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ABSTRACT

Insulin resistance (IR) and hypertriglyceridemia are two major symptoms of metabolic
dysfunction, which are regulated by endocrine function and lipid storage in white adipose tissue
(WAT). Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine regulating
metabolic dysfunction.  We currently identified how adipose MIF regulated IR and

hypertriglyceridemia through the following mechanisms.

8} MIF is involved in the development of non-inflammatory IR by a cross-talk between

preadipocyte factor 1+ (Pref-1+) cells and adipocytes in WAT.

Pref-1 expression is negatively associated with circulating MIF levels in obese human
subjects and animal models in the absence of adipose inflammation. Pref-1is released from Pref-
1+ cells including M2 (anti-inflammatory) macrophages, endothelial cells or progenitors in WAT.
Its release inhibits MIF derived from both Pref-1+ cells and adipocytes by binding with integrin 1
and inhibiting the mobilization of p115. High palmitic acid (PA) induces protease-activated
receptor 2 (PAR2) expression in Pref-1+ cells, thereby downregulating Pref-1 expression and
release in an AMP-activated protein kinase (AMPK)-dependent manner. The loss of Pref-1
increases adipose MIF secretion contributing to non-inflammatory IR in obesity. In contrast,
treatment with Pref-1 blunts the increase in circulating plasma MIF levels and subsequent IR

induced by a high palmitic acid diet (PD).

(2) MIF inhibits lipoprotein lipase (LPL) that catalyzes the degradation of plasma

triglyceride (TG) and upregulates adipose lipid storage.

LPL hydrolyzes circulating TG to release free fatty acids (FFAs) and it promotes lipid
storage in WAT. Obesity-associated high PAR2 expression is inversely correlated with LPL
expression in WAT, leading to hypertriglyceridemia. MIF reduces LPL expression and activity in

adipocytes. High circulating MIF levels in mice models with PD feeding or high MIF expression



suppress adipose LPL, which is associated with increased plasma TG levels. However, the low
adipose LPL expression and activity is reversed in Par2”- mice. Thus, high PA increased
activation of PAR2, facilitating adipose MIF secretion, and then resulted in low LPL-induced

hypertriglyceridemia.

We identified the mechanisms of MIF in mediating IR and hypertriglyceridemia in both
human subjects and animal models. Our translational research will provide important clinical

implications for the development of new therapeutic strategies for metabolic syndrome.
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CHAPTER 1: INTRODUCTION

There are mainly two types of adipose tissue in mammals, white and brown, with different
morphology and functions of adipocytes. WAT stores lipids and supplies FFAs to other organ
systems. However, brown adipose tissue (BAT) oxidizes fatty acids (FAs) within the brown

adipocytes to contribute to thermogenesis.

In addition to storing excess energy, WAT is an endocrine organ that affects metabolic
dysfunction by releasing cell-signalling molecules, “adipokines” (1). WAT involves adipocytes
and many non-adipocyte cells, including endothelial cells, pericytes, adipose precursor cells,
macrophages, etc. Due to the different proportions of adipocytes and non-adipocytes, WAT in
different parts of the human body has different abilities to secrete adipokines (2). To meet the
increased storage demands during obesity, preadipocytes differentiate into mature adipocytes
(adipogenesis), and adipocytes can expand in size (hypertrophy). Alterations in adipocyte
number and morphology during obesity not only accommodate excess energy by lipid uptake,
esterification, and lipolysis but also contribute to changes in adipose immune conditions and

adipokines release.

In the setting of metabolic dysfunction, WAT releases cytokines that can recruit and
activate resident and non-resident immune cells, leading to the development of inflammation.
These cytokines also act directly on the insulin signalling pathway, attenuating insulin signalling
and leading to IR. However, IR is not always associated with adipose inflammation. It can
precede macrophage accumulation and adipose inflammation (3). Furthermore, anti-
inflammatory treatments have failed to improve insulin sensitivity in animal models and human
subjects (4, 5). These data suggest that non-inflammatory adipose events may also play a crucial
role in the development of IR. BAT has a potential role in combating metabolic dysfunction, so

WAT browning also offers an important strategy against IR.



The capacity of lipid storage in WAT also affects the levels of plasma TG. LPL is a key
enzyme facilitating TG breakdown to release FFAs for storage in WAT (6). Therefore, the
alteration of adipose LPL expression and activity may contribute to the occurrence of

hypertriglyceridemia during metabolic dysfunction (7).

1.1 WHITE ADIPOSE TISSUE AND INSULIN RESISTANCE

1.1.1 Lipid Dynamic in White Adipose Tissue and Insulin Sensitivity

During fasting, exercise, cold exposure or hormone stimulation, stored lipids in WAT are
hydrolyzed into FFAs and glycerol (8). This process is called “lipolysis”, which promotes the
release of FFAs into circulation to meet the requirement of whole-body energy consumption
(Figure 1-1). On the other hand, in a postprandial state, lipolysis is inhibited while the increased
FFA or glucose uptake promotes “lipogenesis” to store extra lipid or glucose in circulation and
prevent ectopic lipid storage, hyperlipidemia or hyperglycemia (Figure 1-1). Both lipolysis and

lipogenesis in WAT have been implicated in the development of systemic IR.

1.1.1.1 Lipolysis and insulin resistance

Normally, WAT lipolysis is inhibited by insulin. Thus, IR increases lipolysis levels.
However, a surgical injury with hemorrhagic shock and counterregulatory hormone (epinephrine)
infusion stimulates adipocyte lipolysis, IR and hyperglycemia (9). Inhibition of lipolysis abolished
the stress-induced IR and hyperglycemia (9), suggesting that lipolysis may also contribute to the
development of IR. FAs produced by adipocyte lipolysis have been postulated to exacerbate IR.
Human studies indicated that inhibition of basal lipolysis reduces fatty acid turnover and improves
insulin sensitivity without altering fat mass (10). Three enzymes, including adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase (MGL), work stepwise
to complete hydrolysis of TG (Figure 1-1). Among them, ATGL global knockout mice are severely

defective in lipolysis and can resist high-fat diet (HFD)-induced IR (11, 12). HSL insufficiency or
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deficiency also improves insulin sensitivity without altering body weight, fat mass, or adipose
inflammation (10, 13). Adipocyte protein 2 (aP2, also called FABP4) is a fatty acid carrier protein
mainly expressed in adipocytes and macrophages (14, 15) (Figure 1-1). aP2 functions to move
FAs out of adipocytes and promote lipolysis. aP2-deficient mice develop obesity but no IR after
feeding a HFD (16). These inhibitory effects of lipolysis by knockdown of ATGL, HSL or aP2 are
associated with reduced fatty acid turnover, thereby improving glucose metabolism and insulin

signalling in WAT and skeletal muscle (17, 18).
1.1.1.2 Lipogenesis and insulin resistance

Lipid accumulation in adipocytes depends on the conversion of FAs and glycerol into TG
or de novo lipogenesis (DNL) (19) (Figure 1-1). In the first process, LPL degrades circulating TG
(embedded in very-low-density lipoprotein (VLDL) or chylomicrons) to release FAs, which are
further transported into adipocytes via FA transporters (such as cluster of differentiation 36
(CD36)) (6, 20). Three FAs and a glycerol backbone undergo esterification to form TG. DNL
involves the synthesis of FA from acetyl-CoA and the subsequent esterification of FA and glycerol.
Acetyl-CoA carboxylases 1 (ACC1) converts acetyl-CoA to malonyl-CoA, which is transformed
into palmitate by fatty acid synthase (FASN), an essential rate-limiting enzyme in DNL (21, 22).
Palmitate can be further converted to other complex FAs through elongation and desaturation

processes (23).

The degree of IR was inversely correlated with LPL mRNA in abdominal subcutaneous fat
of human subjects (24). Overexpression of adipose LPL improves insulin sensitivity by selectively
upregulating peroxisome proliferator-activated receptors gamma (PPARy)-regulated genes
without increasing fat mass in diet-induced obesity (25). However, adipose-specific LPL
deficiency reduced the uptake of chylomicron TG into BAT and lung but had no effect on WAT
(7). Deletion of adipose LPL does not affect glucose uptake in other tissues, such as liver and

heart (7). However, adipose-specific LPL knockout mice with muscle LPL overexpression have



increased glucose uptake in visceral adipose tissue rather than subcutaneous adipose tissue or

BAT (7), suggesting a complex role of LPL in regulating glucose metabolism.

CD36 recruits circulating FAs into adipocytes. CD36 expression levels in human
subcutaneous and visceral adipose tissue correlate with BMI as well as circulating glucose and
insulin levels (26). Inherited CD36 deficiency or single nucleotide polymorphisms in the CD36
gene are associated with lipid abnormalities that induce IR and diabetes (27-30). Independently
regulated promoters generate six CD36-encoding transcripts, with adipocyte-specific CD36
transcript 1C predicting systemic and tissue-specific insulin sensitivity in adipose, liver and muscle,
suggesting that CD36 expression in adipocytes can counteract IR (31). In fact, blocking CD36
function reversed HFD-induced visceral fat accumulation and IR in obese mice carrying a brain-
derived neurotropic factor (BDNF)-valine with a methionine at codon 66 (Val66Met) variant (32),

suggesting that not only CD36 expression but also its function is related to the development of IR.

Diglyceride acyltransferases (DGATS) are a group of enzymes that catalyzes the terminal
and committed steps of triglyceride synthesis. The expression of DGATL1 in human adipose tissue
is closely related to insulin sensitivity and obesity (33, 34). Adipose-specific DGAT1 knockout
mice exhibit glucose intolerance associated with the activation of endoplasmic reticulum (ER)
stress with HFD (35, 36). However, mice deficient in DGAT?2 in adipocytes had normal TG storage
and glucose metabolism after feeding a HFD (35). These data suggest that DGAT1 but not 2

promotes adipogenesis in WAT, thereby preventing ectopic fat storage and IR.

DNL from adipocytes is also associated with the regulation of whole-body insulin
sensitivity (37). FASN is a rate-limiting enzyme that regulates DNL in WAT. Most previous human
studies have shown that FASN expression is inversely correlated with IR (33, 38, 39). However,
one study showed a positive correlation between FASN gene expression and IR (40).

Interestingly, in an animal model of diet-induced obesity, loss of FASN in white and brown



adipocytes upregulated glucose tolerance, energy expenditure, and increased brown fat-like

adipocytes in subcutaneous adipose tissue, as well as resistance to diet-induced obesity (41, 42).

1.1.2 Adipose Endocrine Function and Insulin Sensitivity

1.1.2.1 Adipose endocrine function

In addition to serving as an energy storage organ, WAT has also been identified as the
largest endocrine system regulating metabolic homeostasis. The first hormone released by
adipose tissue, leptin, was discovered in 1994. In the ensuing decades, an increasing number of
fat-derived proteins, including hormones or cytokines, known as “adipokines”, were found to be
involved in the development of metabolic dysfunction. For example, leptin, a “hunger hormone”
produced from adipocytes, suppresses appetite and regulates energy homeostasis (43). A
paucity of WAT significantly reduces plasma leptin release from WAT, resulting in severe IR and
fatty liver (44), suggesting that the endocrine function of WAT is critical for regulating metabolic
abnormalities. So far, many adipokines have been found to be expressed and released from well-
functioning WAT under physiological and pathologic conditions, including leptin, adiponectin,
resistin, pro-cytokines and novel family of lipids, etc. Regulation of these adipokines significantly

contributes to the development of IR and other metabolic abnormalities during obesity.

1.1.2.2 Obesity and alterations in adipose endocrine functions

Obesity is associated with endocrine changes in WAT, which in most cases are reversed
with weight loss, suggesting that these endocrine changes are a direct consequence of obesity
(45). WAT in obesity undergoes marked alterations in the secretion of adipokines (Figure 1-2).
Adiponectin and omentin have beneficial effects on maintaining metabolic homeostasis through
enhancing insulin sensitivity and resisting inflammation (46, 47). Their expression and release in
WAT are significantly reduced in obesity and type 2 diabetes (48, 49). In contrast, serum leptin

levels were significantly increased due to leptin resistance, which was positively associated with



IR in obesity (50). Resistin and chemerin are also increased following obesity (51, 52), and they
induce IR by downregulating adipogenesis or upregulating inflammation in WAT (53-56). Retinol
binding protein-4 (RBP-4) is a lipocalin that transports small hydrophobic molecules (57) and
promotes adipose inflammation and IR (58). RBP-4 has been found to be positively correlated
with body mass index (BMI) and glucose concentration (59). More importantly, WAT also
expresses and secretes a variety of cytokines during obesity, including tumor necrosis factor
alpha (TNFa), interleukin 6 (IL-6), IL-1a and IL-1p3, etc (60, 61). Alterations in the expression and
release of these cytokines significantly contribute to the development of IR by exacerbating

adipose inflammation.
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Figure 1-2. Chronic inflammation in WAT. Obesity leads to adipose remodeling and
subsequent alterations in adipokine release. Lean WAT containing M2 macrophages
releases hormones, including adiponectin and omentin, and anti-inflammatory factors.
Upon adipose remodeling, enlarged WAT during obesity recruits M1 inflammatory
macrophages and releases leptin, resistin, chemerin, RBP-4 and pro-inflammatory factors.



1.1.2.3 Lipokines and insulin resistance

Other than adipokines, WAT can also release signaling lipid species, lipokines, to
modulate whole-body metabolic homeostasis. One group of lipokines is branched fatty acid
esters of hydroxy fatty acids (FAHFAS), of which palmitic-acid-9-hydroxy-stearic-acid (9-PAHSA)
is studied the most. 9-PAHSA improves whole-body insulin sensitivity without body weight
alteration (62). Mechanically, 9-PAHSA improves adipose glucose uptake and pancreatic
glucose-stimulated insulin secretion through activation of G-protein coupled receptor 120
(GPR120) and GPRA40, respectively (62, 63). Another lipokine, called 12,13-dihydroxy-9Z-
octadecenoic acid (12,13-diHOME), is highly secreted from BAT and facilitates fatty acid uptake

in BAT and skeletal muscle following cold exposure and exercise (64, 65).

1.1.3 Chronic Inflammation in White Adipose Tissue and Insulin Resistance

Over the past few decades, chronic adipose inflammation has been considered an
important theory for IR mechanism (66). Chronic obesity is accompanied by adipose inflammation,
which is characterized with adipocyte dysfunction, immune cell infiltration, and cytokine release
(67, 68). Many factors may be involved in triggering adipose inflammation, such as dietary FAs,
adipose hypoxia, and intestinal microbiota-regulated production of lipopolysaccharide (66).
Obesity increases chemokine release, which promotes immune cell recruitment and adipose
inflammation (69, 70) (Fig. 2). Thus, deficiency of the CC motif chemokine receptor 2 (CCR2,
known as MCP-1) in mice significantly suppressed macrophage infiltration and improved insulin
sensitivity in adipose tissue following HFD feeding (71). Infiltration and activation of neutrophils,
macrophages and T cells further exacerbate adipose inflammation (72-74). There are two types
of macrophages in adipose tissue, M1 and M2 macrophages (Fig. 2). Under normal physiological
conditions, M2-type macrophages predominate and secrete anti-inflammatory cytokines in WAT.
However, during obesity-associated adipose inflammation, M1 macrophages accumulate in WAT

and secrete pro-inflammatory cytokines (75).



Inflammation has various effects on remodeling adipose functions in regulating metabolic
homeostasis, referred as "homeostatic inflammation” (76) (Fig. 2). Macrophages are involved in
angiogenesis (77), clearance of dead adipocytes (78) and thermogenesis (79). The recruitment,
infiltration, and accumulation of bone marrow-derived (lymphatic vessel endothelial hyaluronan
receptor 1) LYVE-1+ macrophages in the apical region of epididymal adipose tissue promotes the
formation of a dense vascular network (80). Conversely, sirtuin 1 (SIRT1) deficiency in WAT
reduces macrophage infiltration and differentiation, resulting in reduced extracellular matrix and
attenuated expression of vascular endothelial growth factor and angiogenic factors (77).
Macrophages are also involved in the clearance of dead adipocytes in epididymal adipose tissue
following HFD feeding (78, 81). Dying adipocytes typically release lipid droplets that attract
macrophages to sequester and clear the local lipid content in the interstitial space (82). Cold
exposure activates catecholamine-secreting macrophages, which induce thermogenesis in BAT
and lipolysis in WAT (79). Cold stress also induces WAT browning by recruiting M2 macrophages

(83).

More importantly, during adipose inflammation, macrophage infiltration promotes cytokine
release, attenuating insulin sensitivity in adipocytes through autocrine/paracrine effects. TNF-a
is known as an insulin receptor inhibitor and can directly lead to IR (84). In addition to insulin
signaling and glucose uptake, TNF-a also plays a key role in lipolysis and FFA uptake, thereby
impairing insulin sensitivity indirectly (85). Thus, long-term adipose inflammation may play an

important role in the development of obesity-associated IR.
1.1.4 Evidence of Non-Inflammatory Insulin Resistance in White Adipose Tissue
1.1.4.1 Insulin resistance is not always coupled with adipose inflammation

Adipose inflammation is strongly associated with IR, but not always. For instance,
thermoneutrality-induced adipose inflammation does not seem to affect IR significantly (86). In

HFD-fed mice, systemic and tissue-specific IR in liver, skeletal muscle and WAT might develop



prior to signs of adipose inflammation (87). Similarly, a recent study demonstrated that obesity-
related IR could potentially precede an increase in macrophage accumulation in WAT (3). Ina
larger animal model (rabbit), whole-body IR has been detected following 10 weeks of HFD without
significant changes in subcutaneous lipid metabolism or the status of adipose inflammation (88).
Furthermore, a recent human study suggested a positive correlation between adipose IR levels
and the size of subcutaneous and femoral adipocytes, but not necessarily with cytokine gene
expression or macrophage markers of adipose inflammation (89). Taken together, these findings
imply that insulin resistance is not always coupled with adipose inflammation, and that

inflammation may primarily affect long-term HFD-induced IR in animal models (90).
1.1.4.2 Inconsistent effects of anti-inflammatory therapy in insulin resistance

Over the past decades, anti-inflammatory strategies have been tested in basic and clinical
research. Many of these focus on cytokines, such as TNF-q, IL-6, IL-13, and IL-10 as therapeutic

targets for IR. However, the results have been inconsistent and even disappointing.

1.1.4.2.1 Tumor necrosis factor-a

Although TNF-a has been found to directly induce IR, transgenic deficiency of TNF-a was
not sufficient to improve insulin sensitivity in obese mouse models (91). Interestingly, deletion of
the TNF-a receptor even further impairs insulin sensitivity in HFD-fed wild-type (WT) or db/db
mice (92). Clinical trials by blocking the effect of TNF-a failed to improve insulin sensitivity (93-
99), suggesting that blocking TNF-a is not a favorable strategy for the treatment of IR. However,
the treatment against TNF-a improves insulin sensitivity without changing body composition in
patients with rheumatoid arthritis, suggesting that IR associated with inflammatory diseases may

be beneficial from anti-TNFa treatment (100-102).

1.1.4.2.2 Interleukin-6
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IL-6 has exhibited pleiotropic effects on metabolic homeostasis. Both genetic deficiency
and overexpression of IL-6 in mice deteriorate hepatic inflammation and IR induced by HFD
feeding (103, 104). However, expression of human IL-6 in mice improves insulin sensitivity and
attenuates weight gain following a HFD (105), suggesting a beneficial effect of human IL-6 on IR.
Indeed, infusion of human IL-6 increases lipolysis and enhances insulin sensitivity in healthy or
diabetic subjects (106, 107). However, a previous study also indicated that single dose
intravenous (i.v.) injection of anti-1L-6 receptor blocker, tocilizumab improved insulin sensitivity in

non-diabetic patients with rheumatoid arthritis (108).

1.1.4.2.3 Interleukin-1P

Similar as TNF-q, IL-1B also impairs insulin signaling in adipocytes and liver-derived cells
(109-111). Thus, deletion of IL-1B receptor, IL-1 receptor 1 (IL-1R1), significantly attenuated
adipose inflammation while improved whole-body insulin sensitivity in mice fed with either normal
chow (NC) or HFD (112). Deficiency of caspase 1, an upstream activator of IL-1[3, also resisted
HFD-induced insulin resistance (113). Clinical studies also showed that blockage of IL-13

improved hyperglycemia as well as insulin sensitivity in patients with type 2 diabetes (114).

1.1.4.2.4 Interleukin-10

IL-10 is a critical anti-inflammatory cytokine mainly secreted by M2 macrophages.
Overexpression of IL-10 in murine skeletal muscle prevents aging-associated IR (115). However,
neither deletion of IL-10 from the hematopoietic system (116) nor administration of IL-10 affects
insulin sensitivity in HFD-induced obese mice (117). Furthermore, increased circulating IL-10 and
adipose IL-10 expression did not improve IR in obese human subjects following 4-week (1,3)(1,6)-
beta-D-glycans (BDG) consumption (118). These data suggest that anti-inflammatory cytokines

such as IL-10 are not effective in improving insulin sensitivity.

1.1.4.2.5 Anti-inflammatory drugs
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Clinical evidence shows that anti-inflammatory drugs, such as salicylates, aspirin and
dexamethasone, can indeed improve insulin sensitivity. Decades ago, high doses of salicylates
or aspirin were found to control hyperglycemia in diabetic patients (119, 120). In young healthy
male subjects, short-term dexamethasone treatment significantly improved insulin sensitivity
(121). However, both high-dose aspirin and dexamethasone have severe side effects that limit
their therapeutic potential. Despite the positive effects of statins on atherosclerosis through their
anti-inflammatory effects, their exploitation on IR has been dismal (122). High-dose statins even

increase the risk of diabetes (123).
1.1.4.3 Insulin resistance may induce adipose inflammation

IR may contribute to the development of adipose inflammation. Adipose-specific
phosphatase and tensin homologue (PTEN) deficiency or heterozygous deletion of
phosphoinositide-3-kinase regulatory subunit 1 (Pik3rl) improves insulin sensitivity in mice, which
is associated with reduced macrophage accumulation, proinflammatory expression, and
chemokine secretion in WAT after HFD feeding (124, 125). Conversely, disrupting adipose insulin
signaling via knockout of Akt isoforms or mechanistic target of rapamycin complex 2 (IMTORC?2)
exacerbates IR and adipose inflammation (3, 126). mTORC2-knockout mice have higher MCP1
expression in adipocytes, which may trigger monocyte infiltration and subsequent differentiation
into M1 macrophages (3). IR-associated activation of forkhead box protein O1 (FoxO1) may also
upregulate the expression of the pro-inflammatory cytokine IL-1b, leading to adipose inflammation

(127).

The variable relationship between adipose inflammation and IR (89) suggests that non-
inflammatory adipose events may also play a crucial role in the development of IR. However, the
underlying molecular and cellular mechanisms leading to these observations remain largely

unclear.

1.2 WHITE ADIPOSE TISSUE AND HYPERTRIGLYCERIDEMIA
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1.2.1 The Origination of Circulating Triglycerides

Circulating triglycerides are majorly derived from intestine and liver, packed in the forms
of lipoproteins, such as chylomicrons and VLDL., respectively. In the postprandial state,
chylomicrons containing a TG core, phospholipids, cholesterol and lipoprotein apolipoprotein B-
48 (apoB48) are generated from enterocytes of the small intestine and secreted into the
circulation through lacteal endothelial gaps (128). Hepatic TG is synthesized by accumulating
FAs from adipose lipolysis, hepatic de novo lipogenesis, diet and hepatic TG-rich lipoprotein
uptake (129). Given the evidence that adipose lipolysis contributes to approximately 80% of
circulating FA pool, adipose lipolysis seems the most important source of hepatic TG (130). TG
accumulation facilitates the synthesis and secretion of VLDL; containing a large amount of TG

and apoB100 (131).

1.2.2 The Clearance of Circulating Triglycerides

Plasma TG in VLDL; and chylomicrons are broken down to release FFAs through LPL
and hepatic lipase (HL). LPL is highly expressed in adipose tissue, skeletal muscle and heart. It
is synthesized in parenchymal cells but translocated to capillary endothelial cells for their functions
to hydrolyze plasma TG to release FFAs (6). With the effect of LPL, chylomicrons become
chylomicron remnants, and VLDL1 becomes a smaller molecule, VLDL, which is further degraded
to intermediate-density lipoprotein (IDL) (132). HL, mainly expressed in hepatocyte and
endothelial cells in the liver, subsequently converts IDL into low-density lipoprotein (LDL) (133).
Eventually, plasma LDL rich in cholesterol is taken up by the liver and excreted as cholesterol or

bile acid through the bile (134).

1.2.3 Hypertriglyceridemia

Hypertriglyceridemia is one of core symptoms of metabolic syndrome, affecting 25% of

adults in American. Hypertriglyceridemia is diagnosed with plasma TG level above 1.7mmol/L
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(128). Clinical studies showed that hypertriglyceridemia is an important risk factor for
cardiovascular diseases, independent of plasma cholesterol levels (135, 136). Kinetic studies
have demonstrated the mechanisms of dysregulation of plasma TG levels, including increased
liver derived VLDL; and inhibited clearance of TG from the circulation (137, 138). Interestingly,
delayed clearance of TG contributes approximately 50% of the increase in total plasma TG levels,
suggesting that any mechanism facilitating plasma TG clearance might be potential and important

for the treatment of hypertriglyceridemia.

LPL expression is important to regulate TG clearance. Thus, familial LPL deficient patients
had tremendously elevated plasma TG levels (139). However, other genes which facilitate LPL
synthesis and functions are also involved in the development of hypertriglyceridemia (140, 141),
such as lipase maturation factor 1 (LMF1) and glycosylphosphatidylinoitol-anchored high-density
lipoprotein—binding protein 1 (GPIHBP1). LMF1 is required for the folding and assembly of LPL
protein, while GPIHBP1 transports synthesized LPL from parenchymal cells to its functional
location, the surface of capillary endothelial cells (140, 142). Mutations on both genes results in
hypertriglyceridemia (141, 143). Many other mediators also regulate LPL activity, including apoC-
I, apoC-Il, apoC-lll, angiopoietin-like 3 (ANGPTL3), ANGPTL4, ANGPTLS, etc. Any changes in

them can modulate plasma TG levels (144).
1.2.4 Pharmacological Therapies for Hypertriglyceridemia

Today, there is no effective medications for the therapy of hypertriglyceridemia in the
clinical practice. Statins are the most commonly used medications for reducing plasma LDL-
cholesterol (LDL-C) but they also reduce plasma TG levels around 5-15% (128). Fibrates, the
activators of PPARa also reduce plasma TG levels around 25-45% leading to a reduction of
cardiovascular disease risk (128). However, the combination of statins and fibrates failed to
further reduce cardiovascular disease risk compared with monotherapy (128, 145). Omega-3-

fatty acids may also decrease plasma TG levels (145).
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1.2.5 The Regulatory Functions of White Adipose Tissue in Hypertriglyceridemia

Animals in the absence of WAT demonstrated severe insulin resistance and increased
triglyceride storage in the liver and muscle (146). However, transplantation of WAT into these
mice reverses these metabolic abnormalities (147), suggesting that WAT is a key organ system
to regulate plasma TG levels. Both adipogenesis and lipolysis in WAT may contribute to the
occurrence of hypertriglyceridemia. Insulin resistance in WAT promotes lipolysis that relatively
facilitates hepatic overproduction of the triglyceride-rich VLDL; particles (148). Adipose LPL is
also associated with metabolic dysfunction and hypertriglyceridemia. Patients with insulin
resistance had lower adipose LPL activity compared with control group (149). Weight loss
significantly upregulated adipose LPL gene expression and activity (150). Adipose specific LPL
deficient mice demonstrated increased plasma TG levels with either NC or HFD (7), suggesting

the fundamental influence of adipose LPL in regulating plasma TG levels.
1.3 MACROPHAGE MIGRATION INHIBITORY FACTOR
1.3.1 The Introduction of Macrophage Migration Inhibitory Factor

Although MIF is one of the first cytokines discovered almost 60 years ago (151), its
function as an inflammatory regulator was not specified until 1993 (152). MIF is a 114-amino-
acid non-glycosylated protein (12.5kDa) that is released from immune cells, including monocytes,
macrophage, T cells, B cells, etc (153). In addition to immune system, MIF is also ubiquitously
expressed in adipose tissue (154), brain (155), heart (156) and so on, suggesting its wider
biological functions in addition to immune effects. MIF is constantly synthesized and stored in an
intracellular pool and it can be released following stimulation (153). Due to the lack of an amino-
terminal leader sequence, MIF is released by non-conventional protein-secretion pathway
mediated by ATP-binding cassette (ABC) transporter subfamily 1 (ABCA1) (157) and Golgi-

associated protein p115 (158). Secreted MIF mediates intracellular signaling pathways through
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endocytosis or interacting with cell membrane receptors, such as CD74 (159), CXC chemokine

receptor 2 (CXCR2), CXCR4 (160) and CXCR7 (161).

MIF has multifaceted roles in different pathological conditions. MIF deteriorates many
inflammatory and autoimmune diseases, such as atherosclerosis (162), sepsis (163) and
rheumatoid arthritis (164). However, MIF also facilitates the clearance of invading pathogens by
upregulating pro-inflammatory cytokines release and mediating macrophage response (165).
MIF also has protective effects in neurodegenerative disorders (166) and ischemia-reperfusion

injury occurred in the heart (167) and kidney (168).
1.3.2 Macrophage Migration Inhibitory Factor and Metabolic Dysfunction

MIF plays a key role in regulating metabolic homeostasis. MIF stimulates insulin secretion
in pancreatic B-cells and upregulates glycolysis in skeletal muscle (169). However, our previous
study indicated that MIF upregulated agouti-related protein (AgRP) expression in the
hypothalamus, leading to hyperphagia following olanzapine treatment in mice (154). Moreover,
obesity and insulin resistance are positively associated with plasma MIF levels (170, 171) that
could be reversed by weight loss (172). Adipose MIF expression is augmented in obese
individuals (173, 174) and both adipocytes and preadipocytes in WAT can release MIF (175). MIF
attenuates insulin signaling, leading to IR in WAT (176). These data together suggest that WAT
may be a key source of circulating MIF in obesity and adipose derived MIF may play a

fundamental role in regulating metabolic dysfunction.

As a pro-inflammatory cytokine, MIF may regulate the development of metabolic
dysfunction through mediating adipose inflammation. MIF KO mice demonstrated reduced body
weight gain and IR associated with attenuated adipose inflammation following HFD feeding (177).
However, a recent study indicated that IR precedes the initiation of adipose inflammation (3).

More importantly, plasma MIF levels are correlated with IR and type 2 diabetes independent of
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other immune markers (178). Taken together, MIF may have both inflammatory and non-

inflammatory effects on regulating metabolic dysfunction.

1.4 RESEARCH RATIONALE AND OBJECTIVES

WAT is a key organ system regulating energy storage, but it also has endocrine functions.
Metabolic overload during obesity regulates lipolysis and lipogenesis in WAT, which in turn affect
circulating TG levels and attenuate whole-body insulin sensitivity. Alterations in adipokine profile
following obesity also lead to whole body IR. Thus, WAT may mediate both IR and

hypertriglyceridemia.

MIF is an evolutionarily conserved cytokine and upstream regulator of the innate immune
response (179) but it is also associated with metabolic dysfunction (177). The effect of MIF on
metabolic dysfunction is associated with adipose inflammation. However, a recent study showed
that IR precedes the initiation of adipose inflammation, suggesting an important role of non-
inflammatory WAT in early stage of metabolic dysfunction (3). Given the evidence that MIF is
released from non-immune cells in WAT, such as preadipocytes and adipocytes, we highly
suspect that MIF may also have a non-inflammatory role in mediating metabolic dysfunction in
WAT. Thus, our research for the first time investigates the novel role of MIF in regulating IR and

hypertriglyceridemia in the absence of adipose inflammation.

To investigate the potential mechanisms, my current research includes the following

objectives:

1. To investigate non-inflammatory mechanisms of adipose MIF release and its role in the

development of IR.

2. To demonstrate the role of adipose derived MIF in regulating LPL and plasma TG levels.
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CHAPTER 2 A PREADIPOCYTE FACTOR-1-CONTROLLED NON-

INFLAMMATORY MECHANISM OF INSULIN RESISTANCE

2.1 INTRODUCTION

IR in obesity is considered to arise from inflammation in WAT (180). However, anti-
inflammatory therapies have failed to improve insulin sensitivity in animal models and human
subjects (4, 5). Recent studies further indicate that obesity-induced IR may occur without any
change in systemic or tissue inflammation (3, 181). IR can develop before macrophage
accumulation and WAT inflammation (3), suggesting a proximate role of non-inflammatory
adipose events in the initiation of IR. However, the underlying molecular and cellular mechanisms

responsible for these observations remain largely unknown.

MIF is an evolutionarily conserved cytokine and upstream regulator of the innate immune
response (179). However, MIF also has non-immune effects in the regulation of metabolic
pathways and in myocardial stress and injury (169, 182, 183). Emerging work has shown that
circulating MIF levels are significantly elevated in obesity, while weight loss reduces plasma MIF
levels (172). MIF gene expression in abdominal fat, including visceral and subcutaneous adipose
tissue is positively associated with waist circumference or body fat percentage in obesity (173,

174). These findings suggest WAT as a potential source of circulating MIF.

In accord with previous paradigms regarding the pathogenesis of obesity, MIF expression
in WAT is thought to arise from infiltrating macrophages (177, 184). However, experimental
findings also indicate that non-immune cells, such as progenitor adipocytes and adipocytes also
release MIF under both physiologic and pathologic conditions (175, 185), indicating an
independent role for non-inflammatory mechanisms of adipose MIF production. At the current
time, the pathways mediating non-inflammatory MIF release as well as their contribution to IR

remain to be determined.
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Pref-1 is a transmembrane protein that is highly expressed in hon-adipocyte cells in WAT.
Pref-1 is cleaved by TNFa-converting enzyme to generate a soluble form, which acts as an
autocrine/paracrine factor. Pref-1 was originally reported to regulate metabolism by inhibiting
PPARy expression and adipogenesis (186). Mice with high levels of soluble Pref-1 in WAT have
a reduced fat mass and hypertriglyceridemia (187). Mice lacking Pref-1 show augmented fat
deposition and obesity (188). However, other investigators have reported that pref-1
overexpression may improve glucose homeostasis during metabolic stress without changing
adipogenesis (189). Thus, the details of the actions of the Pref-1 signaling pathway in regulating

metabolism, especially in IR, have yet been clearly defined.

The present study investigates the hypothesis that reduced Pref-1 expression and release
mediate IR by increasing MIF release from non-inflammatory cells in WAT. The collective findings,
in both animal models and specimens from obese human subjects, reveal a functional interaction
between Pref-1+ cells and adipocytes in WAT. FAs and HFD reduce Pref-1 expression through
activation of PAR2, with loss of Pref-1 leading to an increase in the extracellular release of MIF

and plasma MIF levels.

Hypothesis: To investigate non-inflammatory release of MIF from WAT and its role in the

development of IR.

Objective 1: To identify the role of non-inflammatory adipose MIF release in the

development of IR.

Objective 2: To determine the molecular mechanism of non-inflammatory MIF release

from WAT in cells.

Objective 3: To confirm the molecular mechanism of non-inflammatory adipose MIF

release and its effect on IR in animal models.

19



2.2 METHODS
2.2.1 Human Subjects

Human mRNA samples were obtained from a previous overfeeding study to investigate
the effects of a positive energy balance on endocrine factors and glucose and lipid metabolism,
which has been approved by Newfoundland and Labrador Health Research Ethics Board (HREB)
(190). We also obtained an ethic approval for a secondary use of these samples for the current
study (Research portal File# 20200635). All study-related procedures were carried out with
written informed consent. The male subjects (Caucasian) including 10 lean (age: 23.3 + 2.2) and
10 obese (age: 24.3 £ 3.3) were from the city of St. John’s and surrounding area in Newfoundland
and Labrador, Canada. All of the subjects agreed to undergo an adipose tissue biopsy for the
current mRNA studies. Peripheral venous blood was collected from lean and obese subjects and
plasma MIF level was determined with an enzyme-linked immunosorbent assay (ELISA) method

according to the protocol from R&D Systems, USA.
2.2.2 Mice

All experiments involving mice were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health and were approved by the
Internal Animal Committee Review Board of Memorial University of Newfoundland and University
of Manitoba. Par2”, Mif lung transgenic mice (Mif lung Tg) and littermate WT mice with a pure
C57BL/6 background (from 20 to 28 weeks of age) were maintained at the Health Science Center
Animal Facility in Memorial University of Newfoundland and University of Manitoba, Canada. Only
male mice were utilized in this study. WT mice (20 weeks) with or without transplantation were
housed in individually ventilated cages (IVCs) with an artificial 12:12 hr light: dark cycle at room
temperature and fed with either NC or PD (41% palmitic oil; #170100, Envigo Teklad Diets) for 8
weeks. Mice were then fasted for six hours, and fasting blood glucose levels were determined

from tail venous blood; 2mg/g body glucose or 0.75U/kg insulin then was injected intraperitoneal
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(i.p.) respectively and blood glucose values were obtained at 0, 15, 30, 60, 90 and 120 min.

Serum FFA and TG were measured by commercial kits purchased from Wako.
2.2.3 Cell Culture

3T3-L1 cells, derived from male mouse embryos, were purchased from ATCC and
passage 6-15 of these cells were used in the study. 3T3-L1 undifferentiated cells were cultured
in DMEM (11965092, Gibco) with 10% newborn calf serum (16010159, Gibco) and they were
differentiated in DMEM containing 10% fetal bovine serum (FBS, 26140079, Gibco), 0.5 mM 3-
Isobutyl-1-methylxanthine (IBMX, 17018, Sigma-Aldrich), 0.25 uM dexamethasone (D4902m,
Sigma-Aldrich), and 1 pg/mlinsulin (15500, Sigma-Aldrich). Before the experiments, both 3T3-L1
undifferentiated and differentiated cells were briefly serum-starved in DMEM-0.5% newborn calf

serum or FBS for 8 hours.
2.2.4 Visceral Adipose Tissue Transplantation

All male donor mice (Par2” or WT) at 18 weeks of age were euthanized and their intra-
abdominal perigonadal (epididymal) visceral fat depots were isolated and kept in cold saline for
the maximum of 30 min until transplantation. Male recipient mice (Par2” or WT, 18 weeks) were
anesthetized, and their endogenous epididymal fat pads were removed in both sides. The donor
fats were then carefully transplanted into the visceral cavity. Recipient mice will be fed with NC

till 20 weeks of age and then they will receive either NC or PD for 8 weeks.
2.2.5 Recombinant Mouse Preadipocyte Factor-1 Infusion by Mini-pump

Male WT mice at 20 weeks were initially fed with PD for 4 weeks. Jugular vein was then
cannulated and recombinant mouse Pref-1 (24ug/day/kg) or vehicle was injected via a mini-
osmotic pump implanted in a subcutaneous pocket (Alzet model 1004) into the mice accompanied

with PD feeding for the following 4 weeks.
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2.2.6 Isolation of Stromal Vascular Fraction and Adipocyte Fractions from White Adipose

Tissue

Abdominal fat was excised and digested with 1mg/ml type | collagenase (type |
collagenase, LS004196, Worthington Biochemical Company, NJ) for 30min at 37°C. After
digestion and centrifugation, the buoyant adipocytes were collected while the cell pellet was

retrieved for the stromal vascular fraction (SVF).

2.2.7 Flow Cytometry

SVF was resuspended in 1% BSA PBS solution and analyzed by flow cytometry. Briefly,
SVF was stained with the following antibodies: CD45.2-PerCP (eBioscience; catalog 45-0454-
80); F4/80-PE (eBioscience; catalog 12-4801-80); CD11b-APC eFluor 780 (eBioscience; catalog
47-0112-80); CD11c-PE-Cy7 (eBioscience; catalog 25-0114-81); CD206-Alexa Fluor™ 488
(Invitrogen; catalog 53-2061-80); CD301-Alexa Fluor 647 (AbD Serotec; catalog
MCA2392A647T); CD31-FITC (Invitrogen; catalog RM5201); CD34-PE (Invitrogen; catalog MA5-
17831); anti-Pref-1 antibodies (R&D; catalog MAB8634) and (Invitrogen; catalog MA5-15915);
anti-PAR2 antibody (Abcam; catalog 180953); anti-MIF antibody (ab187064; Abcam); antIRabbit
Alexa Fluor® 488 (Jackson ImmunoResearch; catalog 711-545-152); antlRabbit Alexa Fluor™
647 (Invitrogen; catalog A-21244); anti-Mouse Alexa Fluor® 647 (Jackson ImmunoResearch;
catalog 715-605-150). Flow cytometry was performed on a CytoFLEX flow cytometer (Beckman

Coulter) and the data were analyzed by using FlowJo v10 software (Becton Dickinson).

2.2.8 Gene Expression and Phosphorylated and Total Protein Levels Analysis

Transcript levels for the mouse and human genes of F2rl1 (PAR2), Mif (MIF), pref-1
(PREF1), PPARy (PPARG), ITGB1, ITGA5, Tnfa (TNF), II6 (IL6) and ll1b (IL1B), etc were
measured by gPCR. The primer sequences have been listed in Table S2-1 and S2-2. Briefly,

RNAs were extracted by TRIzol™ Reagent (Invitrogen) and iScript cDNA Synthesis Kit (Bio-Rad)
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was used to synthesize complementary DNA (cDNA). SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad) was performed to measure gene expression levels in the QuantStudio 6 Flex
System (Applied Biosystems). The delta—delta Ct method was used to quantify gene expressions

normalized by Gapdh.

Phosphorylation and total protein levels of extracellular signal-regulated kinase (ERK),
AMPK and ACC, the contents of MIF, p115, integrin f1 (ITGB1) and integrin a5 (ITGA5) in WAT
or cells, and the released levels of p115 in cell culture medium were evaluated by Western blot.
Protein extracts were performed in a lysis buffer containing cOmpleteTM, EDTA-free Protease
Inhibitor Cocktail (ROCHE). According to the manufacturer’s instructions, protein concentrations
were examined using Bio-Rad Protein Assay Dye Reagent (Bio-Rad). Protein quantification was
performed by using an iBright™ CL1500 Imaging System (Invitrogen). Plasma MIF levels and
released MIF levels in cell culture medium were determined with an ELISA method according to

the protocol from R&D Systems, USA.
2.2.9 Immunostaining

Immunohistochemistry was performed to identify MIF accumulation in WAT.
Immunofluorescence staining was performed on either WAT sections (30um) or 3T3-L1 cell line
cultured on chamber slides. Primary antibodies to the following antigens were used: anti-Pref-1
antibody (R&D; catalog AF8277); PAR2 antibody (Abcam; catalog ab180953); anti-MIF antibody
(Torrey Pines Biolabs; catalog TP234) and (R&D; catalog MAB2892); anti-p115 antibody
(Proteintech; catalog 13509-1-AP); anti-Pref-1 antibody (Invitrogen; catalog MA5-15915) and anti-
ITGB1 (Invitrogen, 14-0292-82). Following the incubation with primary antibodies, the sections
were washed three times for 15 min with phosphate-buffered saline and then incubated for 1 h at
room temperature with secondary antibodies. Finally, the images were obtained with an Olympus

confocal microscope.
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2.2.10 Protease-activated Receptor 2 and AMP-activated Protein Kinase Knockdown by

SIRNA

To temporarily silence PAR2 and AMPK expression in 3T3-L1 undifferentiated cells, 10nM
F2rl1 siRNA (PAR2 siRNA, s65793, ThermoFisher), 30uM AMPK Alpha 1/2 siRNA (sc-45313,
Santa Cruz) or non-silencing control siRNA (AM4611, ThermoFisher) was transfected into the
cells by using Lipofectamine™ RNAIMAX Transfection Reagent (13778075, Invitrogen) in
medium without newborn calf serum and antibiotics. Following 6 hours of transfection, cells were

cultured in DMEM with 10% newborn calf serum for 48 hours.
2.2.11 Quantification and Statistical Analysis

For the human study, Kolmogorov-Smirnov test was used to examine the data normal
distribution. The difference in metabolic indicators and gPCR results between lean and obese
groups was analyzed using t-test. All significant levels were two-tailed tested, and a P value of

less than 0.05 was considered as statistically significant.

The food intake, body weight gain, glucose tolerance test (GTT) and insulin tolerance test
(ITT) data in mice were analyzed by multivariate ANOVA. Wherever appropriate, One-way
ANOVA with post hoc Tukey’s tests or 2-tailed Student’s t-test was used to determine differences

between group mean values. The level of statistical significance was set at P<0.05.
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Table S2-1. The description of mouse PCR primer sequences.

Gene Name Sequences (5’ - 3’)
Mif CGG ACC GGG TCT ACATACA
TCA AGC GAA GGT GGA ACC GTT
pref-1 CTGTGT CAATGG AGT CTGCAAG
CTACGATCT CAC AGAAGT TGC
PPARy TGT TAT GGG TGAAAC TCT GGG
AGA GCT GAT TCC GAA GTT GG
Fabp4 GTGATG CCTTTG TGG GAA CCT GGA AG
TCATAAACT CTT GTG GAAGTC ACG CC
ITGB1 CTG TGG GTG AAT TGT TGC
CTAATCTTITTAATGT GTCTGTTTGC
ITGAS TTG CCT GAG TTC CAT CCA AGG
CAG AAT CCG GGA GCCTTT GC
F2ri1 AAC ATC ACC ACC TGT CAC GA
CAC GTA GGC AGA CGC AGT AA
Tnfa (TNF-a) CAGGCGGTGCCTATGTCTC
CGATCACCC CGAAGT TCAGTAG
116 (IL-6) GAG GAT ACC ACT CCC AAC AGACC
AAG TGC ATC ATC GTT GTT CAT ACA
b (IL-15) TGG TGT GTGACGTTCCCATT
CAGCACGAGGCTTTTTTGTTG
GAPDH ATG TGT CCGTCG TGG ATC TGA

TGC CTG CTT CAC CACCTT CTT
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Table S2-2. The description of human PCR primer sequences.

Gene Name Sequences (5’ - 3)
MIF CGG ACA GGG TCT ACATCA A
CTT AGG CGAAGG TGGAGT T
PREF1 CTG GAC GGT GGC CTC TAT GAATG
ATC ATC CAC GCA GGT GCC TC
PPARG ACA GAC AAA TCACCATTC GT
CTC TTT GCT CTG CTC CTG
TNF (TNF-q) TGT AGC CCA TGT TGT AGC AAA CC
GAG GAC CTG GGA GTA GAT GAG GTA
IL6 (IL-6) TGG CTG AAA AAG ATG GAT GCT

IL1B (IL-10)

p-actin

TCT GCACAGCTC TGGCTT GT

CAG AAG TACCTGAGC TCG CC
AGATTC GTAGCT GGATGC CG

CCT GTA CGC CAA CAC AGT GC
ATACTC CTG CTT GCT GAT CC
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2.3 RESULTS

2.3.1 Preadipocyte Factor-1 Regulates Non-inflammatory Macrophage Migration Inhibitory

Factor Release from White Adipose Tissue Which Induces Insulin Resistance

Abdominal adipose tissue samples were collected from lean (age: 23.3 + 2.2;
BMI<25kg/m?) and obese (age: 24.3 = 3.3; BMI>30kg/m?) human subjects with metabolic
dysfunction (Figure S2-1). Subject-to-subject variability was detected within the recruited subjects,
but the two groups nevertheless showed similar expression in WAT of the inflammatory mediators:
TNF (TNFa), IL1B (IL-18) and IL6 (IL-6) (Figure 2-1A). The obese group, however, had evidence
of higher homeostatic model assessment for insulin resistance (HOMA IR) scores and lower
adipose PREF1 (Pref-1) gene expression (Figure 2-1B-C). The reduction in PREF1 gene
expression additionally was not accompanied by any change in PPARG (PPARy) gene
expression (Figure 2-1D). MIF gene expression in the sampled adipose was equivalent in both
lean and obese groups (Figure 2-1E) and did not correlate with BMI (Figure S2-2). Nevertheless,
the obese subjects had higher plasma MIF concentration (Figure 2-1F) that correlated positively
with the subject’s IR (Figure 2-1G). More interestingly, adipose PREF1 gene was negatively
associated with plasma MIF levels (Figure 2-1H), suggesting that Pref-1 expression in WAT may

negatively modulate the release of adipose MIF and influence plasma MIF levels (Figure 2-1F).

To investigate whether Pref-1 mediates non-inflammatory MIF release, we employed a

non-inflammatory mouse model of obesity. Male WT mice (20-week-old) were fed a PD for eight

weeks, which induced obesity (Figure S2-3) without altering either the gene expression of the pro-
inflammatory (M1) macrophage markers [Tnfa (TNF-a), ll1b (IL-1B) and 116 (IL-6)] or the
macrophage polarization (M1/M2) ratio in subcutaneous or visceral adipose tissues (Figure S2-4
and Figure 2-11-J). In comparison to their counterparts fed a NC diet, these obese mice exhibited
IR (Figure 2-1K) that was accompanied by a downregulation of Pref-1 gene and protein

expression in abdominal adipose tissue (Figure S2-5A and Figure 2-1L-M). The reduced Pref-1
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Figure 2-1. Pref-1 regulates non-inflammatory MIF release from WAT which induces IR. (A)
TNF (TNF-a), IL1B (IL-1B) and IL6 (IL-6) mRNA expression in biopsied WAT from male subjects
including lean (age: 23.3 + 2.2; BMI < 25 kg/m?) (N = 10) and obese individuals (age: 24.3 + 3.3;
BMI > 30 kg/m?) (N = 10). (B) HOMA-IR scores of recruited lean and obese individuals evaluated
by plasma glucose and insulin levels. (C-F) PREF1 (Pref-1) (C), PPARG (PPARY) (D) and MIF (E)
MRNA expression in biopsied WAT and plasma MIF levels (F) from recruited lean and obese
individuals. (G and H) The correlation between HOMA-IR scores and plasma MIF levels, and the
correlation between PREF1 mRNA expression and plasma MIF levels. (I) Pro-inflammatory
macrophage (M1 M®) markers: Tnfa (TNF-a) and 1l1b (IL-1B), and general inflammatory (M®,
macrophages) marker: 116 (IL-6) in visceral epididymal adipose tissue collected from WT mice (20-
week-old) fed with NC or a PD for 8 weeks. (J) The ratio of M1/M2 was evaluated by flow cytometry.
(K) Insulin sensitivity was quantified by i.p. GTT and ITT. (I and M) Adipose pref-1, FABP4 and
PPARymRNA expression (L) and Pref-1 immunofluorescence staining (M) from WT mice (20-week-
old) fed with NC or PD for 8 weeks (Arrows, Pref-1 (red); Scale bars, 20 um). (N) Pref-1+ cells
sorted by flow cytometry from SVFs (left) and Pref-1 release from visceral adipose tissues (right)
isolated from NC and PD groups. (O to Q) MIF gene and protein expression in WAT isolated from
NC and PD groups (Scale bars, 20 mm). (R) Plasma MIF levels in NC and PD groups. (S) MIF
release from WATSs isolated from NC and PD groups in the presence or absence of recombinant
Pref-1 proteins (2.5ug/ml). (T) Insulin sensitivity quantified by GTT and ITT in PD groups following
MIF neutralization with anti-MIF antibody (20 mg/kg, i.p. twice a week). (U) Plasma MIF levels in
25-week-old WT and Mif lung Tg mice. (V) Pro-inflammatory macrophage (M1 M®) markers: Tnfa
(TNF-a) and IlI1b (IL-1B), and general inflammatory (M®, macrophages) marker: 116 (IL-6) in visceral
epididymal adipose tissue collected from 25-week-old WT and Mif lung Tg mice. (W) Insulin
sensitivity quantified by GTT and ITT in 25-week-old WT and Mif lung Tg mice. All data are
presented as mean + SD. #P < 0.05 reduction vs. lean subjects in (C), vs. NC group in (N), and (P);
*P < 0.05 increase vs. lean subjects in (B) and (F), vs. NC group in (K) and (R), vs. WT group in (U)
and (W), vs. other groups in (S) and (T). The n.s. represents no significance.
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Figure S2-1. The general characteristics of human subjects. 20 male subjects
including 10 lean and 10 obese were recruited for the current experiment. Mean £ SD in
all the panels; *P<0.05 increase vs. Lean group; #P<0.05 reduction vs. Lean group. The
n.s. represents no significance.
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expression was not associated with any change in the expression of adipogenic genes, such as
Fabp4 and PPARy (Figure 2-1L) or the number of Pref-1+ cells (Figure 2-1N and Figure S2-5B).
In the group fed PD, Pref-1 release from isolated WATSs was significantly lower than in the group
fed NC (Figure 2-1N and Figure S2-5C). The reduction of Pref-1 expression and release was not
associated with changes in Mif gene expression (Figure 2-10), however, there was a decrease
in adipose MIF protein content (Figure 2-1P-Q) that was associated with an increase in circulating
plasma MIF levels (Figure 2-1R). Pref-1 is cleaved at the cell membrane leading to the release
of its active component (186). To further define whether Pref-1 regulates adipose MIF release,
isolated WAT from NC and PD groups were treated with or without recombinant, bioactive Pref-1
protein (rPref-1, 2.5 pg/ml) for 24 h. The PD group demonstrated increased MIF release
compared to the NC group; this was inhibited by rPref-1 (Figure 2-1S), suggesting a crucial role

of Pref-1 in inhibiting MIF release from WAT.

In order to better define the role of circulating MIF in PD-induced IR, we assessed the
actions of neutralizing anti-MIF antibody administration. Anti-MIF significantly improved whole-
body and adipose insulin sensitivity and attenuated obesity in PD group (Figure 2-1T and Figure
S2-6). In reciprocal experiments, increasing plasma MIF concentrations in a mouse model,
overexpressing MIF in lung (Mif lung Tg mice (Mif Tg)), demonstrated that high circulating MIF
levels (Figure 2-1U) are associated with IR and hypertriglyceridemia in the absence of alterations
in inflammatory gene expression in adipose tissue (Figure 2-1V-W and Figure S2-7). These data

together support the role of MIF in regulating IR in the absence of adipose inflammation.

2.3.2 Preadipocyte Factor-1 Inhibits Macrophage Migration Inhibitory Factor Release from

Both Adipose Preadipocyte Factor-1+ Cells and Adipocytes

We isolated the cell populations that express and potentially release Pref-1 in WAT from

male mice. Most of these cells co-stained with CD34, CD31 and CDA45 (Figure 2-2A), suggesting
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Figure 2-2. Pref-1 inhibits MIF release from both adipose Pref-1+ cells and adipocytes. (A)
Cells with CD34+, CD31+ or CD45+ in Pref-1+ cells isolated from WAT in 20-week WT mice by flow
cytometry. (B) The percentages of CD34+, CD31+ or CD45+ cells in Pref-1+ cells following 8-week
NC or PD diet feeding. (C and D) M1 macrophages (CD45'F4/80*CD11b*CD11c*) and M2
macrophages (CD45"F4/80*CD11b*CD206%) were identified in Pref-1+ cells from NC and PD
groups by flow cytometry. (E) Gene expression of pref-1 and Mif in isolated Pref-1+ cells (Pref-1+
C) and adipocytes (AC) quantified by gPCR. (F and G) Mif gene expression and its release in
isolated Pref-1+ cells and adipocytes following the treatment of mouse rPref-1 protein (2.5ug/ml) for
24 hours. (H) 3T3-L1 undifferentiated cells were identified with Pref-1, CD45, CD31 and CD34
antibodies by flow cytometry. (I) The genetic quantifications of pref-1 and Mif in 3T3-L1
undifferentiated (3T3U) and differentiated (3T3D) cells. (J-O) 3T3U and 3T3D were incubated with
or without rPref-1 for 24h and MIF protein content (J and M), gene expression (K and N) and release
(L and O) were measured by western blot, gqPCR and ELISA, respectively. All data are presented
as mean + SD. *P < 0.05 increase and “P < 0.05 reduction vs. Vehicle. The n.s. represents no
significance.
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Figure S2-6. Anti-MIF antibody reverses high palmitic acid diet induced IR. Neutralization
of circulating MIF with anti-MIF antibody reduces body weight gain (A) without affecting food
intake (B), plasma FA (C) and TG (D) levels following PD feeding. The Akt phosphorylation in
WAT, liver and skeletal muscle was shown in (E). Mean = SD in all the panels; #P<0.05 decrease
vs. PD+IgG; *P<0.05 increase vs. NC+IgG in (C and D), vs other groups in (E); the n.s. represents
no significance.
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the characteristics of progenitor cells (e.g., CD34), endothelial cells (e.g., CD31), and immune
cells (e.g., CD45). The components of CD34+, CD31+ and CD45+ cells in the total Pref-1+ cells
were unchanged following PD feeding (Figure 2-2B). We also identified that M2 rather than M1
macrophages express Pref-1 (Figure 2-2C-D). PD feeding did not affect the proportion of the M2

cells present amongst the Pref-1+ population of cells (Figure 2-2D).

Although both Pref-1+ cells (Pref-1 C) and mature adipocytes (AC) isolated from WAT
express MIF, MIF expression was lower in the mature adipocytes (Figure 2-2E). Pref-1 is
associated with inflammatory factors in obese humans in both subcutaneous and omental adipose
tissue (191). We tested whether secreted Pref-1 protein may regulate MIF release from Pref-1+
cells and adipocytes. Following treatment with rPref-1 protein (2.5 pg/ml for 24h), both cell types
showed reduced MIF secretion in the absence of a change in Mif mMRNA content (Figure 2-2F-G),
implicating Pref-1 in the crosstalk between Pref-1+ cells and adipocytes and its action to inhibit

MIF release.

Pref-1 was originally cloned from 3T3-L1 precursor fibroblasts, which also express CD45,
CD31 and CD34 (Figure 2-2H) as isolated adipose Pref-1+ cells (Figure 2-2A). Mif mRNA
expression was reduced when the precursor fibroblasts (Pref-1+ 3T3U) were differentiated into
adipocytes (3T3D) (Figure 2-2I), which mimicked the pattern of Mif expression observed in Pref-
1+ cells versus mature adipocytes in healthy mouse WAT (Figure 2-2E). Following rPref-1
treatment of 3T3-L1 precursor fibroblasts, we observed a significant increase in MIF protein but
not Mif mMRNA content (Figure 2-2J-K). Interestingly, MIF concentration in conditioned media was
reduced after rPref-1 treatment (Figure 2-2L). We also investigated the possible paracrine role
of Pref-1 in regulating MIF release from 3T3-L1 adipocytes. Following rPref-1 treatment, MIF
protein content increased in 3T3-L1 differentiated adipocytes in a time-dependent manner (Figure

2-2M), mimicking the observations in precursor cells that an increase in MIF protein is not
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associated with changes in Mif mMRNA levels (Figure 2-2N), but rather with reduced MIF release

into the medium (Figure 2-20).

Based on these findings in primary cells and cell lines, we suggest that secreted Pref-1
inhibits MIF release from both Pref-1+ cells and mature adipocytes in an autocrine/paracrine

manner.

2.3.3 Preadipocyte Factor-1 Inhibits Macrophage Migration Inhibitory Factor Secretion by
Interaction with the Cell Membrane Protein, Integrin 18, and Inhibiting P115, a Cofactor for

Macrophage Migration Inhibitory Factor Release

To investigate the cellular mechanisms by which Pref-1 regulates MIF release, we
examined the 3T3-L1 precursor fibroblast model of adipocyte differentiation. MIF lacks a signal
sequence and is secreted from cells by a non-conventional pathway for protein export (192). The
Golgi-associated protein, p115, is an intracellular binding partner of MIF that is co-secreted with
MIF (158). The deletion of p115 from monocytes/macrophages reduces the release of MIF but
no other cytokines following inflammatory stimulation or intracellular bacterial infection (158). We
observed that rPref-1 treatment of 3T3-L1 undifferentiated Pref-1+ cells (3T3U) for 24 h
significantly reduced the release of p115 (Figure 2-3A) and MIF (Figure 2-2L) into medium; this
occurred in the absence of inflammatory stimulation and was associated with an increase in
intracellular p115 content (Figure 2-3A). Pref-1 also inhibits lipopolysaccharide (LPS) triggered
MIF release (Figure 2-3C) by inhibiting p115 release (Figure 2-3A). We studied the cellular
distribution of MIF in 3T3-L1 Pref-1+ cells by immunofluorescence staining and found that MIF
and pl15 appeared to co-localize in the cytoplasm (Figure 2-3B). Upon LPS stimulation, both
MIF and pl115 staining was more diffuse in the cytoplasm, and staining intensity was reduced
following the addition of rPref-1 (Figure 2-3B), suggesting a role for Pref-1 in inhibiting MIF release
by interfering with the cytoplasmic interaction of MIF and pl115. In 3T3-L1 differentiated

adipocytes (3T3D), Pref-1 also reduced basal p115 release, which was associated with an

39



A B
3T3U Medium LPS + rPref-1
3T3 U Medium
rPref-1 - + - + H
s - - ++ 1 *# 1%
pl15 | == @ es | ]5¢D ‘—
GAPDH | ==esame=
lPlef 1-+ rPref 1- -+
LPS
3T3U Cytosol 373D Medium 373D Cytosol . =)
3T3 U Cytosol - NC + s<
~ ~ 52 . PD - + + L=
rPref-1 - + - + o3 o3 D tPref-1 - - + =«
s - - ++ <, L,  F 0 rPrefa - Pref-1 - + < 0 o
© 0 —115K0m1 m1 f | P113 smeme= 115KD = S
pl15 [*= v ea #= 115D « 4 3 = 1da pl15 pll5 115KD - o=
GAFDH | wemmme= 350 o ., GAPDH |—=]36kD 5 GAPDH 36KD 5 GAPDH |= @& |3ck0
rPref-1 - + rPref-1 - +
E tPref-1 - + rPref-1 - + rPref-1
) 3T3U
wE 10
F 1TGB1 meas G H 3T3u 313D I & ¥ 4
® » £ 5 3ime
] T RIS Pref-1 rPref-1 0
® 32 & O re —
3 B S — > RGDS - +
<Z( % (<] ,\0" IP: © ‘\0 rPref-1
x x iTcel | @R 884D IP: & S ) 213D
1 =15
E E iTeas| @@  |135kD  50KD EIPref-l 50KDE| Pref-1 LE 0] g, #
> 2 S5
= B 0 # GAPDH | 8 ) | 34KD BB 1TGB188.4KD M ™ meBl ssap £ g
[} [} o G g
©  pret1+C AC T  Pref-1+C AC GAPDH 36KD W cappH3sko  ReDS - o+
tPref-1
J 3T3U Medium K 3T3D Medium L -
* 2 * & ®
= = 1P: T
= = i s I
rPre 2 4 - tPre g ITGB1 Pref-1 50KD E
RGDS - - + 0 RGDS - - + 0 1 I 8
= = caea 88.4KD
pll15 [w= . em|115kp o | pl15 [== wa|i150 B ® 5 ITGB1 5
GAPDH | == ====| 36KD GAPDH | ™= = == | 36xD 0 % @ GAPDH 36KD g

-+
rPref-1

rPref-1

Figure 2-3. Pref-1 inhibits MIF secretion by interaction with the cell membrane protein,
integrin 1B, and inhibiting p115, a cofactor for MIF release. (A) 3T3U Pref-1+ cells were treated
with or without rPref-1 (2.5ug/ml) in the absence or presence of LPS (5ug/ml) for 24 hours. pl115
was then quantified in cytosol and medium by western blot. (B) MIF (green) and p115 (red) were
visualized by immunofluorescence staining in 3T3-L1 undifferentiated Pref-1+ cells following vehicle
or LPS treatment. The nucleus was stained by DAPI (blue), (Scale bars, 10 um). (C) MIF release
from 3T3-L1 undifferentiated Pref-1+ cells following vehicle or LPS treatment in the presence or
absence of rPref-1. (D) p115 in cytosol and medium of 3T3D quantified by western blot following
rPref-1 treatment for 24 hours. (E) p115 release from WATSs isolated from NC and PD groups in the
presence of absence of rPref-1 (2.5ug/ml). (F) The gene expression of ITGB1 and ITGAS5 in Pref-
1+ cells and adipocytes isolated from WT visceral adipose tissue. (G) ITGB1 and ITGA5 genes in
3T3U and 3T3D. (H) In 3T3U and 3T3D, immunoprecipitation was performed with negative-control
antibody (IgG) or anti-ITGB1 following the treatment of rPref-1. Immunoprecipitated proteins were
then detected by anti-Pref-1 antibody. (I-K) MIF and p115 release from 3T3U and 3T3D following
the treatment of rPref-1, in the presence or absence of integrin inhibitor, RGDS peptide (100uM).
(L) Following NC or PD feeding, visceral adipose tissues isolated from WT mice were initially
immunoprecipitated with anti-ITGB1 antibody and the immunoprecipitated proteins were further
detected by anti-Pref-1 antibody. All data are presented as mean = SD. *P < 0.05 increase and *P
< 0.05 reduction vs. Vehicle, Pref-1+ cells, IgG, NC, or all other groups. The n.s. represents no
significance.
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ITGB1

Figure S2-8. Pref-1 and ITGB1 are colocalized in 3T3-L1 undifferentiated (Pref-1+) cells
(Scale bars: 20 pMm).
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increase in cytosolic p115 content (Figure 2-3D). The reduction in p115 release is associated
with reduced MIF release (Figure 2-20), which is consistent with prior observations describing
the role of p115 in MIF export (158). In parallel with changes with MIF release (Figure 2-1S), the
PD fed group demonstrated increased adipose pl115 release when compared to the NC group,
and this effect was reduced following rPref-1 treatment (Figure 2-3E). Taken together, these data
suggest that Pref-1 inhibits MIF release by the intermediation of p115 in both Pref-1+ cells and

adipocytes in WAT.

Pref-1 signaling is associated with the activation of the classic fibronectin receptor, integrin
ab5/Bl (193). ITGBL1 is highly expressed in both Pref-1+ cells and adipocytes but ITGAS is only
expressed in Pref-1+ cells (Figure 2-3F-G). Given the evidence that Pref-1 regulates MIF release
in both cell types (Figure 2-2), we hypothesized that ITGB1 activation may be an essential
component in Pref-1 regulation of MIF release. Indeed, Pref-1 binds to ITGB1 in both 3T3-L1
undifferentiated Pref-1+ cells and 3T3-L1 differentiated adipocytes (Figure 2-3H and Figure S3-
8). The inhibition of integrin receptor function significantly reversed Pref-1 inhibition of MIF and
pl115 release from both cell types (Figure 2-3I-K). In mice, PD feeding significantly reduced
adipose Pref-1 expression and release (Figure 2-1L-N) when compared to the NC group, and this
effect was associated with a reduction in the binding of Pref-1 with ITGB1 (Figure 2-3L). The data
together suggest that Pref-1 regulates MIF release from WAT through binding with ITGB1 in both

Pref-1+ cells and adipocytes.

2.3.4 Protease-activated Receptor 2 Activation and Expression Modulate Preadipocyte
Factor-1in an AMP-activated Protein Kinase-dependent Manner in Preadipocyte Factor-1+

Cells

PAR2 is a unigue GPR that is encoded by the F2rl1 gene. F2rll is highly expressed in
isolated Pref-1+ cells rather than adipocytes (Figure 2-4A). In Pref-1+ cells, PAR2 protein was

expressed peripherally and along the plasma membrane, while Pref-1 showed a diffuse cytosolic
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Figure 2-4. PAR2 activation and expression modulate Pref-1 in an AMPK-dependent manner
in Pref-1+ cells. (A) The mRNA expression of F2rl1 (PAR2) and Mif in isolated Pref-1+ cells (Pref-
1+ C) and adipocytes (AC) from 25-week-old WT mouse visceral adipose tissue. (B) Colocalization
of PAR2 (red) and Pref-1 (green) in WT mouse visceral adipose tissue. (Arrows indicate
colocalization. Yellow scale bars, 20 um, white scale bar: 5 um). (C) Scatter-dot plot and
guantification of flow cytometry analysis of PAR2 and Pref-1 in mouse SVF cells. (D) The pref-1 and
Par2 transcript levels were quantified in 3T3U and 3T3D cells. (E and F) AMPK activation (E) and
pref-1 mRNA expression (F) in 3T3-L1 undifferentiated cells cultured with 2fLI (30 nM) for 0.5-24 h.
(G and H) Pref-1 mRNA expression (10 h) (G) and release in the cell media (24 h) (H) in 3T3-L1
undifferentiated cells incubated with AICAR (0.25 mM) for 10-24 h. (I and J) Pref-1 expression (l)
and release (J) in 3T3-L1 undifferentiated cells (Pref-1+ cells) cultured with or without 2fLI (30 nM)
for 24 h following knockdown of AMPKa1 and a2 isoforms by siRNA. (K-N) F2rl1 (PAR2) mRNA
expression (K), AMPK phosphorylation (L), pref-1 mRNA expression (M) and Pref-1 release (24 h)
(N) in 3T3-L1 undifferentiated cells (Pref-1+ cells) incubated with high PA (200 uM) for 1-24 h. (O
and P) AMPK activity (6 h) (O) and pref-1 mRNA expression (10 h) (P) in 3T3-L1 undifferentiated
cells incubated with or without high PA treatment following knockdown of PAR2 by siRNA. (Q and
R) AMPK activity (6 h) (Q) and pref-1 mRNA expression (10 h) (R) in 3T3-L1 undifferentiated cells
following high PA treatment with or without the PAR2 inhibitor, GB83 (5 uM). All data are presented
as mean = SD. 2-tailed Student’s t test in (A), (C), (D), (G), (H) and (N), and one-way ANOVA plus
Tukey in the rest of data were used for statistical analysis. *P < 0.05 increase vs. Vehicle in (E) and
(L); vs. other groups in (O) and (Q); *P < 0.05 reduction vs. Pref-1+ C in (A), PAR2+ in (C) and
3T3U in (D); vs. Vehicle in (F), (G), (M) and (N), vs. other groups in (1), (J), (P) and (R).
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Figure S2-9. The regulation of AMPK activation does not affect PPARy gene
expression in undifferentiated 3T3-L1 cells. The undifferentiated 3T3-L1 cells were
incubated with AMPK activator, AICAR (0.25mM) for 0.5 to 24 hours and then AMPK
was evaluated by immunoblotting with phosphor- and total AMPKa antibodies (A). (B)
PPARygene expression was evaluated by gPCR. AMPKa was knockdown by AMPKa
siRNA (C) in undifferentiated 3T3-L1 cells and PPARy expression (D) was measured
with and without 2fLI treatment by gPCR. Mean £ SD in all the panels; *P<0.05
increase vs. Vehicle; the n.s. represents no significance.
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Figure S2-11. ERK phosphorylation and PPARYy gene expression following high
palmitic acid treatment in 3T3-L1 undifferentiated cells. The undifferentiated 3T3-
L1 cells (Pref-1+ cells) were incubated with or without high PA (200uM) from 1 to 6
hours and then the isolated protein was immunoblotted with phosphorylated ERK and
total ERK antibodies (n=6 each group) (A). PPARygene expression (B) was evaluated
by qPCR. Mean + SD in all the panels; *P< 0.05 increase vs. Vehicle, the n.s.
represents no significance.
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staining pattern (Figure 2-4B). Quantitative flow-cytometry of freshly isolated SVF cells showed
that almost all Pref-1+ cells were also PAR2 positive (Figure 2-4C-D) confirming that Pref-1+ cells

express PAR2.

PAR?2 activation leads to downstream phosphorylation of AMPK at its Thr'’2 activation site
(194). The pharmacologic activation of PAR2 with the PAR2 activating peptide, 2-furoyl-LIGRLO-
NH2 (2fLI, 30 nM) increased AMPK phosphorylation in a time-dependent manner in Pref-1+ cells
(Figure 2-4E). The pref-1 mRNA expression was downregulated over the same time frame
(Figure 2-4F). Activating AMPK with the activator 5-Aminoimidazole-4-carboxamide
ribonucleotide (AICAR) (Figure S2-9A) also downregulated pref-1 mRNA expression in Pref-1+
cells (Figure 2-4G). AMPK-mediated downregulation of pref-1 in turn reduced Pref-1 release from
Pref-1+ cells (Figure 2-4H). Knocking down AMPK (Figure S2-9C) in Pref-1+ cells prevented the
PAR2-induced reduction in pref-1 expression (Figure 2-41) and Pref-1 release (Figure 2-4J).
These findings establish a requisite role for AMPK in PAR2-mediated pref-1 downregulation in
Pref-1+ cells. Pref-1 downregulates PPARy expression which impedes differentiation of adipocyte
precursor cells into mature adipocytes (186). However, when we examined PPARy expression,
we found no change in PPARYy levels in 3T3-L1 undifferentiated cells despite activation of AMPK
and reduced pref-1 expression (Figure S2-9B and D). Thus, these results indicate that PAR2-

induced regulation of AMPK and pref-1 expression occurs independently of PPARy expression.

PD upregulates PAR2 expression in WAT (Figure S2-10). We investigated whether high
PA concentrations modulate the PAR2/AMPK/Pref-1 pathway in Pref-1+ cells. Undifferentiated
3T3-L1 cells incubated with a high concentration of PA (200uM) upregulated F2rl1 (PAR2)
expression (Figure 2-4K) in conjunction with activation of downstream ERK phosphorylation
(Figure S2-11A). PA also increased AMPK phosphorylation (Figure 2-4L), which was
accompanied by a reduction in pref-1 gene expression and Pref-1 release into the culture media

(Figure 2-4M-N). PA addition, however, did not alter PPARy gene expression in these Pref-1+
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cells (Figure S2-11B). To examine whether PAR2 activation had an obligatory role in PA-induced
AMPK activation and downstream inhibition of pref-1 expression, undifferentiated 3T3-L1 cells
were treated with high PA in the presence of the PAR2-specific inhibitor GB83 (5 uM) or following
PAR2 knockdown by siRNA. Both pharmacologic and siRNA inhibition of PAR2 abolished AMPK
activation and blocked the PA treatment induced reduction in pref-1 gene expression (Figure 2-

40-R).

2.3.5 Protease-activated Receptor 2 Controls Macrophage Migration Inhibitory Factor
Release from Preadipocyte Factor-1+ Cells and Adipocytes Through Preadipocyte Factor-

1

We further investigated whether PAR2 regulates MIF release. We treated 3T3-L1
undifferentiated Pref-1+ cells with 2fLI (30 nM) and observed decreased MIF protein content
(Figure 2-5A) but no change in Mif mRNA levels (Figure 2-5B). In parallel, we found that MIF
content in the media was significantly increased following the addition of 2fLI (Figure 2-5C).
These findings suggest that PAR2 may augment cellular MIF release in Pref-1+ cells without
altering Mif gene expression, thereby reducing intracellular MIF content. Pref-1 inhibits MIF
release from Pref-1+ cells and thus, Pref-1 may mediate the functional interaction between the
PAR2 and MIF pathway. To test this hypothesis, we activated the PAR2 pathway
pharmacologically with 2-fLI in the presence or absence of Pref-1 in Pref-1+ cells. PAR2
activation enhanced MIF release and reduced cellular MIF content, and these effects were
reversed by the addition of rPref-1 (Figure 2-5D and F). Mif gene expression remained
unchanged (Figure 2-5E). This observation additionally appeared only in Pref-1+ cells. In
contrast, MIF expression and content were not affected by 2fLI in 3T3-L1 differentiated Pref-1

negative adipocytes (Figure 2-5G), which have negligible Par2 expression (Figure 2-4D).

With increased PAR2 expression following high PA treatment (Figure 2-4K), MIF content

48



@

o 28 (hrs) . < Mif 2 Mif
o513 6 10 24 Mif hrefl —_ -~ z 5, ns. <2 n.s.
MIE 12.5k0 2 5 8 MIF | o o | 12,5KD EE 2 —
GAPDH kD B — 4« GAPDH W@@®®® 0 =35 mﬁ *
= ns. Zg . e 0 2
% E S’ % 5 f x 1 r-"5r|’ref 1- -t T 0
55 E 1 £ 4 554 T 2-fLI g Fl3eno
P L = —_
LT_L 2 ﬂ =) ] w g i * < 26LI (hrs)
= w —
= = = 1 =5
= ) 0 m 0 <5 _ﬁﬁ_ﬁ_ MIF 12.5kD
FP NP e & Y Pref-l - -+ tPref-1 - -+ GAPDH 36KD
& 2fLI (hrs) 2 i 211 2L
H I J K L PA PA
PA (hrs) _PA PA PAR2sRNA - - + GBS - B
—_ tPref-1
: PAR2 _ _ GB83 - - + - = % *
-1 3 6 Mif SIRNA tPref-1 = - - + we4
L e L MIF [o e w1250 MIF[= - mme=]1250 = D g ™ ﬁ | ﬁ ias] Pe]
w——36kD O . —— —— ~
GAPDH | = = 3 GAPDH |*==emes 34D GAPDH 36KD M N & PA (hrs)
c N - c 2 < F2rll o051 3 624
2 # & 3 3z Z n.s MIF 12.5kD
35 = —_— 1 I = o 3 ° i
52 ! 2 23 ! # =24 £33, o GAPDH 36KD
w = k= w w e 23 1o — n.s.
= K = = = =22 5}
<
0 o 0 0 g o HILS =l leodsds
- - - - @
1368 & < pAR2siRNA - -+ oaes Ll M \\?}'\\é SRS (PPN R
< = — —— @
PA (hrs) K\ PA A PA (M) 2 PA (hrs)
o p Q R VI
ars /-
* ® ~ 100
. 100 PPARy pref-1 o . MIE [ — e 25D E < o .
> £ K% o 1. R - 4 o=
15 ASETRFEF T | sk £ 50 i‘
2 75{ ns. 25, ns 24 %2 P 2000 L O Sage
g N ¥ o GAPDH | - IR a— sS€ 4
+ 50 2 |3 2 I SEos T v WT Par2”
2 { 81% 2 { 52 |& L wr ]t Pz i SEe
= 25 ) 2 a — = et B e | o =35 °
o = ° .21‘@a Sn S AR e W Se il sus m54£
= s RS LI EERT £ o #
0 $ 0 g0 0.0 <A Blo )
EESg TS S8 BTy 8ol
Q% & % Q? WT Par2”

Figure 2-5. PAR2 controls MIF release from Pref-1+ cells and adipocytes through Pref-1. (A-
C) MIF protein (A), mRNA expression (24 h) (B) and release in the medium (24 h) (C) following
PAR2 activator, 2fLI (30 nM) treatment for 0.5-24 h in 3T3-L1 undifferentiated cells. (D-F) MIF
protein (D), mRNA expression (E) and release levels (F) following 2-fLI treatment (30 nM) with or
without rPref-1 (2.5 pg/ml) for 24 h. (G) MIF mRNA and protein expression following 2fLI (30 nM)
treatment for 1-24 h in 3T3-L1 differentiated cells. (H and I) MIF protein (H) and gene expression (I)
in 3T3-L1 undifferentiated cells (Pref-1+ cells) following high PA (200uM) treatment for 24h. (J-L)
Following knocking down PAR2 with siRNA or inhibition of PAR2 with its antagonist, GB83 (5 uM),
cellular MIF levels were quantified in the presence or absence of high PA with or without rPref-1 (J
and K). MIF release in the medium was measured by ELISA in (L). (M and N) F2rl1 (PAR2) gene
(M) and MIF protein (N) levels in differentiated 3T3-L1 adipocytes following variable concentrations
of PA for 24 hours. (0-Q) In 25-week WT and Par2” mice, the percentages of adipose Pref-1+ cells
were quantified by flow cytometry (O). The gene expression of PPARy and pref-1 was evaluated
by gPCR (P and Q). (R-V) Visceral adipose tissues isolated from WT and Par2”- mice were cultured
in PBS for 24 hours at 37°C. Pref-1 and MIF proteins were assessed by ELISA in the medium (R
and U) while cellular MIF and pll5 levels were measured by western blot (S) and
immunohistochemistry staining (Scale bars, 20 um) (T). Plasma MIF levels were quantified by
ELISA (V). All data are presented as mean + SD. 2-tailed Student’s t test in (B), (C), (), (O-R), (U)
and (V), and one-way ANOVA plus Tukey in the rest of data for statistical analysis. *P < 0.05
increase vs. Vehicle in (C); vs. other groups in (F) and (L); vs. 2FLI+Vehicle in (D); vs. WT in (Q)
and (R). #P < 0.05 reduction vs. Vehicle in (A), (D) and (H); vs. other groups in (J) and (K); vs. WT
in (U) and (V). The n.s. represents no significance.
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Figure S2-12. Cells with CD31+, CD34+ or CD45+ in Pref-1+ cells isolated from visceral
adipose tissue in 25-week WT and PAR2" mice by flow cytometry.
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from 25-week WT and Par2” mice. Tnfa (A) and l11b (B) gene expression was evaluated by
gPCR. Mean = SD in all the panels; the n.s. represents no significance.

51



in 3T3-L1 undifferentiated Pref-1+ cells was decreased in a time-dependent manner (Figure 2-
5H) and this reduction occurred without changes in Mif gene expression (Figure 2-51). To examine
whether PA-downregulated MIF content requires PAR2 expression and activation, PAR2
knockdown and inhibition were performed. Both siRNA and pharmacologic inhibition of PAR2
reversed PA-induced depletion of cellular MIF and this inhibition was blocked by the addition of
rPref-1 (Figure 2-5J-K). In parallel, high PA augmented MIF release, but this effect of PA could
be reversed by blockade of PAR2 (Figure 2-5L). In contrast, in 3T3-L1 differentiated adipocytes,
high PA did not trigger F2rl1 (PAR2) gene expression or alter cellular MIF content (Figure 2-5M-

N).

We also found that in the absence of PAR2 expression, there was no evident alteration in
either adipose Pref-1+ cell populations and characteristics or PPARy expression (Figure 2-50-P
and Figure S2-12), however, there was an increase in both pref-1 mRNA expression (Figure 2-
5Q) and Pref-1 release (Figure 2-5R). PAR2 deficiency upregulated adipose content of MIF and
pl15 (Figure 2-5S-T), which was associated with a decrease in both MIF release from WAT
(Figure 2-5U) and circulating MIF levels (Figure 2-5V). These in vivo data further suggest that
the PAR2/Pref-1 signaling pathway may play a key role in regulating MIF accumulation and

release from WAT even in the absence of inflammation (Figure S2-13).

2.3.6 Protease-activated Receptor 2 Deficiency in White Adipose Tissue or Addition of
Preadipocyte Factor-1 Decreases Non-inflammatory Adipose Macrophage Migration

Inhibitory Factor Release and Improves Insulin Sensitivity

We next transplanted visceral (epididymal) adipose tissue from WT to WT, Par2” to WT
or WT to Par2” mice respectively (Figure 2-6A, Figure S2-14 and S2-15) (195). Following a PD
feeding, plasma Pref-1 levels were significantly reduced in the group of WT to WT while Par2”
adipose tissue transplantation into WT mice reversed the effect of PD (Figure 2-6B). In parallel,

PD increased plasma MIF levels, IR, body weight and adipose tissue mass, and these effects
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were all inhibited by Par2” adipose tissue transplantation into WT mice (Figure 2-6C-G).
Additionally, we found no evidence of adipose inflammation after PD feeding, indicating that this

was a non-inflammatory mechanism (Figure 2-6H).

In an additional separate experiment, 20-week-old male WT mice were initially fed with
either NC or a PD for 4 weeks. The mice were implanted subsequently with an osmotic pump
filled with vehicle or rPref-1 for 4 weeks of infusion with continued PD feeding (Figure 2-61 and
Figure S16). We observed that administration of Pref-1 significantly blocked the reduction of
plasma Pref-1 levels induced by PD feeding (Figure 2-6J). There were no associated changes in
PPARy expression (Figure 2-6K) to suggest that infusion of Pref-1 might affect adipogenesis.
However, Pref-1 administration augmented the adipose content of MIF and p115 (Figure 2-6L)
and circulating plasma MIF levels were reduced (Figure 2-6M). These results suggested that
exogenous Pref-1 infusion inhibits MIF release from WAT. Pref-1 infusion attenuated IR during
PD (Figure 2-6N), despite no evident change in body weight gain, adipose tissue weight and
adipocyte size compared to the PD group with vehicle infusion (Figure 2-60-Q). As in the study
of Par2” adipose tissue transplantation, Pref-1 infusion did not affect inflammatory gene
expression (Figure 2-6R). These findings indicate that Pref-1 treatment reverses non-

inflammatory IR by downregulating adipose MIF release.

In summary, these data support a novel, inflammation-independent PAR2/Pref-1/MIF
pathway that acts between Pref-1+ cells and mature adipocytes to regulate WAT MIF release in

obesity related IR (Figure 2-6S).
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Figure 2-6. PAR2 deficiency in WAT or addition of Pref-1 decreases non-inflammatory
adipose MIF release and improves insulin sensitivity. (A) WT mice at 18 weeks were
anesthetized and transplanted with WT or Par2” visceral epididymal adipose tissue. Following 2-
week recovery, these mice at 20 weeks will be fed with NC or PD for 8 weeks. (B-H) Plasma Pref-
1 (B) and MIF (C) levels in the mice transplanted with WT or Par2” adipose tissue following NC or
PD diet feeding. Insulin resistance was assessed by GTT and ITT (D). Body weight gain, adipose
weight (AT)/body weight (BW) ratio, adipocyte size and M1/M2 ratio in adipose tissue were
measured in these mice as well (E to H) (Scale bars, 20 um in G). (I) WT mice at 20 weeks were
fed with NC or PD for 8 weeks. During the last 4 weeks, the mice were infused with vehicle or rPref-
1 protein (24pg/day/kg) by osmotic pump. (J-R) Plasma Pref-1 levels, PPARy gene expression,
adipose MIF and p115 contents and plasma MIF levels were subsequently evaluated from (J) to
(M). IR was assessed by GTT and ITT in (N). Body weight gain, adipose tissue (AT) weight,
adipocyte size and expression of inflammatory factors were quantified from (O) to (R) (Scale bars,
20 umin Q). (S) Schematic diagram for the mechanism of PAR2/AMPK/Pref-1/MIF release signaling
pathway. Pref-1is expressed and released in Pref-1+ cells with characteristics of M2 macrophages,
endothelial cells or progenitors. Pref-1 inhibits MIF release from both Pref-1+ cells and adipocytes
by binding with cell membrane integrin f1 and inhibiting the mobilization of p115, a cofactor for MIF
release. High PA induces PAR2 expression in Pref-1+ cells, leading to the downregulation of Pref-
1 expression and its release in an AMPK-dependent manner. When Pref-1 secretion is reduced,
Pref-1+ cells and adipocytes increase MIF release and its plasma content, resulting in IR. All data
are presented as mean + SD. n=6 each animal group. *P < 0.05 increase vs. other groups in (C,
D, F and J); vs. WT to WT NC or Par2” to WT PD in (E); vs. NC in (O) and (P). *P < 0.05 reduction
vs. other groups in (B); vs. NC in (J); vs. PD + Vehicle in (M) and (N). The n.s. represents no
significance.
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Figure S2-14. The metabolic characteristics of WT mice transplanted with Par2”
visceral adipose tissue following high palmitic acid diet feeding. WT mice at 18
weeks were anesthetized and their visceral adipose tissues (epididymal) were removed.

Visceral adipose tissues (epididymal) from WT or Par2-/' donors were transplanted into
these WT mice. Following 2-week recovery, these mice at 20 weeks were fed with NC
or PD for 8 weeks. PAR2 and MIF protein expression was evaluated in the transplanted
adipose tissues by western blot (A). The components of pref-1+ cells were quantified by
flow-cytometry (B). The levels of plasma FFA (C) and TG (D) were also quantified and
lipid storage in liver and skeletal muscle (SM) (E) was identified by HE staining. Mean +
SD in all the panels; the n.s. represents no significance.
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Figure S2-15. The metabolic characteristics of Par2” mice transplanted with WT visceral

adipose tissue following high palmitic acid diet feeding. WT and Par2/ mice at 18 weeks
were anesthetized and transplanted with WT visceral adipose tissue (epididymal). Following 2-
week recovery, these mice at 20 weeks were fed with NC or PD for 8 weeks. Body weight gain
was monitored in (A) and IR was quantified by i.p. glucose tolerance and insulin tolerance tests
(B). Plasma FFA and TG levels were measured in (C) and (D). The components of adipose
pref-1+ cells and M1/M2 ratio were evaluated by flow-cytometry (E and F). Mean £ SD in all the

panels; *P< 0.05 increase vs WT to WT NC, the n.s. represents no significance.
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Figure S2-16. The effects of pref-1 infusion on high palmitic acid diet induced metabolic
dysfunction. WT mice at 20 weeks were fed with NC or PD for 8 weeks. During the last 4
weeks, the mice were infused with vehicle or recombinant pref-1 protein by osmotic pump.
Plasma levels of FFA and TG were measured in (A) and (B). Mif gene expression was quantified
by gPCR (C) and lipid storage in liver and SM were evaluated by HE staining in (D, Scale bars:
100 uM). Mean + SD in all the panels; #P< 0.05 reduction vs vehicle, the n.s. represents no
significance.
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2.4 DISCUSSION

Accumulating evidence suggests that non-inflammatory mechanisms may initiate IR (3,
89). We describe a Pref-1 mediated pathway involving the crosstalk between cells expressing
Pref-1 (Pref-1+) and adipocytes that regulates MIF secretion from WAT in response to high PA
exposure. The molecular pathway underlying this crosstalk is initiated by PAR2, whose
expression is induced by HFD; PAR2 downregulates Pref-1 expression and release from Pref-1+
cells in an AMPK-dependent manner. Normally, Pref-1, derived from Pref-1+ cells, inhibits MIF
release from both Pref-1+ cells and adipocytes by binding to integrin 1 and inhibiting the action
of p115, a necessary cofactor for MIF secretion. However, in the context of non-inflammatory
obesity, the ability of Pref-1 to inhibit MIF release from Pref-1+ cells and adipocytes is impaired,;
consequently, circulating plasma MIF levels are increased. This finding is significant given MIF’s
maladaptive action to cause metabolic dysfunction and IR in obesity, as evidenced in
experimental results in mice as well as human subjects with functionally variant MIF alleles (154,

177, 196).

WAT is known to be an important site of MIF production, and circulating MIF levels
correlate positively with increased body weight (172). Early studies attributed the upregulation of
adipose MIF secretion to macrophage infiltration (177, 184). One prior study reported that high
caloric diet feeding induces an increase in adipose macrophages and Mif gene expression,
leading to an elevation in plasma MIF levels (177). In metabolic dysfunction associated with
treatment with the antipsychotic olanzapine, high plasma MIF levels are accompanied by an
increase in both MIF gene and protein expression in WAT (154). Increased MIF expression also
was associated with increased expression of IL-6 and IL-1B (154), further supporting an
inflammatory etiology for adipose MIF secretion with olanzapine treatment. In contrast, the
current study provides the first evidence for a non-inflammatory pathway of MIF secretion in WAT.

Animals fed a HFD for 8 weeks showed increased MIF secretion by WAT in the absence of
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increased Mif mMRNA expression or a significant, associated inflammatory response. Thus, our
findings support the existence of a mechanism of MIF secretion that is metabolically controlled

and independent of adipose macrophage infiltration or inflammatory activation.

The current results also demonstrate that non-inflammatory MIF release from WAT is
mediated by cellular crosstalk driven by Pref-1. Pref-1 was expressed and released by Pref-1+
cells, which included M2 macrophage (an anti-inflammatory phenotype), endothelial cell, and
progenitor populations. Pref-1 inhibited MIF release from both Pref-1+ cells and adipocytes.
Accordingly, the activation and secretion of Pref-1 may reduce non-inflammatory MIF secretion
from WAT and improve metabolic dysfunction. Indeed, pref-1 overexpression improved glucose
homeostasis and insulin sensitivity (189). It should be noted that Pref-1 was originally identified
to regulate adipogenesis (186). Mice with high levels of Pref-1 in adipose tissue have reduced
fat mass and hypertriglyceridemia due to impaired storage in adipose tissue (187). In contrast,
mice lacking Pref-1 show augmented fat deposition and obesity (188). However, our current
findings indicate that while Pref-1 expression and release by WAT were downregulated following
high fat feeding, this occurred in the absence of changes in adipose maturation. Thus, the effect
of Pref-1 described herein reflects an early phase of metabolic dysfunction; and it is possible that

actions on adipogenesis may be detected in a more chronic obesity model.

We found that Pref-1 significantly inhibited basal and/or LPS-induced MIF release from
Pref-1+ cells and adipocytes through pl115. The Golgi-associated protein, p115 is a binding
partner of MIF that facilitates MIF transport from the perinuclear ring to the plasma membrane
and subsequent export from monocytes/macrophages (158). pl115 is necessary for the release
of MIF but not other cytokines (158). Pref-1 signaling is associated with the activation of the
classic fibronectin receptors, integrins a5p1 (193), but only ITGB1 is highly expressed in both
Pref-1+ cells and adipocytes. Our current findings indicated that Pref-1 modulates p115 and MIF

release by binding to ITGB1 in both Pref-1+ cells and adipocytes. Thus, a Pref-1/ITGB1/p115
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pathway appears to be a key mechanism that regulates non-inflammatory MIF release from WAT,
leading to HFD-induced IR. Indeed, infusion of rPref-1 in mice significantly upregulated the
cytosolic content of MIF and p115 in WAT, and that this effect was associated with a reduction in
plasma MIF levels and decreased IR. The MIF release and insulin sensitivity modulated by Pref-
1 did not appear to be related to adipose inflammation, further supporting our hypothesis that MIF

is a key regulator of non-inflammatory mechanisms of IR.

Our findings also demonstrate that the expression and activation of PAR2 negatively
regulates Pref-1 expression and release from Pref-1+ cells in WAT. PAR2 is a seven
transmembrane receptor expressed by endothelial cells and macrophages (197, 198). We also
showed that PAR2 is highly expressed in Pref-1+ cells rather than adipocytes. PAR2 is known to
activate AMPK through Ca?*/CaMKKp signaling (194), and we found that AMPK is required for
the PAR2-mediated downregulation of both pref-1 expression and Pref-1 release in Pref-1+ cells
in WAT. Thus, the absence of PAR2 expression in WAT significantly increased Pref-1 expression
and release. PAR2 expression was upregulated by PA. Following short-term treatment with a
PD diet, PAR2 expression and activation in Pref-1+ cells occurred without concomitant alterations
in adipose cytokine gene expression, and pharmacologic activation of PAR2 in turn stimulated
MIF release rather than Mif gene expression. Downregulation of Pref-1 following PAR2 activation
prevented its inhibitory action on MIF release in Pref-1+ cells and adipocytes, leading to increased
plasma MIF levels. We therefore conclude that PAR2/Pref-1 mediates a novel pathway for
autocrine/paracrine signaling between Pref-1+ cells and adipocytes that influences circulating MIF

levels in the absence of inflammation.

Recent experimental work is also consistent with the hypothesis that IR occurs prior to
systemic or adipose inflammation (3). Clinical research indicates that adipose inflammation is not
causally linked to IR (89) and targeting TNFa fails to provide beneficial effect on systemic insulin

sensitivity (99). Immunocompromised animal models are also not protected from IR induced by
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a short-term HFD (90). Thus, elucidating the proximate role of non-inflammatory mechanisms in
the initiation of IR is potentially important. We found that alterations in Pref-1 in the regulation of
adipose MIF secretion may have an early role in the development of HFD-induced IR prior to the
inflammatory activation of adipose tissue macrophages. Furthermore, PAR2 appears to be critical
in the inhibition of Pref-1 secretion. These data together suggest that Pref-1 and its upstream
regulator, PAR2, could be a tractable therapeutical target for early, non-inflammatory IR. Whether
PARZ2 has additional distinct actions on lipid metabolism independent of its effects on Pref-1 and

MIF against obesity will also be of interest for further studies.

In conclusion, we have identified a novel autocrine/paracrine mechanism mediated by
secreted Pref-1 that contributes to high fat-induced metabolic dysfunction and is independent of
adipose macrophage infiltration and inflammation. PARZ2 is highly expressed in various adipose
tissues, including subcutaneous and visceral adipose tissues (199). PAR2 expression and
activation downregulate Pref-1 expression and release from Pref-1+ cells in WAT. Strategies to
block FA-induced PAR2 expression and/or to augment Pref-1 expression, activation or secretion
may reduce WAT MIF secretion and improve metabolic dysfunction. Further work is warranted
to investigate the therapeutic applicability of these strategies in the clinical settings of obesity and

type 2 diabetes.

2.4.1 Limitations of the Study

The focus of this study was to identify the mechanisms underlying IR in the absence of
inflammation. We found that pref-1 regulates non-inflammatory MIF release from WAT, which
was previously recognized as a risk factor for IR. However, although PAR2 and Pref-1 co-localize
in Pref-1+ cells, our study did not demonstrate the role of PAR2 in mediating Pref-1 expression

and release in Pref-1+ cells by specifically knocking down PAR2 in Pref-1+ cells in animal models.
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CHAPTER 3 DOWNREGULATION OF ADIPOSE LIPOPROTEIN
LIPASE BY PROTEASE-ACTIVATED RECEPTOR 2
CONTRIBUTES TO THE DEVELOPMENT OF

HYPERTRIGLYCERIDEMIA
3.1 INTRODUCTION

LPL plays a key role in breaking down plasma triglycerides and promoting lipid storage in
adipose tissue. LPL is ubiquitously expressed in WAT including both subcutaneous and visceral
adipose tissues (200). Transgenic defects in LPL in adipose tissue are associated with elevated
plasma TG levels (7), suggesting a critical role for adipose LPL in regulating hypertriglyceridemia.
LPL activity is attenuated in human subcutaneous adipose tissue associated with metabolic
dysfunction (149) while weight loss results in increased LPL activity and expression (201). To
date, the molecular mechanisms that regulate LPL in WAT and how they contribute to the

regulation of hypertriglyceridemia remain unclear.

MIF is an evolutionarily conserved cytokine (179) that is highly expressed in visceral and
subcutaneous adipose tissue. MIF is positively correlated with waist circumference or body fat
percentage in obese subjects (173, 174). Initially, MIF expression in WAT was thought to arise
from infiltrating macrophages (177, 184). However, non-immune cells such as adipose
progenitors and adipocytes in WAT also release MIF under physiologic and pathologic conditions
(175, 185). Circulating MIF levels are associated with metabolic dysfunction in the presence or
absence of inflammation (177, 202) but its role in regulating hypertriglyceridemia is currently

unknown.

PARs belong to a unique class of GPRs expressed on various cell types, including
endothelial cells (203) and adipocytes (202, 204). Following N-terminal cleavage, PARs activate
intracellular G-protein signaling cascades (205). A cell-penetrating, lipidated PAR2 inhibitor, PZ-
235 reduces fatty liver steatosis and hypertriglyceridemia by up to 50% (206), suggesting an

inverse relationship between PAR2 and hypertriglyceridemia. Interestingly, PAR2 activation also
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induces MIF mRNA expression in human endothelial cells (207). Herein, in the present study, we
investigated a novel hypothesis that PAR2 regulates hypertriglyceridemia through MIF. Our data
indicate that increased PAR2 expression upregulates circulating MIF levels which downregulate
LPL expression in WAT. Alterations in LPL were associated with impaired clearance of plasma
triglyceride, which was associated with hypertriglyceridemia. Loss of PAR2 reduced plasma MIF
levels, thereby abrogating the inhibitory effect of MIF on adipose LPL expression. Thus, loss of

PAR2 increased plasma triglyceride clearance and fat storage in WAT.

Hypothesis: To demonstrate the role of PAR2/MIF signaling pathway in regulating LPL

and plasma TG levels.

Objective 1: To elucidate the molecular mechanism by which PAR2 regulates LPL and

contributes to hypertriglyceridemia.

Objective 2: To identify the signaling pathway through which PAR2 suppresses LPL

expression via MIF.

Objective 3: To confirm the role of adipose-derived MIF in regulating LPL and the

development of hypertriglyceridemia in animal models.
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3.2 METHODS
3.2.1 Human Subjects

Human mRNA samples were obtained from a previous overfeeding study to investigate
the effects of a positive energy balance on endocrine factors and glucose and lipid metabolism,
which has been approved by Newfoundland and Labrador HREB (19). We also obtained an ethic
approval for a secondary use of these samples for the current study (Research portal File#
20200635). Plasma MIF level was determined with an ELISA method according to the protocol
from R&D Systems, USA. Human PCR data were analyzed using t-test. All significant levels

were two-tailed tested, and a P value of less than 0.05 was considered as statistically significant.
3.2.2 Experimental Animals

Par2”, Mif Lung Tg (208), Cd74” and WT littermate male mice on a pure C57BL/6
background (from 4-28 weeks of age) were bred at the Health Science Center Animal Facility in
Memorial University of Newfoundland or the Animal Care Centre of University of Manitoba,
Canada. They were housed in IVCs with an artificial 12:12 h light: dark cycle at room temperature
and fed with either NC or PD (41% palmitic oil; #170100, Envigo Teklad Diets) for 8 weeks. All
experiments were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and were approved by the Internal Animal Committee

Review Board of Memorial University of Newfoundland or University of Manitoba.

3.2.3 Recombinant Mouse Macrophage Migration Inhibitory Factor Infusion and

Macrophage Migration Inhibitory Factor Neutralization

WT and Mouse Par2” mice at 20 weeks were initially fed with PD for 4 weeks. Jugular
vein was then cannulated and rMIF (24 pg/day/kg) or vehicle was injected via a mini-osmotic

pump implanted in a subcutaneous pocket (Alzet model 1004) into the mice accompanied with
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PD feeding for the following 4 weeks. In a separate experiment, plasma MIF was neutralized with

anti-MIF antibody (20 mg/kg, i.p. twice a week) during PD feeding.
3.2.4 3T3-L1 Cell Culture

3T3-L1 cells were purchased from ATCC and passage 6-15 of these cells were used in
the study. 3T3-L1 adipocytes were cultured and differentiated as described previously. Before

all experiments, cells were briefly serum-starved in DMEM-0.5% FBS for 8 hr.
3.2.5 Antibodies and Reagents

Antibodies against LPL, PAR2, phosphor-Akt (Ser*”®) and total Akt, and MIF were
purchased from Abcam, Invitrogen, Cell Signaling and Torrey Pines Biolabs, respectively.
Recombinant mouse MIF was purified from a high yield E. coli expression system by fast protein
liquid chromatography (FPLC) followed by C8 chromatography to remove endotoxin (209).
Mouse MIF concentrations were measured by a one-step sandwich ELISA from R&D systems as
previously described (202). Plasma levels of TG and FFA were measured by L-type Triglyceride
M assay kit and non-esterified fatty acid assay kit from FUJIFILM Wako Diagnostics, USA. LPL
activity was detected by the LPL assay kit from Abcam, USA. The CXCR2 inhibitor SB225002,

CXCR4 inhibitor WZ811 and insulin were purchased from Sigma-Aldrich, USA.
3.2.6 Expression and Phosphorylation Analyses

The transcript level for human gene of F2RL1, LPL and b-actin and mouse gene of F2rl1,
Mif, Lpl, Tnfa, II6, 111b and Gapdh (Table S3-1 and S3-2) were measured by gPCR (154). PAR2,
LPL, B-tubulin, GAPDH and phosphorylation and total levels of Akt in WAT or cells were evaluated

by Western blot.
3.2.7 Histology

HE staining was performed to identify adipocyte hypertrophy in WAT as described

previously (154).
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3.2.8 Statistics

One-way ANOVA with Tukey’s post-hoc tests or student t-test was used to determine

differences between group mean values. The level of statistical significance was set at P<0.05.

3.2.9 Study Approval

The human study was approved by Newfoundland and Labrador HREB (Research portal
File# 20200635) and all human experiments were conducted in accordance with the Declaration
of Helsinki. All study-related procedures were carried out with written informed consent. All
experiments involving mice were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health and were approved by the Internal
Animal Committee Review Board of Memorial University of Newfoundland and University of

Manitoba.
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Table S3-1. List of human PCR primer sequences.

Gene Name

F2RL1

LPL

ACTB (b-actin)

Sequences (5’ - 3°)

GGG TTT GCCAAG TAACGGC
CGG AAC CAG ATG ACAGAG AGG

AGA GCC AAAAGAAGCAG
GGC AGA GTG AAT GGG AT

CCT GTACGC CAACACAGT GC
ATACTCCTG CTT GCT GAT CC
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Table S3-2. List of mouse PCR primer sequences.

Gene Name

F2rll

Mif

Lpl

Tnfa

1l6

1l1b

Gapdh

Sequences (5°-3’)

AACATCACCACCTGT CAC GA
CAC GTA GGC AGA CGCAGT AA

CGG ACC GGG TCT ACATACA
TCA AGC GAA GGT GGA ACCGTT

AAT TTG CTT TCG ATG TCT GAG AA
CAGAGTTTGACC GCCTTCC

CAG GCG GTG CCTATGTCT C
CGATCA CCC CGAAGTTCAGTAG

GAG GAT ACCACT CCCAACAGA CC
AAG TGC ATC ATC GTT GTT CAT ACA

TGG TGT GTGACGTTC CCATT
CAG CACGAGGCTTTTTTG TTG

ATG TGT CCG TCG TGG ATC TGA
TGC CTG CTT CAC CAC CTT CTT
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3.3 RESULTS

3.3.1 Human Obesity Increases Adipose Protease-activated Receptor 2 Expression, Which
Is Associated with Downregulation of Lipoprotein Lipase Expression and

Hypertriglyceridemia

We initially sought to establish the clinical relevance of PAR2 and LPL in WAT. Therefore,
we sampled abdominal adipose tissue from lean (age: 23.08 + 2.15; BMI<25kg/m?) and obese
(age: 24.6 + 3.39; BMI>30kg/m?) human subjects with metabolic dysfunction (Table S3-3). We
found that obesity was associated with increased expression of the PAR2 gene, F2RL1 (Figure
3-1A) and decreased expression of the LPL gene (Figure 3-1B). F2RL1 expression was inversely
correlated with LPL gene expression (Figure 3-1C), which was inversely correlated with plasma
TG levels (Figure 3-1D). These data suggest that F2RL1 expression during obesity may repress

adipose LPL, resulting in hypertriglyceridemia.
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Figure 3-1. Human obesity increases adipose PAR2 expression which is associated with
downregulation of LPL expression and hypertriglyceridemia. (A and B) F2RL1 and LPL
MRNA expression in biopsied WAT from male subjects including lean (age: 23.08 + 2.15; BMI
< 25 kg/m?) and obese individuals (age: 24.6 + 3.39; BMI > 30 kg/m?). (C and D) The
correlation between F2RL1 and LPL mRNA expression was shown in (C) while the correlation
between LPL mRNA expression and plasma TG levels was shown in (D). N =9 each group;
all data are presented as mean + SD. *P < 0.05 increase vs. lean group in (A); *P < 0.05
reduction vs. lean group in (B).

70



Table S3-3. General characteristics of human subjects.

Lean Obese P-value
Age (years) 23.08+2.15 24.60+3.39 0.2717
BMI (kg/m?) 21.50+1.62 33.01+3.54 <0.0001
Glucose (mmol/L) 5.10+0.43 5.69+0.78 0.0670
Insulin (pmol/L) 32.35+17.07 123.01+80.01 0.0050
TG (mmol/L) 0.87+0.29 1.63+0.38 0.0009
HDL (mmol/L) 1.47+0.31 1.10+0.35 0.0173
LDL (mmol/L) 2.40+0.69 3.10+0.85 0.1243
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3.3.2 Elevated Protease-activated Receptor 2 Gene Expression Is Associated with Reduced
Lipoprotein Lipase Expression in White Adipose Tissue and Hypertriglyceridemia

Following High Palmitic Acid Diet Feeding

We fed male WT and Par2” mice (20 weeks) a PD for 8 weeks. PD significantly
upregulated PAR2 gene (F2rl1) and protein expression (Figure 3-2A-B), with increased PAR2
downstream readout, ERK phosphorylation (Figure S3-1A) in WAT. However, PAR2 expression
and activation were not associated with any changes in circulating levels of tissue factor (Figure
S3-1B), suggesting the upregulation of PAR2 activation is probably not associated with tissue
factor. Increased PAR2 expression correlated with decreased LPL expression and activity (Figure
3-2C-E). In the absence of PAR2, PD was unable to reduce LPL (Figure 3-2C-E). While PD
significantly upregulated LPL expression in the heart, LPL was not affected by PAR2 deficiency
(Figure 3-2F). In addition, LPL protein contents in the liver and skeletal muscle were unchanged
following either PD feeding or PAR 2 knockout (Figure 3-2F). These data collectively suggest
that PAR2 expression specifically downregulates LPL in WAT rather than in the heart, liver and

skeletal muscle.

Suppression of adipose LPL following PAR2 expression was associated with
hypertriglyceridemia and was reversed in Par2” mice (Figure 3-2G). Interestingly, this regulation
of plasma TG occurred in the absence of changes in plasma FFA concentrations and liver and
skeletal muscle lipid content (Figure 3-2H and Figure S3-2A-B). These results suggest that PAR2
expression in WAT may reduce plasma TG clearance by modulating LPL following HFD feeding

in mice.

3.3.3 Protease-activated Receptor 2 Gene Expression Increases Adipose Macrophage
Migration Inhibitory Factor Release and Circulating Macrophage Migration Inhibitory
Factor Levels, Thereby Downregulating Lipoprotein Lipase Expression and Activation in

White Adipose Tissue
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Figure 3-2. The elevation of PAR2 gene expression following high palmitic acid diet
feeding is associated with a reduction of LPL expression in WAT and
hypertriglyceridemia. WT and Par2” mice (20-week-old) were fed with a NC or PD for 8
weeks. (A and B) Measurement of F2rl1 mRNA and PAR2 protein levels in WAT by gPCR
and western blot. Quantification of adipose LPL mRNA, protein level and activity (AT LPL)
in (Cto E). (F) LPL protein levels in heart, liver and SM were evaluated by western blot. (G
and H) Plasma TG and FFA levels of NC and PD mice. n=4-7 each animal group. All data
are presented as mean £ SD. *P <0.05 increase vs. NC in (A, B and F) or vs. other groups
in (G); *P < 0.05 reduction vs. other groups in (C-E). n.s. represents no significance.
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Figure S3-1 High palmitic acid diet upregulates ERK phosphorylation but not affect

circulating levels of tissue factor. The WT and Par2 / mice at 20 weeks were fed with NC
or PD for 8 weeks and the phosphorylation of ERK in adipose tissue (A) was evaluated by
western blot. The levels of tissue factor were quantified in plasma by ELISA kit (B). n=4-8 for
each group. Mean £ SD in all the panels. 2-tailed Student’s t test was performed for statistical
analysis. The n.s. represents no significance.
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Figure S3-2. PD feeding for 8 weeks did not affect lipid storage in liver and skeletal

muscle in WT and Par2 " mice. The WT and Par2 / mice at 20 weeks were fed with NC or
PD for 8 weeks and the lipid storage in skeletal muscle and liver was quantified by oil red O
staining (A) or enzymatic methods (B). n=3-5 for each group. Mean + SD in all the panels;
One-way ANOVA was performed for statistical analysis in (B). The n.s. represents no
significance.
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We found that F2rl1 expression in WAT is age dependent. WAT from older mice (20-25
weeks) showed higher levels of F2rl1 gene expression compared to 4-week-old mice (Figure 3-
3A). Our recent study showed that PAR2 expression upregulates the release of MIF in WAT
(202). Accordingly, higher levels of PAR2 expression at 25 weeks were associated with increased
plasma MIF levels (Figure 3-3B) and accompanied by decreased adipose MIF content but
unchanged Mif gene expression (Figure S3-3A-C). High circulating MIF levels at 25 weeks were
also associated with decreased LPL expression and activity compared with 4 weeks (Figure 3-
3C-D). Plasma MIF levels were further increased in 20-week WT mice fed a PD (Figure 3-3E).
In the absence of adipose PAR2, elevated plasma MIF levels were suppressed in aged mice or
mice fed a PD (Figure 3-3B and E), accompanied by reversed LPL expression and activities
(Figure 3-3C-D and Figure 3-2C-E). In PD fed WT mice, inhibition of LPL expression was
abolished by neutralizing the MIF effect with anti-MIF antibody (Figure 3-3F). MIF neutralization
did not affect F2rl1 gene expression (Figure 3-3G). These results collectively suggest that MIF

may mediate PAR2-downregulated LPL in WAT.

3.3.4 Macrophage Migration Inhibitory Factor Downregulates Lipoprotein Lipase
Expression in White Adipose Tissue Through a CXC Chemokine Receptor/Akt Signaling

Pathway

We next investigated the direct effect of MIF on LPL expression in adipocytes.
Recombinant mouse MIF protein (400 ng/ml) was incubated with 3T3-L1 differentiated adipocytes
for 24 hours. LPL gene and protein expression and its activity were significantly suppressed
(Figure 3-4A-C). To further investigate the mechanism by which MIF downregulates LPL, we
isolated adipocytes from WT and MIF receptor, CD74 knockout (Cd747) mice and subsequently
treated with recombinant MIF for 24 hours. Interestingly, MIF-downregulated Lpl expression was
not reversed by the deficiency of CD74 (Figure 3-4D). However, in 3T3-L1 adipocytes, the

CXCR2 and 4 inhibitors, SB225002 and WZ811, respectively blocked MIF-induced
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Figure 3-3. PAR2 gene expression increases circulating MIF levels which
downregulate LPL expression and activation in WAT. (A-D) WAT were collected from
C57BL/6 WT mice at 4-to-25-week age with NC feeding. F2rl1 gene was measured by
gPCR (A). Plasma MIF levels were evaluated in 4- and 25-week WT or Par2” mice by
ELISA (B) and LPL protein expression and activity were measured in (C and D). (E-G) WT
and Par2” mice at 20 weeks were fed with NC or PD feeding for 8 weeks. Plasma MIF
levels were quantified subsequently in (E). LPL expression (F) and F2rl1 gene (G) were
guantified in WT mice with PD feeding following MIF neutralization with anti-MIF antibody
(20 mg/kg, i.p. twice a week). n=3-9 each animal group. All data are presented as mean *
SD. *P < 0.05 increase vs. 4 weeks in (A), vs. other groups in (B and E), or vs. 1gG in (F);
#P < 0.05 reduction vs. other groups in (C and D). n.s. represents no significance.
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Figure S3-3. Alterations of MIF contents in WAT with age. The WT mice from 4 to 25
weeks were euthanized and the MIF gene and protein levels in WAT were quantified by
Western blot (A), immunohistochemistry (B), or gPCR (C) (n=4-8 each group). Mean £ SD in
all the panels; One-way ANOVA and 2-tailed Student’s t test were performed for statistical
analysis. #P<0.05 reduction vs. 4 weeks. The n.s. represents no significance.
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Figure 3-4 MIF inhibits LPL expression in adipocytes through a CXCR/Akt signaling
pathway. (A-C) Recombinant mouse MIF protein (rMIF, 400 ng/ml) was incubated with
differentiated 3T3-L1 adipocytes for 24 hours, and LPL expression and activity were measured.
Mature adipocytes were initially isolated from WT and Cd74” mice and suspended cells were
treated with vehicle or rMIF (400ng/ml) for 24 hours. Lpl gene was quantified by gPCR in (D). In
3T3-L1 adipocytes, rMIF was incubated with the CXCR2 or CXCR4 inhibitors, SB225002
(400nM) and Wz811 (5uM). The levels of Lpl gene and proteins (E and F) and Akt
phosphorylation were subsequently evaluated. MIF regulated Akt phosphorylation and LPL
protein expression in the presence of insulin were assessed by Western blot (G). All data are
presented as mean + SD. *P < 0.05 increase vs. rMIF group in (E), vs. Other groups in (G); *P <
0.05 reduction vs. Vehicle in (A-D and G), vs. other groups in (F), vs. insulin in (G). n.s. represents
no significance.
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downregulation of LPL expression (Figure 3-4E and F). Taken together, these data suggest that
MIF regulates LPL expression through binding with its non-cognate CXCR2 and 4 receptors but
not CD74 in adipocytes. Previous studies have shown that Akt upregulates LPL gene expression
in human adipocytes as well as liver and mouse macrophages (210-212). Thus, we examined
whether MIF regulates LPL expression through Akt. We found that MIF-induced downregulation
of LPL expression was associated with a reduction in Akt phosphorylation that could be reversed
by inhibition of CXCR2 and 4 (Figure 3-4F). Interestingly, LPL expression was significantly
upregulated with activation of Akt following insulin treatment and was reversed by MIF (Figure 3-
4G), suggesting that Akt may be an important mediator in modulating MIF-induced reduction of

LPL expression in adipocytes.

3.3.5 Macrophage Migration Inhibitory Factor Overexpression Induces High Circulating
Macrophage Migration Inhibitory Factor Levels, Thereby Suppressing Adipose Lipoprotein

Lipase and Inducing Hypertriglyceridemia

To further examine whether MIF downregulates LPL in WAT in vivo, we used a transgenic
mouse model that over-expresses MIF in the lung (Mif lung Tg mice) (208). Plasma MIF levels
were increased 2-fold in Mif lung Tg mice compared to WT littermates (Figure 3-5A). High
circulating plasma MIF concentrations were associated with inhibited Akt phosphorylation (Figure
3-5B) and reduced expression of Lpl gene and LPL protein in WAT (Figure 3-5C-D), but not in
liver and skeletal muscle (Figure S3-4), suggesting that MIF specifically inhibits adipose LPL
expression. Indeed, Mif lung Tg mice also had no detectable alterations in histological
appearance and lipid storage of liver and skeletal muscle (Figure S3-5). The reduction in adipose
LPL expression further was reflected by attenuated LPL activity (Figure 3-5E). Downregulation
of LPL in WAT was associated with increased plasma TG levels (Figure 3-5F), although plasma
FFA levels were unchanged (Figure 3-5G). These findings overall suggest that MIF inhibition of

LPL in WAT contributes to the development of hypertriglyceridemia.
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Figure 3-5. High circulating MIF levels in MIF transgenic overexpression model (Mif Tg)
downregulate LPL in WAT which is associated with hyperlipidemia. (A) Plasma MIF levels
were quantified by ELISA in WT and Mif lung Tg mice (25-week old). (B-E) Akt phosphorylation,
Lpl mRNA and protein expression, and LPL activity were evaluated in their WAT. (F and G)
Plasma TG and FFA levels in WT and Mif Tg mice. N=4-6 each animal group. All data are
presented as mean + SD. *P < 0.05 increase vs. WT in (A and F); *P < 0.05 reduction vs. WT
in (B-E). n.s. represents no significance.
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Figure S3-4. Mif lung Tg mice have unchanged LPL protein levels in liver and skeletal
muscle. The WT (littermates) and Mif lung Tg mice at 25 weeks were euthanized and the LPL
protein levels in liver (A) and skeletal muscle (B) were quantified by Western blot (n=3 each
group). Mean = SD in all the panels; 2-tailed Student’s t test was performed for statistical
analysis. The n.s. represents no significance.
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Figure S3-5. The histological characteristics of WT and Mif lung Tg mice. Skeletal muscle
and liver were isolated from WT and Mif lung Tg mice at 25 weeks for HE (A) and oil red O
staining (B).
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3.3.6 Restoration of High Plasma Macrophage Migration Inhibitory Factor Levels Reverses
High Lipoprotein Lipase in White Adipose Tissue of Protease-activated Receptor 2

Deficient Mice, Resulting in Hypertriglyceridemia

Par2 " mice were fed with a PD and received vehicle or recombinant MIF via osmotic
pump during the final four-week feeding period (Figure 3-6A). MIF infusion reversed plasma MIF
levels (Figure 3-6B). Akt phosphorylation (Figure 3-6C) and LPL expression and activity (Figure
3-6D-F) in WAT was decreased after MIF infusion in Par2 ™ mice. Alterations in LPL were
associated with attenuated plasma TG clearance (Figure 3-6G) and reduced lipid storage and
adipocyte size in WAT (Figure 3-61), although plasma FFA levels were unchanged (Figure 3-6H).
Under these conditions, MIF infusion did not affect the expression of inflammatory factors, TNFa,
IL-6 and IL-718 in WAT (Figure S3-6). These data suggest that MIF plays a key role in the
regulation of PAR2-mediated adipose LPL expression and the development of

hypertriglyceridemia.
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Figure 3-6. Restoring high plasma MIF levels reverses the high LPL in WAT in PAR2
deficient mice resulting in hypertriglyceridemia. (A-H) Vehicle or rMIF (24 png/day/kg) was
administered intravenously by an osmotic pump to WT or Par2 7~ mice half-way through the PD
regiment (at the last 4 weeks) (A). Plasma MIF levels were quantified by ELISA in (B). Adipose
Akt phosphorylation (C), Lpl mRNA (D), protein (E), and activity (F), plasma TG (G), FFA (H),
HE staining of adipose tissue and adipocyte size (I) were also evaluated. The yellow bars
represent 100uM. n=4-6 each animal group. All data are presented as mean + SD. *P <0.05
increase vs. other groups in (C-F and I); P < 0.05 reduction vs. other groups in (B and G). n.s.
represents no significance.
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Figure S3-6. The gene expression of inflammatory factors in WAT from WT and Par2

" mice following PD feeding with or without MIF infusion. The WT and Par2 " mice
at 20 weeks were fed with NC or PD for 4 weeks. rMIF (24 g/day/kg) were given by osmotic
pump with PD for 4 weeks. The gene expression of TNF-a (A), IL-18 (B) and IL-6 (C) in
WAT was quantified by gq°PCR. N=5 for each group.



3.4 DISCUSSION

Obesity is inversely correlated with LPL in WAT. However, the molecular mechanisms
mediating LPL during obesity are largely unknown. Our current study identifies a novel regulatory
mechanism of LPL in WAT which contributes to hypertriglyceridemia. We found that the
expression of PAR2 was significantly increased in WAT isolated from human obese subjects and
was inversely correlated with the LPL gene. Reduced LPL expression was also negatively
correlated with elevated plasma TG levels, suggesting that adipose PAR2 may contribute to the
development of hyperlipidemia through downregulation of LPL. In animal models, adipose PAR2
expression was associated with high plasma MIF, a cytokine that downregulates LPL expression
and activity through binding with CXCR2/4 and inhibiting Akt phosphorylation in adipocytes. Thus,
following HFD feeding, PAR2 deficiency attenuated the rise in plasma MIF levels, reversed LPL
expression and activity in WAT, and thus corrected hypertriglyceridemia. These data together
suggest that downregulation of adipose LPL by PAR2/MIF is an important mechanism for the

development of hypertriglyceridemia.

Hypertriglyceridemia is an important biomarker of metabolic dysfunction in abdominal
obesity (213). It also increases the risk of cardiovascular disease even in the presence of
optimized LDL-C levels (214). Hypertriglyceridemia is associated with the activation of LPL, which
hydrolyzes plasma TG to release FFA (215). Decreased LPL, for instance, leads to increased
plasma TG concentrations in type 2 diabetic patients (202). LPL is produced by many tissues,
including adipose tissue, skeletal muscle and heart. Overexpression of LPL in skeletal muscle
protects against excess weight gain by increasing TG accumulation in skeletal muscle (216). LPL
deficiency in the heart results in hypertriglyceridemia and cardiac dysfunction (217). Adipose
tissue is a key organ for lipid storage, so adipose LPL acts as a gatekeeper for directing TG to

adipose tissue. Indeed, adipose LPL is impaired in obesity (218), and underexpression of adipose
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LPL reduces FA entry into adipose tissue (219). Our current study shows that manipulation of

LPL in WAT but not in skeletal muscle, liver and heart is associated with hypertriglyceridemia.

LPL can be regulated at transcriptional, posttranscriptional, and posttranslational levels.
The present study identifies a novel transcriptional regulation of LPL by PAR2, a member of the
GPR family. PAR?2 is expressed in various cell types, including endothelial cells (203) and
adipocytes (202, 204). Our clinical data demonstrate that obesity upregulates PAR2 expression
in WAT, which inversely correlates with Lpl gene expression, leading to hypertriglyceridemia. A
HFD successfully mimics all genotypes and metabolic phenotypes in mouse models that can be
abolished by PAR2 knockout. Although a previous study indicated that PAR2 accelerates
adipocyte differentiation (220), our recent data did not observe any difference in the expression
of adipogenesis marker, PPARy between lean and obese subjects or WT and Par2” mice with
HFD feeding (202). Thus, PAR2 may have a differentiation-independent effect on regulating LPL
in adipose tissue. Furthermore, it should be noted that increased PAR2 expression may be
related to cleavage and activation of PAR2 by proteases, such as plasmin. A recent study indeed
demonstrated that ANGPTL 4/8 complex mediates plasmin generation, thereby upregulating LPL
activity and postprandial TG hydrolysis (221). However, it is unclear whether plasmin is also
involved in the regulation of Lpl gene expression by upregulating PAR2 activation and

concomitantly increasing PAR2 expression.

MIF is an evolutionarily conserved cytokine generally recognized as an upstream regulator
of the innate immune response (179). Other work has highlighted the role of MIF in promoting
metabolic dysfunction (222). However, whether MIF regulates LPL and hypertriglyceridemia was
previously unknown. Our present data indicate that MIF directly represses the transcription of
LPL in adipocytes. High plasma MIF concentrations in the MIF overexpression model reduced
adipose but not liver or skeletal muscle LPL expression. Interestingly, while the inflammatory

state may affect pre-heparin LPL mass in rheumatoid arthritis (223), MIF-regulated LPL
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transcription is independent of inflammation. Together, these data suggest a direct relationship

between MIF and LPL expression in the absence of inflammation in WAT.

LPL transcription was upregulated by Akt in human adipocytes and in liver and mouse
macrophages (210-212). MIF downregulates Akt phosphorylation in adipocytes in the presence
or absence of insulin. Our data further demonstrate that MIF inhibits Lpl gene expression by
downregulating Akt, and this effect was associated with the classical chemokine receptors
CXCR2/4, which are both non-cognate receptors for MIF. Although CXCR2/4 and CD74 both
have been identified as the MIF receptors in immune cells, CD74 is considered to be the primary
receptor regulating MIF cell functions in non-immune cells, including cardiomyocytes,
hepatocytes and renal cells (167, 168, 224). Our recent studies also have shown that MIF inhibits
HSL and lipolysis by binding to CD74 in adipocytes (225). However, the inhibitory effect of MIF
on Akt/LPL signaling in adipocytes depends on CXCR2/4 but not CD74. The downstream
mechanism (s) by which MIF activates CXCR2/4 in adipocytes to inhibit LPL is currently unclear

but is deserving of further investigation.

PAR2 activation induces MIF mRNA expression in human endothelial cells (207),
suggesting a possible link between PAR2 activity and regulation of MIF expression. However,
our recent study showed that the expression and activation of PAR2 promotes the release of MIF
but not its expression in WAT in the absence of inflammation (202). Thus, PAR2 activation may
repress LPL gene and activity in WAT by mediating adipose MIF release. Indeed, antibody
neutralization of plasma MIF following HFD feeding demonstrated a reversal of LPL expression,
while maintaining high levels of PAR2 expression, suggesting that a critical role for MIF in PAR2-

mediated LPL expression in WAT.

PAR2 knockout mice with reduced plasma MIF levels are protected from
hypertriglyceridemia, an effect associated with adipocyte hypertrophy, indicating increased FA

uptake and storage. Plasma TG are absorbed by WAT, which reduces lipid accumulation and
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potential toxicity in the liver and skeletal muscle (226). Although we did not observe differences
in lipid storage in liver or skeletal muscle, MIF-mediated changes may be important later in the

disease, such as the development of steatosis.

In conclusion, we have identified a novel role for PAR2 in regulating hypertriglyceridemia.
Blocking FA induced PAR2 expression and/or reducing MIF secretion from WAT would be an
important strategy to restore LPL expression in WAT. Optimization of LPL expression and
activity in WAT will reduce plasma TG levels which can ultimately reduce the incidence of
cardiovascular disease in conjunction with successful LDL-C reduction (214). Further work is
needed to investigate the therapeutic applicability of these strategies in clinical settings for

patients with obesity or type 2 diabetes.
3.4.1 Limitations of the Study

We found that PAR2 expression is associated with increased PAR2 activation in
adipocytes and that FA induced upregulation of PAR2 transcription likely increases PAR2
activation by augmenting the amount of cell surface PAR2 (197). Interestingly, our data show that
circulating levels of tissue factor are not accompanied with alterations in adipose PARZ2,
suggesting that tissue factor may not be the protease to cleave and activate PAR2 in mouse
models. Given the evidence that obesity is often associated with high levels of circulating
proteases, such as thrombin and tryptase (227, 228), targeting specific proteases that may

contribute to PAR2 activation will be of interest for our future study.
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CHAPTER 4 DISCUSSION AND CONCLUSION

4.1 GENERAL DISCUSSION AND CONCLUSION

Metabolic syndrome contains a cluster of symptoms including abdominal obesity,
hyperglycemia, hypertension and hyperlipidemia (229). The patients with metabolic syndrome
have higher risks of type 2 diabetes, cardiovascular disease, hepatic steatosis and so on (230),
which causes severe health and social issues in Canada and worldwide. IR and hyperlipidemia
are the core symptoms of metabolic syndrome with limited clinical therapeutic approaches (1).
Therefore, my PhD study investigated the molecular mechanisms of the regulation of IR and

hypertriglyceridemia to nominate potential therapeutic targets for treating metabolic dysfunction.

WAT is a key organ system for maintaining whole-body metabolic homeostasis by
regulating lipid storage and catabolism as well as releasing adipokines, such as leptin,
adiponectin and cytokines. MIF is one of the cytokines released from WAT. Interestingly, MIF is
the most sensitive biomarker of the onset of IR and can directly induce IR in adipocytes (154,
178). In accords with previous research regarding the pathogenesis of obesity, MIF expression
in WAT is thought to arise from infiltrating macrophages (177, 184). However, non-immune cells
such as adipocyte progenitors and adipocytes also release MIF under both physiologic and
pathologic conditions (175, 185), indicating an independent role for non-inflammatory
mechanisms of adipose MIF production. The pathways mediating non-inflammatory MIF release

as well as their roles in mediating metabolic dysfunction remain unclear.

Therefore, my first study identified a novel autocrine/paracrine mechanism of non-
inflammatory adipose MIF release mediated by secreted Pref-1, resulting in IR in human obese
subjects and a PD fed mice (202). Pref-1 is a transmembrane protein highly expressed in non-
adipocyte cells of WAT. Pref-1is cleaved by TNFa-converting enzyme to generate a soluble form

that acts as an autocrine/paracrine factor (231). Pref-1 was originally reported to regulate
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metabolism by inhibiting PPARy expression and adipogenesis (186). However, other
investigators have reported that pref-1 overexpression may improve glucose homeostasis during
metabolic stress without changing adipogenesis (189). We found that non-inflammatory human
obese subjects have a reduction in adipose PREF-1 gene expression which is associated with
high circulating IR inducible factor MIF, suggesting the association between adipose Pref-1

expression and MIF release (202).

In detail, we found a novel crosstalk mechanism between a group of pref-1 expressing
cells (pref-1+ cells) and adipocytes that regulates MIF release in the absence of inflammation in
WAT (202). Unlike adipocytes, adipose Pref-1+ cells include many non-adipocyte cell types, such
as M2 macrophages, endothelial cells or progenitors that are also specifically express PAR2, a
unique GPR. The molecular pathway underlying the crosstalk is initiated by PAR2, whose
expression is induced by PD; PAR2 downregulates Pref-1 expression and release from Pref-1+
cells in an AMPK-dependent manner. Normally, Pref-1, derived from Pref-1+ cells, inhibits MIF
release from both Pref-1+ cells and adipocytes by binding to integrin f1 and inhibiting the action
of p115, a necessary cofactor for MIF secretion. However, in the context of non-inflammatory
obesity, the ability of Pref-1 to inhibit MIF release from Pref-1+ cells and adipocytes is impaired,;
consequently, circulating plasma MIF levels are increased leading to IR. This finding is significant
given MIF’s non-inflammatory action to cause metabolic dysfunction and IR in early obesity, as
evidenced in experimental results in mice as well as human subjects with functionally variant MIF

alleles (154, 177, 196).

In addition to IR, hypertriglyceridemia is another core symptom of the metabolic syndrome
which is also independently associated with an increased risk of atherosclerotic cardiovascular
diseases (135, 136). LPL breaks down plasma TG to release FFA, thereby playing a key role in
regulating plasma TG levels. Interestingly, LPL deficiency in adipose tissue increased plasma

TG levels (7), suggesting the importance of adipose LPL in regulating plasma TG levels.
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My second study showed that adipose derived MIF may also regulate hypertriglyceridemia
through inhibiting LPL and facilitating lipid storage in WAT. WAT isolated from non-inflammatory
human obese subjects exhibited increased expression of PAR2, which was inversely correlated
with the LPL gene. Decreased LPL expression was also inversely correlated with elevated
plasma TG levels, suggesting that adipose PAR2 may regulate hypertriglyceridemia by
downregulating LPL. In mice, aging and PD increased PAR2 expression in WAT, which was
associated with a high level of plasma MIF. MIF reduced LPL expression and activity in
adipocytes. In a MIF overexpression model, high circulating MIF levels suppressed adipose LPL
which was associated with increased plasma TG but not FFA. Following PD feeding, adipose
LPL expression and activity were significantly reduced, and this reduction was reversed in Par2-
" mice. Recombinant MIF perfusion restored high plasma MIF levels in Par2” mice, which
decreased LPL and attenuated adipocyte lipid storage leading to hypertriglyceridemia. Thus, high
levels of PA increased activation of PAR2, facilitating adipose MIF secretion, and then resulted in

LPL-induced hypertriglyceridemia.

In conclusion, these data together hint that adipose non-inflammatory MIF has direct
effects in regulating IR and hypertriglyceridemia. Strategies to block PA-induced PAR2
expression and/or to augment Pref-1 expression or secretion may reduce adipose MIF secretion

and improve metabolic dysfunction.
4.2 LIMITATIONS

In my first study, the alteration of MIF release occurred in both pref-1+ cells and adipocytes
in WAT, while the adipose derived MIF is the focus in the second study. Because of the limitation
of transgenic mice technology, it is currently impossible to generate Pref-1+ cells specific MIF
knockout mice or adipose tissue specific MIF knockout mice. Therefore, it is technically difficult
to prove the metabolic effects of adipose derived MIF by using transgenic mice model. In the first

study, we used anti-MIF antibody treatment to demonstrate that circulating MIF played a crucial
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role in the development of IR (Figure 2-1T). In the second study, anti-MIF antibody treatment
reversed PD-induced LPL reduction (Figure 3-3F), suggesting that circulating MIF is an important
mediator of adipose LPL expression and hypertriglyceridemia. Both experiments suggest the

significant roles of circulating MIF in regulating metabolic dysfunction.
4.3 FUTURE WORK

Further work is warranted to investigate therapeutic applicability of these strategies in the
clinical settings of metabolic syndrome. PA facilitates PAR2 activation in multiple cell types,
including Pref-1+ cells and macrophages (197, 202). Thus, future work may investigate the
binding between PA and PAR2 or the mechanism of palmitic acid induced PAR2 activation.
Although MIF directly induces IR only in WAT rather than skeletal muscle and liver (232), the
function of brain MIF in mediating metabolic homeostasis deserves further investigation.
Moreover, anti-MIF antibody can reduce bodyweight gain and IR levels in PD feeding mice. The
neutralization of circulating MIF may be an effective therapeutic strategy in treating obesity and

metabolic syndrome in the future.
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