preadipocytes, undergo increased differentiation 2° 2! 56 57 (Figure 1.1). HFD rich in saturated fatty
acids triggers the proliferation of adipocyte precursor cells °® and subsequent adipocyte hyperplasia
39, whereas n-3 polyunsaturated fatty acids suppress adipocyte differentiation ®°. Transcriptional
factors such as peroxisome proliferator-activated receptor y (PPAR-y) and CCAAT/enhancer
binding protein o/ (C/EBP a/p ) play vital roles in adipocyte maturation following hyperplasia
61 62 The early differentiation stage of preadipocytes involves the expression of C/EBP, which
subsequently triggers the expression of PPAR-y and C/EBP o 9. These transcription factors, in
turn, prompt the expression of pivotal adipogenic genes such as glucose transporter type 4
(GLUT4), fatty acid-Binding protein 4 (FABP4), and adiponectin (Figure 1.2) %. Notably,
inflammation and proinflammatory cytokines downregulate adipocyte hyperplasia. For example,
tumor necrosis factor alpha (TNF-a) disrupts the differentiation of preadipocytes in adipose
inflammatory cell milieu. Moreover, studies indicate that overexpression of GLUT4 facilitates
adipocyte hyperplasia in mice %, while TNF-a exhibits an inverse effect by reducing GLUT4

expression and subsequently impeding hyperplasia 7 1. Additionally, in the late stage of obesity
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(metabolically unhealthy obesity), dysfunctional preadipocytes display a macrophage-like
phenotype 22. Consequently, the number of preadipocytes is negatively correlated with BMI and

adipocyte cell size during the metabolically unhealthy obese state 2.
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1-Figure 1.1 Altered adipose tissue and adipocyte function in the pathogenesis of metabolic disorders
53

The figure delineates a chronological progression from left to right, showcasing the transformation of
preadipocytes into mature adipocytes. This transition is succeeded by adipose tissue expansion
attributed to preadipocyte proliferation and adipocyte hyperplasia, followed by adipocyte hypertrophy,
inflammation within the adipose tissue, and alterations in adipocyte hormone profiles ultimately

resulting in metabolic syndrome.
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2-Figure. 1.2. Adipocyte differentiation is a complex and tightly regulated process

The differentiation of adipocytes is a multifaceted process governed by diverse signaling
pathways, culminating in the activation of C/EBP-a and PPAR-y in vitro. These transcription
factors play a pivotal role in initiating and sustaining the expression of crucial adipogenic genes
including GLUT4, fatty acid binding protein (FABP)-4, and adiponectin, which are vital for the
optimal functioning of adipocytes .
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1.2.2.3.2 Adipocyte hypertrophy

Within the realm of obesity pathophysiology, in addition to hyperplasia, adipocyte
enlargement, referred to as “adipocyte hypertrophy” (Figure 1.1), is a notable phenomenon.
Adipocyte hypertrophy manifests as an excessive accumulation of lipids within adipocytes !,
precipitated by heightened lipogenesis and lipolysis processes (Figure 1.3). Various enzymes and
proteins govern lipid storage and mobilization in adipocytes, such as lipoprotein lipase (LPL),
cluster of differentiation 36 (CD36), HSL. LPL plays a critical role in promoting the cellular uptake
of chylomicron remnants, cholesterol-rich lipoproteins, and free fatty acids, which facilities lipid

storage in adipocytes ¢ ¢

. In the context of human and rodent obesity, adipose LPL is upregulated,
implying its potential contribution to adipocyte hypertrophy ®. CD36 is a fatty acid transporter,
and its deficiency partially protects mice from adipocyte hypertrophy and obesity induced by high-
fat diets %°. In contrast to the process of lipogenesis, lipolysis regulates fatty release from
adipocytes and it is mainly catalyzed by three lipases in consecutive steps, including adipose
triglyceride lipase (ATGL), HSL, monoglyceride lipase (MGL) 7° 7! 72, HSL, recognized as the
rate-limiting enzyme in lipolysis within adipocytes 73, exhibits reduced gene expression in obese
subjects 4. The deletion of HSL in adipocytes diminishes lipolysis and then enlarges the

adipocytes in WAT 7° 76, In summation, both increased lipid storage and decreased lipolysis within

the adipocytes may contribute to the development of adipocyte hypertrophy in obesity.
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3-Figure 1.3. Regulation of lipogenesis and lipolysis in adipocytes.

Lipogenesis: LPL facilities chylomicron remnants, cholesterol-rich lipoproteins, and free
fatty acids uptake through CD36 in adipocytes % ¢7. Lipolysis: Desnutrin/ATGL serves as
the catalyst for the onset of lipolysis by breaking down TG into DAG. HSL further
metabolizes DAG into monoacylglycerol (MAG), which is then enzymatically cleaved by
MAG lipase, resulting in the production of glycerol and three FFAs. Hormonal regulation
involves increased cAMP levels and activation of PKA. However, insulin activates AKT,
counteracting this effect. PKA phosphorylates HSL at specific sites (Ser 363 65% 660) 'while
also disrupting AMPK activation at the inactive site Ser *> on HSL. This promotes HSL
translocation to lipid droplets for DAG hydrolysis and also affects perilipin, enhancing
access for lipases 29° 309 310,
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1.2.2.3.3 Adipokines and obesity

WAT is not only a reservoir for energy storage, but also functions as an endocrine organ
system to secrete active proteins, “adipokines” to maintain metabolic homeostasis 7’. Adipokines
encompass a spectrum of hormones and cytokines, including prominent examples like adiponectin,
leptin, TNF-a., interleukin 6 (IL-6), interleukin 1 beta (IL-1f3), monocyte chemoattractant protein-
1(MCP1), MIF, interleukin 1 receptor antagonist protein (IL-1ra), and interleukin 10 (IL-10) 78 7°
808182 Notably, IL-6, interleukin-8 (IL-8), and TNF-a exhibit a positive correlation with adipocyte
size, while anti-inflammatory cytokines like interleukin 10 (IL-10), interleukin 1 receptor
antagonist protein (IL-1ra), and adiponectin demonstrate an inverse correlation with adipocyte size
78 83 In different adipose tissue depots, subcutaneous adipose tissue (SAT) and visceral adipose
tissue (VAT) exhibit distinct adipokine expression profiles. Generally, proinflammatory cytokines
are highly expressed in VAT, whereas leptin and interferon y-induced protein 10 (IP-10) dominate
in SAT # 8 The secreted adipokines eventually exert regulatory effects on food intake, insulin

sensitivity, and glucose/fatty acid metabolism, collectively contributing to the development and

progression of obesity.

Adiponectin promotes lipid storage in adipocytes by increasing the expression of lipogenic
genes, such as PPAR-y target genes and LPL. In addition, it may also elevate heparin-releasable
LPL in plasma ® %, Leptin acts on leptin receptors (LEPR/LepR) in the hypothalamus, suppressing
appetite and increasing energy expenditure . However, elevated circulating leptin levels are often
associated with leptin resistance in obese subjects, mitigating its inhibitory effects on appetite 5 8
% Thus, leptin-deficient ob/ob mice and leptin receptor-deficient db/db mice exhibit hyperphagia,

obesity, and metabolic dysfunction °' °2. The proinflammatory cytokine, TNF-o stimulates

lipolysis in adipose tissue through increasing HSL phosphorylation 3. TNF-a also disrupts the

30



insulin signaling transduction by downregulating insulin receptor substrate-1 and GLUT-4
expression in 3T3-L1 adipocytes 7 1. Neutralization of TNF-a or transgenic deletion of TNF-o
receptor has been shown to restore glucose uptake in adipocytes isolated from obese fa/fa rats 4
% These collectively underscore the intricate involvement of adipokines in obesity and metabolic

dysregulation.
1.3 Obesity-related Complications

Obesity significantly escalates the risk of various serious health conditions and symptoms,
including insulin resistance, T2D, cardiovascular disease, hypertension, hyperlipidemia, NAFLD

% etc.
1.3.1 Insulin Resistance
1.3.1.1 Definition of insulin resistance

Insulin resistance is characterized by a pathological state wherein systemic cells,
particularly those in muscle, liver, and adipose tissue, exhibit reduced responsiveness to normal
endogenous insulin concentrations. This diminished responsiveness necessitates elevated insulin
levels in circulation to facilitate the storage of glucose and lipids in the cells *°. The development
of obesity is often intricately linked with insulin resistance, with obesity exacerbating this
condition. Weight loss interventions have been observed to mitigate inflammation, improve insulin

sensitivity in peripheral tissues, and enhance B-cell function °7 98 9 100,
1.3.1.2 Molecular mechanisms of insulin resistance

Insulin plays a crucial role in regulating metabolic homeostasis (Figure 1.4), including

1

mediating general glucose uptake and glycogen synthesis !°!, hepatic gluconeogenesis and

glycogenolysis %2, etc. Insulin binds with the a subunits of insulin receptors to initiate tyrosine
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phosphorylation of insulin receptors and insulin receptor substrates (IRSs). The downstream
protein, Akt (RAC (Rho family)-alpha serine/threonine-protein kinase also called protein kinase
B, PKB) promotes the translocation of GLUT4 to the plasma membrane, resulting in glucose
uptake %% 1% However, under the influence of nutrients or inflammatory factors %3 19519 gych as
c-Jun N-terminal kinases (JNK), IkappaB kinase (IKK), protein kinase R (PKR), ribosomal protein
S6 kinase (S6K), protein kinase C (PKC), extracellular signal-regulated kinase (ERK) and
mammalian target of rapamycin (mTOR) are activated. These activations together or individually
lead to serine phosphorylation rather than tyrosine phosphorylation of IRS-1, eventually blunting

the insulin signaling pathway 07 108 109,

In the context of obesity, elevated levels of circulating fatty acids can initiate signaling
pathways that lead to insulin resistance in adipose tissue. Furthermore, obesity enhances the release
of adipokines, including TNF-a, which exacerbates this insulin resistance. Additionally, lipid or
lipid metabolites present in the circulation, such as diacylglycerol and ceramides, activate proteins
like PKC, IKK, and JNK. These activated proteins subsequently promote the serine

phosphorylation of IRS-1, further contributing to insulin resistance '°.
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4-Figure 1.4. Insulin signal pathways

Insulin promotes glucose uptake and utilization, and adipogenesis; inhibits gluconeogenesis
and glycolysis; and prevents protein decomposition and lipolysis through the IRS/
PI3K/Akt pathway. The change in Ser/Thr phosphorylation on IRS-1 is involved in insulin
resistance induced by FFAs. PKC, protein kinase C ',

33



1.3.2 NAFLD
1.3.2.1 Definition and prevalence of NAFLD

Liver steatosis is an important disease commonly associated with obesity !'!. NAFLD

12 presenting a diverse

characterized by an excessive accumulation of lipids within the liver
spectrum of histological alterations ranging from simple macrovascular steatosis to the more
severe non-alcoholic steatohepatitis (NASH) and fibrosis. The prevalence of NASH ranges from
3-15% in the general NAFLD population. Without treatment, NASH can progress to advanced
liver conditions such as cirrhosis and hepatocellular carcinoma (HCC) (Figure 1.5). Over the past
decades, the epidemic of NAFLD continued unabated in parallel with ongoing rise in obesity ''3.
Thus, early diagnosis and timely interventions are crucial in preventing the onset of NAFLD and
its progression to cirrhosis and HCC. However, so far, none of pharmacological interventions

specifically targeting in the liver have been found to effectively counteract NAFLD !4 115,
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5-Figure 1.5 Natural history of NAFLD.

NAFLD affects a substantial portion of the American population, estimated at up to 80
million individuals. Its progressive manifestation, known as NASH, is observed in
around 20% of those afflicted with NAFLD. NASH poses a significant risk of
progressing to liver fibrosis, with approximately 15% of individuals ultimately
developing cirrhosis. This subgroup of NASH cirrhosis patients faces an elevated risk
of HCC and necessitates rigorous screening and surveillance for HCC. Moreover, they
face an increased risk of liver decompensation, often requiring liver transplantation.
Notably, individuals with cirrhosis experience a significantly elevated risk of liver-
related mortality. In the broader context, within the NAFLD population, cardiovascular
disease stands as the foremost cause of mortality, followed by cancer and liver-related

fatalities 3!1.
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1.3.2.2 Cellular molecular mechanisms of NAFLD

Hepatocytes constitute a significant portion of the liver mass, approximately 55-65%, and
play a critical role in regulating lipid and glucose metabolism. Hepatocytes, typically engaged in

lipoprotein synthesis '

, experience lipid accumulation in response to a HFD when peripheral
tissues, like adipose tissue and skeletal muscle, fail to adequately deposit excess lipids in
circulation (Figure 1.6). Hepatic lipid accumulation results in oxidative stress, endoplasmic
reticulum (ER) stress, and mitochondrial dysfunction that further induce cell death. Elevated levels
of circulating FFAs and proinflammatory cytokines induced by obesity, activate hepatic resident
immune cells, Kupffer cells and hepatic stellate cells. These activated Kupffer cells boost the
production of inflammatory factors, including TNF-a and MIF 7 ''7_ instigating more immune cell
infiltration and subsequent liver inflammation ''®. Concurrently, the activated stellate cells increase
the production of extracellular matrix and collagen in response to hepatic lipid-induced liver

119

damage '"°, contributing to fibrosis and exacerbating the progression of NAFLD. In severe cases,

this progression may culminate in the development of cirrhosis and hepatocellular carcinoma '2°,
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6-Figure 1.6 Metabolic causes of NAFLD.

An escalated caloric intake, particularly through a Western diet abundant in sucrose, high-
fructose corn syrup, and saturated fats, is linked to the development of NAFLD and
increased deposition of lipids in non-adipose tissues, notably skeletal muscles. The
augmented intramyocellular lipid content, often preceding the onset of NAFLD, induces
insulin resistance within the muscles, leading to the hindrance of insulin signaling.
Consequently, insulin-stimulated glucose transportation and muscle glycogen synthesis are
reduced. This impaired glycogen storage in muscle necessitates the redirection of ingested
glucose to the liver. Concurrently, compensatory hyperinsulinemia in the portal vein due to
muscle insulin resistance activates SREBP1c, thereby enhancing the expression of crucial
hepatic enzymes regulating de novo lipogenesis (DNL). This cascade ultimately results in
heightened VLDL production, hypertriglyceridemia, and the onset of NAFLD.
Monosaccharides can further aggravate NAFLD development by activating other
transcription factors like ChREBP, PPARy coactivator 1-f, and LXR, consequently
stimulating hepatic lipogenesis. Additionally, insulin resistance or inflammation in white
adipose tissue (WAT) elevates lipolysis rates, leading to an increased supply of fatty acids
to the liver. This surplus promotes the esterification of fatty acids into hepatic triglycerides,
contributing to NAFLD in a substrate-dependent, largely insulin-independent manner.
Triglyceride-rich lipoproteins (TRLs) are normally cleared from the bloodstream via
peripheral LPL activity. However, endogenous inhibitors of LPL (e.g., ApoC3,
ANGPTL3/8 complex, and ANGPTL4) attenuate peripheral triglyceride clearance, thereby
augmenting hepatic triglyceride uptake from TRLs like chylomicron remnants 3'!.
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1.4 Current Therapies for Obesity and Obesity-associated Complications

The management of obesity and its related complications primarily emphasizes lifestyle
modifications and enhanced physical activity. However, there are also pharmaceutical
interventions aimed at weight loss and lowering the plasma lipid and glucose levels, which have
demonstrated effectiveness in addressing obesity-related complications, including diabetes and

cardiovascular diseases .
1.4.1 Pharmacological Therapies for Obesity

Weight loss plays a pivotal role in managing metabolic syndrome, with studies
demonstrating notable improvements in metabolic syndrome '°° with even a modest reduction (5%
to 10%) in initial body weight, often accompanied by decreased inflammatory biomarkers %°.
Currently, there are four categories of medications approved for chronic weight management,
including (1) Sympathomimetic amine anorectic with or without antiepileptic (e.g., Phentermine);
(2) Lipase inhibitor (e.g., Orlistat); (3) Opioid antagonist-aminoketone antidepressant combination
(e.g., Naltrexone-bupropion); (4) Glucagon Like peptide 1 receptor agonist (e.g., Liraglutide and
Semaglutide) °7 (Table 1.1). Orlistat is the only medication that targets non-appetite mechanisms
121, Phentermine, an amphetamine analogue, functions by elevating hypothalamic noradrenaline
concentration. Its usage is typically restricted to short-term therapeutic interventions. However,
the use of phentermine is always accompanied by the risk of severe primary pulmonary
hypertension and other side effects'?!. Semaglutide demonstrates significant reductions in body
weight 122123 improves metabolic homeostasis, and diminishes cardiovascular risk in patients with
type 2 diabetes '**. While these existing pharmacological therapies for obesity are effective but
their side effects hamper their prevalent use in obesity and type 2 diabetes. Therefore, ongoing

research is exploring new pharmacological targets.
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1-Table 1.1 Medications approved for long-term weight managements 7 512

Drug
(Approved)

Phentermine-
Topiramate
(1959)

Orlistat
(1999)

Naltrexone-
bupropion
(2014)

Liraglutide
(2014)

Semaglutide
(2021)

Mode of action

*Phentermine acts on
hypothalamus to stimulate
norepinephrine release from
adrenal.

*Topiramate acts on multiple
cellular targets as an
antiepileptic agent gland.
*Promotes feeling of satiety
and decreases appetite to
reduce food intake '%°
*Decrease lipogenesis

*Preventing hydrolysis of
dietary fat (triglycerides)
into absorbable free fatty

acids and monoacylglycerols
127

eIncreases levels of
dopamine and POMC
neuronal activity

*Blocks opioid receptors on
POMC neurons, preventing
feedback inhibition of these
neurons and further
increasing POMC activity

GLPI1R agonist '*¢ '%:
eIncreases satiety
*inhibits gastric emptying
*Decreases calorie ingestion
through CNS

*Reduces acid secretion
«Inhibit adipogenesis '*°
increasing thermogenesis

and
131

GLPI1R agonist ' 133
*Inhibits glucagon, which is
a hormone that increases
blood sugar

*Reduces appetite and slows
down digestion in the
stomach to reduce food
intake

Study
Duration
Week

Route and
Dose *’

Oral; 7.5 mg
phentermine

and 46 mg 56
topiramate once

a day

Oral, 120mg 3
. 125 52
times a day

Oral; 16 mg

naltrexone and

180 mg 56
bupropion twice

a day

Subcutaneously;

132
3 mg once a day 56

Subcutaneously;
2-4 mg once per
week, or oral,
10 mg, one a
day 134

68-104

39

Mean
Weight
loss kg
(%)

~7% 97

5.8%-
8.8%!"!

3-2% 7

4% 97

10%-20%

122 123

Common Side
Effects

eInsomnia/dry mouth
*Constipation
*Paresthesia/Dizziness
*Dysgeusia

*Gastrointestinal side
effects

*Reduced absorption
of fat-soluble
vitamins, VD 2

*Nausea/Vomiting
*Constipation/diarrhea
*Headache/dizziness
eInsomnia/dry mouth
*Hypertension
*Anxiety

eIncreased heart rate,
*Headache
*Nausea/vomiting
*Diarrhea/constipation
*Hypoglycaemia

g\slausea and diarrhea

*Kidney problems
*Diabetic retinopathy
*Allergic reactions
*Low blood sugar
sPancreatitis'>
*Hypoglycaemia

Contraindication

*Pregnancy (No
data)
*Hyperthyroidism
*Coadministration
with MAO
inhibitors
*Glaucoma

*Drug abuse

*Pregnancy
*Chronic
malabsorption
syndrome,
cholestasis

*Pregnancy
*Uncontrol
hypertension
*Seizure disorders
*Anorexia
nervosa or
bulimia

Drug or alcohol
withdrawal

* Long-term
opioid use

* Use of
monoamine
oxidase inhibitor

*Pregnancy
*Person with
family history of
medullary thyroid
cancer or multiple
endocrine
neoplasia type 2

*People with
heart problems



1.4.2 Pharmacological Therapies for Hyperlipidemia

Dyslipidemia refers to a cluster of lipid disorders, including high plasma TG
(hypertriglyceridemia), low plasma high-density lipoprotein (HDL), and high plasma Low-density

lipoprotein (LDL) concentrations !'3°

. Obesity 1s commonly associated with dyslipidemia. The
medications addressing dyslipidemia primarily target adipogenesis, free fatty acid oxidation, and

inflammation (Table 1.2).

Statins represent the frontline pharmaceuticals for addressing dyslipidemia, functioning
through the inhibition of 3-Hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA
reductase), a pivotal enzyme in the conversion of HMG-CoA to mevalonic acid. Moreover, statins
elevate the expression of LDL receptors, promoting LDL catabolism within the liver, consequently
leading to a decrease in plasma LDL and triglycerides (TG), and an increase in plasma HDL levels
137 Fibrates act by enhancing fatty acid B-oxidation through peroxisome proliferator-activated
receptor alpha (PPARa), thereby reducing hepatic TG secretion '*8. Notably, both statins and
fibrates upregulate genes related to adipogenesis (e.g., LPL, PPARy, sterol regulatory element-
binding protein, SREBP) and dampen the gene expression of inflammatory cytokines '3°. Niacin
is an effective drug to increase HDL levels ', but a high dose of nicotinic acid is hepatotoxic.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors and polyunsaturated fatty acids
(PUFAs) facilitate lipid uptake and storage '#!, reducing free fatty acid efflux '3® from adipocytes.

These actions collectively ameliorate hyperlipidemia and contribute to a relative reduction in the

risk of cardiovascular diseases.
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2-Table 1.2 Medication categories for lipid disorders

130 142 143

Anti-
Drugs category . Target FA . .
Mode of action o dati infllamm  Common Side Effects
(e.g) Lipids oxidation ation
S (1987) *HMG-CoA reductase inhibitors LDLJ, e Gastrointestinal upset
*Atorvastatin competitively inhibit the HMG- VLDL | $ *Dizziness/ headache
*Fluvastatin CoA that catalyses the rate-limiting rictease lipid T *Myalgia
*Pravastatin step in the synthesis of cholesterol TG T‘_ccumu it *Transient disturbance of
-lsl.osuvatst:l‘tm «Stimulate lipoprotein lipase HDLT tver liver function tests
eSimvastatin
*PPARa agonists '*%, increase
Fibrates (1975) caloric intake to FA oxidation ) )
. *Increase FA hepatic uptake and TGl« Gastrointestinal upset
Fenofibrate . p ;
«Bezafibrate reduce hepatic TG production VLDLl T T *Rash or pruritus
«Gemfibrozil eIncrease LPL activity *Dizziness, headache
«Ciprofibrate *Reduce plasma leptin HDLT
concentration
*Bile acid-binding resins are
iESOItl)J'blg’b nlonatisoyba‘%le polym(frs e
5 c1 e e — that bind bile salts in the gut an *Headache
Bile Acid Bmd}ng (Anion prevent enterohepatic circulation of [ DL *Constipation or,
Exchange) Resins (1988) - :
«Col g i bile acids l - 145 occasionally, diarrhoea
.Coles::y < i‘m *As a feedback effect, increases the TC T eInterference with the
.Colestlpo . conversion of cholesterol to bile HDLT absorption of certain acidic
O IESRVIS IIAE acids in liver drugs
*Then increase the hepatic LDL
receptor to transport for LDL
T . *Inhibits hormone-sensitive lipase . :
Nicotinic Acid and and decreases lipolysis TGl« -Elil\jse}rngagmage
Derivatives (1957) 'Inhl?,lts VUgL an&i LtDL . VLDL] fras 1471 <Headache
*Nicotinic acid (niacin) ]S_eifgr tons and productions trom TCl, aAbdomiinalrlla('ilidr}, "
*Acipimox «Inhibits HDL-C hepatic uptake HDLT yspepsia, a arrnoca
*Acts at the brush border of the
small intestinal mucosa to 1élhll?11t
. the NPC1L1 transporter and reduce oD ;
Specific Cholesterol cholesterol absorption from the gut | pL. l plgilrellrrhoea, abdominal
Absorption Inhibitor (2002) by about 50%, but no effects on T‘49 T‘5° ilemaldie
“Ezetimib TG TCl, *Angioedema
zetimibe *A generic medication g
(Homozygous familial
hypercholesterolemia)
*Inhibit the PCSK9 induced LDL
. receptors degradation in liver cells . "
PCSK9 Inhibitors (2015) surface, which in turn increases ,Eiﬁgﬁla{gnﬂ&s ain
*Evolocumab LDL receptor expression reduces LDLl T 152 152 — 1 -In‘ectiogn site air?
-/R/lhroculmabl tibodi circulating LDL cholesterol by 45- -Rglsh p
* Monoclonal antibodies 70%
sLowers mean lipoprotein(a) "'
Polyenoic Free Acid
(PUFA) (2012) . T *Gastrointestinal upset
«Omega-3 fatty acids (EPA) "PPAR-o activation . Gl with nausea, belch?n
5 5 q Inhibit 1 but el 154 141 > 2,
*DHA, o-linolenic acid nj dl it lipogenesis but elevates f-  VLDL T T diarrhoea, or constipation
*Omega-6 fatty acids oxidation HDLT *Prolonged bleeding time

(evening primrose oil, g-
linoleic acid)

TC, total cholesterol, HDL, High-density lipid, IDL, intermediate-density lipid, LDL, low-density lipid, VLDL very-low-density
lipid, TG, triglyceride, HMG-CoA, 3-Hydroxy-3-Methylglutaryl-Coenzyme a, FA, free fatgf acid, LPL, Lipoprotein lipase,
W%ich facilitates FA uptake in cells. EPA, eicosapentaenoic acilz DHA, 3]0cosahexaenoic acid,

1, increase, |decrease, —, no effects or no data.
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1.4.3 Pharmacological Therapies for Hyperglycemia

Hyperglycemia arises from insufficient insulin function or secretion by pancreatic -cells.
Hence, the management of hyperglycemia aims to compensate for these defects in insulin. In the
realm of antihyperglycemic medications, the initial category comprises sulfonylureas, meglitinides,
dipeptidyl peptidase-4 (DPP-4) inhibitors, and GLP-1 agonists (Table 1.3). These agents primarily
operate by stimulating the release of endogenous insulin. The activation of GLP-1 receptors
additionally augments post-prandial lipid-buffering capacity and insulin sensitivity within adipose
tissue, consequently impeding ectopic fat accumulation in the liver and skeletal muscle.
Thiazolidinediones (TZDs) function as selective agonists of PPAR-y, promoting adipose lipid
storage, reducing circulating fatty acid levels, and enhancing insulin sensitivity. TZDs also
increase the expression of fatty acid transporters (CD36), fatty acid oxidation factors (carnitine
palmitoyltransferase I, CPT1A), and lipid droplet-associated proteins (Plin2) '3°, resulting in
significant improvements in insulin sensitivity across adipose tissue, muscle, and liver. TZDs also
exhibits anti-inflammatory properties by mitigating plasma levels of C-reactive protein (CRP),

MCP-1, and matrix metalloproteinase-9 (MMP-9) %,

It 1s worth noting that prevailing medications for obesity and its associated complications
possess anti-inflammatory properties. Nevertheless, the extent to which targeting inflammatory
factors might augment these therapeutic approaches remains predominantly uncertain. Therefore,
our primary research focus centers on elucidating the regulatory role of the proinflammatory

cytokine MIF, in regulating obesity and its complication, NAFLD.
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3-Table 1.3 Medication categories for glucose-lowering treatment 136 157 158

Drugs category
(e.g)

Insulins
*Rapid- and
short-acting
insulins
*Long-acting
insulins
eInsulin
complexes

Amylin agonist
Pramlintide

GLP-1 agonists
*Albiglutide
eLiraglutide
]-354emaglutide

(oral/injectable)

Sulfonylureas
*Glyburide
*Glipizide
*Glimepiride

Meglitinides
*Repaglinide
*Nateglinide

Biguanide
*Metformin

Thiazolidinedi
ones (TZDs)
*Pioglitazone

DPP-4
inhibitors
(gliptins)
cAlbiglutide
eLiraglutide
*Semaglutide

Mode of action

*Promote glucose/FA uptake and glycogen/
triglycerides storage

*Inhibit protein catabolism but increase protein
synthesis

*Slow down the basal metabolism and increase in
accumulation of fat and cause weight gain in a
dose dependent manner

*Mimics action of hormone amylin; decreases
release of glucagon, slows gastric emptying, and
suppresses appetite

*Mimic actions of GLP hormone

*Enhances glucose-dependent pancreatic insulin
secretion by the pancreatic b-cell

*Increases CAMP leading to insulin release in the
presence of elevated glucose concentration
*PPARa. agonists '*%, increase caloric intake to
FA oxidation in adipose tissue

*Enhances glucose-dependent insulin secretion
by the pancreatic b-cell by bind to the
sulfonylurea receptor SURI, and close Karp
channel but open voltage- gated Ca *"channels to
increase the first and second phases insulin
secretions

*Increase GLUT4 expression and insulin
sensitivity and glycogen storage

*Similar to sulfonylureas, but has lower affinity
to SURI than it

*Inhibition of mitochondrial respiratory chain
complex 1, activates AMPK switches cells from
an anabolic to a catabolic state and shut down the
ways consume ATP

*Decreased hepatic glucose production
eIncreases FA oxidation and reduces TG
eIncrease insulin sensitivity of peripheral tissues
(IR, AKT signaling pathway)

eIncreased synthesis of GLP-1

*Acts is an insulin sensitizer in peripheral tissues
*Activate PPAR-y, which is abundant in adipose
tissue

*Facilitate adipocyte differentiation and increase
adipocyte numbers to takes up TG )
*Supress proinflammatory genes expression

+Inhibit the enzyme (DPP-4) that breaks down
incretins (include GIP, GLP-1), leading to
increase in glucose-dependent pancreatic insulin
release, decrease in glucagon release

Route

Injectable

Injectable

Injectable

Oral

Oral

Oral

Oral

Oral
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Effects on AD/BW
Anti-inflammation

Adipogenesis T
An-inflammation T
Bodyweight TT

Adipogenesis T
An-inflammation T
Bodyweight lléo

Adipogenesis —
An-inflammation T
Bodyweight l,l,

Adipogenesis T
An-inflammation 1

Bodyweight T

Adipogenesis T
An-inflammation T
Bodyweight —

Adipogenesis l
An-inflammation T
Bodyweight l,

Adipogenesis T
An-inflammation T
Bodyweight T1"

Adipogenesis T
An-inflammation T
Bodyweight —

Common Side Effects

*Hypoglycaemia

*Local fat hypertrophy at the
injection site

sImmunogenic reactions

*Nausea/vomiting/anorexia
*Hypoglycemia

*Gastrointestinal upset
*Dizziness/headache/fatigue/agi
tation,

*Injection-site reactions

*Gastrointestinal disturbance
*Weight gain

+Skin rashes

*Hyponatremia (Glipizide and
glimepiride)

*Might accelerate the rate of
pancreatic B-cell loss

*Gastrointestinal upset

*Gastrointestinal upset
*Decreased vitamin B12
absorption

eInhibition of pyruvate
metabolism encourages lactate
accumulation, rare lactic
acidosis

*Gastrointestinal disturbances
*Headache/dizziness/visual
disturbances

*Anaemia/heart failure
eIncreased risk of bladder
cancer and fractures

*Rare liver dysfunction

*Nausea/vomiting/ dyspepsia
*Oedema
*Headache/dizziness/fatigue/na
sopharyngitis

*Rare pancreatitis/severe joint
pains



SGLT2
inhibitors
*Canagliflozin
*Empagliflozin
*Dapagliflozin
*Ertugliflozin

Glucosidase
inhibitor
*Acarbose

Drug for
treatment of
hypoglycaemia
*Glucagon

*Reduce renal glucose reabsorption and hence
increase glucose excretion by inhibiting SGLT2
in proximal tubules of kidney

Oral

*Retard intestinal absorption of carbohydrates by
preventing alpha-glucosidase action in
enterocytes of the brush border of the mucosa,
thus impairing carbohydrate digestion and
absorption

*Cause the release of GLP-1 in systemic
circulation

Oral

Used for acute insulin-induced hypoglycaemia,

not chronic hypoglycemia dajueallle

1, increase, |decrease, —, no effects or no data.
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Adipogenesis T
An-inflammation T
Bodyweight | '©

Adipogenesis T
An-inflammation T
Bodyweight—

Adipogenesis T
An-inflammation T
Bodyweight l,

eIncreased risk of urinary tract
and genital infections

*Thirst and polyuria with
increased risk of hypovolaemia
and electrolyte imbalance
*Constipation

eIncreased risk of diabetic
ketoacidosis in type 2 diabetes
mellitus

*Flatulence/loose stools
*Rare hepatitis

*Nausea/vomiting and
diarrhoea



1.5 Macrophage Migration Inhibitory Factor (MIF)

MIF is a pleiotropic cytokine/chemokine that plays a pivotal role in both innate and adaptive

immunity. Initially identified in the culture medium of activated T lymphocytes, this soluble factor

163

was noted for its ability to impede the unguided movement of macrophages ‘. This distinctive

property led to its nomenclature as macrophage migration inhibitory factor !4 19, Over time , MIF

is constitutively expressed by other immune cells, such as monocytes/macrophages, dendritic cells

166

B lymphocytes and mast cells '°°, establishing itself as a crucial element in innate immune and

163 Given its proinflammatory nature and involvement in innate

inflammatory responses
immunity, MIF has been implicated in the pathogenesis of diverse diseases, ranging from acute
and chronic infectious conditions to inflammatory and autoimmune disorders ', These include

septic shock, asthma, acute respiratory distress syndrome, rheumatoid arthritis, glomerulonephritis,

and inflammatory bowel diseases ', In addition to immune cells, MIF expression was also found

167 166

in non-immune cells, such as adipocytes '%7, pancreatic B cell 1% 16° hepatocytes '%°, and neurons

170, which plays significant roles in metabolic regulation, neurogenesis, fibrosis and insulin section

within these cell types 7! 172,

1.5.1 The Basic Structure and Function of MIF

MIF exhibits a distinctive tautomerase enzymatic activity and remains highly conserved
across evolutionary scales, present in a wide array of organisms from unicellular to vertebrate
species 73 174, Despite this conservation, the gene sequence of MIF displays variability among

species 7

, €.g. mammal, amphibian (frog), fish, arthropods, helminths, molluscs, protozoa
(Leishmania and Plasmodium) with several diverged variants, fungi, bacteria and plants [21] [22],

but not in Drosophila and yeast where MIF appears more dispensable [23]. Situated on human

chromosome 22ql1.2, the MIF gene encodes a non-glycosylated protein of 114 amino acids,
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equivalent to 12.5 kDa in molecular weight. The MIF protein has a homotrimeric structure,
wherein each monomer is constituted by two antiparallel a-helices (residues 18-31 and 89-72) and
a central four-stranded B-sheet ', The total six o helix and three B sheets collectively form a
barrel-like configuration, featuring a solvent-accessible channel '77 178, This channel is intricately
linked to the catalytic function of MIF and its binding affinity with its receptor, cluster of

differentiation 74 (CD74) '7°.

MIF plays a pivotal role in modulating the migration of macrophages particularly evident
during the delayed-type hypersensitivity response. However, its contribution extends beyond mere
regulation of macrophage migration within inflammatory processes. MIF exerts an amplifying
effect on the production of various cytokines, including but not limited to TNF-a, interferon-y,
and interleukins (IL-1B, IL-2, IL-6, IL-8) '3°. Furthermore, MIF actively participates in
inflammatory signaling pathways regulated by toll-like receptor 4 (TLR4) or TNF-a. receptor '8!

182 These pro-inflammatory properties of MIF might elucidate its counter-regulatory role,

effectively attenuating the immunosuppressive effects induced by glucocorticoids '%3.

1.5.2 The Cellular Signaling Transduction of MIF

MIF exerts its cellular functions through both extracellular and intracellular mechanisms.
As an extracellular agent, MIF functions as a ligand by binding to cell membrane receptors, notably
CD74 and C-X-C chemokine receptors 2/4/7 (CXCR2/4/7). Additionally, it possesses the capacity
to be internalized directly by cells, enabling interactions with a diverse array of intracellular

proteins.
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1.5.2.1 Cluster of differentiation 74 (CD74)/ cluster of differentiation 44 (CD44) receptors

CD74, recognized as a major histocompatibility complex (MHC) class II chaperone,
assumes a pivotal role as a cell surface receptor for MIF ¥4, Within immune cells, CD74 plays a
crucial part in propagating MIF-induced inflammatory responses '8 185 Conversely, in non-

immune cells, CD74 is implicated in metabolic processes '8¢ 187

as well as arrhythmia in the
presence of MIF 38, However, CD74 lacks inherent tyrosine or serine/threonine kinase activity in
its intracellular domain, thus precluding direct triggering of intracellular signaling pathways. Thus,
it typically initiates downstream cellular activities through either co-activator recruitment or
intracellular domain cleavage. In the former mode, CD74 necessitates association with CD44 to
form a functional complex, activating the extracellular signal-regulated kinase (ERK) signaling
pathway in the presence of Src tyrosine kinase !%°. This complex also mediates B lymphocyte
proliferation and survival by activating the tyrosine-protein kinase (Syk)-Akt-nuclear factor kappa
B (NF-kB) signaling cascade in the presence of MIF '°°, Moreover, upon binding with MIF, CD74
undergoes cleavage, liberating its cytosolic domain known as intracellular domain of CD74

(CD74-1CD). The CD74-ICD engages with runt related transcription factor (RUNX) and NF-kB,

thereby enhancing B cell survival !,
1.5.2.2 C-X-C chemokine receptors (CXCRs)

MIF monomer shares a similar structure as the dimer of C-X-C motif chemokine ligand 8
(CXCLS8) 2 19, Thus, the chemokine receptors, CXCRs have been identified as the second

category of MIF receptors 192

. However, these chemokine receptors are often coupled with CD74
for cellular functions. For example, MIF recruits atherogenic or inflammatory monocytes through

binding with both CXCRs and CD74, which are colocalized on cell membrane to form a functional

complex 92 194 MIF/CD74 stimulated Akt activation is inhibited by the blockade of CXCR4 in T
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lymphocytes, suggesting that the CD74/CXCR4 complex involves in MIF signaling pathways !4,

CXCR7 also mediates B cell migration 5 196 197

and it is involved in anti-apoptotic and cell
survival signaling pathways induced by MIF in platelets '°°. However, due to the limited

expression of CXCRs in some tissues, MIF-regulated cellular functions through CXCRs are not

comparable with those through CD74.
1.5.2.3 Intracellular effects of MIF

MIF also regulates cellular signaling transductions through directly binding with
intracellular proteins. Intracellular MIF can either be synthesized within cells or obtained from
extracellular sources through endocytosis. The regulation of MIF endocytosis is facilitated by its
receptors, CD74 and CXCR4 %8, For example, intracellular MIF binds with Jun activating binding

protein (Jab1, also known as constitutive photomorphogenesis 9 signalosome subunit 5,Csn5) '*°

199 201

200 to downregulate JNK activation and contributes to a “transient” ERK activation
Interestingly, Jab1/CsnS5 deficiency augments MIF secretion and subsequent Akt phosphorylation,

suggesting that the Jab1/Csn5-MIF interaction serves to sequester MIF in the cytosol 2%2.

Intracellular MIF also has a major effect on regulating tumor development and neural
diseases. MIF binds with the tumor suppressor (p53) that regulates proliferation and survival of
carcinoma cells 2% 204, This effect can be reinforced by heat-shock protein 90 (HSP90) which
stabilizes MIF and facilitates the interaction between MIF and p53 in cancer cells 2%, In contrast,
pharmacological inhibition of HSP90 leads to a reduction in MIF levels and inhibits tumor growth
in vivo 2% In the setting of amyotrophic lateral sclerosis (ALS), a neurodegenerative disorder
linked to mutations in superoxide dismutase 1 (SOD1), the chaperone activities of intracellular

MIF play a protective role by preventing the accumulation of mutant SOD1 in motor neurons, thus
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mitigating the progression of ALS 27 208 Obviously, the intracellular effects of MIF are intricate

and have a multifaceted impact on cellular signalling cascade.
1.5.3 MIF Polymorphisms and Metabolic Dysfunction

MIF exhibits a positive correlation with the onset of metabolic dysfunction 209 210 211 212 213,
There are two MIF polymorphisms identified on human MIF promoters, the -794 [CATT]s-g
repeats 2'* and specific single-nucleotide polymorphisms (SNPs) -173 (G/C, rs755622) 215 216
(Figure 1.7). Both these two MIF polymorphisms affect MIF expression and circulating MIF levels
under physiological and pathological conditions. Compared to the lower MIF expressers (G/5-
CATT), high MIF expressers (G/6,7,8-CATT) become more susceptible to obesity 2!7, insulin
resistance or hyperlipidemia 3! 218, MIF-173C allele is also linearly associated with central obesity
219 Deciphering the precise biological significance of MIF polymorphisms may favor the adoption
of tailored approaches to modulate the function of MIF and its associated genes for the treatment

of the disease.

49



(O P&A C‘)év:\ ‘\?}!&\ 43\ VQA Oqf(& ‘E,Q:\ oqg? Intron 1 Intron 2 22q11.2
5-8-CATT (780} -540}-513}{-275]{-250{ -80 |{ -40 {-15-{ Exon1 { Exon2 | Exon3
| |
sc AT TIC /6
SATTCATTCATTCATTCATTCATTCATTCATT -173 +24 +254+656 +3807
-825/-813 -794 rs755622 rs1007888
rs5844572 IVS2-6 C/G

rs2070766
rs2070767

7-Figure 1.7 Schematic representation of the human Mif gene: exons, predicted
transcription factor-binding sites, and polymorphisms (-173 SNP and -794 CATT) 3!2,

This figure provides a schematic overview of the human MIF gene, delineating its structure
into three exons (labeled as E1, E2, and E3) and highlighting predicted transcription factor—
binding sites associated with gene regulation. Additionally, the locations of significant
polymorphisms, specifically the -173 single nucleotide polymorphism (SNP) and the -794
CATT polymorphism, are denoted for reference and understanding of genetic variation in
the Mif gene.
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1.6 The Gap of Knowledge

Metabolic dysfunctions, encompassing conditions like obesity, insulin resistance, and
NAFLD, pose significant challenges due to their chronic and often asymptomatic progression,
making early diagnosis and effective therapeutic interventions difficult. Extensive research over

the past decades has shed light on these metabolic disorders 80 220 221 222

, yet their underlying
molecular mechanisms remain largely elusive. These metabolic conditions are intricately tied to
chronic systemic inflammation, particularly within adipose tissue. Remarkably, MIF holds a
central position as an upstream regulator in initiating and amplifying the inflammatory response
by promoting the production of pro-inflammatory mediators '*°. However, current clinical studies
highlight the limitation of targeting specific inflammatory mediators, such as TNF-a, ineffectively
addressing adiposity and systemic insulin sensitivity, even when there is an improvement in
inflammatory status 223. Emerging evidence from fundamental research and clinical investigations
suggests a positive correlation between circulating MIF levels and metabolic syndromes 2% 210 211
212213 Despite studies have primarily focused on MIF within adipose tissue 2?4, associating its gene
expression with adipocyte size, insulin action ?2°, and adipogenesis 22¢ 227 228  there remains an
inadequate understanding of its precise role in the regulation of obesity. Moreover, the role of MIF
in NAFLD remains a subject of debate, with conflicting findings regarding its contribution to liver
fibrogenesis or its potential as a preventive factor 22° 230, The previous studies have indicated that
MIF exacerbates liver fibrogenesis by facilitating the differentiation of immune cells toward a pro-
fibrotic phenotype 2*! 232, MIF has also been shown to be involved in preventing liver fibrosis by
activating AMPK signaling pathway in hepatocytes 232 233, These inconsistent findings concerning

the role of MIF in liver fibrosis motivate us for further exploration of new molecular mechanisms

and a comprehensive clarification of MIF's role in NAFLD. In light of this, our studies are
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strategically devised to bridge this knowledge gap and comprehensively investigate the molecular
mechanisms through which MIF initiates and promotes obesity and NAFLD. This research
endeavor holds the promise of delivering innovative insights into the functional role of the

cytokine MIF in metabolism.

1.7 Overarching Hypotheses, Research Goals and Specific Aims

1.7.1 Research Hypotheses

(1) MIF inhibition of HSL within adipose tissue leads to adipocyte hypertrophy,

consequently contributing to the development of obesity.

(2) MIF influences CD74 stability, thereby triggering to the development NAFLD.

1.7.2 Overarching Research Goals and Specific Aims

The first overarching research goal of my dissertation is to investigate the regulatory
mechanisms governing MIF and the associated signaling pathways crucial in modulating HSL
activity during lipolysis. Understanding these regulatory molecular mechanisms is pivotal in

comprehending adipocyte hypertrophy and its consequential contribution to obesity.

The second overarching research goal is to elucidate the contributions of MIF and its
receptor CD74 in NAFLD. This research aims to provide clarity on the ambiguous role of MIF in

regulating pathogenesis in the liver.

The above goals were investigated via the following specific aims:

(1) Investigate the molecular signaling pathway involving MIF-AMPK and its downstream

effects on HSL in 3T3-L1 differentiated adipocytes in vitro.
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(2) Examine the molecular mechanisms underlying MIF regulation of HSL in diverse obese

animal models in vivo.

(3) Assess the influence of MIF on increasing CD74 protein levels in hepatic cells.

(4) Investigate the association between MIF-related CD74 protein accumulation and the

progression of NAFLD in murine models.

(5) Elucidate the intricate molecular mechanisms by which MIF contributes to the

stabilization of CD74 in in hepatic cells.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Antibodies and Reagents

Antibodies against phosphor-AMPK (Thr!”?) (catalog # 2531), phosphor-Akt (Ser*’3)
(catalog # 9271), phosphor-HSL (Ser®®) (catalog # 4139), phosphor-HSL (Ser’®) (catalog # 4137)
phosphor-PKA (Thr!??) (catalog # 4781) phosphor-CREB (Ser!*?) (catalog # 9198), phosphor-JNK
(catalog #4668), phosphor-c-Jun (catalog #9164) and total AMPK (catalog # 2532), PKA (catalog
# 4782), Akt (catalog # 9272), CREB (catalog # 99578), Jabl (catalog # 9444), JNK (catalog #
9252), HSL (catalog # 4107), GAPDH (catalog # 2118S), and secondary antibodies (anti-rabbit
IgG, HRP-linked, catalog #7074, anti-mouse 1gG, HRP-linked, catalog #7076) were purchased
from Cell Signaling. Antibodies against a-Sma (alpha-smooth muscle actin, catalog # MAS5-15871)
and caspase-4 (catalog # PAS5-118880) were purchased from Thermo-Fisher. The antibody against
CD74 was a gift generously provided by Dr. Richard Bucala at Yale University. The human
recombinant MIF and mouse recombinant MIF proteins were obtained through purification from
a high-yield E. coli expression system. The purification process involved fast protein liquid

chromatography (FPLC), followed by C8 chromatography to eliminate endotoxin 234,
2.2 Experimental Animals

MIF knockout (Mif’"), CD74 knockout (Cd747"), MIF lung transgenic (Mif Lung Tg) and
wild type littermate (WT) male mice on a pure C57BL/6 background ¥ 23¢ were bred at the Health
Science Center Animal Facility in Memorial University of Newfoundland or the Animal Care
Centre of University of Manitoba, Canada. Mif’-, Cd74”, and their WT littermates at 3 weeks were
fed with either normal chow (NC) or high caloric diet (HFD) (#12492, Research Diets, Inc., New
Brunswick, NJ, USA) for 12 weeks. Mif Lung Tg and its littermate were fed with NC for 25 weeks.

All experimental procedures were carried out in compliance with the Guidelines for the Care and
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Use of Laboratory Animals set forth by the National Institutes of Health. The protocols were
approved by the Internal Animal Committee Review Board of either Memorial University of

Newfoundland or University of Manitoba.

2.3 Cell Culture

2.3.1 3T3-L1 Cell Culture

3T3-L1 cells (3T3-L1, ATCC® CL-173TM)) were cultured and differentiated as described

previously 237 238

, which the cells used for experiments will be limited within 8th cell passages to
prevent population and genetic drift, and ideally, experiments performed with similar passage
numbers. Initially, 3T3-L1 preadipocytes were seeded into 6-well plates or 12-well plates and
maintained in 37 °C in a humidified 5% CO, incubator. The culture medium consisted of

Dulbecco's Modified Eagle Medium (DMEM, 11995-040, Gibco™) supplemented with 10%

newborn calf serum (16010159, Gibco™) until the culture reaches 100% confluence.

The induction of adipocytic differentiation was achieved through the addition of
adipogenic agents as the differentiation medium, including 0.5 mM 3-Isobutyl-1-methylxanthine
(IBMX, I-7018, Sigma), 1 uM dexamethasone (DEX, D-4902, Sigma), and 5 pg/mL insulin (I-
5500, Sigma), to the culture medium containing 10% fetal bovine serum (FBS, A3160401,
Gibco™), for a duration of 48 hours. Following this initial induction phase, the culture medium
was switched to maintenance medium supplemented with 10% FBS and 5 pg/mL insulin for
another 48 hours, repeated twice. The differentiated 3T3-L1 adipocytes, characterized by the
presence of conspicuous lipid droplets observed under a microscope, were then prepared for

subsequent experimental treatments.
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Prior to commencing all experiments, cells were subjected to an 8-hour serum-starvation

period in DMEM-0.5% FBS cell culture medium.
2.3.2 HepG2 Cell Culture

HepG2 cells (ATCC, HB-8065) were cultured in Minimum Essential Medium (10-009-CV,
Corning) supplemented with 10% Fetal Bovine Serum (FBS, Gibco™, Canada). Upon reaching a
cell confluence of 70~80%, cells were subjected to serum fasting by replacing the medium with
one containing 0.5% FBS, and this condition was maintained for 8 hours. Subsequently, the cells
were exposed to various treatments, including human rMIF at a concentration of 400 ng/ml,
MIF098 (10 uM, compound 5 2*°, generously provided by Dr. Richard Bucala), Z-LEVD-FMK

(20 uM, ab120489, Abcam), and FITC-labeled rtMIF.
2.4 MIF Neutralization with Anti-MIF Antibody

As previously outlined 2#°, C57BL/6 WT mice were individually housed in IVC cages
under a controlled 12:12 hr light-dark cycle at room temperature (RT). These mice were subjected
to either a standard chow diet or for a duration of 12 weeks, commencing at the age of 3 weeks.
Intraperitoneal injections (1.p.) were administered to the WT mice (at 7 weeks) in the last 5 weeks
of the 12 weeks HFD regimen. The injections included a mouse anti-MIF monoclonal antibody,
generously provided by Dr. Richard Bucala, as the experimental treatment, and non-specific IgG
(MABO002, R&D) as a control treatment. Each injection was administered at a dosage of 20 mg/kg,
and these injections were conducted twice weekly. Body weights of these mice were assessed on
a weekly basis. Upon the conclusion of the 15-week study, which included 12 weeks of HFD
feeding, the mice were euthanized, and both blood samples and tissues (such as adipose tissue,

liver, skeletal muscle) were collected and subsequently preserved at -80 °C for subsequent analysis.
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2.5 Histology
2.5.1 Oil red O Staining
2.5.1.1 Oil red O staining of 3T3-L1 adipocytes

Given that lipid synthesis and accumulation represent protracted processes within the cell,
the following treatment regimen was pursued: 3T3-L1 preadipocytes were cultured in 6-well plates,
maintaining them in DMEM supplemented with 10% bovine calf serum until the culture reaches
100% confluence. Adipocytic differentiation was induced by differentiation medium for 48 hours.
Following this, the medium was transitioned to a maintenance medium comprised of 10% FBS,
Sug/mL insulin and 100uM palmitic acid (P0500, Sigma) with or without 250 uM AICAR
(A9978-5MG, Sigma) or 10 uM SP600125 (JNK Inhibitor II, 420128, Calbiochem®). The culture
medium was refreshed every 48 hours to maintain treatment consistency. Palmitic acid was
employed to mimic a high-lipid plasma environment in vivo. Cell harvesting was conducted 72
hours following the initiation of differentiation and was ready for the Oil red O staining for the

intracellular lipid accumulation.

The Oil red O (A12989.22, Thermo Scientific Chemicals) working solution was prepared
by initially dissolving 0.5 g of Oil Red O powder in 100 mL of isopropanol, resulting in a 0.5%
stock solution. Subsequently, this stock solution was diluted with double distilled water (ddH,O)
in a 3:2 ratio. The working solution was then filtered and allowed to stand for a minimum of 10

minutes at RT 241,

Cells were subjected to two washes with phosphate-buffered saline (PBS, pH 7.4) and
subsequently fixed using 4% paraformaldehyde (PFA) for a duration of 15 minutes at RT. After a

double wash with ddH2O0, the cells were covered with the Oil Red O working solution for a period
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of 10 minutes. Following this, the cells underwent washes under running tap water for 5~10
minutes. Finally, the stained cells were observed under a microscope, and characteristic images

were captured for analysis.
2.5.1.2 Oil red O staining of Tissues

Tissues, including liver and skeletal muscle, were initially fixed by immersion in 10%
neutral formalin and allowed to undergo fixation overnight. Subsequently, these tissues were
subjected to cryoprotection through immersion in a 30% sucrose (w/v) solution prepared in 1x
phosphate-buffered saline (PBS). Following cryoprotection, the tissues were embedded in OCT
compound (Sakura Finetek, 4583, CA, United States) and frozen 2*2. The tissue specimens were
sectioned into 5-10 uM slices, followed by visualization, and staining of intracellular lipids using
the Oil Red O method, as previously detailed in literature. Microscopy was utilized to capture
representative images of these tissue sections, with a specific focus on obtaining characteristic

visuals for subsequent analysis 24.
2.5.2 Hematoxylin-eosin (H&E) Staining

H&E staining was employed to facilitate the identification of adipocyte hypertrophy within
adipose tissue, following established protocols 2*. In brief, glass slides containing paraffin-
embedded sections were subjected to a series of treatments. First, they were immersed in xylene
three times for 5 minutes each to eliminate the paraffin. Then, the samples underwent hydration
through sequential immersion in 100% ethanol, 95% ethanol, and 70% ethanol, each for 5 minutes.

Following this, the slides were rinsed under running tap water for 2 minutes.

Next, the slides were immersed in hematoxylin solution for a duration of 3 minutes,

followed by a thorough washing under running tap water for 5 minutes. After that, the samples
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were stained with eosin Y solution for a period of 2 minutes and dehydrated by sequentially
dipping the slides into 70% ethanol for 20 times, and transferring to 95% ethanol, 100% ethanol,
and finally into xylene for three changes of 2 minutes each. Lastly, the prepared slides were
mounted with a suitable mounting medium, cover slips were placed on them, and the edges of the
coverslips were sealed with nail polish to ensure an airtight seal, facilitating image acquisition and

quantification under a microscope.

2.5.3 Trichrome Staining *%

Trichrome staining is employed to visualize tissue sections, specifically emphasizing
collagen fibers and connective tissues, following established protocols 245. The samples were
deparaffinized by submerging into 3 times of the xylene for Sminutes/time, followed by 100%,
95%, and 70% of ethanol for 5 minutes/change to hydrate the samples. The slides then were put in
the Bouin’s solution at 60 °C for 45 minutes. Next, slides were washed in running tap water until
yellow colour in samples disappeared. Slides were immersed in Weigert’s haematoxylin for 8
minutes to differentiate nuclei and followed with 2 minutes washing under tap water. To stain the
cytoplasm and erythrocytes, slides were initially immersed in anionic dyes, acid fuchsin for a
duration of 5 minutes. Next, the slides were rinsed with running tap water for 2 minutes. Following
this, the slides were exposed to a phosphomolybdic acid solution as a mordant for 10 minutes.
Immediately thereafter, the slides were immersed in methyl blue solution) for 5 minutes to
facilitate the staining of fibroblasts and collagen. Following this step, the slides were once again
washed under running water for 2 minutes. Finally, they were treated with a 1% acetic acid solution
for a duration of 1 minute. Subsequently, the slides underwent a dehydration process using a series

of alcohol solutions, each with a 5-minute duration at percentages of 70%, 95%, and finally 100%.
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Before observation, the slides were briefly dipped into absolute xylene for 1 minute. Finally, they

were mounted with a cover slip using mounting medium.
2.6 The Lipid Profiles Quantification

Following established procedures 246, 3T3-L1 adipocytes underwent an initial PBS wash
to eliminate phenol red. They were then subjected to various treatments, including vehicle, AICAR
(250uM), recombinant mouse MIF proteins (400ng/ml, generously provided by Dr. Richard
Bucala), or isoproterenol (10uM). These treatments were individually administered to phenol red-
free high glucose DMEM supplemented with 2% BSA, and the cells were exposed for a duration
of 24 hours. These interventions were conducted both in the presence and absence of high palmitic
acid (100uM). The culture medium was subsequently collected for the quantification of glycerol
and fatty acid levels using commercially available kits from Sigma (F6428, free glycerol reagent)
and Fuji Film (NEFA-HR (2) assay). These quantifications were carried out in strict accordance

with the manufacturer's provided protocols.
2.7 Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse MIF concentrations were measured by a one-step sandwich enzyme-linked
immunosorbent assay according to manufacturer’s protocol (Mouse MIF DuoSet ELISA, R&D,

DY 1978) as previously described 227,
2.8 siRNA Transfection

In order to transiently inhibit the expression of MIF and AMPK in 3T3-L1 adipocytes, the
cells were transfected with InM Mif siRNA (N405895, ThermoFisher), 30uM AMPK Alpha 1/2
siRNA (sc-45313, Santa Cruz), or a non-silencing control siRNA (AM4611, ThermoFisher) using

Lipofectamine™ RNAiIMAX Transfection Reagent (13778075, Invitrogen) in a medium devoid
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of FBS and antibiotics, following the manufacturer's instructions. In summary, the procedure
involves the preparation of two solutions: Solution 1 containing diluted RNAIMAX Transfection
reagent and Solution 2 containing siRNA, both prepared in blank DMEM medium. Subsequently,
these two solutions are combined in a 1:1 ratio and allowed to incubate at room temperature for 5
minutes. Finally, the resulting mixture is added to the cells and incubated for 1-3 days, followed

by various treatments as required.

2.9 Samples Preparation and Assessment

2.9.1 RNA Extraction

Total RNA was extracted by a TRIzol method. Briefly, cells were washed with ice cold 1X
PBS, and then 500 uL TRIzol™ reagent (15596026, Invitrogen™) was added to each well of a 6-
well or 12-well plates containing cells subjected to various treatments. The cell lysate was
thoroughly homogenized by pipetting up and down several times and incubated at RT for 10
minutes to ensure complete dissociation of the nucleoproteins complex. After that, the lysate was
transferred to a 1.7 mL Eppendorf tube. To remove lipid content, the lysate was centrifuged at
12,000 X g for 5 minutes at 4 °C. The upper fat layer was discarded, and the pink layer was retained.
To this layer, 100 uL of chloroform was added, gently shaken by hand, and incubated for 10
minutes at RT. Following incubation, the samples were centrifuged for 15 minutes at 12,000 X g
at 4 °C. This centrifugation resulted in phase separation, with a lower phenol-chloroform layer, an
interphase, and a colorless upper aqueous phase. The aqueous phase, which contained RNA, was
carefully transferred to a new tube, and mixed with an equal volume of isopropanol. The mixture
was incubated at 4 °C for 10 minutes and then centrifuged for 10 minutes at 12,000 X g at 4 °C.
This step led to the precipitation of total RNA, forming a white, gel-like pellet at the tube's bottom.

The supernatant was discarded, and the RNA pellet was washed twice with 1 mL of 75% ethanol.
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Following washing, the RNA pellet was air-dried. Finally, the RNA was resuspended in 30 uL of
RNase-free water. The quantity and quality of the isolated mRNA were determined using a

NanoDrop 2000 spectrophotometer.

Tissue RNA extraction commenced with homogenizing 50 mg of tissue in 1 mL of
TRIzol™ reagent using sonication. Afterward, the RNA extraction procedure for cells was

followed.
2.9.2 Reverse Transcription (RT) of RNA to Obtain cDNA

The cDNA synthesis from the total RNA was carried out using the RevertAid First Strand
cDNA Synthesis Kit (K1621, Thermo Scientific™) following the manufacturer's protocol. In
summary, 500 ng of total RNA was combined with 1 uL random hexamer primer, 4 pL 5 X
reaction buffer, 1 pL ribolock RNase inhibitor (20 U/uL), 2 uL of 10 mM dNTP mix, and 1 pL
revertAid M-MulV RT (200U/ pL) to a total volume of 20 pL. The mixture was gently mixed and
briefly centrifuged. The reverse transcription reaction followed the program below: 1) incubate for
5 minutes at 25 °C; 2) followed by 60 minutes at 42 °C) terminate the reaction by heating at 70 °C

for 5 minutes.

4-Table 2.1. List of PCR primer sequences

Gene Name Sequences (5°-3")
GAG ACC AAG TGG AAC ATC
Mouse ATGL
GTA GAT GTG AGT GGC GTT

CAG AAG GCA CTA GGC GTG ATG
Mouse HSL
GGG CTTGCG TCC ACTTAGTTC
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ACA GAC AAA TCA CCA TTC GT
Mouse PPARy
CTC TTT GCT CTG CTC CTG
CAT GAC CTC GTG ATG AAC GTGT
Mouse FASN
CGG GTG AGG ACGTTT ACA AAG
AGA GCC AAA AGA AGC AG
Mouse LPL
GGC AGA GTG AAT GGG AT
TTG AAA AGT CTC GGA CATTGA T
Mouse CD36
TCA GAT CCG AAC ACA GCGTA
TGG TGT TCG CAG CTG TTT TG
Mouse PPARa
AGA TAC GCC CAA ATG CAC CA
ACT CCG CTC GCT CATTCC G
Mouse CPTI
TGT TTG AGG GCT TCA TGG CT
GGC AAC AT GAC AGA GGA CCcA
Human-Cd74
CAG GAT GTT GAA GAC CGCCT
ACG CTC CAC CGA AAG AGTC
Mouse-Cd74
CGT AGA ATC GAG ACC GAG GA
TGT AGC CCA TGT TGT AGC AAA CC
Human-TNF-o
GAG GAC CTG GGA GTA GAT GAG GTA
CAG GCGGTG CCT ATGTCT C
Mouse-TNF-a.
CGA TCA CCC CGA AGTTCA GTA G
CAG AAG TAC CTG AGC TCG CC
Human-IL-15
AGA TTC GTA GCT GGA TGC CG
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TGG TGT GTG ACG TTCCCATT

Mouse-IL-15
CAG CACGAGGCTTITTTGTTG
TGG CTG AAA AAG ATG GAT GCT
Human-IL-6
TCT GCA CAG CTCT GGC TTGT
GAG GAT ACC ACT CCC AAC AGA CC
Mouse-IL-6

AAG TGC ATC ATC GTT GTT CAT ACA

TTC CCT ATG GCA GAA GGC AAC
Human-Caspase-4
TGC CAT GAC CCG AACTTT GT

AGA GGT GGG AAC TCT GGA GAA
Mouse-Caspase 11
AGC CTC CTG TTT TGT CTC GG

TCG CTT CAC CTA CAG CAC CC
Mouse-CollAl
TGA CTG TCT TGC CCC AAG TTC

CGT GGATGC CCGCTG A
Mouse-Acta?
TAC GCT TCC GCT GCC C
GGA CTC TCC ACC TGC AAG ACC
Mouse-Tgfp

GGA TGG CTT CGA TGC GC

CCT GTA CGC CAA CAC AGT GC
Human-p-actin
ATA CTC CTG CTT GCT GAT CC

CCA CGA GCC CTA CCT CAA GA
Human-HSL
CCA GGG AGT AGT CGA TGG AGA

ATG TGT CCG TCG TGG ATC TGA
Mouse-GAPDH
TGC CTG CTT CACCACCITCTT
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2.9.3 Quantitative qPCR

The reaction was performed with a SsoAdvanced Universal SYBR® Green Supermix (Bio-
RAD, 1725274) in a total 20 pL reaction system according to the manufacturer’s instruction.
Transcript levels of ATGL, PPARy, Cd36, FASN, PPARa, CPT1, HSL, Cd74, Tnf-a, IL-1p, IL-6,
Acta2, CollAl, Tgfb and Caspase-4genes (Table 2.1) were quantified through qPCR using a
ViiA™ 7 Real-time PCR System. The data obtained were subjected to analysis using
QuantStudio™ Real-Time PCR Software 3!. The cycle threshold (CT) value of the target gene was
normalized to either GAPDH or f-actin. Gene expressions were determined utilizing the relative
quantification method (2-4¢T). The fold changes in the expression of the genes of interest were

assessed using the (2"24¢T) method.
2.9.4 Protein Extraction

Total proteins were extracted from adherent cells cultured in plates using a lysis buffer
composed of 20 mM, Hepes, pH7,4; 50 mM, - Glycerol phosphate; 2 mM, EGTA; ImM, DTT;
10mM, NaF; ImM, NaVOs; 1% triton X-100; 10% glycerol. This lysis buffer was supplemented
with 1 X concentration of cOmplete EDTA-free protease inhibitors cocktail (Roche, cat.

#11836170001) and phosphatase inhibitors (PhosSTOP, Roche, cat. #4906845001).

Briefly, cells were washed with ice cold 1x PBS, after which 100~200 uL lysis buffer was
added to each well of a 6-well or 12-well plates where the cells were previously seeded and
subjected to various treatments. These plates were then placed on ice and allowed to incubate for
10 minutes prior to cell detachment using cell scrapers. The resulting cell lysate underwent
multiple rounds of gentle pipetting to ensure thorough homogenization before being transferred to

1.7 mL Eppendorf tubes. The lysates were then subjected to centrifugation at 14,000 X g for 10
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minutes at 4 °C. Supernatants were meticulously collected from the samples, ensuring the

avoidance of disturbance to the upper beige fat layer.

The protein concentration was determined by the protein assay dye reagent (5000006, Bio-
Rad). Specifically, triplicate preparations were made for each sample by combining 10 puL of
diluted cell lysate (1:49 diluted with dd H>O) with 200 puL dye (1:4 diluted with dd H>0), followed
by a 5-minute incubation at RT. The absorbance was measured at 595 nm using a microplate reader

(Synergy™ H1, BioTeK).

In the case of tissue samples, the amount of tissue was quantified by weight before being

mixed with lysis buffer and subsequently subjected to the same standardized procedure.
2.9.5 Co-immunoprecipitation

Adipose tissues from WT and Mif’- mice were subjected to lysis utilizing a lysis buffer,
with resulting lysates standardized to a concentration of Img/mL. Immunoprecipitation was
conducted in accordance with the prescribed protocol outlined in the Dynabeads™ Protein G

Immunoprecipitation Kit (10007D) from Thermo Fisher.

In brief, the preparation of the Dynabeads-antibody (Ab) complex commenced with
incubation, involving a specific antibody directed against Jabl (9444, CST) (diluted at 1:200),
along with Dynabeads™ magnetic beads, under constant rotation for a period of 30 minutes at RT.
The Dynabeads™-Ab complex then was washed twice with a washing buffer. Following the
removal of the supernatant, the Dynabeads™-Ab-antigen complex was generated by introducing
freshly prepared lysates from adipose tissue, with incubation involving rotation extended overnight
at4 °C. After a further cycle of washing with the washing buffer repeated thrice, the Dynabeads™-

Ab-antigen complex was treated with 4 x SDS loading buffer. Analysis via Western blotting 2+
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enabled the assessment of the levels of total JNK, phosphorylated JNK, and MIF proteins, which

were captured through antibody targeting Jabl.

2.9.6 Western Blot Analysis

Protein samples were prepared by mixing them with 4X Laemmli sample buffer to achieve
a working concentration of 1-2 pg/ul for subsequent analysis. These samples underwent
denaturation at 95°C for 10 minutes. In parallel, a 10~12% SDS-PAGE handcast gel was
submerged in 1X sodium dodecyl sulfate (SDS) running buffer within a western blot system (Bio-
Rad). A dual color standard protein ladder (PM008-0500, Froggabio) and the pre-heated samples
were loaded and run following the program (100V, 90 minutes). The separated proteins in the gel
were electrically transferred to a 0.22 um PVDF membrane (8cm X 7cm) in 1 X transferring buffer
at 100V for 60 minutes. Following transfer, the membranes were blocked with 5% skim milk in
TBS-Tween (TBST) for 60 minutes at RT. The membranes were then incubated overnight at 4°C
with primary antibodies, each prepared in 5% BSA in 1 X TBST. The following day, the
membranes were subjected to three 10-minute washes with 1X TBST before being incubated with
HRP-linked secondary antibodies in 5% skim milk in 1X TBST for 60 minutes at RT. After three
additional 10-minute washes with 1x TBST, the protein bands were visualized using an ECL
Substrate (1705061, Bio-Rad). Signal detection was performed utilizing an iBright™ FL1500
Imaging System (Invitrogen™). The levels of phosphorylated and total protein in adipose tissue

or cells were assessed, and signal quantification was carried out using ImageJ software.

2.10 Statistical Analysis

Differences between group mean values were assessed using either one-way ANOVA

followed by Tukey’s post-hoc tests or a Student's t-test, as appropriate. The level of statistical
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significance was set at p<0.05.
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CHAPTER 3: Different Roles of Extracellular and Intracellular MIF in Mediating Adipose

Hormone-sensitive Lipase During the Development of Obesity
3.1 ABSTRACT

Attenuation of adipose HSL may impair lipolysis and exacerbate obesity. We investigate
the role of cytokine MIF in regulating adipose HSL and adipocyte hypertrophy. MIF released from
the adipocytes downregulates HSL in an autocrine fashion, by activating the AMPK/JNK signaling
pathway upon binding to its membrane receptor, CD74. Wild type (WT) mice fed HFD, as well as
mice overexpressing MIF, both of them had high circulating MIF levels and showed suppression
of HSL during the development of obesity. Blocking the extracellular action of MIF by a
neutralizing MIF antibody significantly reduced obesity in HFD mice. Interestingly, intracellular
MIF binds with Jabl and JNK, which leads to an opposing effect to inhibit JNK phosphorylation.
With global MIF deletion, adipocyte JNK phosphorylation increased, resulting in decreased HSL
expression, suggesting that the loss of MIF’s intracellular inhibitory action on JNK was dominant
in Mif mice. Adipose tissue from Mif” mice also exhibited higher Akt and lower PKA
phosphorylation following HFD feeding compared with WT, which may contribute to the
downregulation of HSL activation during more severe obesity. Thus, intracellular and extracellular
MIF have opposing effects to balance HSL function, but extracellular actions physiologically

predominate to downregulate HSL and exacerbate the development of obesity during HFD.
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3.2 INTRODUCTION

Fatty acid mobilization from adipose tissue is a key mechanism contributing to the

development of insulin resistance in liver and skeletal muscle 248

. Hormone sensitive lipase (HSL)
mediates fatty acid release from adipose tissue by catalyzing hydrolysis of triglycerides and
diacylglycerides 2*°. Insulin resistance is negatively correlated with HSL gene and protein

250

expression independent of fat mass . Obesity also downregulates HSL activity and

norepinephrine-induced lipolysis 2°!

. The reduction in HSL may contribute to adipocyte
hypertrophy and obesity in the setting of HFD and caloric excess. HSL undergoes both
transcriptional and non-transcriptional regulation, however, the precise cellular mechanisms
underlying the regulation of HSL in obesity are largely unknown.

Metabolic disorders are associated with chronic underlying inflammation in adipose tissue.

The cytokine TNF-o has lipolytic actions 232

, suggesting that adipose inflammation and
inflammatory factors may regulate lipolysis, and endotoxin, which is a potent stimulus of TNF-a

release, increased HSL phosphorylation, and stimulated lipolysis in adipose tissue °3. Thus, classic

inflammatory factors appear to regulate lipolysis by activating HSL in adipose tissue.

The previous studies suggest that MIF is positively correlated with adipose tissue mass 23,
and obesity induces adipose MIF expression and cellular release 2?4, Our recent work has shown
that the antipsychotic olanzapine inhibits HSL and lipolysis in adipose tissue through increasing
MIF action and promotes insulin resistance 3!. However, it is currently unknown whether MIF

directly downregulates HSL and thus the development of adipocyte hypertrophy during obesity.

MIF has both intracellular and extracellular actions to regulate cell signaling. In immune
cells and cardiomyocytes, MIF activates ERK and AMPK signaling pathways through binding

with its cell surface receptor, CD74. MIF additionally demonstrates chemokine-like properties via
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non-cognate interactions with chemokine receptors CXCR2 and CXCR4. However, in Hela cells,
intracellular MIF directly interacts with Jabl, a coactivator facilitating JNK activation. MIF arrests
Jab1/Csn5 resulting in the downregulation of JNK signaling pathway. In the present study, we
investigated the transcriptional and non-transcriptional effects of extracellular and intracellular
MIF in regulating HSL in adipose tissue. We also examined whether MIF inhibition of HSL
contributes to lipid accumulation in adipose tissue. Our data suggest that HSL regulation by MIF

is an important molecular mechanism that could exacerbate obesity in HFD.
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3.3 RESULTS
3.3.1 The Activation of AMPK Inhibits HSL and Lipolysis through JNK in Adipocytes

We first investigated the molecular signals contributed to the HSL mediated lipolysis in
the adipocytes in vitro. This is based on prior studies showing that MIF activates AMPK in the
heart and liver that promotes fatty acid oxidation 2>* 23>, and AMPK also inhibits lipolysis by
downregulating HSL activation in adipose tissue 2°°. While the HSL and lipolysis were well
established that HSL phosphorylation at Ser’®® via PKA stimulates HSL activity whereas AMPK
phosphorylates HSL at Ser*®®, which leads to reduced phosphorylation of Ser’®® and lipolysis 2%.
To this end, we started to test and verify our hypothesis in the differentiated 3T3-L1 adipocytes,
we found that AMPK activation induced by AICAR treatment (250uM, Figure 3.3.2A) was
associated with a reduction in HSL gene and protein expression (Figure 3.3.1A and B) but did not
change the expression of adipose triglyceride lipase (ATGL) (Figure 3.3.1A). In parallel, AICAR
also upregulated the inhibitory phosphorylation of HSL at Ser’® (Figure 3.3.1C). These effects of
AMPK activation together reduced activating phosphorylation of HSL at Ser’®® (Figure 3.3.1C)
and were associated with a decrease in glycerol and fatty acid release from adipocytes (Figure
3.3.1D). The results suggest that both transcriptional and non-transcriptional effects of AMPK

mediate the inhibition of HSL activation which downregulates adipocyte lipolysis.

To determine the transcription factors involved in the gene-level regulation of AMPK
action on HSL. We found that AICAR treatment also upregulated phosphorylation of JNK and its
downstream protein, a nuclear transcriptional factor, c-Jun (Figure 3.3.1E). Notably, these effects
were inhibited by AMPK-siRNA, indicating that this action was mediated by AMPK (Figure
3.3.1E). Intriguingly, the inhibition of JNK by SP600125 did not impact AMPK activation by

AICAR (Figure 3.3.1F). Still, it effectively prevented the effects of AICAR on HSL expression

72



and phosphorylation and adipocyte lipolysis (Figure 3.3.1G to I). Importantly, The AMPK/JINK
regulated HSL signaling pathway occurred without changes in the PKA signaling pathway (Figure
3.3.2B). Furthermore, in the presence of high fatty acid (100uM palmitic acid), AICAR augmented
lipid storage, and this effect was notably inhibited by SP600125 (Figure 3.3.1J). These collective
results suggest that AMPK/JNK activation contributes to adipocyte hypertrophy through its

inhibitory effects on HSL expression and activation.
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8-Figure 3.3.1. AMPK activation inhibits HSL and lipolysis through JNK in adipocytes.

3T3-L1 cells were differentiated and incubated with an AMPK activator, AICAR (250uM) for
24 hours. ATGL and HSL gene expression was quantified with gPCR (A). Total and phosphor-
HSL protein levels were measured with western blot (B and C). Glycerol and fatty acid (FA)
release was evaluated in (D). Following knockdown of AMPKal and a2 isoforms by siRNA,
AMPK, phosphor- and total JNK, and p-c Jun were examined in adipocytes following vehicle
and AICAR treatment (E). In a separate experiment, the JNK inhibitor, SP600125 (10uM) was
incubated with AICAR and AMPK phosphorylation, HSL gene and protein expression and HSL
phosphorylation were subsequently evaluated from (F) to (H). Glycerol and FA were quantified
in (I). In the presence of high palmitic acid (PA, 100uM), Oil red O staining was performed to
evaluate lipid accumulation in adipocytes following AICAR with or without SP600125
treatment. All data are Mean + SD. *P < 0.05 increase and #P < 0.05 reduction vs. vehicle in A-
D and F; vs. other groups in E, G-I.
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9-Figure 3.3.2. The effects of AICAR on AMPK and PKA/CREB.

AICAR stimulates AMPK phosphorylation in a time-dependent manner (A) without affecting
PKA and CREB phosphorylation (B). JNK inhibition by SP600125 does not change the
PKA/CREB signaling pathway (B). All data are presented as mean + SD. *P < 0.05 increase
vs. vehicle. n.s. represents no significance.
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3.3.2 Extracellular MIF Downregulates Lipolysis through the AMPK/HSL Pathway Which

Facilitates Lipid Storage in Adipocytes following High Palmitic Acid Treatment

Our previous studies indicated that MIF regulates metabolism through activating AMPK
signaling pathway in the heart and hypothalamus 3! 137, Hence, we extended our studies by treating
the 3T3-L1 adipocytes with MIF (400ng/ml) for 24 hours. Evidently, we found MIF elicited a
robust stimulation of AMPK phosphorylation (Figure 3.3.3A). In concert with this, there was a
significant reduction in HSL gene and protein expression (Figure 3.3.3B and C), while the
expression of the lipolytic enzyme A7GL remained unaltered (Figure 3.3.3B). Importantly, MIF-
induced AMPK activation also triggered inhibitory phosphorylation of HSL, thereby contributing
to an attenuation in HSL activation (Figure 3.3.3D). Further investigations unveiled that MIF
treatment exhibited a direct inhibitory effect on Akt phosphorylation in 3T3-L1 adipocytes (Figure
3.3.4A). It is noteworthy, however, that the downregulation of Akt was not associated with any
discernible change in the phosphorylation of PKA or its downstream protein CREB (Figure 3.3.3E).
This observation strongly suggests that MIF's regulatory influence on HSL operates independently
of the traditional Akt/PKA signaling pathway. Moreover, MIF treatment exerted a significant
downregulation on the release of glycerol and fatty acids from the cells (Figure 3.3.3H),
underscoring its inhibitory effect on lipolysis. Crucially, upon silencing AMPK in adipocytes
(Figure 3.3.4C), MIF failed to inhibit either HSL expression or activation (Figure 3.3.3F and G),
and the MIF-mediated downregulation of glycerol and fatty acid release was likewise impeded
(Figure 3.3.3H). These compelling findings affirm that MIF's regulation of HSL and lipolysis is

unequivocally AMPK-dependent.

We also found that MIF activation of phosphorylation of JNK and c-Jun was also inhibited

by AMPK siRNA (Figure 3.3.31). Furthermore, the effects of MIF on the expression and activation
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of HSL, as well as adipocyte lipolysis, were reversed in response to the JNK inhibitor (Figure
3.3.3J-L), underscoring the pivotal role of INK in mediating MIF's impact on HSL and lipolysis.
This regulatory influence of JNK also operated independently of the PKA signaling pathway

(Figure 3.3.4B).

To delve deeper into the consequences of MIF's downregulation of HSL and lipolysis,
particularly under conditions of high fatty acid exposure, we incubated 3T3-L1 adipocytes with
MIF in the presence of high palmitic acid (PA, 100uM) for 24 hours. While the expression of
adipogenesis-related genes such as PPARy and FASN remained unchanged, HSL gene expression
and phosphorylation were significantly reduced following MIF and high PA treatment (Figure
3.3.3M and N). Intriguingly, isoproterenol, a non-selective 3 adrenoceptor agonist, effectively
reversed the reduction of HSL activation induced by MIF (Figure 3.3.3N). Consequently,
isoproterenol significantly reduced MIF-induced enlargement of lipid droplets (Figure 3.3.30),
emphasizing the pivotal role of HSL in regulating lipid accumulation associated adipocyte

hypertrophy following MIF exposure.
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10-Figure 3.3.3. Extracellular MIF downregulates lipolysis through the AMPK/HSL pathway
which facilitates lipid storage in adipocytes following high palmitic acid treatment.

Differentiated 3T3-L1 adipocytes were incubated with recombinant mouse MIF protein
(rMIF, 400ng/ml) for 24 hours. The phosphorylation of AMPK (A), ATGL and HSL gene (B),
and HSL protein (C) expression was evaluated subsequently with qPCR or western blot.
Furthermore, the phosphorylation of HSL at Ser’® and Ser’®* sites was assessed by western
blot (D). The activation of HSL upstream enzyme, PKA and its downstream, CREB was
quantified in (E). Following knockdown of AMPKal and a2 isoforms by siRNA, HSL
expression and activation were measured in (F) and (G). The relevant glycerol and fatty acid
(FA) release was quantified in (H). In the absence of AMPK, phosphor- and total INK were
evaluated by western blot (I). In addition, HSL expression and phosphorylation were
quantified by qPCR or western blot following MIF treatment with or without SP600125 (SP)
incubation (J and K). Glycerol and FA were also measured in the medium (L). In the presence
of high palmitic acid (PA), PPARy, FASN and HSL gene was quantified following MIF
treatment (M). Isoproterenol (ISO) regulated HSL phosphorylation and lipid accumulation
following MIF was examined by western blot and Oil red O staining in (N) and (O),
respectively. All data are mean + SD. *P < 0.05 increase and *P < 0.05 reduction vs. vehicle
in A-D and M; vs. other groups in F-L and N. n.s. represents no significance.
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11-Figure 3.3.4. The effects of MIF on phosphorylation of Akt and PKA.

Vehicle or 400ng/ml of recombinant mouse MIF was incubated with 3T3-L1 differentiated
adipocytes for 24 hours. Akt (A) and PKA (B) phosphorylation was evaluated by western
blot. SP600125 was also incubated with MIF to investigate whether the inhibition of JNK
affects PKA and CREB phosphorylation (B). AMPK «l and o2 subunits were knocked by
siRNA (C). All data are presented as mean + SD. *P < 0.05 reduction vs. vehicle. P < 0.05
reduction vs. control siRNA. n.s. represents no significance.
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3.3.3 High Plasma MIF Induces Adipocyte Hypertrophy and Obesity through Activating the

AMPK/JNK Signaling and Inhibiting HSL

The in vitro findings provide compelling evidence that MIF activation of AMPK exerts a
downregulatory effect on HSL expression and activation, constituting a pivotal molecular
mechanism underlying the augmentation of lipid storage within adipocytes. To further elucidate
the contribution of the MIF/AMPK/HSL signaling pathway to the development of adipocyte
hypertrophy and obesity in vivo, we first employed Mif lung Tg mice, in which MIF is over-
expressed in the lung. These mice characterized with a high plasma MIF levels (Figure 3.3.5A),
which coincided with increased phosphorylation of AMPK, JNK, and c-Jun (Figure 3.3.5B), along
with decreased HSL expression and activation in adipose tissue (Figure 3.3.5C to E). Concurrently,
these mice displayed visibly enlarged adipocyte size (Figure 3.3.5F) and exhibited a higher rate of

body weight gain compared to age-matched WT mice (Figure 3.3.5G).

Given the well-established connection between heightened plasma MIF levels and insulin

227 257

resistance ““/, a condition characterized by reduced Akt activation =’, our investigations
substantiated the presence of systemic and adipose-specific insulin resistance in the Mif lung Tg
mice (Figure 3.3.5H and I). Furthermore, it's also noteworthy to highlight that HSL is widely

recognized to be dependent on the Akt/PKA pathway 2%

. Intriguingly, we observed a notable
attenuation of Akt phosphorylation in the adipose tissue of these mice, while the PKA signaling
pathway exhibited no discernible alteration (Figure 3.3.5J). Additionally, our findings revealed
that the elevated plasma MIF levels did not induce changes in the expression of adipogenesis-
related genes, specifically PPARyand FASN expression (Figure 3.3.5K). These results suggest that
MIF-mediated activation of the AMPK/JNK axis selectively impacts HSL and lipolysis in adipose

tissue during the progression of adipocyte hypertrophy and obesity.
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12-Figure 3.3.5. High plasma MIF induces adipocyte hypertrophy and obesity through
activating the AMPK/JNK/HSL signaling pathway.

Age-matched WT and Mif lung Tg mice were euthanized for the quantifications of plasma
MIF levels (A), AMPK and JNK activation (B), HSL expression (C and D) and
phosphorylation (E), and adipocyte size (F) and body weight (G). Whole-body insulin
sensitivity was evaluated by glucose tolerance test (GTT) and insulin tolerance test (ITT) (H).
The phosphorylation of Akt in the adipose tissue (AT), smooth muscle (SM) and liver was
measured in (I). Phosphorylation of PKA and CREB (J), and gene expression of PPARy and
FASN (K) were evaluated by western blot and qPCR, respectively. All data are presented as
mean + SD. *P < 0.05 increase vs. WT in A, B, E, G and H. #P < 0.05 reduction vs. WT in
C, D and I. n.s. represents no significance, the scale bars are 220 pum.
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3.3.4 High Caloric Diet Upregulates Plasma MIF that Activates Adipose AMPK/HSL

Signaling and Adipocyte Hypertrophy

In animal models, the consumption of a HFD has been demonstrated to induce a notable
elevation in circulating MIF levels 2*°. To further elucidate the in vivo functionality of the
MIF/AMPK/INK anti-lipolytic pathway, in addition to the Mif lung transgenic (Tg) mice model,
we subjected C57BL/6 mice to a 12-week HFD regimen (Figure 3.3.6A). Our findings in this
HFD-fed mouse model closely resembled the observations in the Mif lung Tg mice. Specifically,
HFD feeding led to a significant increase in plasma MIF levels (Figure 3.3.7A), accompanied by
heightened phosphorylation of AMPK and JNK (Figure 3.3.7B). Concurrently, it resulted in a
reduction in both HSL gene and protein expression (Figure 3.3.7C and D) compared to the control
group maintained on a NC diet. Furthermore, adipose tissue samples collected from the HFD group
exhibited increased phosphorylation of HSL at Ser®®® and decreased phosphorylation at Ser’%
(Figure 3.3.7E). In addition, HFD induced systemic insulin resistance (Figure 3.3.6B) and reduced
Akt phosphorylation in peripheral tissues, including adipose tissue (Figure 3.3.6C-E). However,
mirroring our previous observations in the Mif lung Tg model, the alterations in adipose HSL
expression and phosphorylation in HFD-fed mice were not associated with changes in the PKA
signaling pathway (Figure 3.3.7F and G) or adipogenesis-related gene expression (Figure 3.3.7H
and I). HFD induced a significant increase in the circulating levels of non-esterified fatty acids
(FA) but not triglycerides (Figure 3.3.6F and G). Consequently, in the context of elevated FA
levels, the reduction in HSL and lipolysis likely contributed to the enlargement of adipocytes and
the consequent increase in body weight observed in HFD-induced obese mice (Figure 3.3.7) and

K).
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Thus, we next asked if a reduction in circulating MIF levels could alleviate MIF's inhibitory
influence on adipose HSL. In this regard, we employed an in vivo approach by administering anti-
MIF antibodies known to neutralize both circulating and extracellular MIF 24°. These antibodies
were administered to mice during the final five weeks of the HFD regimen, a period during which
significant differences in body weight emerged between the NC and HFD groups. We found that
immunoneutralization of MIF effectively attenuated the activation of the AMPK/INK signaling
pathway (Figure 3.3.7L) and the suppression of HSL (Figure 3.3.7M and N), while also partially
mitigating adipocyte hypertrophy (Figure 3.3.70) and limiting body weight gain (Figure 3.3.7P)
during HFD feeding. These results provide further evidence that extracellular MIF plays a pivotal
role in mediating the activation of the AMPK/INK signaling pathway in adipose tissue during
HFD. Extracellular MIF also contributes significantly to the downregulation of HSL and lipolysis,

thereby promoting adipocyte hypertrophy and obesity under HFD feeding.
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13-Figure 3.3.6. High caloric diet induces insulin resistance and hyperlipidemia.

C57BL/6 mice (3 weeks) were fed NC or HFD for 12 weeks. The food intake was monitored
in (A). Whole-body insulin resistance was evaluated by glucose tolerance test (GTT) and
insulin tolerance test (ITT) (B). Insulin stimulated Akt phosphorylation in peripheral tissues
was measured by western blot (C to E). Serum TG (F) and FA (G) levels were examined by
commercial kits. N=3-11 each animal group. All data are presented as mean + SD. *P <0.05
increase and *P < 0.05 reduction vs. NC. n.s. represents no significance.
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14-Figure 3.3.7. High caloric diet upregulates plasma MIF that activates adipose AMPK/HSL
signaling pathway and augments adipocyte hypertrophy.

WT mice at 3 weeks were fed with normal chow (NC) or a high caloric diet (HFD) for 12
weeks. Plasma MIF level (A) was measured subsequently. The phosphorylation of AMPK
(B), INK (B) and HSL gene (C) and protein (D) expression were quantified in adipose tissue
by western blot or PCR. The phosphorylation of HSL at Ser®®® and Ser’®® was evaluated in
(E). The phosphorylation of PKA and CREB was also examined by western blot (F and G).
The gene expression of PPARy and FASN was evaluated by qPCR (H and I). Hematoxylin—
eosin (HE) staining was performed to identify adipocyte hypertrophy in (J), and body weight
gain was monitored weekly (K). In a separate experiment, non-specific IgG or anti-MIF
antibody (20 mg/kg, i.p. twice a week) was injected twice per week accompanied with high
fat diet. Phosphor- or total AMPK and JNK and HSL expression and phosphorylation were
evaluated in (L to N). Adipocyte size was detected by H&E staining and body weight gain
was monitored and shown in (O and P). All data are presented as mean + SD. *P < 0.05
increase and *P < 0.05 reduction vs. NC in A-K; vs. other groups in L-N; vs. HFD IgG in P.
n.s. represents no significance, the scale bars are 220 pm.
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Furthermore, it is noteworthy that the administration of anti-MIF antibodies didn’t change
the TG levels (Figure 3.3.8A) but significantly reduced the elevated levels of circulating fatty acids
associated with HFD (Figure 3.3.8B). This reduction in circulating fatty acids led to decreased
lipid accumulation in the liver and skeletal muscle (Figure 3.3.8C), thereby enhancing peripheral
tissue insulin sensitivity (Figure 3.3.8F-H) and ameliorating whole-body insulin resistance (Figure
3.3.81). Of particular interest, we observed that the expression of the fatty acid oxidation regulator,
PPAR« in the liver but not in skeletal muscle, was significantly reduced following HFD feeding;
however, anti-MIF treatment restored the PPARa gene levels in the liver during HFD (Figure
3.3.8D and E). These findings propose that MIF could potentially hinder fatty acid oxidation in
the liver, indirectly promoting the accumulation of lipids in the hepatic tissue and consequently
raising plasma fatty acid levels. Notably, it's crucial to highlight that the neutralization of
circulating MIF did not modify the HFD-induced elevation of inflammatory markers like TNF-a.
(Tnfa), IL1B (111b), and IL6 (116), in adipose tissue (Figure 3.3.9). This suggests that the metabolic

shifts mediated by MIF were not linked to the induction of other inflammatory factors.
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15-Figure 3.3.8. Neutralization of MIF reverses HFD induced metabolic dysfunction.

CS57BL/6 mice (3 weeks) were fed with NC or HFD with IgG or anti-MIF antibody injection
(twice per week) for 12 weeks. Serum TG (A) and FA (B) levels were examined, and Oil red
O staining was performed to detect lipid accumulation in the liver and skeletal muscle (C).
The gene expression of PPARo and CPT-1 was quantified in the liver and skeletal muscle by
qPCR (D and E). Insulin stimulated Akt phosphorylation in peripheral tissues was measured
by western blot (F to H). Whole-body insulin resistance was evaluated by glucose tolerance
test (GTT) and insulin tolerance test (ITT) (I). N= 3-7 for each animal group. All data are
presented as mean + SD. *P < 0.05 increase vs. other groups in (B); P < 0.05 reduction vs.
other groups in (D), (F) to (H); and #P < 0.05 reduction vs. HFD IgG in (I). n.s. represents no
significance.
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16-Figure 3.3.9. Neutralization of MIF did not affect HFD induced inflammatory gene
expression.

C57BL/6 mice (3 weeks) were fed with NC or HFD with IgG or anti-MIF antibody injection
(twice per week) for 12 weeks. The gene expressions of inflammatory factors, 7nfa, I11b and
116 were quantified by qPCR. N= 4-5 each animal group. *P<0.05 increase vs. IgG. n.s.
represents no significance.
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3.3.5 MIF Receptor, CD74 is Involved in the MIF/AMPK/JNK/HSL Signaling Pathway and

Obesity

The CD74 receptor, which serves as the cognate receptor for MIF, was found to be
expressed in both 3T3-L1 adipocytes and adipose tissue (Figure 3.3.10A and G). To gain deeper
insights into the impact of extracellular MIF on adipose tissue signaling, we employed the MIF
inhibitor, MIF098, to disrupt the binding of MIF to the cell surface CD74 receptor 26° 26!, We found
that MIF098 effectively inhibited MIF-induced activation of the AMPK/JINK signaling pathway
(Figure 3.3.10A) in 3T3-L1 adipocytes, thereby counteracting the downstream effects of MIF on
reducing HSL expression and activation (Figure 3.3.10B and C). Furthermore, MIF098 mitigated
the reduction in adipose glycerol content and fatty acid release induced by MIF (Figure 3.3.10D).
Thus, it comes as no surprise that MIF098 was successful in inhibiting MIF-induced lipid

accumulation in adipocytes in the presence of PA (Figure 3.3.10E).

To further elucidate the role of CD74 in vivo, we conducted parallel experiments using
CD74-deficient mice (Cd747) subjected to HFD. We found the plasma MIF levels remained
comparable between WT and Cd74” mice during HFD (Figure 3.3.10F). However, the absence of
CD74 effectively blocked HFD-induced AMPK/JNK activation (Figure 3.3.10G) and prevented
the inhibition of HSL (Figure 3.3.10H and I). Similarly, the phosphorylation of both PKA and its
downstream target, CREB, showed no significant changes (Figure 3.3.10J). In alignment with the
effects observed upon neutralizing MIF, CD74 knockout significantly reduced adipocyte
hypertrophy (Figure 3.3.10K) and attenuated body weight gain (Figure 3.3.10L) in response to
HFD feeding. These findings collectively suggest that the MIF receptor, CD74 may play a pivotal

role in regulating the MIF/AMPK/JNK/HSL axis during obesity.

93



A rMIF 23— B - C L3 *
- - 32 =22
MIF098 + 511 ﬁ % MIE 42
[2] —
CD74 | www wewe s | 45kD 00 ° MIF098 - = + :g_ 0
P-AMPK [« @ «|eap MIF098 = = + o . P-HSL MIF098 - = +
rMIF S48 & (Ser) E’ 81kD rMIF
AMPK El 62kD & P-HSL
54KD P-AMPK P-JNK € (Ser=) IZ]B"‘D &
PINK[Z = o x5 2 HoL [mem ] 0 2
SIS i:::g 52 % s 37kD a2 1 #
=y 2 GAPDH [emem ] p<
P-cJun | « s | 48kD 0 0- s 0
GAPDH [ s s | 376D MIF098 = = + ==+ MIF098 - -_I.'I-: MIF098 - = +
—_— —_— r| rMIF
rMIF  rMIF
D ¢ z . H50 R E| PA [ pasmiF [ PA+miF+miFoss ]
3 g 150 L —
35 # = ‘ ol o %
= 2100 # 100 §, o ;
<] s Q
85 50 50 g &
=2 Zz
o 0 Ly 0
MF = 4+ 4+ - + +
MIFO98 - - + = = +
N
\ S F
F G $ & H I X of o
n.s. 9 HSL & & o o
NC + - = » 21 o Q’b ¥ Q"z~
T_EJO' . HFD - + + ° NC + - = 3
(] -
> 81 CD74 (e o 45kD < PI;I'I;E + + *
(= o
T 61 P-AMPK [+ & w |e62¢0 Z ] (Se@s)EMkD 2
s € 1] P-HSL
s
< 41 AMPK[EE::S; PAMPK P-NK 2 i CER R ]
§ 2 P'JNKIQ'i: WO 4. % * % HSL EMKD ‘f
= 7 54KD
0;“ y o Pedun [Seam wal 0 H HFD - + + HFD - ++ - ++
— oy
(,6\ GAPDH |« s e 37kD HFD - +4+ -+ + &06‘ Qéc,&\h
— =%
HFD S &
e
J K N(.? : HFD Cd74 HFD |
HFD 2 2 ‘ .
n.s. n.s. ,
~',:' r L \
~ ~ 5 ' .
E 8 2 . iD(/ 4 “ o )
_ < P D4 I6 Y
P-PKA --l a0 S 1 w1
PKA ‘.'gum o 5 4 L . -~ NC
P-CREB | * . 5 4012 251734“"HFD ] #
y k]
| 43kD . i@ 30
CREE [gmem| < o 0 g 20
GAPDH |smmes| 270 WT Cd74" WT Cd74" o 10
HFD HFD 0 2 4 6 8 10 12

94

Time (weeks)



17-Figure 3.3.10. The MIF receptor, CD74 is involved in the MIF/AMPK/JNK/HSL
signaling pathway.

3T3-L1 adipocytes were incubated with vehicle, rMIF (400mg/ml) or rtMIF+MIF098 (10uM)
for 24 hours. CD74, AMPK, JNK and c-Jun were evaluated with specific phosphor- or total
antibodies (A). HSL gene expression and activation were measured by qPCR or Western Blot
(B and C). Release of glycerol and FA was quantified in (D). In the presence of high palmitic
acid (PA), lipid droplet accumulation regulated by MIF and MIF098 was assessed with Oil
red O staining (E). WT and Cd74” mice were subjected to high fat diet (HFD) feeding for 12
weeks and their bloods were collected for the measurements of plasma MIF levels (F). Their
adipose tissues were also harvested for the quantifications of CD74, AMPK, JNK, c Jun (G)
and HSL expression and activation (H and I). In addition, phosphorylation of PKA and CREB
was assessed in (J). H&E staining in adipose tissues and body weight gain were monitored in
WT and Cd74” mice with or without HFD (K and L). All data are presented as mean + SD.
*P < 0.05 increase and #P < 0.05 reduction vs. other groups in A-D and G-I; vs. other groups
in (G) to (I). *P < 0.05 reduction vs. HFD in (L). n.s. represents no significance.
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3.3.6 Deficiency of Intracellular MIF Inhibits HSL Expression through JNK but

Independent of AMPK

To comprehensively investigate the roles of both extracellular and intracellular MIF in
HSL regulation and adipose lipid metabolism, we conducted experiments involving Mif’" mice
with a global genetic deletion of MIF. Surprisedly, Mif’- mice administered a HFD displayed a
reduction in HSL expression and activation in adipose tissue compared to WT mice (Figure
3.3.11A to C). This unexpected finding suggests an integral role for intracellular MIF in the
intricate orchestration of HSL expression within adipocytes. As anticipated, Mif~ mice
demonstrated a reduced phosphorylation of adipose AMPK (Figure 3.3.11D) compared to WT
mice, with a loss of action of extracellular MIF to activate AMPK. Consequently, this reduction
of AMPK phosphorylation was associated with a loss of inhibitory phosphorylation of HSL at
Ser’® (Figure 3.3.12). Unexpectedly, Mif mice still demonstrated an increase in JNK
phosphorylation in adipose tissue in the absence of AMPK activation (Figure 3.3.11D). In align
with the results from the adipose tissue, we also observed enhanced JNK phosphorylation and
reduced HSL activation in adipocytes isolated from Mif” mice compared to WT (Figure 3.3.11E).
These findings suggest a potentially paradoxical role for intracellular MIF in regulating HSL.
Physiologically, intracellular MIF might suppress JNK signaling, partially counterbalancing the
stimulatory effects of extracellular MIF on JNK activation pathways, potentially preventing an

overactivation of JNK.

To elucidate how the reduction of intracellular MIF regulates JNK activation, we partially
deleted MIF expression in 3T3-L1 adipocytes by MIF siRNA. At the same time, those cells also
be treated with MIF-098 to block the extracellular effects of MIF. We found that intracellular MIF

reduction following MIF siRNA treatment led to the overactivation of JNK phosphorylation
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(Figure 3.3.11F). These findings provide further support for the notion that intracellular MIF acts
as a counterbalance to JNK activation in adipocytes and exerts an opposing effect to extracellular

MIF.

Previous research indicates that intracellular MIF exerts its inhibitory influence on JNK
activation through direct binding to the transcription factor Jab1'®’. To elucidate this mechanistic,
we conducted immunoprecipitation experiments, and found that Jabl forms complexes with both
MIF and JNK in adipose tissue from HFD WT mice (Figure 3.3.11G). This observation prompted
the hypothesis that the assembly of a complex involving MIF, Jab1, and JNK might contribute to
the downregulation of JNK activation in WT mice. And this inhibitory effect of intracellular MIF
might be lost in Mif” mice. As anticipated, we found that the absence of MIF resulted in heightened
JNK phosphorylation (Figure 3.3.11G), despite the continued binding between Jabl and JNK in
Mif” mice (Figure 3.3.11G). To confirm the missing intercellular MIF-induced the overactivation
of JNK is a pivotal factor contributing to the downregulation of HSL expression, we incubated
adipose tissues from WT and Mif’- mice with the JNK inhibitor, SP600125 (Figure 3.3.11H). We
found that SP600125 treatment reversed both overactivated JNK and the reduction in HSL
expression and activation (Figure 3.3.11H). This provides compelling evidence that increased JINK

activity Mif’- mice indeed plays a significant role in the downregulation of HSL expression.

We then proceeded to examine how the absence of MIF affected plasma lipid profiles and
the insulin sensitivity during HFD. As we had shown before, the administration of a MIF-
neutralizing antibody significantly lowered circulating FA concentrations in WT mice following
HFD (Figure 3.3.8B), however, this effect on FA levels was not evident in the Mif’- mouse model
(Figure 3.3.13A). In addition, Mif’- mice showed significantly increased plasma triglyceride levels

(Figure 3.3.13B), indicating more severe hyperlipidemia in Mif’- compared to WT mice.
p
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WT mice subjected to a HFD exhibited reduced Akt phosphorylation in the liver, adipose
tissue, and skeletal muscle (Figure 3.3.6C-E). This reduction was more pronounced in the livers
of Mif’ mice on a HFD (Figure 3.3.13C), indicating aggravated hepatic insulin resistance due to
MIF deletion. Interestingly, in adipose tissue, Mif”" mice demonstrated elevated Akt
phosphorylation (Figure 3.3.11I) compared to WT mice following HFD. This increased Akt
phosphorylation was linked to a diminished PKA signaling pathway (Figure 3.3.11I), suggesting
that MIF deficiency could lead to the downregulation of HSL activation through the Akt/PKA
signaling pathway. In contrast, equivalent levels of Akt phosphorylation were observed in the

skeletal muscle of Mif’" mice compared to WT mice on a HFD (Figure 3.3.13D).

Phenotypic characterization of MIF deficiency revealed that MIF plays a previously
unsuspected role in metabolic health. In Mif mice, the inhibition of adipose HSL is due to the
overlapping effects of: (1) decreased HSL gene expression and (2) attenuated HSL activation by
the AKT/PKA signaling pathway. Accordingly, the levels of HSL in MIF deficient mice are lower
than those in WT mice (Figure 3.3.11C). These results underscore the crucial role of intracellular
MIF in maintaining HSL expression and activation. Additionally, through the analysis of
adipogenesis genes, we also found that MIF deletion increased LPL gene expression in adipose
tissue (Figure 3.3.11J) which may also contribute to the development of adipocyte hypertrophy
and obesity. Indeed, Mif~ mice had more pronounced adipocyte hypertrophy compared to WT
mice following HFD feeding (Figure 3.3.11K), which was associated with more weight gain

(Figure 3.3.11L) and whole-body insulin resistance (Figure 3.3.14).
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18-Figure 3.3.11. Deficiency of intracellular MIF inhibits HSL expression through JNK but
independent of AMPK.

WT and Mif” mice at 3 weeks were fed with normal chow (NC) or high fat diet (HFD) for 12
weeks. The gene (A) and protein (B) expression of HSL in adipose tissue was quantified with
gPCR and western blot, respectively. The phosphorylation of HSL at Ser’®* (C), AMPK and
JNK phosphorylation (D) and MIF levels (D) were also examined. Adipocytes were isolated
from WT and Mif” adipose tissue and the phosphorylation of JNK and HSL Ser*®*/HSL ratio
were evaluated by western blot (E). In 3T3-L1 adipocytes, following knockdown of MIF with
MIF siRNA, MIF and JNK phosphorylation in the presence of MIF inhibitor, MIF098 (10uM)
were evaluated by western blot in (F). The interaction among JNK, MIF and Jabl was
determined by co-immunoprecipitation (G). Phosphorylation of Jabl-bond JNK was quantified
by western blot (G). Adipose tissues were isolated from WT and Mif’- mice following HFD and
they were cultured in physiological KREB solution at 37°C for 24 hours in the absence or
presence of SP600125. HSL gene and protein expression were detected by qPCR and western
blot (H). The phosphorylation of Akt and PKA was examined in (I). Adipogenesis gene
expressions, such as FASN, PPARy, CD36 and LPL were quantified by qPCR (J). H&E staining
was performed to identify adipocyte hypertrophy in (K), and body weight gain was monitored
in (L) weekly. All data are presented as mean + SD. *P < 0.05 increase and *P < 0.05 reduction
vs. WT or WTHEFD. n.s. represents no significance.
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19-Figure 3.3.12. Mif" mice have unchanged HSL phosphorylation at the site of Ser’®
following HFD compared to WT.

WT and Mif mice (3 weeks) were fed with HFD for 12 weeks. HSL phosphorylation at
the site of Ser’® was quantified by western blot. N= 5-6 each animal group. n.s. represents
no significance.
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20-Figure 3.3.13. Mif” mice have exacerbated hyperlipidemia and tissue specific insulin
resistance in liver and skeletal muscle.

WT and Mif” mice (3 weeks) were fed with HFD for 12 weeks. Serum TG (A) and FA (B),
and Akt phosphorylation in the liver (C) and skeletal muscle (D) were quantified. N= 5-10
each animal group. *P < 0.05 increase vs. WT NC in (A) and (B); and *P < 0.05 reduction vs.
WT HFD. n.s. represents no significance.
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21-Figure 3.3.14. Mif’- mice have more severe whole-body insulin resistance compared to WT

following HFD.

WT and Mif mice (3 weeks) were fed with high caloric diet (HFD) for 12 weeks. GTT and
ITT (D) were then quantified by i.p. injection of high glucose or insulin. N= 6 for each animal
group. *P < 0.05 increase vs. WT HFD.
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3.4 DISCUSSION

Lipolysis is accelerated by inflammatory cytokines, such as TNF-o and IL-4 ** 252 | and
this process may be related to the activation of HSL °3. However, the current results show that the
cytokine, MIF, expressed upstream of these cytokines 26 263 inhibits HSL and lipolysis in adipose
tissue, thereby exacerbating adipocyte hypertrophy and contributing to the development of obesity.
MIF is released from pre-formed storage pools in response to stimuli and has autocrine-paracrine
actions to regulate cellular function and metabolism by binding to the cell membrane receptor,
CD74. We show that extracellular MIF released from adipocytes has autocrine actions to
downregulate HSL through activation of AMPK/JNK signaling after binding to CD74. Mice
overexpressing MIF, as well as WT mice fed a HFD that caused high circulating MIF levels,
showed suppression of HSL, which was associated with the development of obesity. Blocking the
extracellular action of MIF by a neutralizing anti-MIF antibody significantly prevented the
development of HFD-induced obesity which is associated with reduced adipose AMPK/JNK
signaling and reversed HSL in HFD mice, further suggesting a role for extracellular MIF in
downregulating HSL. Unexpectedly, however, mice with MIF global deletion also had reduced
HSL activation and expression in adipose tissue. This finding led us to investigate the role of a
potential distinct MIF regulatory pathway, in which intracellular MIF downregulates JNK
activation by binding to the intracellular protein, Jab1'”. Knockdown of MIF had additional
effects after blockade of the extracellular pathway, which recapitulated changes in global Mif*”
mice. Global deletion of MIF led to hyperactivation of JNK, resulting in reduced HSL gene and
protein expression. MIF deficiency also increased Akt and downregulated PKA signaling
compared to WT mice fed an HFD. Inhibition of PKA downregulated HSL activation and

enhanced adipocyte hypertrophy. Thus, our present data suggest that the intracellular and

103



extracellular MIF have opposing effects to downregulate HSL and exacerbate the development of

obesity during HFD.

Metabolic dysfunction, including obesity and insulin resistance, is associated with reduced
HSL expression in adipose tissue 2°°. HSL mRNA expression is diminished in visceral adipose
tissues from obese subjects and is strongly correlated with human adipocyte size and plasma
insulin concentrations %4, Interestingly, insulin resistance is inversely associated with adipose HSL
expression but not with adipocyte size and body composition 2°°. Together, these data suggest that
regulation of HSL in adipose tissue may contribute to adipocyte hypertrophy and the development
of insulin resistance. However, the underlying mechanisms by which HSL is regulated are largely
unknown. Our present study is the first to investigate the regulation of adipose HSL expression by
the immune cytokine MIF. In metabolic disorders, MIF may be released from circulating
monocytes and adipose tissue, leading to high plasma MIF levels 2%°. We found that extracellular
MIF inhibits the expression and activation of HSL and lipolysis in adipocytes by binding to its cell
membrane receptor, CD74. This effect of MIF leads to augmented adipocyte hypertrophy in the
presence of high fatty acid or a high fat diet. Interestingly, this effect was independent of alterations
in the expression of adipogenesis genes. Furthermore, blocking the extracellular action of MIF by
a neutralizing MIF antibody significantly reduced obesity and insulin resistance in HFD mice,
suggesting a critical role for extracellular MIF in regulating metabolism through the

downregulation of HSL.

We found that extracellular MIF downregulates HSL activation and subsequent lipolysis
in adipocytes by activating AMPK. MIF is known to stimulate AMPK activation in different cell
types, such as cardiomyocytes ', neurons 3! and liver cells '# through CD74. Previous studies

indicated that AMPK phosphorylates HSL at Ser®®> and inhibits HSL activity 2°°. In this study, we
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found that AMPK activation induced by both AICAR and MIF also downregulates HSL gene and
protein expression. The transcriptional effect of AMPK on HSL seems to be critical with respect
to the regulation of lipolysis. Interestingly, AMPK activation did not affect the expression of the
lipolytic enzyme ATGL, suggesting a selective effect on HSL to inhibit lipolysis. MIF is also
known to activate JNK in cardiomyocytes and immune cells during myocardial ischemia-

266 and inflammation 2¢7, respectively. Here, we show that MIF treatment stimulates

reperfusion
JNK phosphorylation through AMPK 1n adipocytes. Furthermore, AMPK/JNK signaling appears
to be regulated by extracellular MIF (through CD74) and has an important transcriptional

regulatory effect on HSL that inhibits lipolysis.

Although blocking the extracellular action of MIF by a neutralizing MIF antibody
successfully reversed HSL down-regulation and reduced obesity in HFD mice, MIF transgenic
knockout mice with global loss of MIF action had an opposing effect. Previous studies indicated
that intracellular MIF has an inhibitory effect on the intracellular protein, Jabl which normally
activates JNK activity and enhances phosphor-cJun levels '*°. Although our data indicate that
intracellular MIF did not affect the binding between Jab1 and JNK, it inhibited Jab1-mediated JINK
phosphorylation and activation. Thus, after global deletion of MIF in Mif” mice, the loss of
intracellular MIF inhibition of adipose Jabl-mediated JNK phosphorylation, augmented JNK
phosphorylation compared to WT following high fat diet feeding. Thus, despite the loss of CD74-
AMPK activation resulting from the absence of extracellular MIF, intracellular JNK activation
remained elevated and HSL gene expression was still inhibited in global Mif”~ mice. It should be
noted that this mechanism was only observed during global MIF deletion and is unlikely to occur

under more physiological conditions. This might suggest that enhanced body weight gain observed
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in global Mif’- mice during HFD 232, was probably due to the activation of the INK/HSL signaling

pathway in mice with global deletion of intracellular MIF.

Normally, MIF attenuates insulin sensitivity by inducing insulin receptor substrate (IRS)
serine phosphorylation in adipocytes 2?7, Although whole-body insulin resistance in Mif*" mice fed
a high fat diet is even worse due to exacerbated insulin resistance in the liver, they have improved
adipose Akt phosphorylation compared to WT. Akt-downregulated PKA also contribute to the
inhibition of HSL in the Mif’ mice. In addition, the development of obesity is generally regulated
by increased adipogenesis and/or decreased lipolysis. Extracellular MIF inhibits HSL and lipolysis
without associated changes in adipogenesis gene expression. However, with a reduction in HSL,
the deficiency of intracellular MIF leads to an upregulation of LPL gene that may augment
adipogenesis. Thus, Mif’- mice have more severe obesity compared to WT following high fat diet
feeding. Whether this effect results primarily from intracellular or extracellular MIF is currently

unknown.

It should be noted that mice 2*® with HSL knockout and human subjects with HSL
mutations %% have reduced lipolysis in adipose tissue, but do not develop obesity 27°. Interestingly,
mice with global HSL knockout have enlarged adipocytes in white and brown adipose tissues
despite the lack of overall obesity 7°. In contrast, our present findings suggest that extracellular
MIF contributes to both HSL downregulation related adipocyte hypertrophy and obesity. It is
possible that HSL mutations during development cause some degree of loss of adipose cell number
and lipodystrophy, which does not occur with post-developmental MIF-mediated loss of HSL
during HFD. In addition, MIF neutralization by anti-MIF antibody significantly reversed HSL, but
not the expression of TNF-a, IL-1, and IL6, suggesting that MIF regulated HSL and body weight

independent of changes in adipose tissue inflammation.
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MIF has different regulatory effects on different organs that express CD74. In the heart,
during ischemia-reperfusion, cardiomyocyte-derived MIF promotes glucose metabolism by
activating AMPK to compensate for energy deprivation and prevent cardiac injury '*’. In the liver,
MIF stimulated AMPK counteracts the development of liver fibrosis 2*3. However, MIF derived
from adipose tissue has been suggested to be detrimental to the development of metabolic
dysfunction 77 224, High fat diet induced adipose MIF release is positively associated with insulin
resistance in the presence or absence of adipose inflammation 27! 272, MIF attenuates insulin
signaling only in adipocytes but not in liver or skeletal muscle cells *'. Our present study also
indicated that MIF inhibits HSL by activating the AMPK/JNK signaling pathway. The diverse
effects of MIF are most likely cell specific, governing in large part by CD74 expression and its
coupling to intracellular signaling intermediates. There is also growing evidence that MIF may
have both intracellular and extracellular effects on the same cellular signaling targets. For example,
the intracellular effect of MIF in inhibiting the JNK signaling pathway was observed in cancer
cells ', but the extracellular effect of MIF in activating JNK through the CD74 receptor was

reported in T cells and fibroblasts 2¢7

. Interestingly, our present data show for the first time that
both intracellular and extracellular MIF are present in adipocytes and appear to have opposing
effects on HSL and lipolysis. JNK is a key mediator of both effects. Previous studies have showed
that glucocorticoids can bind to membrane glucocorticoid receptors or cytosolic glucocorticoid
receptors thereby exerting multiple effects in regulating inflammation 273. Serotonin has
extracellular effects in regulating heart valve development, but it also has intracellular effects on
heart valve remodeling during disease 2’*. Therefore, MIF may be one of the secreted factors that

exhibit both extracellular and intracellular effects under physiological and pathological conditions

in the human body. Although intracellular regulation of JNK by MIF is only revealed under the

107



extreme condition of complete MIF absence, strategies to selectively inhibit extracellular MIF with
neutralizing antibody or small molecule antagonism of MIF interaction with cell surface CD74
appear to have more beneficial metabolic actions. The strategy to develop CD74 inhibitors for the
treatment of metabolic dysfunction may be most effective in subjects with high MIF expression,

for instance due to their genetic predisposition for a high expression MIF allele 3'.
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22-Figure 3.3.15. The schematic diagram regarding the effects of extracellular and
intracellular MIF on regulating HSL.

High fat diet stimulates MIF release which activates AMPK and JNK in adipocytes, leading
to an inhibition of HSL expression and upregulation of inhibitory phosphorylation of HSL.
The attenuated HSL activation is associated with adipocyte hypertrophy. In the absence of
intracellular MIF, JNK will be also activated by Jabl and it therefore downregulates HSL
expression. Following high fat diet feeding, Mif mice demonstrated a higher Akt
phosphorylation compared to WT. Akt inhibits the upstream enzyme of HSL, PKA and
eventually downregulates the active phosphor-site of HSL (Ser’®®). Intracellular MIF
deficiency also upregulates LPL gene expression which may increase adipogenesis. All these
mechanisms together contribute to adipocyte hypertrophy in the absence of MIF.
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CHAPTER 4: The Role of MIF in Stabilizing CD74: A Novel Mechanism Contributes to

the Development of NAFLD

4.1 ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is associated with metabolic dysfunctions, such
as obesity and diabetes. Macrophage migration inhibitory factor (MIF), an innate cytokine, has
also been identified to influence the development of NAFLD, but its molecular mechanism
remains unclear. We now show that MIF has a non-inflammatory role in triggering NAFLD by
upregulating its cognate membrane receptor, CD74. MIF increased CD74 protein contents but not
gene expression in hepatocytes. Changes in CD74 were not associated with any changes in the
expression of the inflammatory factors, such as TNFe, IL-6, or IL-1£. In an animal model of MIF
overexpression (Mif lung Tg), high circulating MIF levels were also associated with increased
hepatic CD74 proteins, but not mRNA levels in the absence of liver inflammation. A high fat diet
increased circulating MIF levels in WT mice, leading to the upregulation of hepatic CD74. Both
animal models with high circulating MIF and hepatic CD74 were associated with hepatic steatosis
and fibrosis. Alterations in CD74 and liver phenotype could be reversed by MIF neutralization or
MIF gene deletion. Caspase-4 promotes the degradation of CD74. We found that MIF endocytosis
inhibited caspase-4 cleavage and its activation. Thus, inhibition of MIF upregulated cleaved
caspase-4, leading to CD74 degradation. Collectively, our findings suggest that MIF stabilizes
CD74 through the inhibition of caspase-4, which may be an important mechanism for regulating

NAFLD in the absence of inflammation.
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4.2 INTRODUCTION

NAFLD is a broad term that describes a range of liver conditions, such as fibrosis, cirrhosis,
NASH, and hepatocellular carcinomas, which are caused by the accumulation of fat in the liver 3.
NAFLD typically occurs in obese or overweight individuals, and its epidemic continues as the
number of obese people worldwide continues to increase !'3. The occurrence and development of

NAFLD is associated with chronic liver inflammation %73

, and triggered by metabolites and
exogenous antigens. Following macrophage infiltration, the liver produces pro-inflammatory

cytokines such as IL-1B, IL-6 and TNF-a, which maintain chronic low-grade inflammation,

leading to disease progression from steatosis to fibrosis 27,

Macrophage migration inhibitory factor (MIF) is a pleiotropic inflammatory cytokine that
regulates both innate and adaptive immunity '87 26>, Thus, MIF has been implicated in sepsis,
autoimmune inflammatory conditions, and atherosclerosis. MIF also modulates ethanol or non-

ethanol induced liver injury 230 232

. MIF promotes liver fibrogenesis by promoting the
differentiation of NKT cells toward a pro-fibrotic phenotype during chronic liver injury 23!. Loss
of MIF shifts the hepatic macrophage phenotype from M1 to M2 following high fat diet feeding
232 The effect of MIF on the development of NAFLDD is largely mediated by the interaction

between MIF and its cognate membrane receptor, CD74 230 232 233,

CD74 is a nonpolymorphic type II integral membrane protein characterized by its structure:
it features a concise N-terminal cytoplasmic tail of 28 amino acids, succeeded by a solitary 24
amino acid transmembrane region, and an approximately 150 amino acid lumenal domain. Initially,
CD74 was recognized for its role in governing intracellular trafficking and functioning as both a
chaperone and a cell membrane receptor, exerting regulatory influence over B, T, and dendritic

cell responses !9 277, Furthermore, it has been associated with fostering tumor growth by
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enhancing tumor cell survival and proliferation 28, CD74 was thought to function as an MHC class
IT chaperone in antigen-presenting cells 277, but it initiates a MIF dependent signaling cascade in
concert with CD44 % Interestingly, CD74 can be cleaved upon binding MIF in B cells ! to
release an intracellular domain, CD74-ICD that undergoes nuclear translocation to activate
transcription factors, such as RUNX (Runt related transcription factor) and NF-kB to enhance B
cell survival 1!, MIF-induced CD74 cleavage may also affect CD74 stabilization inside the cytosol.
However, whether this mechanism contributes to the development of NAFLD progression is

unknown.

Caspase-4 ((known as human homologs caspase-4 and caspase-5, and its murine homolog
caspase-11) belongs to the caspase 1 subfamily and plays a key role in regulating pyroptosis 27.
However, accumulating evidence also supports the direct involvement of caspase-4 in
inflammation 2%°. LPS induces caspase-4 expression, upregulating the production of inflammatory
cytokines as IL-18 and IL-1PB, which require proteolytic processing for secretion 28!, Interestingly,
caspase-4 also promotes the degradation of CD74 during dendritic cell development 282, Therefore,
whether MIF regulates CD74 stability through caspase-4 is of interest for our current study. We
investigated the effect of MIF on stabilizing hepatic CD74 and describe a novel regulatory
mechanism that contributes to the development of NAFLD. Our study provides new insight into

NAFLD pathogenesis as well as suggests new opportunities for therapeutics.
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4.3 RESULTS

4.3.1 MIF Upregulates Non-Transcriptional Hepatic CD74 Levels in the Absence of

Inflammation

In numerous organ systems, the expression pattern of CD74 has been observed to closely
parallel that of its ligand, MIF '84. Nevertheless, the precise regulatory relationship between MIF
and CD74 remains inadequately understood. We found that a conspicuous and time-dependent
augmentation of CD74 content in HepG2 cells following MIF exposure (Figure 4.3.1A). Crucially,
alterations in CD74 protein were associated with unchanged Cd74 gene expression and
proinflammatory genes, such as Tnf-c, IL-1p, IL-6 (Figure 4.3.1A and B). To further delineate the
impact of elevated MIF levels on hepatic CD74 regulation in vivo, we employed a transgenic MIF-
overexpressing animal model known as Mif lung Tg. These mice exhibit elevated circulating MIF
levels (Figure 4.3.1C) while maintaining steady MIF expression (Figure 4.3.2) and experiencing
an absence of inflammatory conditions in the liver (Figure 3.4.1D). But the Mif Lung Tg mice
displayed heightened CD74 protein levels in the liver, despite the absence of changes in Cd74 gene
expression in comparison to compared to WT (Figure 4.3.1E and F). Collectively, our combined
in vitro and in vivo findings strongly suggest that MIF exerts a direct influence on hepatic CD74

protein levels through a non-transcriptional mechanism.
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23-Figure 4.3.1. MIF increases non-transcriptional CD74 protein levels in vitro and in vivo.

HepG2 cells were initially cultured in Minimum Essential Medium with 10% FBS and
following fasting (0.5% FBS) overnight, the cells were incubated with vehicle or human
recombinant MIF (rMIF, 400ng/ml) for 1-12 hours. CD74 protein levels were then evaluated
by western blot (A) and the gene expression of Cd74 and inflammatory genes TNF-«, IL-15,
and /L-6 (B) was quantified by qPCR (B). The levels of plasma MIF in WT and Mif Tg mice
(15 weeks) were quantified by ELISA (C) and inflammatory factor gene expression was
measured in the liver at (D) by qPCR. CD74 protein and gene expression was also quantified
(E and F). All the values are mean + SD. *P < 0.05 increase vs. Vehicle in (A), vs. WT in (C)
or (E). n.s. represents no significance.
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24-Figure 4.3.2. Hepatic MIF expression in WT and Mif lung Tg mice.

C57BL/6 mice (WT) and Mif lung Tg mice (3 weeks) were fed with normal chow (NC) for 12
weeks and then euthanized for quantifications of hepatic Mif gene by qPCR (A) and protein by
WB (B). N= 4-5 each animal group. All the values are mean + SD, *P<0.05 increase vs. WT.
n.s. represents no significance.
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4.3.2 Transgenic Upregulation of Circulating MIF Levels Increases Lipid Accumulation and

Fibrosis in Liver

In Mif Lung Tg mice, characterized by elevated circulating MIF levels, we observed a
multifaceted impact on hepatic physiology. A prominent consequence of this heightened MIF
environment was the conspicuous accumulation of lipid droplets within hepatic tissues (Figure
4.3.3A). Intriguingly, this lipid deposition was concomitant with the upregulation of genes
involved in lipid synthesis, including PPARy and fatty acid synthase (F/AS) (Figure 4.3.3B). These
findings collectively suggest that elevated MIF levels may stimulate hepatic lipid biosynthesis.
Moreover, the influence of elevated circulating MIF extended to the realm of hepatic fibrosis
(Figure 4.3.3C). This fibrotic condition was characterized by increased gene expression of fibrosis
makers, actin alpha 2 (Acta2), alpha-1 type I collagen (CollA1), and transforming growth factor
beta (7gfb) (Figure 4.3.3D). And the alpha-smooth muscle actin (a-Sma, also known as Acta2)
protein, a well-established marker of fibrosis primarily expressed in vascular smooth muscle cells
283 "exhibited a significant upregulation in the liver from Mif Lung Tg mice in comparison to that
in WT liver (Figure 4.3.3E). This observation suggests that the heightened MIF levels, either

directly or through the MIF-upregulated CD74 pathway, may contribute significantly to the

development of hepatic steatosis and fibrosis.
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25-Figure 4.3.3. Transgenic upregulation of circulating MIF levels increases lipid
accumulation and fibrosis in the liver.

Age-matched WT and MifTung Tg mice (15 weeks) were euthanized for the quantifications of

hepatic lipid storage by Oil red O staining (A), the lipid synthesis genes of PPARy and FAS by
gPCR (B), liver fibrosis by Trichrome staining (C) and the expression of Acta2, CollAI and

Tefb (D) and a-Sma (E). All the values are mean + SD. *P < 0.05 increase vs. WT in (B), (D)
and (E). n.s. represents no significance.
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4.3.3 High Circulating MIF Levels following High Fat Diet (HFD) Upregulate Non-
Inflammatory and Non-Transcriptional Hepatic CD74 Levels that Contribute to the

Development of Liver Steatosis and Fibrosis

Intriguingly, it has been well-established that the consumption of a high-fat diet has the
propensity to induce a marked increase in circulating MIF levels within murine models 2*°. To
comprehensively investigate this phenomenon, the C57BL/6 WT mice was fed with a high-caloric
dietary regimen at the age of 3 weeks for 12 weeks. Astonishingly, these mice with HFD
interventions resulted in a remarkable augmentation, exceeding one-fold, in the levels of plasma
MIF when compared to WT with NC (Figure 4.3.4A). And this surge in circulating MIF levels
was observed in tandem with a conspicuous elevation in CD74 protein in the liver but not its
mRNA (Figure 4.3.4B and C). It is noteworthy that this increase in CD74 protein did not correlate
with alterations in the expression of other key proinflammatory cytokine genes such as TNF-a,
IL6, IL1p (Figure 4.3.4D). Expanding upon these observations, we delved into the
pathophysiological implications of such alterations in MIF and CD74 in response to HFD
consumption. Akin to our findings in the Mif Lung Tg mice, the WT mice subjected to HFD
exhibited heightened hepatic steatosis and fibrosis (Figure 4.3.4E to I). Collectively, these
intriguing results strongly advocate for a putative role of MIF-driven CD74 upregulation in the

pathogenesis of hepatic pathological changes in response to a HFD feeding.
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26-Figure 4.3.4. High circulating MIF levels following a HFD upregulate non-
inflammatory and non-transcriptional hepatic CD74 levels, leading to the development
of hepatic steatosis and fibrosis.

WT mice at 3 weeks were fed with normal chow (NC) or high caloric diet (HFD) for
12 weeks. Plasma MIF levels were quantified by ELISA (A) and the protein and gene
levels of CD74 in the liver were measured by western blot and qPCR in (B) and (C),
respectively. The hepatic inflammation was evaluated by the quantification of TNF-a,
IL-1p, and IL-6 (D). Lipid accumulation was assessed by the quantification of PPARy
and FAS (E) and Oil red O staining (H). Eventually, liver fibrosis was evaluated by the
quantification of Acta2, CollAl, Tgfb and a-Sma and visualized by Trichrome staining
(F and G). All the values are mean + SD. *P < 0.05 increase vs. NC in (A), (B), (E),
(F) and (G). n.s. represents no significance.
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4.3.4. Neutralization of MIF Reverses HFD-Induced Upregulation of Non-Transcriptional

CD74 Levels and Attenuates NAFLD Development

Thus, we next asked whether the reduction of circulating MIF levels could mitigate MIF-
driven CD74 accumulation within the liver. To address this question, we employed an in vivo
approach by administering anti-MIF antibodies to neutralize the MIF 2%°, Our present study
illuminated the profound effects of anti-MIF antibodies in mitigating hepatic CD74 protein within
liver (Figure 4.3.5A). This notable reduction in CD74 content was independent to the hepatic
inflammation. (Figure 4.3.5B). The improvement of NAFLD was evidenced by the
downregulation of key genes pivotal in the context of hepatic pathology, including the lipid
synthesis and fibrosis marker genes, including PPARy, Acta2, CollAl, and Tgfb ((Figure 4.3.5C
and D). Complementing these gene expression changes, the marker of fibrosis protein levels of a-
Sma was substantially diminished following anti-MIF antibody treatment in the liver (Figure
4.3.5E). Importantly, these molecular alterations precipitated by anti-MIF antibodies were further
corroborated by histological assessments of the liver. Specifically, hepatic steatosis and fibrosis,
two cardinal features of NAFLD, were appreciably attenuated in response to anti-MIF treatment
(Figure 4.3.5F and G). These compelling findings collectively underscore the hitherto unexplored
role of MIF in the regulation of non-transcribed CD74 levels and its consequential impact on the

pathogenesis of NAFLD.
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27-Figure 4.3.5. The neutralization of MIF reverses HFD-induced upregulation of non-
transcribed CD74 levels and attenuates NAFLD development.

WT mice at 3 weeks were initially fed with normal chow (NC) or high caloric diet (HFD) for
7 weeks and then they were randomly divided to two groups injected with non-specific IgG or
anti-MIF antibody (20 mg/kg, i.p. twice a week) accompanied with diet feeding for 5 weeks.
The protein levels of CD74 (A) and expression of inflammatory genes, TNFa, IL-14, IL-6 (B)
were quantified by western blot and qPCR, respectively. Lipid accumulation and fibrosis
makers, PPARy, Acta2, CollAl, Tgfb and a-Sma were evaluated from (C) to (E) and
histological changes were identified by Oil red O (F) or Trichrome staining (G). All the values
are mean = SD. *P < 0.05 increase vs. IgG NC in (A). #P < 0.05 reduction vs. IgG HFD in

(A), (C), (E) and (F). n.s. represents no significance.
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4.3.5 Genetic Deficiency of MIF Reduces Hepatic CD74 Levels and NAFLD following HFD

Feeding

To comprehensively investigate the impact of MIF deficiency on CD74 protein levels in
the liver, we utilized Mif’- mice, characterized by a global deficiency in MIF. Our findings revealed
that global MIF deficiency significantly downregulated non-transcribed CD74 protein levels in the
liver following a HFD feeding in Mif’- mice compared with WT mice with HFD (Figure 4.3.6A).
This reduction in CD74 protein was associated with a notable downregulation in the gene
expression of key markers linked to lipogenesis and liver fibrosis (Figure 4.3.6B and D).
Furthermore, the protein levels of a-Sma, a marker of fibrosis, exhibited a similar reduction,
aligning with the levels observed in both Mif’ mice and Cd74” mice subjected to an HFD (Figure
4.3.6E). As expected, the histological analysis of the livers from Mif’- mice revealed improvements
in lipid accumulation and collagen formation relative to their WT counterparts when exposed to
an HFD (Figure 4.3.6C and F). These findings corroborate our previous observations in models
involving MIF neutralization. Collectively, these results underscore the importance of targeting
the MIF/CD74 axis to ameliorate hepatic steatosis and fibrosis in the context of complications

arising from diet-induced obesity, particularly NAFLD.
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28-Figure 4.3.6. Transgenic deficiency of MIF downregulates hepatic CD74 levels and
NAFLD following HFD feeding.

WT and Mif” mice at 3 weeks were fed with high caloric diet (HFD) for 8 weeks and then
hepatic CD74 was quantified by western blot (A). Lipid accumulation and fibrosis makers,
PPARy, Acta2, CollAl, Tgfb and a-Sma were evaluated in (B), (D) and (E). Histological
changes were identified by Oil red O (C) or Trichrome staining (F). All the values are mean +
SD. #P < 0.05 reduction vs. WT HFD in (A), (B), (D) and (E).
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4.3.6 MIF Inhibits Cleavage of Caspase-4 that Facilitates the Degradation of CD74 in Liver

The preceding in vitro and in vivo findings collectively underscore the pivotal role of MIF
in stabilizing its receptor, CD74, thereby leading to a substantial accumulation of CD74 within the
liver. This accumulation is strongly associated with the development of NAFLD. Our following
objective is to investigate the molecular mechanisms that underlie how MIF influences the
stabilization of CD74 in hepatic cells. Initially, our hypothesis revolved around the possibility that
MIF achieves CD74 stabilization through direct binding to CD74 on the cell membrane. To
investigate this hypothesis, we employed a specific MIF inhibitor, MIF098, known for its ability
to obstruct the binding activity between MIF and CD74 2%, Intriguingly, the levels of CD74, which
are augmented by MIF, remained unaffected in the presence of the MIF inhibitor MIF098 (Figure
4.3.7A). This intriguing observation suggests that the regulation of non-transcribed CD74 by MIF
operates independently of the conventional ligand-receptor binding mode between MIF and CD74.
Furthermore, we incubated the HepG2 liver cell with FITC-labelled rMIF for 1 hour, which
distinctly exhibited endocytosis as the mode of cellular entry (Figure 4.3.7B). This mode of entry
hinted at the possibility that, aside from the MIF-CD74 binding mechanism, endocytic MIF may
govern other factors responsible for CD74 stabilization. Caspase-4 promotes the degradation of

CD74 in developing dendritic cells 282

, and caspase-4 is normally activated by its cleavage or tis
precursor, pro-caspase-4. To facilitate these investigations, we employed a caspase-4-specific
inhibitor, Z-LEVD-FMK, in HepG2 liver cells. We found that caspase-4 inhibition significantly
heightened CD74 protein levels (Figure 4.3.7C), while gene expression remained unaltered (Figure
4.3.7D). That suggested caspase-4 negatively regulates CD74 levels post-transcriptionally.

Additionally, the treatment of HepG2 cells with rtMIF exhibited a downregulation of cleaved

caspase-4 alongside an upregulation of pro-caspase-4 (Figure 4.3.7E). These in vitro observations
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were further validated in vivo, we found that the inhibition of MIF effects by neutralizing
antibodies or genetic deletion of Mifin mice relatively increased cleaved caspase-4 compared with
the WT group following HFD (Figure 4.3.7F). These results suggested that caspase-4 signaling is
postulated to contribute to the degradation of CD74, ultimately resulting in decreased hepatic
CD74 levels. While MIF inhibit caspase-4 activation to protect CD 74 from degradation in liver

cells (Figure 3.4.4 and 3.4.5).
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29-Figure 4.3.7. MIF inhibits cleavage of caspase-4 that promotes the stability of CD74 in
liver.

HepG2 cells were incubated with vehicle or recombinant MIF (400ng/ml) in the presence or
absence of MIF098 (10uM) for 12 hours. CD74 protein levels were then evaluated in (A).
FITC labeled rMIF were treated with HepG2 cells for 2 hours and visualized with confocal
microscope (B). The cells were also treated with vehicle or the inhibitor of caspase-4, Z-
LEVD-FMK (20uM) from 0.5 to 3 hours and the protein (C) and gene (D) levels of CD74
were quantified by western blot and qPCR. In a separate experiment, rMIF was treated with
cells from 1 to 12 hours and then MIF, pro-caspase-4 and cleaved caspase-4 were quantified
by western blot (E). Following high cleric diet feeding (HFD), cleaved caspase-4 was
evaluated in the livers from WT IgG, anti-MIF and Mif’ groups. All the values are mean +
SD. *P < 0.05 increase vs. vehicle in (A), (C) and (E); vs. IgG in (F). #P < 0.05 reduction vs.
vehicle in (E). n.s. represents no significance.
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4.4 DISCUSSION

NAFLD is a liver disease triggered by obesity-related metabolic dysfunction '3 284,

Although lifestyle interventions, including exercise and weight loss, may have beneficial effects
on NAFLD, the molecular mechanisms regulating NAFLD onset and progression remain largely
unknown. Our current study found the cytokine MIF has a regulatory role in NAFLD by the
upregulating its cognate receptor, CD74. In mice overexpressing MIF or fed a high-fat diet, MIF
increased CD74 protein content but not Cd74 gene expression which was associated with steatosis
and fibrosis. Upregulation of CD74 and hepatic phenotypes can be reversed by blocking MIF with
an anti-MIF antibody or Mif gene deletion. Caspase-4 promotes the degradation of CD74, and MIF
endocytosis inhibits caspase-4 cleavage and activation, leading to enhanced to CD74 degradation.
Collectively, our findings suggest that MIF stabilizes CD74 through inhibition of caspase-4, which

may be an important mechanism for regulating NAFLD in the absence of liver inflammation.

NAFLD is associated with abnormal lipid metabolism 2%, leading to excess accumulation
of triglyceride in hepatocytes, resulting in impaired insulin sensitivity and cell damage ' 286,
Systemic low grade chronic inflammation in the liver also contributes to the development of
NAFLD 2%, Obesity is often associated with low-grade inflammation in adipose tissue, which
increases the secretion of cytokines, including TNF-a, IL-6, IL-1p and MCP1 78 7 80 81 82 Thege

released cytokines may contribute to inflammatory and immune signaling pathways in hepatocytes,

but their relative importance and at which stage they contribute to NAFLD are unknown.

MIF was originally discovered in immune cells (macrophage/monocyte) as an upstream
regulator of the innate immune response 26°. It is also widely expressed in metabolically active
tissues including adipose tissue, heart, and liver 27, Of these, adipose tissue appears to be a major

source of plasma MIF. MIF gene expression in visceral and subcutaneous adipose tissue is
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positively correlated with weight gain 2!! 288, Adipose-derived MIF attenuates insulin signaling
and regulates lipid metabolism 224 272, These lines of evidence suggest that MIF plays a key role in
energy metabolism. However, the role of MIF in regulating NAFLD is controversial. Early studies
have shown that MIF protects against hepatic steatosis and fibrosis by activating the AMPK
signaling pathway '%¢. Thus, genetic deficiency of MIF exacerbates the hepatic steatosis phenotype
after chronic HFD feeding 23°. However, several other studies indicated that MIF expression in
hepatocytes is induced by chronic metabolic injury and that MIF promotes liver fibrogenesis by
shifting the polarization of natural killer T cells toward a pro-fibrotic phenotype 23!. Interestingly,
although the conclusions are different, both studies suggest that the MIF cell membrane receptor,

CD74 is involved in the development of NAFLD 232 233,

CD74 functions intracellularly antigen-presenting cells as the MHC class Il invariant chain,
but it has also been identified as a MIF receptor. Upon binding to MIF, CD74 recruits the co-
activator CD44 to activate the ERK signaling pathway in both myeloid and stromal cell types '%.
In B cells, CD74 can also be cleaved to release a cytosolic domain CD74-ICD, which interacts
with transcriptional factors and enhance cell survival '°!. Therefore, the stability and expression
level of CD74 at the cell membrane is important for regulating MIF signal transduction. Our
current study shows that MIF contributes to the development of hepatic steatosis and fibrosis,
which is associated with post-transcriptional upregulation of CD74 in hepatocytes. CD74
reduction inhibited by anti-MIF antibody or MIF gene deletion significantly attenuates the hepatic
phenotype, suggesting that the post-transcriptional stabilization of CD74 by MIF is a key

mechanism in disease development.

Caspase-4/11 participates in inflammation 2%° by regulating the secretion of IL-18 and IL-

1B 28!, which contributes to pyroptosis 2”°. Caspase-4 also promotes the degradation of CD74
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during dendritic cell development %2, Our present findings suggest that MIF inhibits caspase-4
cleavage which may inhibit its activity to degrade CD74. In contrast, the blockade of caspase-4
increases CD74 levels in hepatocytes. MIF inhibits caspase-4 cleavage, thereby upregulating
CD74 and exacerbating the hepatic phenotype. Previous studies have found that caspase-4/11

289

deficiency enhanced lipid accumulation in the liver “*°, suggesting that caspase-4 plays an

important role in regulating the development of NAFLD.

It should be noted that MIF can also enter cells through endocytosis '*°. Our present
findings indicate that MIF entry into hepatocytes is associated with a downregulates caspase-4
cleavage and an upregulation of cellular CD74 protein. MIF blockade in mice by anti-MIF
antibody or MIF gene deletion upregulates cleaved caspase-4 associated with CD74 reduction.
Notably, the MIF and CD74 binding inhibitor, MIF098, didn’t appear to affect MIF-induced
increase in CD74 in hepatocytes. Therefore, we suspect that MIF-mediated CD74 stability in

hepatocytes is primarily due to its influx into cells rather than binding to the CD74 receptors.

Overall, we show that MIF-mediated NAFLD pathogenesis is dependent on CD74.
Downregulation of CD74 improves hepatic steatosis and fibrosis. Caspase-4 contributes to CD74
degradation, but MIF inhibits caspase-4 cleavage and activation. Thus, inhibition of MIF
upregulates caspase-4 activation and stabilizes CD74. This may be an important mechanism to

regulate NAFLD in the absence of liver inflammation (Figure 4.3.8).
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30-Figure 4.3.8 Graphical abstract summarizing the role of MIF in NAFLD and proposed
underlying mechanism

MIF triggers NAFLD by upregulating CD74, its membrane receptor, through a non-
inflammatory pathway. Specifically, MIF increased CD74 protein levels in a time-dependent
manner without affecting CD74 gene expression or the expression of proinflammatory factors,
including 7NFa, IL-6, and [L-1f, in hepatocytes. Moreover, in animal models of MIF
overexpression or high-fat diet feeding, elevated circulating MIF levels were associated with
increased hepatic CD74 protein levels and subsequent hepatic steatosis and fibrosis,
independently of liver inflammation. Notably, MIF neutralization or knockout reversed the
alterations in CD74 and liver phenotype. We further demonstrated that MIF inhibited caspase-4
cleavage and activation, thereby stabilizing CD74 via endocytosis. Conversely, inhibition of MIF
upregulated cleaved caspase-4/11, leading to CD74 degradation. Collectively, our findings
suggest that MIF promotes NAFLD by stabilizing CD74 through caspase-4 inhibition,
highlighting a non-inflammatory mechanism underlying the regulation of NAFLD.
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CHAPTER 5: DISCUSSION AND CONCLUSION
5.1 General Discussion and Conclusion

The metabolic syndrome, though multifaceted, primarily revolves around obesity and
insulin resistance as the leading culprits!. Obesity induces significant alterations in adipose tissue
function, releasing a torrent of fatty acids, hormones, and proinflammatory factors, thereby
triggering complications like insulin resistance and fatty liver disease > 2°°. MIF is one key player
in this complex interplay. MIF is an inflammatory cytokine, renowned for its potent pro-

214 291 292

inflammatory properties . Moreover, it is acknowledged as trigger of obesity related

insulin resistance 3! 272 293

. However, current research offer limited insights into the mechanisms
by which MIF contributes to obesity onset. Additionally, there are conflicting observations
regarding MIF's role in advanced liver disease, describing both pro- and anti-fibrotic effects of
MIF 23! 232 233 This thesis delves into the role of MIF in obesity and NAFLD, aligning with

previous studies *! while expanding our understanding of MIF's metabolic functions in peripheral

tissues, including adipose tissue and the liver.

Firstly, this study unveils that MIF suppresses HSL in adipose tissue by activating the
AMPK signaling pathway, which, in turn, stimulates JNK. Consequently, JNK activation leads to
reduced HSL expression and activity. Both MIF-overexpressing transgenic mice and wild-type
mice on a high-calorie diet exhibit inhibited HSL, contributing to obesity development.
Interestingly, intracellular MIF interacts with Jabl, inhibiting JNK phosphorylation. Conversely,
the absence of intracellular MIF in Mif’- mice enhances JNK phosphorylation and reduces HSL.
Furthermore, adipose tissue in Mif"~ mice displays increased Akt and reduced PKA

phosphorylation compared to WT mice, further dampening HSL activation and worsening obesity.
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HSL plays a crucial role in releasing fatty acids from adipose tissue by catalyzing the
hydrolysis of triglycerides and diacylglycerol during lipolysis 4. AMPK has been identified as an
inhibitor of lipolysis through its downregulation of HSL activation in adipose tissue 2%%.
Additionally, AMPK promotes fatty acid oxidation in the liver and muscle 2>* 233, Normally, HSL
activity is stimulated by PKA-mediated phosphorylation at Ser’® but counteracted by AMPK,

which phosphorylates HSL at Ser®®, reducing Ser’®® phosphorylation and lipolysis 2%

. Usually,
insulin activates AKT to inhibit PKA, thereby suppressing lipolysis through the inhibition of HSL
activation. Interestingly, we observed an unchanged PKA activation in the presence of MIF
treatment and high plasma MIF levels, which might be elucidated by considering the negative
regulation between AMPK activity and PKA 2%°, Notably, the deficiency of MIF led to a decline
in AMPK activation, rendering PKA responsive to AKT activation within adipose tissue (Figure
3.3.111), further supporting this counter-regulatory relationship between AMPK and PKA. In
addition, previous studies have indicated that HSL-deficient mice, including HSL”, HSL
haploinsufficient and adipose tissue-specific deletion of HSL mice, show resistance to HFD-
induced weight gain mice 7° 76 268 296 Degpite having less abdominal fat mass and normal body
weight, these mice display higher core body temperatures, increased brown adipose tissue, and
ectopic fat storage, particularly in the liver 70 268 270 297298 'Thege complex phenotypes, potentially
including a higher baseline of thermogenesis and the development of fatty liver as a compensatory

mechanism alongside lipodystrophy 2¢°, in which might make it challenging for these models to

mimic post-developmental MIF-mediated HSL loss during the development of obesity.

Adipose tissue dysfunction is intricately linked to fatty liver disease development due to
the liver's high susceptibility to fatty acids. Chapter 3 of our study comprehensively elucidates the

role of MIF/HSL in mediating adipocyte hypertrophy. We also notice that anti-MIF antibody
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neutralization significantly restores adipose tissue function and reduces HFD-induced circulating
fatty acids (Figure 3.3.8B), ultimately decreasing hepatic lipid accumulation, potentially by
enhancing liver fatty acid oxidation (Figure 3.3.8C). Furthermore, MIF neutralization also
enhances peripheral tissue insulin sensitivity, including the adipose tissue, liver, and skeletal
muscle (Figure 3.3.8F-H). These results underscore the importance of unraveling the complexities

of MIF in fatty liver disease.

Next, we further uncover that MIF induces NAFLD by stabilizing CD74. MIF treatment
increases CD74 protein levels in hepatocytes, without altering CD74 gene expression. Both MIF
overexpression and a HFD elevate hepatic CD74 protein levels, accompanied by hepatic steatosis
and fibrosis. In contrast, MIF neutralization effectively reverses CD74 and liver phenotype.
Caspase-4 is responsible for CD74 degradation, but MIF inhibits caspase-4 cleavage and activation,
thereby stabilizing CD74 and leading to its accumulation. The inhibition of MIF consequently
upregulates cleaved caspase-4, causing CD74 degradation and reduced CD74 protein in

hepatocytes. Our findings suggest that MIF may induce NAFLD by stabilizing CD74.

CD74 serves as a pivotal protein in antigen-presenting cells, acting as both a chaperone
and aiding in MHC class II (MHCII) complex trafficking. During antigen processing, CD74
undergoes sequential degradation involving different proteases, in which cathepsin S (CatS) 2 390

and the intramembrane protease signal peptide peptidase-like 2a (SPPL2a) 3% are indispensable

301 302

for cleavage and turnover of CD74 N-terminal fragment in human °”' and mice °°~. During this
dynamic process, newly synthesized CD74 molecules transiently appear on the cell surface
followed by rapid internalization to the endosomal pathway 3%, with a surface half-life of
approximately 10 minutes 3% 39, Furthermore, CD74 serves as both a receptor (full CD74) for

MIF, initiating signaling cascade transmission 3%, and as a transcription regulator (CD74-ICD)
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implicated in gene expressions '°!. We disclosed that MIF treatment increase CD74 protein in the
liver without gene expression alteration. This finding uncover that MIF may exert non-
transcriptional effects on CD74, specifically contributing to the stabilization of CD74 within liver
cells. The MIF induced disruption of CD74 degradation is linked to the activation of genes
involved in lipid synthesis and fibrosis within the liver, ultimately driving the development of
NAFLD. Furthermore, our research identified that this regulatory process operates through MIF
inhibition on caspase-4 within the cytoplasm by MIF endocytosis, rather than a direct physical
binding effect between MIF and CD74. This novel discovery expands our understanding of

caspase-4's role in CD74 degradation 282,

Recent studies have shown that excessive activation of caspase-4/5/11-mediated
inflammasomes can lead to liver inflammation, resulting in liver injury and subsequent fibrosis.
This contributes to the development of NAFLD 37 39 Qur research reveals that MIF-mediated
NAFLD pathogenesis is distinct from liver inflammation even though in the presence of adipose
tissue inflammation within the HFD group (Figure 3.3.9) without hepatic inflammation (Figures
4.3.1, 4, and 5). It's worth noting that prior research has reported that obese caspases 1/117/~
primarily exhibit hepatic steatosis as the most prominent phenotype alteration 2%°, indicating a
protective role of caspase-4/5/11 in NAFLD. In our study, we've uncovered that MIF inhibits
caspase-4 activation, disrupting caspase-4-mediated CD74 degradation. Intriguingly, we observed
that caspase-4 activity rebounds when MIF levels are reduced through the administration of anti-

MIF antibodies or Mif gene deletion.

In conclusion, our research reveals the pivotal role of MIF in metabolic dysfunction,
particularly in the context of obesity and NAFLD. MIF, both intracellular and extracellular,

significantly influences adipose HSL contributing to the adipocyte hypertrophy. Extracellular MIF,
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released from adipocytes, suppresses HSL through AMPK/JNK signaling by binding to its receptor,
CD74. During obesity development, this extracellular action of MIF is predominant and
exacerbates HSL suppression under physiologically condition. While intercellular MIF acts more
function in counteracting with the extracellular effect of MIF on HSL over suppression. Our
research further expands the understanding of MIF's role in liver diseases. In the context of
NAFLD, we discovered that MIF upregulates its receptor, CD74, in hepatocytes, contributing to
hepatic steatosis and fibrosis. Caspase-4 is involved in CD74 degradation, and MIF, via
endocytosis, inhibits caspase-4, stabilizing CD74. Overall, our findings highlight MIF's complex
role in metabolic disorders and underscore the potential therapeutic importance of targeting the

MIF/CD74 axis in managing obesity and NAFLD.
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5.2 Strengths and Limitations
5.2.1 Strengths:

The primary objective of this thesis was to contribute to our understanding of the role of
MIF in metabolic dysfunction, particularly in the context of obesity and its complications, such as

NAFLD. This research achieved several notable advancements:

(1) It elucidated, for the first time, the dual impact of MIF on HSL, involving both
transcriptional and non-transcriptional regulatory mechanisms; (2) It pioneered the revelation of
MIF's distinct extracellular and intracellular effects on HSL, shedding light on its multifaceted role
in lipid metabolism; (3) This work expanded our comprehension of the intricate interaction
between MIF and Jab1/Csn5, demonstrating that MIF modulates JNK activation and associated
processes through a mechanism that extends beyond a mere binding competition between MIF and
JNK on Jab1/CsnS. Instead, it involves a nuanced modulation of Jab1's functional effects; (4) It
provided novel insights by showcasing MIF's function as a stabilizer of its receptor within liver
cells, an observation that had not been previously reported; (5) This study also uncovered a
previously undocumented role of MIF in inhibiting caspase-4 activity within liver cells, adding a

new dimension to our understanding of MIF's impact on cellular processes.

These findings collectively enhance our comprehension of the multifaceted roles played

by MIF in metabolic disorders, opening avenues for further research in this field.
5.2.2 Limitations:

(1) The different animal models. For example, the lack of the basic metabolic data about
these animals ( Mif", Cd74”-, Mif Lung Tg and WT mice with antibody administration under HFD

feeding), such behavioral assessments the ratio of the fat mass and lean mass, bone density,
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locomotor activities, energy expenditure, includes basal metabolic rate (BMR), resting metabolic
rate (RMR), and total daily energy expenditure (TDEE), respiratory parameters, including oxygen
consumption (VO2) and carbon dioxide production (VCO) due to the lack of techniques, like
indirect calorimetry or metabolic cages. With these basic metabolic data would provide a more
comprehensive understanding of the findings in this thesis. Our lab will update these in the future;
(2) Gene Expression: it will better confirm our finding target on Mif, HSL, CD74.etc, expressions
in adipose tissue, liver to identify the changes in the metabolic pathway and related genes. With
this kind of supportive results will strength our discoveries, which might shift the light to the
function of MIF in metabolism and attract more attention in it. (3) In Chapter 3, Unfortunately,
due to the unavailability of adipose biopsy samples, we were unable to validate this molecular
mechanism in humans. (4) In Chapter 4, it would be advantageous and intriguing to investigate
CD74 protein levels in mice subjected to caspase-4 inhibitor administration. This approach would

yield valuable insights into the in vivo degradation of CD74 by caspase-4.
5.3 Therapeutic Implications

Considering the intricate molecular mechanisms through which MIF regulates adipose
HSL and hepatic CD74, subsequently contributing to the development of obesity and NAFLD, our
findings hold significant implications. They underscore the potential for targeting MIF as a
promising therapeutic avenue for addressing metabolic dysfunction, including the use of anti-MIF

antibody neutralization.
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5.4 Future Work

The current research has shed significant light on the intricate roles of MIF in metabolic
regulation, particularly within adipose tissue, liver, and skeletal muscle. However, numerous
aspects warrant further exploration to deepen our understanding of MIF's involvement in metabolic

dysfunctions.

(1) MIF in Hypothalamic Regulation of Obesity: Our findings indicate a central role of
MIF in regulating food intake in the hypothalamus, potentially exacerbating obesity. Future
research should delve into whether increased circulating MIF levels can access the hypothalamus
and modulate hyperphagia. Understanding how this central effect of MIF interacts with its
peripheral effects in adipose tissue and liver is paramount in comprehending the full scope of MIF's
impact on obesity. (2) MIF's Impact on CD74 Stability in Various Organ Systems: The
observed effects of MIF on CD74 stability in the liver raise intriguing possibilities regarding its
influence on other organ systems. Future research should expand this investigation to ascertain if
MIF's impacts on CD74 extend to other vital organs, potentially uncovering broader implications
of MIF beyond adipose tissue and the liver. Understanding how MIF influences metabolism in
these tissues and potentially identifying tissue-specific roles will enhance our overall
understanding of MIF's systemic impact on metabolism. (3) Clinical Relevance and Therapeutic
Strategies: Translating our research findings into clinical applications is a critical step. Future
work should focus on validating our laboratory findings in human subjects and establishing
correlations between MIF levels and metabolic status. Additionally, exploring potential
therapeutic interventions targeting MIF or its downstream pathways in animal models and

eventually in clinical trials could offer promising strategies for managing metabolic dysfunctions.
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In conclusion, having successfully uncovered the pivotal role and molecular intricacies of
MIF in obesity, the proposed future research areas aim to broaden our understanding,
encompassing the central nervous system and multiple metabolic tissues. Furthermore, bridging
this understanding to clinical implications holds promise for advancing the field and ultimately

benefitting individuals grappling with metabolic disorders.
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