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Abstract

The skeletal muscle is a major site of insulin stimulated glucose disBastetal muscle insulin
sensitivity can be influenced lmgultiple circulating nutritional, hormonal, neuronal and bioactive
factors including adipose tissue secreted bioactive molecules known as adip&kitegaxin

(ATX) is anoveladipokinethat generates the bioactive lipid, lysophosphatidic acid (LPA).-ATX
LPA signalingis increased imouse models of dighduced obesity and insulin resistance and
clinically correlats with indices of insulin resistancBrior studies havalsosuggestedhat the
ATX-LPA pathwaycontributes to thelevelopment and/or exacerbatiorsgtemic insulin
resistanceHowever, it remaiedunclearhow ATX is regulated in an obeggsulin resistant

milieu andwhether the ATXLPA pathway influences insulin sensitivity muscle under obese
insulin resistant condition&TX activity was demonstrated to be acutely and chronically
nutritionally regulated by feeding/fasting aad obesogenic diet, respectivelye further

identified glucose and insulin as novel regulatdrATX expression in adipocytes/adipose tissue.
Glucose independently increased AgXpressionn a time and concentratiodependent

manner. Insulin elicited a biphasic response; acute insulin stimulation increased ATX activity in a
PI3Kinasedependentrad mTORC1independent manner, whereas chronic insulin stimulation
decreased ATXxpressionHeterozygous whole body ATX knockout (ATX mice were

partially protected fronhigh fat high sucrose (HFH8)etinduced obesity, insulin restance and
glucose itolerance. HFHSed ATX* mice also showed improgénsulin-stimulatedAKT
phosphorylation and glucesiptake in the soleususcle. Mechanistically, ATX deficiency
improved palmitatdinked mitochondrial respiration in the soleus, which was independlent o
broadchanges in myofiber reprogramming, mitochondrial content and ADP sensitivity.
Interestingly, mitochondrial ¥D. generation was increased, concomitant with generally
decreased antioxidant gene expression. Similarly, LPA directly inhibited insulin signaling,
mitochondrial respiration and.B, secretion in C2C12 myotubes. Taken together, my thesis
work identified gluamse and insulin asovel, critical regulators of ATXexpression. Furthermore,
chronic ATX deficiency improves skeletal muscle insulin sensitivity, which may be linked to
amelioration of mitochondrial dysfunction induced by an obesogenic diet. This work als
suggests that targeting the AIDPA signaling pathway may be a therapeutic strategy for treating

obesityinduced insulin resistance.
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1.1 Thesis Overview
An everincreasing consumption of calorically dense foods coupled with an increasingly
sedentary lifestyle leads to an energy imbalance in many populations across the globe. The
productof this imbalance is obesity, a chronic metabolic disorder characterized by excessive
adipose tissue that affects 650 million adults world{@yleDbesity is associated with many
different comorbidities, including insulin resistance, which can develop into type 2 diabetes
(T2D)(3).
Apart from a remarkable capacib act as a sink for excess nutrients, the adipose tissue
also plays a key role in regulating systemic insulin sensitivity and glucose homgdstasise
major mechanism by which this occurs is through the secretion of bioawtieeules known as
adipokinegb). Adipokines can act locally or systemically and can promote several signalling
responses that directly influence insulin sensit{@tyThese adipokines can function as-faod
antrinflammatory mediators, regulating tissue remodelling and influencing energy
homeostasi®)(7). Adipokine secretion is dynamic and is heavily influenced by adipose tissue
mass and its metabolic state. Indeed, metabolic diseases such as obesity and insulin resistance
result in drastic changes in the adipokine profile inghirical modelsand humans; these
changes can further exacerbate adipose tissue and systemic metabolic dysfunction.
Ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), more commonly referred
to as autotaxin (ATX), is a recently identified adipokine that geeethe bioactive signaling
lipid, lysophosphatidic acid (LPAS). Despite being best known for itde@s a prapncogenic
factor,by promoting proliferation, survival and metastasgsent work has also implicated ATX
mediated signalling in metabolic diseg®3sThe relationship between the ATDPA pathway
and metabolic diseases, specifically obesitjuced insulin resistance, is the focus of this thesis.
The first chapter explores T2Dbesityinduced insulin resistance and mechanisms by
which key insulin sensitive tissues contribute to this occurrence. This chapter will also introduce
ATX-LPA signalling and summarize our knowledge of the mechanisms by which it promotes
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obesityinduced nsulin resistance. This chapter will establish the rationale for the second, third
and fourth chapters which contain original research on questions pertaining to how ATX is
regulated by an insulin resistant milieu and mechanisms by whichl&Asignalingalters
tissue insulin sensitivity and mitochondrial function. The fifth and final chapter discusses
implications of these results and future areas of research for exploring- RA>6ignaling in
obesity and insulin resistance.
1.2 Diabetes
1.2.1 Prevalene of Diabetes, Trends and Current Impact

The World Health Organization (WHO) estimates that in 2014, the number of adults
living with diabetes was approximately 422 million; this represents an alrfokt hcrease in
the incidence of diabetes since 0@M). Current trends indicate that by 2045, this number will
grow to a staggering 629 milli¢h0). Diabetes is associated with several complications. Acute
complications emanating from ketoacidosis due to hyperglycemia can be fatal. More prevalent
are chronic complications that result in macrovascular diseasésling cardiovascular and
cerebrovascular diseases and microvascular diseases, including retinopathy, nephropathy and
neuropathgB). As a result of these complications, atireated $730 billion USD was spent on
healthcare treatingdividuals withdiabeesin 2013, which represesi12% of total worldwide
healthcare cogt$0). Despite these massive costs and efforts to treat this disease, diabetes was
responsible for 4 million death in 20(LD). In line with worldwide trends, theumber of
Canadians living with diabetes has grown to nearly 3 million and accounts for 3.5% of public
healthcare spending in direct cq4ts).

Although no current statistics exist on the proportion of individuals with insulin
resistance worldwide, the number likely far exceeds thatddfiduals withdiabets Therefore,
the high prevalence of diabeteslansulin resistance worldwide is a major economic burden for

the health care system and an important concern for health care providers and policy makers.



1.2.2 Diagnosis

There are two major forms of diabetes, type 1 and type 2, both of which araetizedc
by an elevated blood glucose level (hyperglycemia). In type 1 diabetes, hyperglycemia results as
a function of an autoi mmune r es po redlewithilhat dest
the islets of Langerha(i2). Type 2 diabetes (T2D) is far more common than type 1 diabetes,
comprising approximately 85% of diabetes cases. In T2D, hyperglycemia results as a
consequenceofinerased ti ssue insulin r exédlsletaegret@y coupl e
function(12). An earlier, clinically recognized state a2 is prediabetes, which is characterized
by peripheral insulin resistance, hyperglycemia and elevated insulin levels
(hyperinsulinemigL2).

As diabetes is a condition distinguished by chronic hyperglycemia, diagnosis can be
made primarily by measuring blood glucose levels. Diabetes is diagnosed when fasting plasma
glucose is O 7.0 mM or when pl asimafag3gom@ose i s
glucose loaflL3). Additionally, a diagnosis can also be made if glycated haemoglobin (HbAlc)
l evels are O 6.5% of total hemoglobin levels.
concentrations over several weeks and thus provide a more stable fazload glucose levels
compared to the other listed measuren{éis

Prediabetes can be diagnosed when fasting plasma glucose is betw@&m\ or
when plasma glucose is O 7.8 mM, butgotaess t han
glucose load or when HbAlevels are between 66)4%(13).
1.2.3 Current treatment and management options

An effective strategy for managing the complications from diabetes begins with lifestyle
changes, either by decreasing calorie consumption and reducing obesity and/or via increasing
energy expetiture through exerci¢&4). In addition to lifestyle changes, several oraldiabetic

medications were developed to control blood glucose levelsnéieiduals withtype 2 diabeds



the firstline drug prescribed for all age groups is the biguanide, metformin. Metformin primarily
acts on the liver and activates adenosine monophosatiitated protein kinase (AMPK) to

promote glucose uptake asdppres$epatic glucose producti¢ib,16) If HbAlc levds persist

above 7.5% with metformin, typically a second medication is required, for example insulin
secretion stimulators (e.g. incretin mimetics, sulfonylureas) and inhibitors of glucose reabsorption
in the kidney (sodiunglucose cotransporter inhibitd¢&3). If HbAlc levds are greater than

8.5%, insulin therapy can be used in combination with metformin and/or skcertiugs to

achieve stable, acceptable blood glucose |€1/8)s

1.2.4 Etiology: The role of lifestyle, genetics and environmental factors

The risk of developing T2D is strolygnfluenced by three factors: lifestyle, environment
and genetics.

A landmark study by Hu et §1.7)in 2001 suggested that the incidence of T2D could be
lowered by the adoption of a healthier lifestyle. The most important predictor of T2D
development was increased bodggs index (BMI), with overweight or obese individuals having
the highest risk. When compared to individuals with a BMI of <23, overweight (BMI between
25.1 and 29.9), obese class | (BMI betweer830. 9) and obese cl ass |1
individuals hach 7.6, 20.1 and 38.8 fold higher risk of developing diakgf@sSubsequent
studies have since demonstrated that increased visceral obesity and/or ectopic liver fat
accumulation (steatosis), rather than BMI correlate best with risk of T2D develdp&)&8)

Further risk factors for T2D include a lack of exercise, a poor diet high in carbohydrates, smoking
and sleep deprivati¢h4,17)

In addition to lifestyle impacting T2D development, the environment also plays a crucial

role. Epidemiological studies have shown an association between increased exposure to noise

(>10 decibels over contrg®0), ai r bor ne par tn®)@1)drbvingomabusy er ( 010

residential road with T2(22). The mechanisms underlying these associations are unclear, but



have been suggested to be related to stress and sleep disturbancesfith22jnore, stress due
to work or Oburni ng o usigrificamassasiatian withodevelepmgp r t ed t o
diabetes later in lif23,24)
Finally, the introduction of genomeide association studies (GWAS) has allowed for the
discovery ofpolymorphisms or loci that are tied to increased risk of developing T2D. To date,
roughly 139 common variants and 4 rare variants have been associated wWib)I'?Briants
code for genesthathater oad f uncti ons, i ncellfunclionpagipotyteose i nv
differentiation or glucose uptaf@es). Moreover, T2D associated variants have alemisown to
have effector roles on transcripts. For exampleFh@ locus is the first andne of thebest
known variants associated with obesity, with most focus placed ¢fTthgene itself27).
However, it is now understood that the FTO locus can act as a long range enhancer of the
Iroquois homeobox 3 gene (IRX3), with obesitgucing variants reducing energy
expendituré28).

1.3. Peripheral Maintenance of Glucose Homeostasis and Deregulation in Obesity
Induced Insulin Resistance

The pancreas is exquisitelyrsitive to changes in nutritional status and increases insulin
secretion in response to a corresponding increase in blood qlic&everal peripheral tissues,
including the liver, skeletal muscle and adipose tissue play a critieah maintaining glucose
homeostasis, primarily due to their responsiveness to insulin. The presence ofintdasiy
insulin resistance can disrupt this delicate balance to maintain euglycemia and can ultimately lead
to hyperglycemia and diabetes.

1.3.1 Liver

Insulin is secreted into the portal vein; therefore, the liver is exposed to higher insulin
concentrations than other peripheral tis§2@f In response to an increase in insulin (i.e. during
ingestion of a meal or peprandially), glycogerstorage (glycogenesis) and lipid synthedes (

novolipogenesis) are increased, while endogenous glucose production (hepatic gluconeogenesis



and glycogenolysis) is suppresé&@l31) When insulin levels are lower (fasting), the liver
maintains euglycemia by increasing glycogen breakdown (glycogenolysis) and synthesizing
glucose from noftartohydrate sources, including lactate, glycenadlalanine, in a process
known as gluconeogene@4,32) Non-esterified fatty acid (NEFA) production from adipose
tissue during fastingam also stimulate gluconeogenesis indirectly; adetyl A gener at ed fr
oxidation serveas potent activator of pyruvate carboxylase (32).

During obesityinduced insulin resistance, suppression of hepatic glucose production by
insulin becomes blunteddding to increases in blood glucose during both fasting and fed states.
Furthermore, glycogen metabolism is disrupted, with decreased glycogen synthesis and increased
glycogenolysis seen during fed and fasting conditions, respe¢80¢®?,33) Taken together,
increased glucose secretion from the liver can promote hyperglycemia and contribute to T2D.
1.3.2 Skeletal Muscle

The skeletal muscle is the primary site of insgliimulated glucose uptake, accounting
for 75-80% of glucose disposal during hyperinsulinemiglycemic clamps and Z20% of
glucose disposal following a méad,35) Imported glucose is mainly shunted towards
glycogenesis (~75%), although a significaattn is also oxidized due to increased
flux(34,36,37) Fasting induces glycogenolysis of skeletal muscle stores to provide glucose to
muscle for oxidation, along with glucose produced through hepatic gluconeo@ha&3is

Skeletal muscle insulin resistance results in reductions in irstitiulated glucose
uptake and glycogen synthesis. Because skeletalenplays a major role in glucose disposal,
muscle insulin resistance is believed to be the primary defect in T2D that promotes
hyperglycemi&34,38)
1.3.3White and Brown Adipose Tissue

Adipose tissue can be broadly classifiedwo types- white adipose tissue (WAT) and

brown adipose tissue (BAT). WA@rimarily serves as a nutrient sink pgsandially and



provides NEFA to other peripheral tissues during fasting. Consistent with its action as an anabolic
hormone, insulin has a very powerful suppressive effect on triacylgly@&sglipolysisin

WAT. Raising insulin to pogtrandial levels in rats can redud&FA levels by ~90% within 5

min(39). Insulin also promotes glucose uptake in adipose tissue. Although overall glucose
disposal in adipose tissue is minor (~5%) compared to sketetdle, it is crucial for activating

de novdipogenesis in adipose tisg46,41)

The furction of BAT is to generate heat via nshivering thermogeneg#2). BAT
contairs an abundance of mitochondria, with high expression of a protein known as uncoupling
protein 1 (UCP1) in the inner mitochondrial membxd2¢ UCP1 uncouples mitochondrial
respiration from ATP productiofMherefore, substantial levelsmitrientsareoxidized with heat
rather than ATP generated as the major bypr@d@EtBAT is activated by cold exposure
sympathetic innervatiomnd nutrient excess and can utilize a high proportion of energy intake as
fuel(43). Similar to WAT and skeletal muscle, BAT can also import glucose in response to
stimuli, including insuli§44).

DuringWATi nsul in resistance, insulinds ability
resulting in increased lipolysis during both fed and fasted states. Additionally, NEFAs secreted
from WAT are used by the liver to generate precursors for gluconeoges@signsulin
resistance is characterized by increased lipid accumulation, reduced expression ahdCP1
decreasedystemicenergy expenditur@2,44)

1.3.3.2 Adipokines and lipokines as modulators of glucose uptake and insulin
sensitivity

In addition to modulating glucose homeostasis througblation of
lipogenesis/lipolysisWAT can also secrete bioactive proteins and lipids known as adipokines
and lipokines, respectively. Adipokines are involved in regulating multiple processes governing
glucose homeostasis, including insulin secrédéi inflammatior{7,46,47) and insulin

sensitivity(48), and have autocrine effects on adipocyte differentiation and lip(8y$&



Similarly, several classes of endogenous lipokines have been shown togjnaegulating
insulin sensitivity50,51) Advances in lipidomics and proteomics have allowed for the rapid
identification of an eveexpanding list of adipokines and lipokines. Indeed, current estimates
place the number of unique adipokines at ove(®00
1.4. Insulin Signaling Pathway and Metabolic Effects
Insulin induces a broad anabolic response in multiple target tissues. Insulin signaling
begins by binding of insulin to the insulin receptor on the plasma membrane of targets cells,
including hepatocytes, adipocytes and myotubes. The insulin receptacispaor tyrosine
kinase; binding of insulin to the insulin receptor induces a conformation change within the
receptor and causérmns-autophosphorylation of several tyrosine residues on the cytosolic
sidg52). These phosphotyrosine binding sites allow proteins with phosphotyrosine binding (PTB)
or src homology 2 (SH2) domains to be recruited to the plasma mertiaride besknown
insulin receptor binding proteins are the insulin receptor substrate (IRS) proteins, which become
tyrosine phosphorylated and thereby can recruit further downstream signaling proteins. IRS
proteins recruit the catalyticd regulatory subunit of phosphoinositiidinase (PI3K{]53).
Binding to IRS induces a conformational change iwithe catalytic subunit of PI3K, freeing it
from its regulatory subunit and allowing it to form the signaling lipid, phosuisitiol(3,4,5)
triphosphate (PE(54). Generation of PIP3 allows proteins with pleckstrin homology (PH)
domains to be recruited to the plasma membrane, including the critical signaling nodB5AKT
AKT is a serine/threonine kinase that mediates manlgeometabolic effects of insulin
(Fig. 1). AKT itself is phosphorylated at’8by mechanistic target of rapamycin complex 2
(MTORC2) and at %8 by 3-phosphoinositidelependant kinase 1 (PDK1) to achieve maximal
activity(55). Once activated, it promotes glucose uptake by phosphorylating and inactivating
TBC1D4, which promotes translocation of glucose transporter 4 containing vesicles to the plasma
membrang6). AKT also promotes glycogen storage via ingatiion of glycogen synthase kinase
3 (GSK3), which relieves inhibition of glycogen synth®3@ AKT directly suppresses

9



gluconeogenesis in the liver by phosphorylating the transmniffiéictor, forkhead box O1
(FOXO01), which causes its exclusion from the nudud he gluconeogenic program further
relies on the cyclic adenosine monophosphate (cAME)onse element binding protein
(CREB)}CREB-regulatedranscriptional coactivate (CRTC2) program to enhance the
expression of gluconeogenic genes during fasting; AKT regulates CRTC2 indirectly by activating
saltinducible kinase 2 (SIK2), which phosphorylates CRTC2 and excludes it from the
nucleugs8).

Insulinrinduced activation of protein synthesis involves activation of mMTORC1, which
occurs through AKImediated phosphorylation of tuberous sclerosis complex 2 (TSC2) and/or
prolinerich AKT substrate of 40 k§&9,60) AKT suppresses lipolysis in adipose tissue by
phosphorylating phosphodiesterase 3B (PDE3B), which degrades cAMP to attenuate protein
kinase A (PKAYmediated prdipolytic signaling61). PKA targets include hormone sensitive
lipase (HSL) and the lipid droplet coat protein, perilipf62). In coordination with suppression
of lipolysis, insulin promotes lipogenesis directly via activation of lipogenitsti@ption factors,
such as sterol regulatory element binding protein 1 (SREBP1) and carbohydrate responsive
element binding protein (chREB@)40)

1.5. Mechanisms of Insulin Resistance

Insulin resistance has a very complex etiologigh several tissue and/or cellular factors
thatcanpromote its development. These include hyperinsulinemia, lipotoxicity, endoplasmic
reticulum (ER) stress, inflammation, fibrosis, and mitochondrial dysfunctionXR2g.

1.5.1 Hyperinsulinemia

Hyperinsulinemia is a primary hallmark of obesity and insulin resistance. It was
originally thought to be a compensatory response to insulin resistance; however, it has been
recently suggested that chronic hyperinsulinemia promotes insulin resié@anda support of

this, mice that express 50% less insulin are protected froAndieted obesity and hepatic
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steatosi€64). These mice have increased energy expenditure with similar food, imtadaat by
increased adipose tissue innervation and expression of uncoupling protein 1(@4CP1)
Hyperinsulinemia can also increase adipose tissue inflammation in obe¢@shidesecond
potential mechanism by which hyperinsulinemia promotes insulin resistance is through increased
ligand-induced internalization and reduction of the number of insulin receptors at the plasma
membane. Once internalized, the insulin receptor is degraded in the lysosome or recycled to the
cell surfacé€s2).
1.5.2 Inflammation

Since the original discovery thattpo-i nf | ammat ory cytokine, t uma
(TNFU), is increased -insuinresistant rumangaadsméce, nimsreug e 0 f
studies have strongly associated inflammation with insulin resig&6)6&) Inflammatory
sigmal ing is mediated by four major signaling pa
Nuclear factor kappéght-chainenhancer of activated B cells [IKKF-a B ] ;-Ju2 Nterrginal
kinase (JNK); 3. The inflammasome, including nuclecbaeling domain|eucinerich-
containing family, and pyrin domaitontaining3 (NLRP3); 4. Janus kinaségnal transduction
and activation of transcription (JARTAT)(68).

Several factors can induce an inflammatory respamsitro and/orin vivo, including
elevated levels of circulating cytokines and macronutrients such fatty acids (FA) and glucose. In
addi tion to TN Frilammatewcgtokiads ar@incteased dyringansulin
resistance, including but not limited to interlewdfIL-6), IL-1 b  a-6 MotifChemokine
Ligand 2 (CCL2§69). These cytokines can stimulate multiple inflammatory signaling pathways
and inhibit insulin signaling. For example, chronic incubation of skeletal muscle with IL
activates both the JASTAT and JNK pathway30). JAK-STAT can inhibitinsulin signaling
through upregulation of suppressor of cytokine signaling (SOCS), which blocks binding of IRS1

to the insulin receptor, whereas JNK increases inhibitory phosphorylation of IRS1 13307
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Saturated fatty acids (SFA), such as palmitate, can bind tiikkeoHeceptors (TLR2/4),
activate the innate immune system and induce an inflammatory regpba&FA activate both
NFeB and JNK signaling, r e sioflamimatorgcytbkinesisutitas e as e d
TNF U a6f7di 73). importantly, SFAInduced inflammation can be blocked by TLR
deficiency in mic€71i 73). Consistent with the role of inflammation, TLR#ice are protected
from dietinduced systemic and tissue insulin resistarnte Additionally, SFA can directly
activate the inflammasomegsulting in upregulation of H1 b , -iaflarpmmatry cytokine.

Similar to TLR4" mice, NLRP3  mice are protected from SFAduced insulin resistance and
inflammatior(74). Apart from having aeffect on inflammatory signaling, palmitate is also
required for the ratéimiting step of ceramide synthesis; a diet high in saturated fats (e.g. lard
based), can increase ceramide accumulation significantly, further linking increased SFA to
lipotoxicity and insulin resistan¢eb).

Hyperglycemia, which is the defining characteristic of insulin resistance and T2D, can
also induce an inflamatory response. Differentiation of 33 adipocytes under hyperglycemic
conditions (25 mM glucose) is associated with insulin resistance and increased secretion of pro
inflammatory IL-6 secretion when compared to low glucose concentr§fi6&) In this study,
hyperglycemia was associated with an increase in phosphorylation of IRS1 at S307; although not
examined explicitly, this is a weknown inhibitory phosphorylationtsi that is targeted by
INK(76,78)

1.5.3. ER Stress

Disturbances in ER function can lead to ER stress, accumulation of unfolded proteins and
activation of the unfolded protein response (UPR). The UPR involves activation of three major
branches: 1. Inositalequiring enzyme 1 (IRE1), which activate the taimtion factor Xxbox
binding protein 1 (XBP1); 2. Activating transcription factor 6 (ATF6); 3. Protein kinase-RNA
like ER kinase (PERK). Chronic ER stress was first observed in the liver of high fat diet-(HFD)
fed and leptin deficierib/obmice, concomant with increases in UPR signal({ig). Induction
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of ER stress with tunicamycin vitro impaired insulin signaling through JNK mediated
inhibitory phosphorylation of IRS3" while pretreatment of cells wit a JNK inhibitor
preserved insulin signalifgQ). ER-stress mediated activation of inflammatory signaling requires
invol vement of some aspects of the UPR. For ex
tuma necrosis factor receptassociated factor 2 (TRAE) and activate JNE80). Concurrent
knockout of I RE1U in fibroblasts treat®d with
phosphorylatio(V9). However, broadly reducing the functionality of the UPR can also promote
insulinresistance. For example, XBPInice show decreased expression of ER chaperones,
strong upregulation of inflammatory signaling and impaired systemic glucose homeostasis when
fed an obesogenic d{&B). Takentogether, current data suggest that ER stress intersects with
various inflammatory signaling pathways to promote insulin resisfahyce
1.5.4. Fibrosis
The extracellular matrix (ECM) undergoes dynamic remodeling in response to tissue
repair or injury. However, during obesity and insulin resistapaeduction of excessive
connective tissue can give rise to tissue fib(82k Increased level of fibrosis is observed in
multiple insulin sensitive tissseincluding skeletal muscle, adipose tissue and(8@3r
Transforming growth factor b (TGFb) is a pr
myofibroblasts, excess production of ECM antlagen depositionrad inhibitionof ECM
degradatio(83). For example, increased TGFb and coll ac
skeletal muscle of obesgesulin resistant mice and hum#®4i 86). Concurrently, matrix
metalloproteinase activity decreases, whiokvents collagen degradat{86). Several putative
meclanisms have been postulated by which increased fibrosis lead to ebdsitgd insulin
resistance. First, fibrosis can impair vascular development and can acts as a physical barrier for
diffusion of glucose and insul{@7). Reduced capillary development, which can occur in matrix
metalloproteinase knockout mice, lead to the development of insulin res{8&n&e=condly,
communication between the ECM and cells occurs through cell surface receptors known as
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integrins and activatioaf the intracellular signaling molecule, focal adhesion kinase (FAK) or
integrinlinked kinase (ILK}83). Integrins may coordinate with the insulin receptor and
potentiate insulin signaling. For example, k.Kan act as scaffolds for the recruitment of
mul tiple insulin signaling pr89tiKiexpressionisncl udi ng
also lower in HFfred micg89). Finally, increased fibrosis is associated with increased expression
of inflammatory marke(86). Pharmacological inhibition of fibrosis using sildenafil in mice
resulted in a significant decreasepod-i nf | ammat or y mar k86).r s, F4/ 80 an
Conflicting results are produced when knocking out integrin signaling in mice. For
exampl e, muscle specific deletion of integrin
systemic insulin sensitivitp0). However, whole body deletionofentgr i n U2 amel i or at
induced skeletal muscle insulin resistance and improves insulin sig@&élingepatocyte
specific ILK deficiency ameliorates insulin resistance infEléf mice, suggesting that the role of
ILK as molecular scaffold in insulin signaling appears more complex and requires further
examinaion(89). Similarly, knockdown of FAK using siRNA results in a marked induction of
insulin resistance in choved mice, with development of hyperglycemialan
hyperinsulinemiéol).
1.5.5. Mitochondrial Dysfunction and ROS
Mitochondrial dysfunction is a broad term and can encompass a variety of factors,
including changes in mitochondrial number, electron transport chain complexes, mitochondrial
dynamics, oxdative phosphorylation (OXPHOS), reactive oxygen species (ROS) production
and/or ADP sensitivity. Mitochondrial dysfunction during obegiijuced insulin resistance has
been observed in all insulin sensitive tissues, including adipose, liver and skeletal
muscl€76,92,93) However, most studies linking mitochondrigisfunction and insulin
resistance have focused on the skeletal muscle.
A fundamental series of papers in the 2000s first highlighted a relationship between
mitochondrial function and insulin resistance/T2D. When compared to lean, insulin sensitive
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contrds, the skeletal muscle of T2Ds had significantly reduced complex | activity and
OXPHOg92). Similarly, gene expression microarrays suggested that there is a coordinated
downregul ation of peroxisome proliferation
nuclear receptor factor 1 (NRF&¢nsitive genes in T2D and insulin resistanividdials; overall,

this results in reduced oxidative phosphoryla®2h95) Subsequent proteomic analysis of

human skeletal muscle revealed similar reductions in mitochondrial proteins in obesé; diabet
patient$96). Changes$n expression of mitochondrial proteins were functionally associated with
reduced oxidative capacitin vivo magnetic resonance spectroscopy imaging of insulin resistant
individuals showed a 380% reduction in resting ATP synthesis ré@d&@s98) Importantly,
decreases in ATP synthesis rates were additionally associated with an 80% increase in muscle
TG, although levels of diacylglycerols (DG) and ceramides were not exai@@)eslitochondria

in T2Ds or insulin resistant individuals may also appear smaller and less abundant when
compared to control skeletal muscles, although this has not been observed in all
studie$92,99,100) When decreases in mitochondrial OXPHOS were normalized to citrate
synthase activity, the differences seen in T2D vs. controls were abolished, suggesting that
mitochondrial dysfunctionccurs because of reduced mitochondrial content rather than an
intrinsic OXPHOS defe¢101,102)

A fundamental question remains whether mitochondrial dysfunction is a driver or by
product of insulin resistanc8everal studies have clearly dissociated mitochondrial dysfunction
from insulin resistance in skeletal muscle. For exanmiescle specific transcription factor A,
mitochondria (TFAM)is a key transcription factor involved in the replication and maintenaince
the mitochondrial genome. Surprisingly, muscle specific TH&dckout mice show improved
insulin sensitivity when subjected to an obesogenic diet, despite marked reductions in oxidative
phosphorylation capaci03). Similarly, skeletal muscle deletion of apoptosis initiating factor
(AIF), a protein required for maintaining the electron transport chain, also improves insulin

sensitivity despite markedly reducing oxidative phosphoryldtiod)
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It is unclear when mitochondrial dysittion develops in an obesgsulin resistant
milieu. Attempts to answer this question have focused on-$hiort obesogenic feeding studies
in mice and rats. Interestingly, mitochondrial content tends to increase or remains unchanged in
response to shoterm HF feeding, despite the presence of systemic insulin resigt@&cEL0).
Several mechanisms have been proposed for theseeatmrincreases, including=A-induced
activation of peroxisome proli f-2e@GWIE) activate
However, despite increases in mitochondrial content, sensitivity of mitochondria from the muscle
of HF-fed mice to ADP is reduced, leading to decreased mitochondrial respiration in skeletal
muscle during physiologically relevant ADP concentratjh@g). Furthermore, incre
oxidation by a HF diet can markedly increase ROS production, as discusse(lh&holm
agreement with clinical observations, the majority of rodent studies suggest that more prolonged
high fat feeding (> 1 month) reduces mitochondrial content and/or OXPHS310) Increased
nutrient influx coupled with decreased OXPS®@ould promote steatosis and inflammation,
leading to or exacerbating insulin resistance.

Apart from changes in mitochondrial content (mitochondrial number or protein levels),
changes in mitochondrial dynamics can also influence mitochondrial functitothdndrial
dynamics include fission and fusion, and both are critical to maintain the mitochondrial
network112). In healthyskeletal muscle, mitochondria form a highly reticular branched
network113). However, insulin resistance hiasen associated with increased network
fragmentation in both mice and rétt$4,115) Nutrient excess and reductions in fusion proteins,
including mitofusin 2 (MFN2) and optic atrophy 1 (OPAL), are seen in an obefia nesistant
milieu and induce mitochondrial fragmentatjdh3,115) Concomitantly, key mitochondrial
fission markers, including mitochondrial fission 1 (Fis1) and dynamin related protein 1 (Drpl),
are increasdd15) Despite the preponderance of studies that link increased mitochondrial
fragmentation with insulin resistance, genetic manipulation of mitochondrial dynamics has

yielded mixed results. For example, while HFal MFN2-KO fed mice show impaired KT
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phosphorylation and systemic glucose homeostasisidBMPALKO mice are protected from
obesity and insulin resistance, despite marked mitochondrial dysfuiidt&h17)

A final major hallmark of mitochondrial dysfunction is altered ROS production. The
mitochondria are a major site for RO&ngratioi118). Under physiologically relevant
conditions, 0.10.2% of Q is reduced by an electron escaping from the E€8llting in the
generation of a superoxide radicak€§§118). Further conversion of O yields hydrogen
peroxide (HO,) and hydroxyl radicals (OF. ROS can have many detrimental effects on cells
and can cause oxidative damage to lipids, proteins and(DI¢A To combat the potentially
destructive production of ROS alichit oxidative damage, cells have evolved a complex
antioxidantdefensesystenf119).

Feeding mice a HFD for as short as 3 days or adult males a single HF meal can increase
the ROS emitting potential of sletal muscle significantly, in the absence of any changes in
mitochondrial respiratory functighll1) FA can induce higher levels of ROS production
compared to nofirA substrates at sinaif concentrations, and can further lead to mitochondrial
fragmentatio(120). Prolonged, &veek HRfeeding in rats can significantly shift the cellular
redox state towards a more oxidized state, resulting in a significant decrease in the critical
antioxidant, glutathion@11). Similarly, chronic HHeeding studies also demonstrated a
significant increase in protein carboxylation, a marker of oxidative §#8411) Use of
variousantioxidants ameliorates oxidative stress and ROS production, systemic glucose
intolerance and tissue insulin resistgid®,111,121,122Mechanistically, ROS can induce
insulin resistance by activating several inflammatory pathways includitg INK
phosphoryl ati on (76128) Hdwever Bacutetevation in ROS@nmoduction is
also needed for insulin signaling, as insdfiduced increases in,B, can reversibly oxidize and
inhibit phosphatase and tensin homolog (PTEN), preventing it from tdingnasulin
signaling124) Therefore, ROS signaling can be adaptive or maladaptive for insulinismgnal

depending on the duration, amplitude and its source of production.
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1.5.6. Lipotoxicity

Lipotoxicity occurs where excess lipids accumulate (steatosis) hadipose tissue, such
as the liver and skeletal muscle. Some of the lipids that are implicalipotoxicity and may be
increased in obesiiynduced insulin resistance in mice and humans are TG, DG and ceramides.

Liver steatosis is extremely common and is present in nearly all obese people with T2D
Accumulation of TG within the liver is a particularly strong predictor of insulin resistance in
humang$126,127) Consequently, reducing levels of TG in mice, either through decrdasaal/o
lipogenesis or increased oxidation, leads to improvements in insulin res{$28)d€9) The
association between skeletal muscle TG accumulation and insulin resistance is less clear; this is
exemplifiedbparhdo&adt hwbaeee highly trained at
muscle TG levels but are highly insuliarsitivg130,131) This broadly suggests that TG
accumulation may itself not be insulin resistance prompbatjs rathera marker foincreasd
accumulation omore lipotoxic species, as discussed below

Increases in TG accumulation are aisiorored by increases in DG in the liver and
skeletal muscle during obesityduced insulin resistantE32). Clinicdly, levels of hepatic and
skeletal muscle DG positively correlate with homeostatic model assessment of insulin resistance
(HOMA-IR) measurement$33) DG are well known to recruit an
novelpr ot ein kinase C (PKC) (u, U, d, d) isofor ms
activate several signaling pathwéd/34). In particular, several studies in mice and humans
suggest that PKCU is the primary isoform recru
insulin-resistanceénducing stimul{135,136) PKCU can inhibit insulin s
phosphorylation of the insulin receptor at #fft which maps to its activation lo485,136) In
skel et al muscle both PKCd and PKCU are recruit
response to increased 37,138) | nt erestingl vy, PKCd is thought

the muste by phosphorylating IRS1 at $¥% rather than by targeting the insulin recefi88).
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I n addition, Red®©ddhosplos/lated RDET whicle rpdoaes ART
phosphorylation and insulin signaling.

Ceramides are an additional class of lipids that are strongly associated with the
development of insulin resistance. Overall ceramide levels are increased in marynodels
of dietinduced obesit{40' 142). Similar associations have been shown clinically, with levels of
skeletal muscle, adipose tissue and liver ceramides all positively correlating with HRMA
measuremen($33,143,144)Interestingly, increases in the levels of 16:0 &48:0 ceramides
alone positively correlate with HOMAR in skeletal muscle of humaid€5). In agreement with
the insulin resistance promoting effect of ceramides, blocking ceramide biosymthagausing
myriocin ameliorated the presence of obegiiyuced insulin resistance in m{@d0). Initial in
vitro studies using sherthain ceramides in skeletal muscle tiakks demonstrated that these
lipids induce insulin resistance primarily through inhibition of AKT via two mechanisms. First,
ceramides increase protein phosphatase 2A (PP2A) activity, resulting in AKT dephosphorylation
(146) Second, ceramides through t loeofAKTyphe c a l PKC
pl asma membrane by i nt e{l4xThis intgraction appearstkbeé s PH d
specific for AKT, as recruitment of PDK1 to the plasma membrane is unaffe¢®dT aken
together, these data suggest that ceramides can reduce activation of the insulin sighalag pa
at the point of AKT. Ceramides are also strong inducers of inflammatory signaling, as discussed
in section 1.5.6.

Most of the research on lipotoxicity and insulin resistance has focused on intracellular
accumulation of TG, DG and ceramides and tgeaing pathways they activate. However,
extracellular lipids, such as SFA, can also be potent signaling molecules that induce insulin
resistancér3). We will now focus on anothg@otentially toxicextracellular lipid that has recently

been implicated in obesiipduced insulin resistance.

19



1.6 Lysophosphatidic Acid (LPA)- a Potent Signaling Lipid/Lipokine

As illustrated above, the etiology of insulin resistance is very complex. Understanding
andcharacterizing how insulin resistance develops is key to its treatment and prevention of T2D.
In particular, one fascinating and exexpanding area of interest is how adipokine/lipokine
secretion changes during the development of insulin resistanceartfiib influences systemic
and tissue insulin sensitivity. | will now focus my thesis on lysophosphatidic acid (LPA), a
bioactive lipid that has been relatively newly implicated in obésiiyced insulin resistance, and
the adipokine that produces thejardy of LPA, ATX.

1.6.1 Synthesis and Degradation of LPA

Due to its potent bioactive nature, LPA levels are tightly regulated. Circylating
extracellulal.PA can be generated through two distinct enzymatic mechanisms (Fig. 3). In the
first, phosphatidi@acid (PA) is converted to LPA through the actions of group IlA secretory
phospholipase A(sPLA:-IIA) or membranebound PAselective PLA(mMPA-PLA)(148,149)

PA itself can be presented at the cell surface through phospholipid scrambling or generated
extracellularly via phospholipasemediated cleavage of phosphatidylcholine (R€8,149)

The second major mechanism of LPA synthesis involves the conversion of PC to
lysophosphatidylcholine (LPC) through the actions of lecitialesterol acyltransferase (LCAT)

or sSPLA-IIA (149). LPC can then be hydrolyzed to form LPA through the activity of the
lysophospholipase D, ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), an enzyme
more commonly referred to as autotaxin (AT2§0,151)

Several lines oévidence suggest that the ATHediated mechanism of LPA synthesis
produces the majority of extracellular LPA in vivo. LPA formation is significantly restricted in
plasma samples of LCAdeficient patientd49). More strikingly, LPA levels closely correlate
with ATX protein content and/or activity. Heterozygous whole body ATX knockout (ATand

fat-specific ATX knockout (FATX") mice have approximately 50%@40% less circulating
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LPA than wild type mice, respectivé€B;1517 154). Inducible wholebody deletion of ATX in
adult mice, resulting in ~80% reduction of ATX mRNA levels and plasma ATX activity, was
similarly aseciated with a ~60% decrease in plasma ). Pharmacological inhibition of
ATX, through the use of potent inhibitors such as83B0, led to a >95% decrease in plasma
LPA(155,156) Conversely, overexpression of ATX in mice corresponded with increased
circulating LPA level§3,152,157)

The major route for LPA degradation invodvigs dephosphorylation to monoacylglycerol
(MAG) through mammalian lipid phosphate phosphatases (LPP) (Fig83159) There are
three enzymes characterized in this family: LPPRAP2A, LPP2 PPAP2G and LPP3
[PPAP2B(160). Knockdown of LPP1 in mice increased circulating LPA levels and extended the
half-life of injected LPA 4fold, with no obvious effect on phenotyié1). In contrast to PP1
deficient animals, LPP3 knockout mice are not viable, due to their inability to form a-chorio
allantoic placenta and vascular defects in tH& ga¢162). Culture of embryonic mouse
fibroblasts lacking LPP3, however, resulted in a {218 increase in extracellular LRAG2).
LPP2 mice are viable with no overt phenotype, although levels of LPA were not r¢p68ed
LPP2 may play apecific role in regulating the timing of cell cycle progression, as increasing
LPP2 activity in fibroblasts led to the premature entry of cells into {pleaSe of the cell cycle
and decreased proliferation réité4,165) LPP2 did not influence levels of LPA in these
fibroblast models, suggesting that theset§ of LPP2 modulation on cell cycle progression are
not due to changes in LPA degradafi®8B). Taken together, these findings suggest that LPPs
may play unique, isoform specific roles in regulating circulating LPA levels during development
and postatal life. Apart from degradation of LPA through LPPs, LPA is also cleared from
circulation by nonparenchymal cells in the li{@&86). Intravenously administered LPA rapidly
accumulated in the mouse liver and ligation of the hepatic circulation blocked the aeafranc

LPA, suggesting that uptake of LPA by liver cells is an important mechanism for the regulation
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of circulating LPA levels and contributes significantly to the shortlifal{< 30s] of LPA in the
blood strear(l66).
1.6.2 Sources of Circulating LPA

LPA is primarily bound to seruralbuminin the blood stream with reported
concentrations of wup to 1 €M in plasma and >10
vary greatly dependent on factors such as nutritional status and clotting (E&y)4puring
clotting, platelets produce a significant amount of LPA. This is exemplified by a study showing
that administration of an arpilatelet antibody in rats reduces serum LPA levels by almost
509%4149). Similarly, phar macol ogi cal inhibition of
antagonist reduced circulating LPA levels by 70% in a mouse model of metastatic breast
cance(l68). In addition to platelets, circulating lipoproteins serve as a source of LPA,
particularly when subjected to oxidation. For example, it has been showhelmbduction of
LPA from oxidatively modified lowdensity lipoproteins via ATX is critically required for
monocyte recruitment and promotion of atherosclefd8®). Moreover, ATX activity is
associated with lipoprotein[a], which transports oxidized phospholipids and LPC generated by
lipoproteinassociated PLA suggesting that lipoprotein[a] also constitutes a source of
LPA(170,171) Interestingly, a recent study demonstrated that exosomes may serve as a vehicle
and/or delivery system for ATKPA (Fig. 4(172). Packaging of LPA in exosomes may be a
means by which LPA is delivered to target tissues and cells for signaling and could potentially
increase the stability of circulating LPA. It remains to be determined whether LPA present in
exosomes significantly cénibutes to circulating LPA levels in vivo and whether the
concentration of LPA in exosomes changes during disease states. Moreover, future studies should
investigate whether LPA derived from different sources varies in fatty acid composition and

signalingproperties.
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1.6.3 Influence of Diet on LPA

Marked changes in ATXPA levels are associated with many physiological and
pathophysiological processes including development, cell differentiation, cancer, atherosclerosis,
myocardial infarction, and have albeen linked to alterations in the nutritional stéit64,173
175). Circdating LPA, along with ATX, are regulated by feedifagting, with higher levels of
ATX-LPA detected in the fed vs. fasted state in animal m@déssl77) In addition to acute
nutritional regulation of ATXLPA, several studies showed that chronic overfeeding of animal
models with obesogeniceats results in altered circulating LPA levels. Feeding male FVB mice a
HFHS, 45% kcal fat, 17% kcal sucrose diet for 13 weeks elevated plasma LPA levels by
62%(178). Increases in plasma LPA walso noted in male C57BI6/J mice fed a HFHS diet or
high fat diet [60% kcal fat, no added sucrose] for a shorter period of 9 and 8 weeks,
respectively179,180) Similarly, female low density lipoprotein receptaull (LDLR”) mice had
increased unsaturated, but not saturated levels of LPA in the small intestine following
consumption of a Western diet [428dal fat, 34% w/w sucrose, 0.2% w/w cholesterol] for only 3
weeks, which was also paralleled by an increase in 20:4 LPA in fe8imaSince LPA content
in the Western diet was lower than in the control chow diet and animals were fed the same
amount [by weight] of digtincreased intestinal LPA in mice fed a Western diet is unlikely the
result of higher consumption of preformed LRB1) Taken together, these studies suggest that
the consumption of a faich diet leads to increased circulating levels of LPA in mice of different
geneic backgrounds. While reports on LPA measurements in humans are limited, a very recent
study showed that plasma LPA positively correlates with BMI, an indicator of nutritional
imbalancél82). The same study also suggested that fasting has a marginal effect on circulating
LPA concentrations in humans, although these data have not been adjusted-foPseevels
are higher in women compatd to men and the exact duration of fasting is unc{@8e)

Although the precise mechanisms underlying the dietary regulation ofdyfsIremain
to be uncovered, it is possible that higher dietary content of preformed LPA contributes to
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variations in circulating LPA levels. LPA has been detected in several plant and animal foods,
including egg€l83), cabbage leaves, broc¢dB4), soybeans, and sunflower seeds (Fi¢L85).
Dietary LPAs, especially those contaig mone and polyunsaturated fatty acids, appear to be
well-absorbed in the mouse and rat integtiB&,186) Interestingly, however, a standard chow
diet contains higher levels of preformed LPA than a Western diet, suggesting that increases in
circuating and intestinal LPA in LDLR mice following Western diet feeding were not due to
increased absorption of preformed LR81). Therefore, it is plausible that obesogenic, lipah
diets increase LPA levels in vivo via a more indirect mechanism, e.mpflllgncing levels of

LPA precursor lipids [see above]. For example, PA can be converted to LPA by pancreatic
phospholipase Amediated hydrolysis. Since levels of preformed PA were much lower than
levels of intestinal LPA in Western difgd LDLR’ mice,this mechanism does not appear to
significantly contribute to increased LPA content in this mouse model @i&igr

However, compared to chefed mice, Western dided LDLR’ mice showed a-8&nd
10-fold increase in intestinal and plasma LPC content, respedth83ly althowgh preformed
LPC or PC levels were similar or lower in the Western vs. chol@i&t187) This suggests that
increases in LPC content may underlie the Westerrirtieiced upregulation of LPA. Within the
enterocyte, LPC can be converted to LPA via Am¥diated hydrolys{d@74). Interestingly,
inhibition of ATX using PF8380 ony significantly decreased levels of unsaturated LPA in the
jejunum, liver and plasma of male LDt Rnice fed chow diet supplemented with olebfAC
[18:1 LPC], suggesting that saturated LPA is formed by an-Kdé¢pendent mechanism in the
intesting174).

The third, and perhaps most prominemtcamanism by which diet can modulate LPA
levels is through the upregulation of ATX. Prior studies using mice with high fandeted
obesity show increased ATX mRNA and protein expression in adipose tissue, a major source of
circulating ATX(178,180) this is also reflected by increased circulating ATX and/or serum ATX

activity in obese mice, which correlates well with increases in (1IFA,180) On the other hand,
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a study by Nishimurat al(8) showed that anl@esogenic diet decreases ATX levels in adipose
tissue and circulation. The reason for this discrepancy between studies is not immediately clear
since only minor differences in experimental conditions are evident. Therefore, future studies
need to clarify pecisely how dietnduced obesity is linked to changes in ALRA.
1.6.4 LPA Receptors and Downstream Signaling
LPA is a very potent signaling molecule, capable of activating a variety of signaling
pathways via binding to six identified LPA recept@rPA1-6) (Fig. 3(167)LPA1-3 show
sequence similarity to the endothelial differentiation gene family, while L& A#e members of
the purinergic family(167). All LPA receptors ee class A rhodopsitike GPCRswhich transmit
extracellular binding of LPA to intré@gell ular
LPA is found in virtually all biological fluids and through LP#lcan influence cell
proliferation and growth,all survival, development, and calcium dynar(l€&¥). The diversity
of cellular responses to LPA is likely a result of the different expression patterns of LPA
receptors. For example, while all six LPA receptors were expresdee imurine and human
heart and cardiomyocytes, LPA3 mRNA was undetectable in murine cardiomyocytes and human
subcutaneous adipose tisELESB).
However, a comprehensive understanding of LPA receptor expression at baseline and
under pathophysiological conditionssigll lacking in many tissues. This is exemplified by a
study showing the presence of LPAL, 3 and 4 in mouse skeletal muscle, while it remains unclear
whether LPA5 and 6 are present in this ti$$88). The importance of LPA receptors in disease
has been underscored by studies linking aberrant LPA signaling to a broad range of
pathophysiological conditions, including cancer, arthritis, pulmonary fibrosis, neurological
disorders, and obesipduced insulin resistance and impaired glucose
homeostas{467,13,190,191) LPA receptors have also emerged as promising drug targets.

Indeed, modulators targeting LP&lhave passed clinical trials assessing their ability to treat
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idiopathic pulmonary fibrosis and systemic sclerosis, suggesting that LPA recéyitdois
could be used for the treatment of inflammatory dis€492%
1.7 Structure and Activity of Autotaxin (ATX), an Adipokine that Produces LPA

As mentioned, ATXmediated LPC hydrolysis is the major mechanism by which
circulating LPA is producdd55,193) Increases in ATX expression markedly increase LPA
levels and thus significantly influence LPA signaling in tissue.

ATX belongs to a family of ectonucleotide pyrophosphatase/phosphodiesterases (ENPP),
of which there are seven members. ATX is the only membesltivavs lysophospholipase D
activity; other ENPP members primarily act as nucleotide pyrophosphatases, ectophospholipase C
and sphingomyelinas@®4). ATX is structurally similar to ENPP1/3 dris defined by 2 N
terminal somatomedin B (SMB) domain, a central phosphodiesterase (PDE) domain-and a C
terminal inactive nuclease (NUC) domgif5,196) ATX also has a large, lasso loop domain,
which wraps around the PDE and NUC domains and maintains the structural integrity of the
enzymg195,196) What makes ATX a unique lysophospholipase D is the evolutionarily driven
deletion of an 18 amino acid sequemgthin its central phosphodiesterase domain, which creates
a deep lipid binding si{@95,196)

Interestingly, crystal structures of ATX have revealed that the active site is organized in a
tripartite, Tjunction. One end of the-jinction contains theatalytic site, which is mediated by a
single threonine residue and coordinated by Z iomg(195 198). The two other ends of the T
junction contain the hydrophobic pocket, which accommodates the acyl chain and an open tunnel,
which is thought to release the product I(P28).

1.7.1 Expression, Processing and Secretion of ATX
There are 3 major i soforms of ATX, named

canonical ATX isoform, is ubiquitously expressed and is the highkty expressed isoform in the

AT

peripheryand in circulatior(199). ATXU i s al so ubiquitously expr ¢
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ATXb. The U isoform has a 52 amino acid insert
binding to cellsurface heparin sulfate protggpcang200) AT X2 i s only expresse
and is characterized by a 21 amino acid insertion within the NUC domain. This insertion contains
a modulator of oligdendrocyte remodeling and focal adhesion organization (MORFO) domains
and is required for mediating afattlhesive properties of oligodendrocyRex ).

ATX is synthesized as a ppro-enzymeandthe vast majorityX95%) is secreted once
proteolytically cleaved. The pigro-enzyme has a72amino acid Nerminal signal sequence that
targets ATX to the classical secretion pathway and is cleaved via signal peg2d2asdhe pro
enzyme is then processeglflarin proteases, which is required for increased activation of
ATX(202) ATX is also glycosylated at five aspartate residues; in particular, glycosylation at
Asn524 i structurally important and critical for ATX activiB03).

1.8. ATX-LPA Signaling in Obesity-Induced Insulin Resistance

In humans, the relationship between ATLRA and obesity remairsomewhat unclear.

In severely obese women [BMI 3563.5], serum ATX did not correlate with markers of obesity,
including weight, BMI or waist circumferen@94). However, ATX mRNA was significantly
increased in the visceral adipose tissue of massively obese female patients [BMI > 40.0]
compared to nobese controls [BMI < 25.0153). Moreover, serum ATX correlated with both
BMI and waist circumference in older, overweight or obese patients [BMI:36kg/nt](205).
Consistent with these data, 16:0 LPA was significantly increased in obese [BMI > 30.0]
individuals compared to individuals with normal BMI [BMI 182%.0)206). On the other hand,

a different study showed that ATX levels in subcutaneous adipose tissue and serum negatively
correlate with BMI, respective{g). Notably, these data were not normalized to sex and the study
population consisted almost exclusively of individuals with normal BMI omopesity withless

than < 1% individuals being obese based on BMI
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Overall, evidence to date suggests thatus&TX expression and circulating ATXPA
levels may not correlate well with parameters of obesity across different study populations. Our
understanding of the relationship between the APA pathway and obesity could be improved
by examining circulatindgtPA levels in human cohorts, in addition to ATX expression and
activity. A recent study by Brown et al. demonstrated that mRNA levels of distinct LPA receptors
in insulin sensitive mouse and human tissues are associated with (@883ityor example,

LPA4, LPA5and/or LPAG6 were significantly increased in myocardial tissue and cells from
HFHS-fed mice and humans with pobesity or obesiil88). These data suggest that changes in
tissue LPA receptor expression may also contribute to alterations iRLARRXsignaling duing
obesity.

1.8.1. ATX-LPA Signaling PromotesPreadipocyte Proliferation, while the Effect on
Adipocyte Differentiation is Unclear

Adipocyte hyperplasia and hypertrophy are two mechanisms by which adipose tissue
expands during development and obg2idy). Through autocrine and paracrine signaling, the
ATX-LPA axis is believed to influence both processes and play a key role in altering adipose
tissue biology and metabolism dugiobesity. The effect of ATXPA signaling on adipose
tissue has been examined predominantly using preadipocyte models (Table 1). Preadipocytes
secrete low levels of ATX into the extracellular medium, which, in the presence of LPC, results
in the productin of minimal levels of LPAL50). Nevertheless, even low concentrations of ATX
LPA stimulate preadipocyte proliferation, as was assessed in muriAel3dF il 3T3F442A
preadipocytes, and primary PrefCb34+adipocyte progenitors, exposed to exogeneous ATX or
LPA, consistent with the weknown mitogenic effect of LP{8,208 210).

In agreement with these observations, mice with adippseeific ATX deficiency had
significantly less preddocytes in the stromal vascular fraction of epididymal fat pads, suggesting
that ATX-LPA signaling stimulates preadipocyte proliferation in ¥8)oATX-LPA induced
proliferation of white preadipocytes appears to be primarily mediated by LPA1, a major LPA
receptor in PreflCD34" adipocyte progenitorgnd possibly ramitogen activated protein
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kinase (MAPK)(8,208,209,211)Interestingly, although knockdown of LPA1 diminished
preadipocyte proliferation induced by LPA, it only resulted in partial reduction of-iN@iXced
proliferation, suggesting that ATX can promote preadipocyte proliferation independent from
LPA-LPAL(8). WhetherATX influencespreadipocytesignaling and metabolism in an LPA
independent manner ismclear but may involve binding to heparin sulfate proteoglycans or
integrins (90, 194) Contrary to the ATXLPA-induced proliferation of white preadipocytes,
neither LPA nor ATX inhibitors appeared to influence proliferation of primary murine brown
preadipocytg(212), suggesting that the ATKPA pathway stimulates preadipocyte proliferation
specifically in white preadipocytes.

While overwhelming evidence points towards a-proliferative effect of LPA in white
preadipocytes, studies examigithe role of LPA signaling in preadipocyte differentiation
produced more ambiguous results (Table 1). Notably, levels of ATX mRNA and secreted ATX
protein and activity increased markedly during differentiation inBI33T3F442A, and
primary preadipocys, indicating a prominent role of ATXPA signaling in preadipocyte
differentiation(8,150,176) Indeed, some studies have suggested that LPA is a pamgressor
of preadipocyte differentiation. Murine 3FR3142A and 3Td.1 preadipocytes, porcine DFAF
preadipocytes, human Simps@olabiBehmel syndrome (SGBS) preadipocytes, and primary
murine white and brown preadipocytes did not differentiate intonmaitipocytes as efficiently
when incubated with LPA, as determined by the expression of adipogenic and lipid metabolism
markers and lipid droplet/triacylglycerol accumulaf@hz 214).

Conversely, inhibition of ATX activity promoteitie differentiation of primary murine
brown preadipocyté212) The differentiatiorinhibiting effects of ATXLPA appear to be
mediated through the LPAdependant downregulation of peroxisome proliferatdivated
receptor npreadipoByl®RI3,2IP)ATX-LPA i nduced downregul at:

and P-8Asiive proteins was also observed in maturel3T8dipocyte€l76). In agreement
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with this notion, the ardadipogenic effect of LPA was not observed in preadipocytes isolated
from LPA1-knockout mice, which may underlie the increased adiposity in thes€iige
However, aecent study showed that Pref2D34" preadipocytes isolated from
epididymal white adipose tissfrom mice with global heterozygous ATX deficiency
differentiated less efficiently than preadipocytes from wild type mice, suggesting that the ATX
LPA pathwaypromotes preadipocyte differentiation (Tabl€))It is possible that constitutive
ATX deficiencyand reduced LPA levels during and after development alter the adipogenic
potential of preadipocytes in vivo. Indeed, the expression of adipogenic genes was reduced in
preadipocytes from ATX and FATX" micg(8), which may explain their impaired ability to
differentiate.
1.8.2 ATX-LPA in Diet-Induced Obesity
The effect of ATXLPA in dietinduced obesitys controversial with studies showing
both a preand antiobesogenic effeaif the ATX-LPA axis Despite the prominent role of ATX
LPA signaling in preadipocyte proliferation and differentiation demonstmateitto, modulation
of the ATX-LPA pathwayin vivo appears to have little effect on adiposity in mice at
baseling€8,178,212,214)Having said that, the profound impact of ALCRA signaling on
adiposity becomes evident when mice are fed an obesogenic diet (Table 1). For example,
administration of the LPA1/3 antagonist, K&, for six weeks increased fat mass and the size
of white adipocytes in HFH&d C57BI6 micé€l79). The same group also showed that adipose
specific ATX deletion increases white and brown adipose tissue mass intdéisce [on a
mi xed FVB/ Bl 6 background], which was associate
and PPAROJD sensitive genes, including adiponect
adipose tissue from these mit@8). Conversely, a more recent study showed that global
heterozygous and adipespecific ATX deficiency protect mice on a C57BI6 background from
dietinduced obesity while adipospecific ATX overexpression driven from the BR4
promoter enhanced adiposity following high fat diet fee@nhdrhe resistance to digiduced
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obesity in FATX’ mice was ascribed to improved brown adipose tissue (BAT) function, lipid
oxidation capacity, and energy expendi{8jeSimilarly, overexpression of ATX driven by the

U dantitrypsin promoter in FVB/N mice, resulting in a moderate increase in circulating ATX and
LPA levels in adult micencreased weight gain and adiposity following conptiom of a HFHS
diet(212). This effect was linked to reduced expression of BAlGted genes, indicative of lower
brown adipocyte abundance, in peripheral white adipose tissue of-FeHS X transgenic
micg(212). Differences in the background strain of mice and composition of obesogenic diets
may have contributed to these, in part, divergent results among studies examining the role of
ATX-LPA in dietinduced obesit{,153,176,212)Clearly, more research is needed to address
the precise role of ATX_PA signaling in dieinduced obesity.

Future studies should employ ATX/LPA receptor inhibition/deletion in adult mice before
and after the indation of obesity, to determine whether the ATLRA pathway impacts adiposity
independent of its possible effect on preadipocyte development/programming and whether
increased adiposity can be reversed or ameliorated byl modulation.

1.8.3The ATX-LPA Axis Impairs Glucose Homeostasis and Promotes Insulin
Resistance

Most studieso datesuggest that ATYX.PA-LPA1/3 signaling promotes glucose
intolerance and impairs systemic insulin sensitivity and tissue insulin sigralibgecting
ATX*-and FATX" mice to an obesogenic diet resulted in improvements in systemic glucose
tolerance and insulin resistance compared to wild(8;h83) Interestingly, however,
overexpression of ATX in mice did not significantly alter glucose tole @i A single
intraperitoneal injeabn of a supraphysiological dose [~414 mM] of LPA in male chow and
HFHS-fed C57BI6 mice impaired glucose tolerafi®l). These acute systemic effects appear
broadly meliated by LPA1 and LPA3, as pmg@ection of a dual LPA1/3 antagonist, Kil6425,

negated the LPAnediated impairment in glucose toleraficl). Importantly, chronic treatrme
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with Kil16425 also improved glucose and insulin tolerance in insulin resistant ###eHS
mice(191).

Studies in humans showed that serum ATX levels correlate with seveaglres of
glucose homeostasis and insulin sensitivity, including fasting glucose and insulin, glucose
infusion rate (GIR), and HOMAR in overweight or obese natiabetic individual&204,205)
Additionally, serum ATX was found to predict measures of glucose homeostasis and insulin
sensitivity in older humait205). In agreement with these studies examining ATX protein in
serum, ATX mRNA levels were significantly higher in theea-abdominal adipose tissue of
massively obese women who exhibited impaired glucose tolerance or diabetes when compared to
women with normal glucose tolerarig&5). Taken together, clinical evidence suggests that the
ATX-LPA axis is associated with impaired glucose homeostasis and insulin resistance and that
ATX-LPA may serve as therapeutic target and/or marker for obesityed insulin resistance in
humans.

While arelationship between ATXPA and systemic glucose homeostasis has been well
established (Table 1), the underlying mechanisms and effect ofl&BXsignaling on tissue
insulin function and metabolism are less well understood. Improved glucose toleratfddéSn
fed mice subjected to chronic [3 weeks] administration of a LPA1/3 antagonist was associated
with metabolic changes in multiple insulin sensitive tissues, including increased glycogen storage
in the liver, glucose oxidation in skeletal muscle, anccpeatic islet mag491). Increased
hepatic glycogen synthesis was paralleled by reduced mRNA expression of enzymes involved in
gluconeogenesis, including gluce&ghosphéase and phosphoenolpyruvate carboxykinase, in
HFHS-fed mice treated with LPA1/3 antagoifi€1). In agreement with these findings,
incubation of primary hepatocytes witfPA for 512 h led to inhibition of insulkstimulated
glucokinase expression and glycogen synthesis, effects that were mediated primarily by
LPA3(206). In 3T3L1 adipocytes, a more chronic [16 h] incubation with LPA impaired insulin

signaling, as determined bydwced AKT phosphorylatiqd80). However, a 24 inhibition of
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ATX activity using PF8380 did not alter insulistimulated AKT phosphglation in insulin
sensitive or insulin resistant 313 adipocytegl76). Few studies have examined the effect of
very acute stimulation withRA on the cellular insulin signaling pathway with conflicting
results; prancubation of primary rat hepatocytes with LPA for 15 min impaired insulin
stimulated AKT phosphorylati¢@06)while a 10min incubaion with LPA promoted increased
AKT phosphorylation, GLUT4 translocation to the plasma membrane,-dedx¥/glucose
uptake in 3T3.1 and L6GLUT4myc myotubes at baseline, although the effect of LPA on
insulin stimulated cells was not exami(216).

Future studies should clarify the precise molecular mechanisms by which the RAX
pathway influences glucose homeostasis and insulin signaling in vivo and in vitro and examine
the role of individual LPA receptors in this process.

1.9. Rotential Mechanisms by Which The ATXLPA Axis Promotes Insulin
Resistance

The majority of studies examining AFXPA signaling in the development of insulin
resistance hae focused on the adipose tisst#wever, as a circulating factor, ATX and LPA
can hfluence insulin signaling in other key tissues, such as skeletal muscle and liver. In
particular, the skeletal muscle is critical for insulin stimulated glucose uptake and can drive
hyperglycemia, the defining characteristic of insulin resistance andtd&ldentifyingwhether
ATX-LPA acts as novdhctorsin promotinginsulin resistance in this tissue is paramount to truly

defining the role of this signaling axis in the etiology of thistabolic disorder

1.9.1. ATX-LPA Signaling Upregulates Pro-Inflammat ory Transcription Factors

Local and systemic inflammation constitute an important mechanism by which the ATX
LPA pathway promotes insulin resistanés.discussed above, inflammation is a major
mechanism by which tissue and systemic insulirstaste can develop. Increased ALRA

signaling has been linked to inflammation and inflammatory disorders including rheumatoid
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arthritis and hepatitis (Fig. @)90,217) Exposure of 3T21 and 3T3F442A adipocytes to the
infl ammatory cytokines, 1L6 and T(MBRI5) | eads to
Similarly, inhibitingthepreé nf | ammat ory t r an S3T3Llagdipocyees f act or |
downregulated ATX mRNAL80). ATX is not only stimulated by inflammation but appears to
enhance inflammation in add-forward mechanism. FATX mice show a significant decrease in
adipose tissue and circulating levels ofdl, T NF U, -1(8).Dderexp@dzion of ATX
dr i ven -éngtrypsihprombtdr did not systemically alter6L.  a n d (2I2)NARHdugh
circulating ATX and LPA were elevated in this mouse model, adipose tissue levels ofdrBA
unchanged, suggesting that the ALRA-induced stimulation of inflammatory cytokines is
primarily due to enhanced ATKPA signaling in adipose tiss(#12). Upregulation of pro
inflammatory cytokines in response to AIDRPA pathwaystimulation likely originates from
immune cells. Caulture of 3T3L1 preadipocytes and bomearrow derived macrophages
(BMDM) increased |l evels of TNFU in BMDMs; thes
knockdown in preadipocytég).
Similarly, incubation of adipose tissue CD8+&lls with recombinant ATX increased
expression of CD44 and interferon,  kvgiay & predominantly primflammatory rolé€8).
Importantly, IL.-6 mediated lipolysis and inductiom gystemic insulin resistance in HF&d
mice required ATX and LPA1/3, since administration of Ki16425 for 1 week decreased plasma
free fatty acids and improved glucose homeodtE®ig. More recently, modulation of ATX has
been shown to influence inflammatory signalling in tissues other than the adipose tissue. Global
inducible posiatal inactivation of ATX was shown to protect mice fromideding induced
liver steatosignd inflammatio(218). Similarly, administration of the ATX inhibitor, P&380,
was shown to attenuate Hitet induced cardiac inflammation in m{249).
1.9.2ATX-LPA Upregulate Transcription Factors Implicated in Fibrosis
Increases in ATX.PA-LPA1 signaling have been linked to multiple fibrotic diseases,
including idiopathic pulmonary fibrogi@20), chronic liver diseas€k73)and renal fibrosi221).
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An unbiased, microarralyased approadh brown preadipocytes revealed that ALRA
signaling increases the expression of proteins involved in extracellular matrix rem(iing
Treatment of obesdiabeticdt/db mice with Kil6425 for 7 weeks improved systemic insulin
sersitivity, which was associated with reduced adipose tissue fik2@%s Exposure of human
adipose tissue explants to LPA increased collagen 3 and tfieiplor ot i ¢ cyt oki ne, T
that were abolished upon-gacubation with Kil6425 and were dependant on activation of
hypax i @ i nduci bl e(22p.dntetestimgly, hdipose tisbuE af Ef&d ATX* mice
did not show any significant changes in collagen 1a or 6a mRNA levels, indicating the absence of
overt fibrosi¢8). Taken together, these studies suggest that thel&Apathway promotes
fibrosis in severe cases of insulin resistance/diabetes [e.g., db/db mice], a mechanism by which
ATX-LPA mayfurther exacerbate impaired insulin function (Fig. 6).
1.9.3ATX-LPA Suppresses P A Rsignaling

The ATX-LPA pathway may contribute to obesityduced insulin resistance by
i mpairing PPARO2 expr deraxisoma praifarateacavatedreseptdry ( Fi g .
gamma [ PP AR aattivated traascriptiorgfactordhat regulates various metabolic
processes, including glucose and lipid homeog@2233 There are two major isoforms of
PPARDO: PPARO1, which is widely expressed, and
adipose tissy@23). A rol e for PPAR2 in insulin resistan
negative PPARJ mut at fientsivdth severe inqulin eesistantkesei n s ome p
individuals show lipodystrophy and accumulate lipids in-adipose tissues, such as skeletal
muscle and live(224) Thi azol i di nedi ones [ TZD] , 6 reasec!| ass o
clinically for their ability to act as insulin sensitiz23). Themeca ni sms by whi ch PP,
TZDs promote insulin sensitivity are complex, multifactorial, and involve several t{{225¢s
Interestingly, treatment of 3T31 and 3T3F442A adipocytes with the TZD, rosiglitazone,
decreased ATX mRNA, proteincontep and secreted ATX activity,
inhibits ATX-LPA signalind176,215) The mechanism by which this occurs is unknown, but
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could involve a negative regulation of grdlammatory cytokines and transcription factors by
PPARO a(2£6,227) €Eanwersely, the ATX_PA axis appears to reciprocally downregulate
PPAR2 signamiong.f &MATXn obesogenic diet show in
and PPAROS sensiti vel gutdramddeptinja subbcypanepesadipose tissug,l u t
and elevated levels of circulating adipone@it78) Notably, circulating adiponectin is
inversely correlated with obesity and insulin resistance and has insulin sensitizing effects on
skeletal muscle and livg28 230) Inhibition of ATX activty in 3T3-L1 adipocytes resulted in
increased protein | evel s o-#atPaBehng bytwas dotghletoect i n
restore levels of these proteins in insulin resistant adipd@yt®s The mechanism by which this
occurs remains to be elucidated. It should also be clarified whether the reciprocal negative
regulation of PPAROS and i nfl ammlvedhe ATXtBAt o ki nes
axis.
1.9.4ATX-LPA Signaling Impairs Energy Metabolismby Inhibiting Brown Adipose
Tissue Development and Reducing Mitochondrial Function

Altered energy homeostasis, signified by greater intake than expenditure of calories, is a
hallmark of obesity and obesHpnduced insulin resistance. BAT thermogenesis through
respiration uncoupling plays a key role in regulating energy expenditure in rodents and
humang$231). Studies on imans demonstrated an inverse relationship between BAT activity and
obesity/BM(232). In line with this notion, increasing BAT activity through cold acclimatization
increased glucose disposal and improved insulin semg{f@i3,234) Moreover, BAT transplants
in the visceral cavity of mice improved glucose homeostasis, lowered fat mass, and reversed diet
induced insulin resistan@3). These studies demonstrate that BAT activity is a primary
determinant of organismal energy expenditareodents ATX-LPA signaling plays a key role in
adipocyte proliferation and differentiation in both white and brown adipose tissifatibn of
ATX activity using HA155 or PR8389 promoted the differentiation of primary BAT
preadipocytes, concomitant with UCP1 upreguld@d) Conversely, adding recombinant ATX
or LPA directly to BAT preadipocytes inhibited thelifferentiation and decreased UCP1 and
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Prdm16, a master regulator of BAT differentiaf@h?). Similarly, a microarraypased approach

in brown preadipocytes revealed that ATRA signaling downregulatesqteins involved in

mitochondrial function and energy metabolism. Mice with ATX overexpression exhibited a

reduction in inducible BAT, UCP1, and transcriptional regulators of mitochondrial biogenesis in

white adipose tissue. Interestingly, while these mltaved increased dietduced obesity,

glucose homeostasis was unchari@gd). In HFD-fed FATX’ mice, improved insulin sensitivity

was associated with enhanced BAT activity and energy exper{@jusorphologically, 70% of

adipocytes from HFBed FATX mice showed multiple lipid droplets, compared to 30% of

adipocytes from HFBed WT controls, which was mirrored by increased mRNA expression of

UCP1 and PGC1U, along with increas¢émicegdi t ochond

Overall, these data suggest that ALRA signaling inhibits BAT development and
function, which may promote digtduced insulin resistance (Fig. 6). Future studies should
explore how altered ATX_PA signaling in other metabolically active tissues, including skeletal
muscle, influences energetics and mitochondrial mass and function.

1.10. Concluding Statements

Insulin resistance and T2D are increasingly prevalent pathophysiological conditions.
Currenttreatments for T2D tend to lose effectiveness in the long term, require multiple drugs and
cannot fully prevent microand macrevascular complications. Identifying and characterizing
novel targets that are implicated in obesitgtuced insulin resistan@and T2D is critical to
develop new and effective therapies.

The ATX-LPA pathway is a relatively novel signaling axis that is upregulated in obesity
induced insulin resistance. Several mechanisms by which this occurs have been well defined in
the adipos¢ i ssue, including inflammation, fibrosis,
dysfunction. However, it remains unclear how ALRA can affect distal tissues, including

heart, liver and skeletal muscle, which is the focus of my thesis:- I8 being recenyl
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implicated in adipose tissue and systemic insulin resistance and the importance of skeletal muscle

in overall glucose homeostasis make this an attractive area of research.
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Figures:

Figure 1.1. AKT mediates many of the metabolic actions of insulin.

AKT is a serine/threonine kinase that has a pleiotropic effect on glucose, protein and lipid
metabolism. In response to insulin, AKT is phosphorylated’ab$ mechanistic target of

rapamycin complex 2 (mMTORC?2) and at®by 3-phosphoinositidelependant kinase 1 (PDK1).

Once activated, AKT promotes glucose uptake and glycogen storage, while inhibiting
gluconeogenesis. AKT promotes protein synthesis through activation of mMTORC1 signaling

AKT also stimulates lipid synthesis through transcriptional activation of lipogenic programs and
simultaneous suppression of lipolysis. chREBP, carbohydrate responsive element binding protein;
CREB-CRTC2, cAMPRresponse element binding protein (CREB}EB-regulated

transcriptional coactivate (CRTC2); FOXO1, forkhead box O1; GSK3, glycogen synthase

kinase 3; GSV, Glut4 secretory vesicles; PDE3B, phosphorylating phosphodiesterase 3B; PGC
10, Peroxisome proliferator ®&KA groteiakirmskAr eceptor
PRASA40, prolingich AKT substrate of 40 kDa; SREBP1c, sterol regulatory element binding

protein 1c; TBC1D4, TBC1 domain family member 4; TSC2, tuberous sclerosis complex 2.
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Figure 1.2: Potential mechanisms by which insulin resistance develops.
Several potential mechanisms have been shown to promote tissue insulin resistance including
hyperinsulinemia, lipotoxicity, endoplasmic reticulum (ER) stress, inflammation, fibrosis, a

mitochondrial dysfunction.
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Figure 1.3: Circulating LPA can be metabolized via distinct mechanisms.

LPA is synthesized from PA through the actions of FBAA; or via ATX mediated choline

release of LPC. LPA is rapidly degraded to MAG through the actions of LPP1/3 or cleared from
circulation via the liver. LPA, lysophosphatidic acid; LPC, lysophosphatidic choline; LPP, lipid
protein phosphatase; MAG, monoacyitgyol; PLA, phospholipase Aigure modifiedrom

D 6 S oat al dNutrientg1).
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Figure 1.4: Sources of circulating LPA.
Circulating LPA can be generated via multiple sources, including lipoproteins, exosomes,

activated platelets and from the diet. Reproduced ainS o et al dNutrientg1).
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Figure 1.5: Summary of the major LPA signaling pathways
Six LPA receptors, LPAB, have been identified that mediate LPA signaling. LiBAdre G
protein coupled receptors (GPCR) that can coup

signaltransduction pathways.
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Figure 1.6: Mechanisms by which ATXLPA signaling can promote insulin resistance.
ATX-LPA can promote insulin resistance via several potential mechanisms, including increased
inflammation and fibrosis arglippression of BAT function and PPARBignaling. BAT, brown

adi pose tiesogj sBmMARpropi ferator activated rec
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Table 1.1.The influence of ATXLPA signaling on adipocyte proliferation and differentiation,

dietinduced obesity, insulin resistan@R) and glucose intolerance (GReproduced from

D6 So u z hutrientgl)a |

Effect of ATX and/or LPA on: Models Ref
Diet- Diet-
Preadipocyte | Preadipocyte | . :
proliferpatioyn differen?iati)(l)n induced | induced
adiposity IR/GI
3T3-L1 (pre)adipocytes,
primary murine pre
Y z g Y adipocytes, ATX" mice, (8)
FATX' mice, fat specific
ATX-overexpressing mice
. 3T3F442A preadipocytes, | (202,
y n.d. n.d. n.d. NIH-3T3 fibroblasts 204)
3T3L1 preadipocytes,
¥ Z n.d n.d. DFAT-P porcine (213)
preadipocytes
Primary murine brown pre
z Z ¥ z adipocytes, ATX (212)
overexpressingice
3T3-F442A preadipocytes,
n.d. z v ng, | SGBSpreadipocytes, LPAL L, )
KO mice, primary murine pre
adipocytes
n.d. n.d. Z Y FATX" mice (178)
Chow fed db/db mice treateq (222)
n.d. n.d. z Y with LPA1/3 antagonist
(Kil6425)
. Chow and HFHSed WT mice
n.d. n.d. n.d. y treated with Ki16425 | o0
3T3-L1 adipocytes, chow ang
n.d. n.d. z Y high fat dietfed WT mice (180)
treated with Kil6425
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Thesis Hypothesis and Objectives

A growing number of preclinical and clinical studies support that the-BRPX pathway is
enhanced during thdevelopment of obesiiynduced insulin resistance. ATX has primarily been
shown to be upregulated by prdlammatory mediators, suggesting that nutritional factors that
are increased in a diabetic milieu may also regulate ATX expression. Furthermdeeseviral
mechanisms have been postulated for how A'PA may promote insulin resistance in adipose
tissue, examination of whether this axis influences insulin function in skeletal muscle, the major
site of insulinstimulated glucose disposal, is unknowhypothesize that ATX expression and
secretion in adipose tissue is regulated by admbetic milieu, specifically hyperglycemia and
hyperinsulinemia. Furthermore, | hypothesize that increasedIAA signaling promotes
skeletal muscle insulin resistze by increasing inflammation, fibrosis and by altering
mitochondrial function. Chapters®2contain experiments that investigate these hypotheses
through the following objectives:

1. Determine the effect of high levels of glucose and insulin on ATX sgjorein adipocytes.

2. Examine whether alterations in ATPA signaling influence systemic insulin sensitivity and
insulin function in metabolically relevant tissues.

3. Examine mechanisms by which the ALRA axis influences skeletal muscle insulin

sigraling.
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Chapter 2: Nutritional Regulation of ATX
2.1. Rationale and Objectives

As highlighted in the introduction, despite recent studies implicating adgmorsed
ATX in metabolic disorders including obesity and insulin resistanceyutrgional and hormonal
regulation of ATX in adipocytes remains unclear. Prior studies have shown that a pro
infl ammatory milieu, mar ked by significant 1inc
and IL-6, strongly influence ATX expressi(t80,215) Direct addition of insulin to human
adipose tissue gificantly counteracted dexamethasémauced repression of ATX mRNA
expressiof35). Conversely, use of the insulin sensit.i
ATX expressiof215). Taken together, these studies show that insulin can alter ATX expression.
Interestingly, increases in adipose ATX expression also coincided with the development of
hyperglycemia in leptinaceptor deficientib/db mice, suggesting that ATX expression could be
additionally regulated by nutritional fact¢245). Therefore, the first objective of this thegias
to examine the potential nutritional and hormonal regulation of ATX by glucose and insulin,
respectively (Figure 2.1).

Figures 2.2AC, 2.3, 2.52.7, 2.8AB and 2.9 and portions of the text present in this
chapter have been reproduced with copyrightigsion fromEndocrinology(Appendix 1J176)
from the following manuscripnd edited as appropriate:
D'Souza, K., Kane, D. A., Touaibia, MKershaw, E. E., Pulinikunnil, T. and Kienesberger, P. C.
(2017). Autotaxin is regulated by glucose and insulin in adipoctegocrinology 1584): 79%
803.

2.2. Materials and Methods
2.2.1 Chemicals and Reagents

Unless otherwise stated, chemicals and reagents were obtained from Sigma. The ATX

inhibitor, PF8380, was prepared in five steps frorhéhzoxazolone and¢hloropropanoy!
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chloride as detailed {@36)and provided by Dr. Mohamed Touaibia, Université de Moncton,
Moncton, NB, Canada.
2.2.2 Animals

C57BL&J mice were procured from The Jackson Laboratory. Mice were housed on a 12
h light: 12 h dark cyclat23.5°C with ad libitum access to chow diet (LD5001 from Lab diet
with 13.5 kcal% from fat3.02 kcal/y or high fathigh sucrose (HFHS) diet (124 from
Research Diets with 45 kcal% from fat and 17 kcal% from suc#oge kcal/y and water. Nine
to ten weelold male mice were randomly assigned to chow or HFHS cohorts and fed for 16
weeks. Mice were euthanized either in the fed state (1 h foodraitfal) or following a 16 h
fast. Blood was spun at 2000 x g for 15 min at 4°C to collect serum, which was frozen and stored
at-80°C until further use. All protocols involving mice were approved by the Dalhousie
University Institutional Animal Care and &€ ommittee.
For explant studies, 280 weekold femaleC57BL&J micefrom Jackson Laboratory was used.
2.2.3 Cell Culture

3T3L1 cells (ATCC) were grown and differentiated to mature adipocytes, as previously
described, with minor modificatio(237). Briefly, 3 x 10 3T3-L1 cells were seeded in 35 mm
di shes and maintained in Dulbeccods modi fied
mM) glucoseconcentration (DMEMHG, SH3024301; Hyclone Laboratories) supplemented with
10% fetal bovine serum (FBS, 970885; Seradigm). Two days pesinfluence (Day 0), cells
were differentiated in DMEMHG containing 10% FBS, 10 pug/ml insulin from bovine pancreas,
0.4 pg/ml dexamethasone and 0.5 mhs@butyl1-methylxanthine. After two days (Day 2), the
media was changed to DMEMG supplemented with 10% FBS and 10 pg/ml insulin. At Day 4,
the media was changed to DMENG containing 10% FBS and 0.5 pg/ml insulintéfDay 6,

cells were maintained in DMEMIG containing 10% FBS. Experiments were performed with
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adipocytes at Day-8. Treatment of adipocytes with different glucose, insulin or palmitate
concentrations was performed either fe8 B (acute exposure) or tp 30 h (chronic exposure).

Insulin resistance was induced byt2€xposure to high glucose and insulin, as
previously describg@38). Briefly, adipocytes were washed once in phosphate buffered saline
(PBS) and incubated in 1 ml of DMEM (119685; Gibco, Thermo Fisher Scientific)
supplemented with 4.5 g/L glucose (25.0 mM, Amresco), 0.5% (w/v) fattyflasd FAF)
bovine serum albumi(BSA), 110 mg/ml sodium pyruvate (P2256, Sigma) and 100 nM insulin
for 24 h. Insulin sensitive (IS) 3H31 adipocyte controls were cultured in DMEM supplemented
with 1.1 g/L glucose (6.1 mM), 0.5% (w/v) FAESA and 110 mg/ml sodium pyruvate. Where
indicated, 1 uM rosiglitazone was added to the media of insulin resistant (IR) or insulin sensitive
(IS) adipocytes and cells were incubated for 24 h. Following incubation, media aliquots were
collected and stored eé80°C until further analysis. Adipocytes weavashed once in PBS and
acutely stimulated with 20 nM insulin in 1 ml DMEM + 1.1 g/L glucose for 15 min. Cells were
washed and scraped iniceld PBS. Cells were subsequently pelleted through centrifugation at
10,000 x g for 10 min at 4°C, flash frozeniguid nitrogen and stored &80°C until further use.
Cell pellets were lysed in 100 pL of lysis buffer (20 mM TH€l pH 7.5, 5 mM EDTA, 10 mM
Na4P207, 100 mM NaF, 1% NF) containing 2 mM sodium orthovanadate, 2 mM protease
inhibitor cocktail (P8340Sigma) and 100 ug/mL phosphatase inhibitor cocktail (524628,
Calbiochem). Protein concentrations in cell lysates were quantified colorimetrically using a
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific) and BSA as standard.

To examine how gicose and insulin regulate ATX secretion acutely (6 h) and
chronically (30 h), 3T3.1 adipocytes were washed once in PBS andrmabated for 30 min
with 1 ml of DMEM + 4.5 g/L glucose + 0.5% (w/v) FABSA and 110 mg/ml sodium pyruvate
with the followingchemical inhibitors, as indicated: 5 mg/ml actinomycin D, 1 uM wortmannin,
100 nM rapamycin (Alfa Aesar), a combination of 5 pg/ml brefeldin A and 5 pM monensin

(Enzo), or 10 pg/ml cycloheximide (Biovision). Following preubation, 100 nM insulin or
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PBSwas added to adipocytes (t = 0). For acute stimulations, media aliquots of 100 pl were
collected and stored at 2, 4 and 6 h following incubation with PBS or insulin. Due to the short
half-lives of wortmannin, brefeldin A/monensin and cycloheximide, anlesiame of DMEM
supplemented with 4.5 g/L glucose and 0.5% (w/v) BBSA plus indicated inhibitors was added
to cells after an aliquot of media was removed. For chronic stimulation, inhibitors were added
every 6 h. ATX activity in the media was adjusteddilution factor. Adipocytes were collected
and homogenized as described above. All cell culture data reflect at least three independent
experiments.
2.2.4 Subcutaneous Adipose Tissue Explants

Adipose tissue explants were prepared as previously de{@8%9%} Briefly, SCAT from
the anterior o25-40 week oldemale C57BI6 micérom Jackson Laboratonyas surgically
removed, washednae in PBS and incubated in pgarmed (37 °C) DMEM, no glucose media
for 30 min. SCAT explants were cut into pieces
DMEM containing 2% FAFBSA, 110 mg/ml sodium pyruvate and indicated glucose
concentrationsr insulin concentrations for 8 h. Thereafter, media aliquots were collected and
stored at80°C until further analysis. SCAT explants were homogenized {oaicklysis buffer,
incubated for 30 min on ice and spun at 14,000 x g for 30 minutes at 3°@sTiing
supernatants were spun again at 14,000 x g for 30 minutes at 3°C. Lysate protein concentrations
were guantified using a BCA protein assay kit and BSA as standard.
2.2.5 ATX Activity Assay
2.25.1 FS3

ATX activity in serum or conditioned maalivas determined using B35Echelon), a
fluorogenic LPC analo@Fig. 2.2A) (240). 10 ul of serum or media were incubdtwith 10 pl of
100 pM FS3in 80 pl of freshly prepared assay buffer (50 mM Tris, 140 mM NacCl, 5 mM KCl, 1

mM CaCh, 1 mM MgCh, pH 8.0). Samples were incubated at 37°C for 2 h, during which
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fluorescent measurements were taken every 5 min. ATX actigisyquantitated by measuring
the rate of linear increase in fluorescence at 528 nm with excitation at 485 nm and was expressed
as relative fluorescence units/(min x mg cellular protein).
2.2.5.2 Choline Release Assay

ATX activity in plasma and serum was aquified as previously describgi1). Briefly,
2 pl of plasma or serum was added to 18 pl buffer A containing 100 mMHQispH 9.0, 500
mM NacCl, 5 mM MgC} and 0.05% v/v Triton XL00. For samples examined in the presence of
the ATX inhibitor, PF8380 or ONO-8430506236), 5 ul of buffer Acontaining 10% DMSO or 5
mM PFR8380 was added. Samples were-ipibated at 37°C for 30 min and 25 pl of 6 mM 1
myristoyl2-hydroxy-sn-glycere3-phosphocholine (14:0 LPC, Avanti Cat: 855575P) was added.
The reaction mixture was incubated at 37°C fort6é allow for ATX-mediated choline release.
Subsequently, 20 ul of sample was incubated with 90 pl of buffer C [9.65 ml buffer B (100 mM
Tris-HCI, pH 8.5, and 5mM Cag)| 110 pl of 30 mM NethykN-(2-hydroxy-3-sulfopropyl)3-
methylaniline (TOOS, Cedarlan€)10 pl of 50 mM 4aminotipyrine, 6.6 pl of 2000 U/ml
horseradish peroxidase, and 110 pl of 300 U/ml choline oxidase] at 37°C for 20 min and choline
oxidation was recorded at 550 nm for 30 min.

In thecholine release assayatural LPC iautilized asenzyme substraterather than the
fluorescent.PC analog FS3. Recently, it has been demonstrated lipats contained in serum
may interfere with the fluorogenic ATX activity assay usingdH841). Therefore, the choline
release assay moreappropriatdo assess ATXactivity in plasma/serum.

2.2.6 Immunoblotting Analysis

Cells were homogenized in lysis buffer (20 mM TH€l pH 7.5, 5 mM EDTA, 10 mM

NasP.O7, 100 mM NaF, 1% NRO) containing 2 mM sodium orthovanadate, 2 mM protease

inhibitor cocktail (P8340, Sigma), and 100 ug/mL phosphatase inhibitor cocktail (524628,
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Calbiochem) using a sonicator. Protein concentrations in tissue and cell lysates omm@asma
guantified colorimetrically using a BCA protein assay kit and BSA as standard.

3T3-L1 cell lysates were subjected to SPAGE and proteins were transferred onto a
nitrocellulose membrane. Proteins were visualized using a reversible protein staicogdem
Pierce, Thermo Fisher Scientific), blocked for 1 hr in 1x TBST + 5% milk and incubated
overnight in primary antibodies (1:1000 dilution). The list of primary antiobodies used to probe
the membranes are summarized in Table 2.2. Immunoblots werepedeising the Western
Lightning PluseCL enhanced chemiluminescence substrate (Perkin EImer). Densitometric
analysis was performed using Image lab software-f&id). To normalize protein samples,
densiometric analysis of protein loading was obtaineolin the Memcode protein stain and
used to normalize the immunoblot signal to protein content. Phosphorylated protein levels were
normalized to total protein levels and expressed as a ratio of phosphorylated protein/total protein.
Representative immunoboare shown.
2.2.7 RNA Extraction and Gene Expression Analysis

RNA was isolated from 381 cells following indicated treatments using RIBOZOL
(Amresco) and chloroform according to the manu
suspended in 50 pL nucleasee water (Ambion). The quality and quantity of RNA was assessed
using a QlAxcel Advanced System (Qiagen) and QIAxcel RNA QC Kit v2.0 (Qiagen) according
to the manufacturerdéds instructions. CcDNA was s
Bioscien@s) from 500 ng of RNA. gPCR reactions were carried out-weébplates on a ViiA7
Realt i me PCR machine (Thermo Fisher Scientific)
SYBR green Low ROX PCR supermix (Thermo Fisher Scientific), 0.25 pM for eaalafd and
reverseprimer, and nuclease free water in a total of 10 uL per reaction. Primer sequences are
summarized in Table 1. ATX mRNA levels were determined using Biogazelle gbase + software
and normalized to two reference genes, Rpl27 and Rpl41.rARKA levels argresented as
fold change.
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2.2.8 Statistical Analysis

Results are expressed as mean + SEM. Comparisons between two groups were performed
using an unpaired,twb ai | e d -Bst..Cdngarisodssbetween multiple groups were
performed usig a paired or unpaired onar two- way analysis of variance (ANOVA) followed
by a Tukey or Bonferroni post hoc test, as appropriate. All statistical analysis was performed
using Prism (GraphPad Softwarejvédues of less than 0.05 were considered sttt
significantFor ani mal studi es, findo refers to the num
For cell culture studies, experiments were performed in triplicates and data are from at least two
independent experiments.
2.3. Results
2.3.1 ATX is Regulated by Acute and Chronic Nutritional Stimuliln Vivo

It remains unclear how ATX is regulated by skerim (i.e. feeding/fasting) and long
term changes in nutritional status (i.e. obesity). Prior studies examining the regulation of ATX
murine adipose tissue during obesity provided conflicting r€8.04f88,215) To test whether
serum ATX is regulated by acute nutritional changes in vivo, we isolated serum from fed and 16
h-fasted male C57BI6 mice and measured ATX activity (Fig. 2.ZA& source of ATX in serum
likely includesadipose tissue, platelets, livammune cells and endothelial cells, among other
cell typeg8,242) ATX activity was markedly decreased in serum from fasted mice compared to
fed mice, suggesting acute nutritional regulation of ATX in vivo.

To examine whether this effect persists even after the induction of obesity, we subjected
C57BI6 mice to 16 weeks of HFHS or chow diet feeding. Hif¢tbmice displayed a 44%
increase in bdy weight compared to chefed mice (Fig. 2.2B). As previously shown, this
feeding regimen not only leads to obesity, but impaired glucose home@a48jisserum ATX
activity was upregulated in obese HFHf8 mice compared to chefgd mice (Fig. 2.2C).

Fasting led to a decrease in serum ATX activity in both efemivand HFHSed mice (Fig.
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2.2C). Sine it has recently been suggested that lipids contained in serum may interfere with the
fluorogenic ATX activity assay using F%241), | also confirmed these nutritional changes in

ATX activity by quantifying choline released from LPC (Fig. 2.2D). Takenttagethese data
suggest that acute fasting decreases serum ATX activity while the induction of obesity using a
diet rich in fat and sucrose increases serum ATX in mice.

2.3.2 ATX is Increased in InsulinResistant 3T3L1 Adipocytes Exposed to High
Glucoseand Insulin

Adipose tissue is a major source of circulating ATX, accounting for ~40% of serum ATX
and LPA in mic€8,178) We used 3T&1 adipocytes, which display a marked increase in
secreted ATX activity during differentiation (Fig. 2.3A), to examine the regulation of ATX in
vitro. To determine whéer the upregulation of ATX activity in serum from obese mice can be
mimicked by exposing adipocytes to an obésdetic milieu, we incubated differentiated 3T3
L1 adipocytes in the presence of high levels of glucose (25 mM) and insulin (100 nM) for 24 h
(Fig. 2.3BE).

Subsequent insulin signaling analysis confirmed that adipocytes exposed to high glucose
and insulin concentrations were insulin resistant since acute insulin stimulation failed to increase
Akt phosphorylation at Ser473 (Fig. 2.3B and Chsistent with a previous stu@®388). Protein
expression of ATX in the media and cell lysates was markedly increased in insulin resistant
adipocytes compared to the insulin sensitive control cells (Fig. 2.3B and D). Upregafation
ATX protein expression was paralleled by a corresponding increase in ATX activity in the media
from insulin resistant compared to insulin sensitive adipocytes (Fig. 2.3E). As expected,
adiponectin levels in the media were reduced in insulin resigdgudeytes compared to control
cells (Fig. 2.3B and D). Consistent with a prior study demonstrating that the insulin sensitizer and
PPARO agonist, rosiglitazone, di mi nRidpoars ATX

data show that incubation with rosiglitazone decreases ATX mRNA and secreted ATX protein
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levels and activity in both insulin sensitive and insulin resistantl3T&dipocytes (Fig. 2.3H).
Ourdataalss uggest tshpotent PibAdRa ATX.

In contrast to the effect of high glucose and insulin on ATX levels and secretion,
exposure of adipocytes to FFAs (0.3 and 1 mM palmitate) did not alter secreted ATX activity
(Fig. 2.4 A and B). Taken togeth these data suggest that chronic exposure 6£3T3
adipocytes to conditions that mimic an obdgbetic environment, i.e. high glucose and insulin
concentrations, lead to the upregulation of ATX expression and corresponding increase in
secreted ATXdci vi ty, wh er e aviarosightazBnapreetd these affectso n

2.3.3 Glucose and Insulin Differentially Regulate ATX Acutely and Chronically in
Adipocytes

To differentiate between the effect of glucose and insulin, per se, on the regulation of
ATX expression and activity in adipocytes, we incubated-BT adipocytes with either no
glucose, low (6 mM) glucose or high (25 mM) glucose in the presence or alo$dienM
insulin for 2 h, 6 h, or 30 h and determined ATX mRNA levels, cellular ATX protein levels, and
secreted ATX activity (Fig. 2.54). At 2 h, ATX mRNA, protein, and activity were similar
across all groups (Fig. 2.58). At 6 h, high (25 mM) gluc@sbut not low (6 mM) glucose
significantly upregulated ATX mRNA, which was paralleled by a mild increase in ATX protein
and activity (Fig. 2.5EF). Insulin increased ATX activity independent of glucose at 6 h (Fig.
2.5F). Interestingly, insulistimulatedupregulation of secreted ATX was paralleled by a decrease
in ATX mRNA levels in the high glucose group (Fig. 2.5D), whereas cytosolic ATX protein
levels were not influenced by insulin at 6 h (Fig. 2.5E). At 30 h, both low (6 mM) and high (25
mM) glucose caocentrations increased ATX mRNA, protein, and activity (Fig. 256G

The glucosenduced upregulation of ATX mRNA, protein, and activity was inhibited by
the mRNA synthesis inhibitor, actinomycin D (Fig. 2:64, suggesting that stimulation of ATX
MRNA synthesis is necessary for glucdaduced upregulation of ATX activity. Moreover,

incubation of cells with cycloheximide, an inhibitor of protein synthesis, or a combination of
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brefeldin A and monensin, inhibitors of protein secretion through the classaratory pathway,
diminished ATX activity in the high glucose group comparable to control (Fig. 2.6D), suggesting
that the upregulation of ATX by glucose also involves the classical secretory pathway and
synthesis of new ATX protein. As expected, cyckihede decreased while brefeldin

A/monensin increased cytosolic ATX protein levels (Fig. 2.6B and€ho significant increases

in secreted ATX are observedbrefeldin A and monensineated adipocytes under

hyperglycemic conditions, it is unlikely theecretion of ATXoccursvia a norclassical pathway,
such aghroughexosomegl72).

Interestingly, a @ hrincubation with 100 nM insulin significantly reduced ATX mRNA
levels, cytosolic ATX protein levels and ATX activity independent of glucose (Fig-B.5®
examine whether the effect of insulin on ATX is concentratiependent, we incubated
adipocyte with either 0, 0.01, 0.1, 1, 10, or 100 nM insulin for up to 30 h and determined
secreted ATX activity. Insulin concentrations ranging from 0.1 to 100 nM gradually increased
ATX activity for up to 16 or 24 h compared to controls incubated in the abeéim=aulin (Fig.
2.7A and B)However, the effect of insulin on ATX did not app&abedosedependentAt 30
h, 100 nM insulin reduced ATX activity although lower insulin concentrations had no effect on
ATX activity (Fig. 2.7A and B).

To determine whethiegglucose and insulin modulate ATX also in whole adipose tissue,
we incubated SCAT explants from female C57BI6 mice with either glucose (6 and 25 mM) or
100 nM insulin for 8 h and determined secreted ATX activity compared to no glucose/no insulin
controls(Fig. 2.8A and B)In contrasto the regulation of ATX by glucose in 313 adipocytes,
ATX activity wasnot upregulated by glucose in a concentratitependent manner in SCAT
explants, withonly a ~3fold increase observed in the high glucose group 8p). Moreover,
corresponding with upregulated ATX activity following acute (6 h) exposure oi.3T3
adipocytes to insulin, secreted ATX activity was increased-feld3n SCAT explants after

incubation with 100 nM insulin for 8 h compared to contrgllarts incubated without insulin

62



(Fig. 2.8B). The insulisinduced stimulation of ATX activity was paralleled by a trend towards
increased Akt Ser473 phosphorylation (Fig. 2.8C and D). Taken together, these data suggest that
glucose increases ATX mRNA exggion, protein expression, and activity in a tiamel
concentratiordependent manner in murine adipocytes.

These data also suggest that exposure to high (100nM) insulin concentrations elicits a bi
phasic response in adipocytemsulin initially increasesecreted ATX activity, however, long
term incubation with 100 nM insulin decreases ATX activity due to downregulation of ATX
MRNA and protein expression.

2.3.4 Acute Stimulation of ATX Secretion by Insulin is Dependent on PI3Kinase but
not mTOR Activation

To examine potential mechanisms that underlie the transient stimulatory effect of insulin
on ATX secretion, 3T4a.1 adipocytes were incubated with wortmannin, a PI3Kinase inhibitor, or
rapamycin, an inhibitor of mTORC1, in the presence or absence oM @salin for 6 h. As
expected, wortmannin diminished insufifimulated phosphorylation of Akt at Ser473 and
p70S6K at Thr389 (Fig. 2.9A). Wortmannin also blunted the increase in ATX activity induced by
insulin, suggesting that PI3Kinase activation waeesal for insulin stimulation of ATX
secretion (Fig. 2.9E). This was mirrored by decreased secreted and cellular ATX protein levels in
the media of wortmannitreated cells (Figur2.9A-D). Incubation with rapamycin led to
diminished phosphorylation off@S6K at Thr389, a known mTOR target site, while Akt
phosphorylation at Ser473 was unchanged (Fig. 2.9A). In contrast to PI3Kinase inhibition,
inhibition of MTOR signaling using rapamycin had no significant effect on ATX activity or
protein at baseline an the presence of insulin (Fig. 2.94). Incubation of adipocytes with
brefeldin A/monensin blunted secreted ATX activity and protein levels in the absence and
presence of insulin (Fig. 2.9E), which resulted in an increased accumulation of cellular ATX
protein levels (Fig. 2.9A and B). Incubation of adipocytes with cycloheximide reduced cellular

ATX protein levels, which was accompanied by a drastic reduction in secreted ATX activity and
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protein in presence and absence of insulin (Fig. A aken togther, these data suggest that
acute insulirstimulated ATX secretion is PI3Kinaskependent but does not require mTOR
activation. These data also suggest that ATX secretion at baseline and following acute insulin
stimulation requires the classical secrgfoathway and synthesis of new ATX protein.
2.4 Discussion

Adiposederived ATX has been implicated in metabolic disorders including obesity and
insulin resistang®,178,180,215)However, the regulation of ATX in adipocytes remains
incompletely understood. Specifically, it is unclear whether ATX secretion from adipocytes is
influenced by modulators of energy metabolism. In this stuglghow that serum ATX activity
is not only ircreased by chronic overfeeding in mice but responds acutely to nutritional stimuli as
was evidenced by a downregulation of ATX activity upon fasting. In addition, ATX secretion
from cultured adipocytes and explanted adipose tissue was acutely (6 h)tstinyl&igh levels
of glucose and insulin inneadditivemanner. Moreover, we demonstrate that acute insulin
stimulation of ATX secretion from adipocytes is mediated by PI3Kinase but not mTOR signaling.
Our data also suggest that upregulation of ATX sixrddy glucose and insulin requires the
classical secretory pathway and synthesis of new ATX protein. In addition, glucose also increased
ATX mRNA synthesis. Interestingly, while the stimulatory effect of glucose on ATX was also
observed following prolongkincubation (30 h), chronic stimulation with high levels of insulin
decreased ATX mRNA, protein, and activity, suggesting that insulin at concentrations mimicking
an obeseénsulin resistant milieu has a-phasic effect on ATX secretion in adipocytBsiring
acute changes in nutritional status (i.e. feeding), insulin may geinerease ATX secretion;
howeverchronic increases in insulin may be associated with decreased ATX levels. To
determine whether hyperinsulinemia downregulates ATX expressiano in insulin
resistant/diabetic micd, could bedetermine how circulating ATX activity changsin mice

treated with streptozotod@l5). Taken together, this studyiggests that ATX secretion from
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adipose tissue is influenced acutely and chronically by changes in glucose homeostasis, which
may underlie its regulation during feeding/fasting and obesity/insulin resistance.

Previous studies examining the regulatio®®X in adipocytes have shown that ATX is
markedly upregulated during adipocyte differentiaiop44) Ferry et a[244)observed that
ATX/Enpp2 mRM expression increases during differentiation in cultured murine 3T3F442A
adipocytes, peaking at 10 days following differentiation start. The increase in ATX mRNA
expression coincided with elevated LPA levels in the media, consistent with an upreglation o
ATX secretiori244). Differentiationdependent upregulation of ATX mRNA was also observed
in primary mouse preadipocytes with a peak at dag @hile it returned to lower levels as
adipocytes matured and became hypertrqplé4) Consistent with these studies, we
demonstrated a marked upregulation of secreted ATX activity during. 3 E8lipocyte
differentiation starting from day 2 of differentiatio

The regulation of ATX during dighduced obesity remains controversial as prior studies
suggested that ATX is either upreguldtietB), downregulate), or unchangg@15)in obese
mice fed a high fat diet. This discrepancy was attributed to mouse strain differences, starting age
of mice for high fat feeding, and possible environmental fa@prk is plausible that diet
composition and feeding duration also contributed to these differences. We showed that serum
ATX activity is upregulated in obese mice with impaired glucose toterded HFHS diet in both
fed and 16én fasted states, suggesting that ATX secretion from adipocytes is increased in our
obesity model. Upregulation of ATX during digiduced obesity in mice corresponds with prior
studies from our group showing a posito@relation between serum ATX levels and measures
of adiposity (BMI, waist circumference) as well as impaired glucose homeostasis/insulin
resistance (fasting glucose, fasting insulin, 2 h glucose following an oral glucose tolerance test,
glucose infusionate during a hyperinsulinemic euglycemic clamp, HONRA QUICKI) in

relatively large human cohorts of-@01 nondiabetic individual§04,205)
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A study by Boucher et §215)suggested that two modulators of insulin sensitivity,
TNFU and rosiglitazone, i nfl uengwhieAitubatienxpr es si
of 3T3F442A adipocytes withthe pion f | a mmat ory cytokine TNFU, whi
resistance, led to an increase in ATX mRNA expression, the irsetlisitizing drug rosiglitazone
decreased ATX mRNA leved815) We demonstrated similar results in 3IBadipocytes where
incubation with rosiglitazone decreased ATX mRNA, protein, and activity in both insulin
sensitive and insulin resistant cells. $adindings suggest that ATX expression is upregulated
during insulin resistanepromoting conditions in adipocytes and can be decreased using-nsulin
sensitizing drugs. Consistent with this concept, ATX secretion is markedly increased following a
24-h inaubation of 3T3L1 adipocytes with high concentrations of insulin and glucose, which
coincided with the development of insulin resistance in these cells. Interestingly, both insulin and
glucose upregulated ATX secretion in adipocytes acutely and fastirepded serum ATX
activity in vivo. These data suggest that ATX secretion is modulated bytehorthanges in
energy metabolism. PI3Kinase activation appears to be critical for acute ‘stsmlutated
increases in ATX secretion, which is dependent, ity pa new protein synthesis and the
classical secretory pathway. The latter observation is consistent with a previous study showing
that secretion of human ATX expressed in HEK293T cells is blocked by the distigibing
agents, brefeldin A and monen&#5). Interestingly, prolonged stimulation with high levels of
insulin led to the downregulatiaf ATX in adipocytes, which appeared to be driven by a
reduction in ATX mRNA expression. Although the mechanisms for the inmédiiated
reduction in ATX mRNA expression have not been examined in this study, it is conceivable that
ATX mRNA synthesis is uter the control of transcription factors such as FoxO proteins, which
are inhibited by insulin recepta@kt signalind246).

In contrast to insulin, high levels of glucose increased ATX mRNA synthesis in
adipocytes both acutely and chronically, which coincided with increased ATX protein expression

and secreted ATX activity involving new protein synthesis and the classicabsgqathway,
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respectively. The mechanisms underlying the stimulatory effect of glucose on ATX secretion

remain unclear, but may involve the induction of an inflammatory response and/or the generation

of ROS, processes that are triggered by exposure a@dgs to hyperglycemic conditiqii®).

It has previously been shown that high (25 mM) glecosncentrations in the media activate the

proi nf |l ammatory transcription factor NFaB in va
paralleled by increased superoxide production. Hyperglycemniad uced wupr egul ati on
appeared to be dependent on protéiage C activation, a mechanism that has been suggested to

contribute to diabetelated vascular smooth muscle cell inji§). Han et a{247)also

reproduced these findingsin3T31 adi pocytes, where exposure to
transactivation whi |l e {tinflasnmaocaydranscrpion facon wasf PP ARD
reduced. I nteresti ngl yinducéprdgulatiom ef ATXexpressionard f or

hepatoma ells(248). A potent role of prenflammatory cytokines in the regulation of ATX has
also been demonstrated by Benesch@4ll)as bot h TNFU and iammter| euki
negate the negative feedback inhibition of ATX expression by LPA and sphinggsimesihate
in thyroid cancer cells. Likewise, pioflammatory toltlike receptor 4/interferon signaling
increased ATX expression via the JATAT and PI3Kinase/Akt pathwag monocytic THP1
cellg249) A rol e for the PIlI3Kinase/ Akt signaling p
FoxO1 has also been established in-adipocyte cell typd250,251) Therefore, it is tempting to
specul ate that the regulation of ATX by glucos
activation, which should be examad in future studies. In addition to the induction of adipocyte
inflammation and ROS production, glucose could also regulate ATX secretion via modulation of
protein glycosylation. It has previously been suggested tliyddsylation is required for ATX
secretion and activity in 3T3F442A adipocy®s?). Specifically, blockade of Mlycosylation
using tunicamycin or deletion of glycosylation sites reduced ATX secretion.

Taken together, this study provides further insight into the regulation of ATX. Our data

confirm that ATX is modulated by shetdrm and longerm changes in nutritional status. This
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study also shows that cellular signaling triggered by glucose and iptayisan important role
in regulating ATX secretion from adipocytes, which may underlie changes in circulating ATX

levels during feeding/fasting and obesigjated metabolic disease.
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2.5 Figures
Figure 2.1: Schematiaepresentation of chapter objectivesUsing 3T3L1 adipocytes, the

regulation of ATX mRNA and protein expression and enzymatic activity by glucose and insulin

will be examined.
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Figure 2.2: ATX is regulated by acute and chronic nutritional stimuli in mice.

(A) Structure of FS3 and examination of sem ATX activity using FS3in 8 weekold chowfed
male C57BI6 mice following a-ih food withdrawal (fed) or 16 fasting (=4). (B) Body weight
and serum ATX activity (C) using F®and (D) choline release assay inZBbweekold male
C57BI6 mice fed a chow or HFHS diet for 16 weaks4(10). Statistical analysis was performed
using an unpairedtwb a i | e d t-8st (AciredBY oé wvoway ANOVA followed by a
Tukeyos mul tipl e p<0.00f &t p<6.0D0L,fpe0DBOL \(s.CChaw. () *

reproduced fr &mdocindl®¢lvex a et . al ,
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Figure 2.3: ATX is upregulated in insulin resistant 3T3L1 adipocytes.

(A) Secreted ATX activity during 3FB1 adipocytadifferentiation from preadipocytes (Day 0)

to mature, differentiated adipocytes (Day 8). (B, C) Differentiatedl3T8dipocytes were

incubated in presence of 25 mM glucose and 100 nM insulin for 24 h (IR) and induction of

insulin resistance was determihéarough immunoblotting analysis of Akt phosphorylation at
Seffollowing stimulation with 20 nM insulin for 10 min. Insulin sensitive (IS) ATB

adipocytes, incubated with 6 mM glucose and in the absence of insulin, were used as controls. (B,

D) Protén levels of secreted and cellular ATX (ATX, ATX-C) and adiponectin (Ad8, Adn

C). (E) Secreted ATX activity in the media of IS and IR dT3adipocytes. (F) ATX#npp2

MRNA, (G) secreted protein, and (H) activity following incubation of IS and IR agigsevith

1 uM rosiglitazone (Rosi) or DMSO (control, Ctrl). Statistical analysis was performed using one

way ANOVA (A)ortwoway ANOVA foll owed by a TukbelRos mul t
H), oran unpairedtwb ai | e d t-&st (EY BprQOh, $**p<0.001, ****p<0.0001;
##1<0.001,"¥p<0.0001 vs. IS Ctrin = 9 from at least three independent experiments; S:

secreted, C: cellular, PS: proteinstairrHA r eproduced from DO6Souza et

Endocrinology176).
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Figure 2.4: Palmitate does not alter ATX activity.
3T3-L1 adipocytes were incubated with media containing (A) 6 mM or (B) 25 mM glucose in the
presence of 0, 0.3 mM or 1.0 mpaimitate for 30 h. Statistical analysis was performed using one

way ANOVA foll owed by a Tuk%®frpmdaleastthtee indppenslent o mp a |

experiments.
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Figure 2.5: Glucose and insulin differentiallyregulate ATX in adipocytes.

3T3-L1 adipocytes were exposed to 0, 6 or 25 mM glucose in the presence or absence of 100 nM
insulin for 2 h (AC), 6 h (BF) or 30 h (Gl) and (A, D, G) ATXEnpp2mRNA, (B, E, H)

cellular ATX protein levels and (C, F, 1) seted ATX activity were determined. Statistical
analysis was performed usingatway ANOVA f ol |l owed by a Tukeyds
test; 1<0.05, **p<0.01, **** p<0.0001;*p<0.05,"%<0.001,*%<0.0001 vs. untreated controls;

n =9 from at least theeindependent experiments; C: cellular, PS: protein staif). i@produced

from D6 S dcEndopainolegyl76)al |,
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Figure 2.6: Theeffect of glucose on ATX levels is transcriptionally mediated.

(A-D) 3T3-L1 adipocytes were incubated with media containing O or 25 mM glucose for 30 h.

Where indicated, adipocytes were additionally incubated with either 5 ug/ml actinomycin D

(ACT), 10 pginl cycloheximide (CHX), a combination of 5 ug/ml brefeldin A and 5 uM

monensin (B/M) or DMSO/methanol (control, Ctrl). (A) ATBfipp2mRNA, (B, C) cytosolic

ATX (ATX -C) protein expression, (D) secreted ATX activity. Statistical analysis was performed
usingatwoway ANOVA f ol l owed by a Tukeyds multiple
**p<0.01, ***p<0.001, ****p<0.0001;*p<0.05,*1<0.0001 vs. n@lucose controlsn = 9 from

at least three independent experiments; S: secreted, C: cellular, Ctidl.d@nid) reproduced

from DO S dcEundoainolegyl76)al |,
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Figure 2.7: Insulin regulates ATX activity in a time- and concentration-dependent manner.

(A, B) 3T3L1 adipocytes were incubated in media containing 25 mM glucose and either 0, 0.01,

0.1, 1, 10 or 100 nM insulin for 0, 1, 4, 16, 24 or 30 h and secreted ATX activity was determined.
Statistical analysis was perfoed usingatwavay ANOVA f ol |l owed by a Tuk
comparison test; In A;**p<0.0001 for 0.01 nM vs. 0 nM insuliff<0.0001 for 0.1 nM vs. 0

nM insulin; in B,*p<0.01 and*#<0.0001 for 1 nM vs. 0 nM insuliri{**p<0.0001 for 10 nM

vs. 0 nMinsulin, ***p<0.001 for 100 nM vs. 0 nM insulim= 9 from at least three independent

experiments. M) reproduced fEndoannobgylS&uza et . al ,
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Figure 2.8: ATX is acutely upregulated by high glucose and high insulin in subcutaneous
adipose tissue (SCAT) explants.

(A, B) SCAT explants from 280 weekold chowfed female C57BI6 mice were incubated in the

presence of (A) 0, 6 or 25 mM glucose or (B) 0 or 100 nM insulin for 8 h and secreted ATX

activity was determined. (C) Immunoblot analysis of secreted ATX (&) X¥rotein levels and

(C, D) Akt phosphorylation at S&fin SCAT explants. Statistical analgsias performed using

(AJ)oneway ANOVA foll owed by a Tukeyds Smutesingldes c
*p<0.05, **p<0.01;n = 510 from 510 mice; S: secreted, PS: protein stainB)xeproduced

from DO S dcEudnainolegyl76)al |,
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Figure 2.9: Acute insulin stimulation of ATX secretion is PI3Kinasedependent and mTOR
independent.

3T3-L1 adipocytes were incubated witledia containing 25 mM glucose in the presence or

absence of 0 or 100 nM insulin for 6 h. Where indicated, adipocytes were additionally treated

with either 1 uM wortmannin (W), 100 nM rapamycin (R), 10 pg/ml cycloheximide (CHX) or a
combination of 5 pg/mbrefeldin A and 5 pM monensin (B/M). (A, B) Cellular ATX protein

expression, (C, D) secreted ATX protein expression, and (E) activity. Statistical analysis was

performed usingoneray ANOVA f ol l owed by a Tupge956s mul t i
**p<0.01, *** p< 0.001, ****p<0.0001 vs. untreated controf§y<0.01,"p<0.001,"*<0.0001

for insulin plus chemical inhibitors vs. insulin minus chemical inhibitors9 from at least three
independent experiments; C: cellular, S: secretedE)(feproduced r om D6 Souza et . al

Endocrinology176).
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Table 2.1 Primer sequences used to amplify murine mRNA.

Primer Sequence (506 to 30)
ATXF CTTGTGAAACGTTACGCTA

ATX R CTTCATTATCTGATCGGTGT

RPL27 F ACGGTGGAGCCTTATGTGAC

RPL27 R TCCGTCAGAGGGACTGTCTT

RPL41 F GCCATGAGAGCGAAGTGG

RPL41 R CTCCTGCAGGCGTCGTAG
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Table 2.2 List of primary antibodies used for immunoblots.

Target Company/Supplier, Catalog Number
ATX Cayman Chemicals, 10005375
Adiponectin Novus, NBP222450

PAKTS473 Cell Signaling, 9271

AKT Millipore, 05-591

pP70S6K38° Cell Signaling,9234

P70S6K Cell Signaling, 2708

88



Chapter 3: Investigating the Effect of ATX-LPA on Diet-Induced Insulin Resistance
3.1. Rationale and Obijectives

Several studies from multiple groups have demonstrated a link betweeh RAX
signaling and obesitinduced insulin resistan(®&178,180,191) In Chapter 2, we demonstrated
that ATX expression is regulated by certain factors that are increased sulin in
resistant/diabetic milieu, such as glucose and insulin. However, it remains unclear whether the
ATX-LPA pathway influences insulin function in target tissues, particularly skeletal muscle, the
major site of insulirstimulated glucose disposal. Thenef, the objective of this study was to test
whether the ATXLPA pathway impacts tissue and cellular insulin function using two mouse
models with reduced ATX activity. The first model is a heterozygous whole body ATX knockout
mouse with an approximately reduction of circulating ATX and LPA. The second model is a
mouse with pharmacological blunting of ATX activity.

Figures 3.23.6 and 3.11 and text present in this chapter have been reproducéthfrom
Journal of Lipid Researcarticlg(253), below and edited as appropriate:
D6Souza, K., Nzirorera, C. , Cowi e, AL, Var ghes
Touaibia, M., Morris, A. J., Aidinis, V Kane, D. A., Pulinilkunnil, T. and Kienesberger, P.C.
(2018). AutotaxinLysophosphatidic Acid Signaling Contributes to Obesityuced Insulin
Resistance in Muscle and Impairs Mitochondrial MetaboliBhe Journal of Lipid Research.
59(10): 18051817.
TheJournal of Lipid Researctoes not require copyright permission for use of text and figures.
3.2. Materials and Methods
3.2.1 Chemicals and Reagents

Unless otherwise stated, chemicals and reagents were obtained from 8880 was

provided byDr. Mohamed Touaibia, Université de Moncton, NB, Canada.
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3.2.2 Studies Involving Animals
All protocols involving mice were approved by the Dalhousie University Institutional
Animal Care and Use Committee.
3.2.2.1 Whole Body Heterozygous ATX Knockout Mice
ATX* mice (C57BI6/JEnpp2<tml.1Vart>/FLMG) were generated by Dr. Vassilis
Aidinis, 6Alexander Flemingd Bi omashbiefly, Sci enc
loxP-flanked neomycin selection cassettes were inserted upstream of exoddwarstiream of
exon 42154) Transgenic expression of Cre recombinase in mice bearing this allele resulted in
excision of both exons, thus abolishing protein expression. Experimentdl Afide were on a
C57Bl&J background and bred with wild type (Wiice.Upon arrival at the animal facility at
Dalhousie Medicine New Brunswick, Saint John, NB, Canad¥ *- micewere bred with
C57BIl&J miceto expand the colonylice were genotyped as detailed previo(bd4) Mice
were housed on a 12 h light: h2lark cycle with ad libitum access to chow diet (LD5001 from
Lab diet with 13.5 kcal% from fat) or HFHS diet (12451 from Research Diets with 45 kcal%
from fat and 17 kcal% from sucrose) andwateh e HFHS di et walW®esteimosen t c
di et 6 contairts hightevels of both fat and suggeven to nine weetld male and female
mice were randomly assigned to chow or HFHS cohorts and fed for 20 weeks. For food intake
studiesmalemice were individually housed and food consumption was monitoredaladl a 5
day period 2 weeks post diet start. Mice were subjected to an insulin tolerance test (ITT) or
glucose tolerance test (GTT) at 15 and 17 weeks post diet start, respectively. Peripheral fat
accumulation in isoflurananesthetized mice was deteretinby Xray imaging using a Bruker
In-Vivo Xtreme imager 18 weeks post diet start. Planaayximages were analyzed using
ImageJ software (NIH) and area of peripheral fat was expressed as percent of total body area.
Mice were euthanized by decapitatiatidwing a 3h food withdrawal and tissues were

collected. Perigonadal adipose tissue (PGAT) and BAT were weighed prior to being flash frozen.
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EDTA-plasma was collected and spun at 15,600 x g for 10 min at 4°C. For serum collection,
blood was spun at 2,000g for 15 min at 4°C. Plasma and serum were frozen and stored at
80°C until further use. A schematic of this experimental plan is shown in Figure 3.1A.
3.22.2ITTand GTT

ITT and GTT were performed as previously descripgd). For ITT, awake mice were
injected intraperitoneally with 1 U human insulin (HumulinR, Eli Lilly)/kg body weight
following a 3h food withdrawal. For GTT, awake ‘46fasted mice were inj¢ed
intraperitoneally with 20% (w/v) Bjlucose at 2 g/kg body weight. Blood glucose was measured
using an Aviva Nano glucometer (Ac€hek).
3.2.2.3 Plasma and Serum Analysis

Serum insulin was determined using an ELISA kit assay (Crystal Chem). NEFA (WAKO
Chemicals) and TG (Thermo Fisher Scientific) analysis were performed using colorimetric kit
assays, as per the manufacturerds instructions
HPLC/ESI/MS/MS analysis in collaboration with Dr. Andrew Morris at the Unityecd
Kentucky, Lexington, KY, USA as previously descrifizsb).
3.2.2.4In vivo and Ex vivo Insulin Signaling

For insulin signaling studies performidvivo, mice were injected intraperitoneally with
10 U insulin/kg body weight or an equal volume of saliger 10 min, mice were euthanized
and tissues were collected. Foxrvivoinsulin signaling studies in muscle, isolated soleus muscles
were preincubated for 30 min in prgassed (95% 02, 5% GYXrebsHenseleit bicarbonate
buffer (KHB), pH 7.4 (118.5 M NaCl, 4.7 mM KCI, 1.2 mM KHPQ,, 25 mM NaCHQ, 2.5
mM CaCl, 1.2 mM MgSQ and 5 mM Hepes) at 37°C. Following subsequent incubation in
buffer with or without 33 nM insulin for 10 min, muscles were removed, connective tissue, fat,

and tendons were excisehd tissues were blotted dry and sfrazen in liquid nitrogen.
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3.2.2.5 Muscle Glucose Transport Assay

Glucose transport in soleus muscle was deterngradvoas previously describézb4),
with slight modifications. Soleus muscles from mice were rapidly dissectethguigated for 1 h
in KHB containing 10 mM Bglucose at 37°C, and rinsed by incubation in KHB supplemented
with 10 mM D-mannitol for 10 min. Gluase transport was assessed by incubation in KHB with 1
mM 2-deoxyglucose, 9 mM mannitol, 1.5 uCi/md2oxyD-[1,2-*H]glucose (Perkin Elmer), and
0.3 pCi/ml D[1-**C]mannitol (Perkin Elmer) for 20 min at 37°C. All buffers were-gassed
with 95% Q, 5% CQ and were supplemented with saline or 33 nM insulin. Basal and insulin
stimulated glucose transport were determined in contralateral muscles. Following the final
incubation, muscles were cleaned by excising connective tissue, fat, and tendons, and tissues
were blotted dry and sndpozen in liquid nitrogen. Muscles were weighed and digested for 30
min in 300 pl of 1 N NaOH at 65°C and centrifuged at 13,000 x g for 10 min. Radioactivity in the
supernatant was determined by liquid scintillation countinggluntbse transport into tissues was
calculated.
3.2.2.6 Pharmacological Inhibition of ATX in Miceln Vivo

The ATX inhibitor, ONO8430506, was obtained from ONO Pharmaceutical Co., Osaka,
Japan, and was dissolved in 7.5 mM NaOH as previously deg@H8dC57BI/6J mice were
obtained from The Jackson Laboratory and were placed on a chow ordi&tH& 20 weeks,
starting at 8 weeks of age. At 17 weeks mbst start, nice were orally gavaged with 30 mg/kg
of vehicle (7.5 mM NaOH) or ONB430506 once daily for 3 consecutive weeks. GTT was
performed at 15 weeks pediet start to confirm the development of glucose intolerance and at 19
weeks postiet start, after vehicler ONO-8430506 were administered for 2 weeks. To
determine food intake mice were individually housed and food consumption was monitored daily
over a 5day period 1 week before and after the start of vehicle or-848BD506 administration.

A schematic of tis experimental plan is shown in Figure 3.1B.
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3.2.3 Cell Culture

Insulin resistance was induced in C2C12 cells as previously deg@%7¢d-ollowing
differentiation of myoblasts into myotubes, cells were serum starved fom2ZaMEM-1x
(Fisher Scienfic, Cat: 11966025) supplemented with 5 mM glucd3adls werethenincubated
in DMEM-1x supplemented with 5 mM glucose containing 2% (w/v) fatty-freiel (FAF) BSA
and 0.8 mM sodium palmitate for -8 h, mimicking an insulin resistance state. Myotulese
cultured with 2% FAFBSA in the absence of palmitate to mimic an insulin sensitive state. To
examine insulin signaling, cells were incubated with 100 nM insulin or phosphate buffered saline
(PBS) for 15 min. Cells were washed once and harvested-goidd’BS, followed by
centrifugation at 20,000 x g for 10 min at 4°C.

Cell pellets were flash frozen in liquid nitrogen and store8@iC until further use. For
experiments involving LPA,-bleoyl2-hydroxy-sn-glycera3-phosphate (18:1 LPA, Avanti, €a
857130) was dissolved in PBS + 0.1% FBEA after evaporation of the chloroform solvent,
gently shaken and mixed with DMEK supplemented with 5 mM glucose prior to its addition
to C2C12 myotubes. Cells were cultured in the absence of serum duringda®Aent to avoid
potential additional sources of LPA, LPC, and ATX. For acute LPA experiments, C2C12
myotubes were prcubated in DMEM1x supplemented with 5 mM glucose containing 2%
FAF-BSA media for 10, 30 and 60min with 0, 1 and 10 uM. For chroRi& eExperiments,
C2C12 myotubes were g¢ncubated with 0, 1 and 10 uM for 4163 h.

3.2.4 ATX Activity Assayi Choline Release Method

ATX activity in plasma and serum was quantified using the choline release assay

described in Section 2.2.5.2.
3.2.5 ImmunoHotting Analysis
Tissues and cells were homogenized in lysis buffer (20 mMHTIspH 7.5, 5 mM

EDTA, 10 mM NaPOy, 100 mM NaF, 1% Nf0) containing 2 mM sodium orthovanadate, 2
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mM protease inhibitor cocktail (P8340, Sigma), and 100 ug/mL phosphatase inhibitor cocktalil
(524628, Calbiochem) using a tissue homogenizer (Omni TH, Omni International) or by
sonication, respectively.

Immunoblotting was performed as described in Se@i@r6. The primary antibodies
used to probe the membranes are summarized in TabRe&pfesentative immunoblots are
shown.
3.2.6 RNA Extraction and Gene Expression Analysis

RNA isolation, reverse transcription, and rgale quantitative PCR waserformed as
previously describg@57)and as detailed in section 2.2.7. Primer sequences are provided in
Table 3.2.
3.2.7 Statistical Analysis

Results are expressed as mean * standard error of the mean (SEM). Comparisons
between two groups were performgging an unpaired, twb ai | e d -Bst..Cdnparisofss t
between multiple groups were performed using a paired or unpairedrdme- way ANOVA
followed by a Tukey or Sidak post hoc test, as appropriate. All statistical analysis was performed
using Pism (GraphPad Software)-\Rlues of less than 0.05 were considered statistically
significant.For animal studiesino refers to the number of mice used, unless otherwise specified.
For cell culture studiegxperimentsvere performed in triplicateend daa are fromat leastwo
independenéxperiments

3.3. Results

3.3.1. Male Mice with Heterozygous ATX Deficiency (ATX") Have Reduced
Obesity and Improved Glucase Homeostasis on an Obesogerti¢&-HS Diet

Although prior studies have suggested that ATX haploinsufficiency or adipspgtafic
ATX deficiency improves systemic glucose homeostasis in mice fed a high fat diet, the effect of
ATX deficiency onadiposityandinsulin signalingn different targetissus remainsrelatively

unexplored(8,178) To clarify the role of ATX in dieinduced obesity, glucose metabolism, and
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insulin signaling, we fed male WT and ATXmice chow or HFHS diet for 20 weeks. In
agreement with previous studi8sl54) plasma LPA levels, ATX activity, and ATX protein
content were markedly reduced in ATXnice compared to WT (Fig. 3.2B).

Body weights were similar between WRBATX*" mice immediately prior to HFHS
feeding (WT: 22.45 + 0.26 g, ATX22.30 + 0.56 g, n = %8). However, HFHSed ATX""
mice showed significantly reduced body weight gain compared to HE$H®B/T mice while
food intake was unchanged between gepesy(Fig. 3.3A, B)Total energy consumed, once
accounting for different energy denskietween chow and HFHS diets, wakhanged between
diets and genotypek agreement with lower body weight gain, HFF8 ATX*" mice showed
reduced peripheral fat anmulation and PGAT and BAT weights (Fig. 3-B} Furthermore,
HFHSfed ATX* mice had improved glucose tolerance and insulin sensitivity, as assessed by a
GTT and ITT, respectively (Fig. 3.3F, G). ATXmice were also protected from HFHS diet
induced hperglycemia (Fig. 3.3H), hyperinsulinemia (Fig. 3.31), and hypertriglyceridemia (Fig.
3.3J), while serum NEFA levels were similar between groups (Fig. 3.3K). Taken together, these
data suggest that partial ATX deficiency protects fromrididticed obesitand impaired glucose
and lipid homeostasis in male mice.

3.3.2 Female Mice are Resistant to HFHS Didhduced Obesity and Changes in
ATX Activity

HFHS-induced body weight gain was much less pronounced in female mice and was
unchanged between genotygegy. 3.4A). Modest body weight gain in female HFH8 WT
mice was associated with unchanged serum ATX activity (Fig. 3.4B) and istinlinlated AKT
phosphorylation in muscle when compared to ciesvmice (Fig. 3.4C and D). Therefore,

subsequent studievere performed in male mice.
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3.3.3 HFHSFed ATX*- Mice have Improved Insulin Signaling in Liver and
Perigonadal Adipose Tissue

To examine whether enhanced tissue insulin function underlies the improvement in
glucose homeostasis in HFH&I ATX* mice, we performeth vivoinsulin signaling analysis in
metabolically relevant tissues. HFH& WT mice developed insulin resistance in the liver and
PGAT as was evidenced by a two threefold decrease in insulistimulated phosphorylation of
AKT at S43 (Fig. 3.5AC). Importantly, insulirstimulated AKT phosphorylation in the liver
was significantly improved in HFH&d ATX" mice compared to HFHf&d WT mice, which
was associated with reduced hepatic TG accumulation (Fig. 3.5D). Istinimated AKT
phosphorylation was also unchanged in the PGAT of HFSATX*" mice compared to chow
fed ATX" mice (Fig. 3.5A, C). These results correspond with insstimulated p70S6K
phosphorylation at T389, where p70S6K phosphorylation was higher in liveiGé® ffom
insulin-injected HFHSfed ATX*- mice compared with WT mice (Fig. 3.5E, F). Taken together,
our results suggest that ATXmice are protected from HFHS dietluced insulin resistance in
liver and PGAT.

3.3.4 HFHSFed ATX*- Mice have Improved Insulin Signaling in Muscle

We next examined insulin signaling in skeletal muscle. Similar to PGAT and liver,
insulin-stimulated AKT phosphorylation in the gastrocnemius and soleus muscle, which consist
of primarily glycolytic and oxidative fibers, respe@ly, was improved in HFH$ed ATX*"
mice compared to WT (Fig. 3.68). HFHS feeding resulted in significant reductions in insulin
stimulated p70S6K phosphorylation at T389 in the gastrocnemius and soleus of WT but not
ATX* mice (Fig. 3.6A, D and E)niproved insulin signaling in skeletal muscle also
corresponded with preserved insulin signaling in the heart of HEHBTX* micg(253).

To determinavhether improvements in skeletal muscle insulin signaling in HfddS
ATX*" mice are maintained in the absence of acute changes in circulating or neuronal factors, we

performed insulin signaling analysis in soleus musglgivo(Fig. 3.6A and F). Similato
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improved insulin signaling in gastrocnemius and soleus muscle from ##HST X" micein
vivo (Fig. 3.6AE), insulinstimulated AKT phosphorylatioex vivowas higher in soleus muscle
from HFHSfed ATX*" than HFHSfed WT mice (Fig. 3.6A and F). Fingrmore, sustained
muscle insulin signaling in HFHE&d ATX*" mice was associated with preserved insulin
stimulation of glucose transport in soleus muscle of HF&tSATX*- miceex vivowhile the
ability of insulin to stimulate glucose transport was rlin soleus muscle from HFH&d WT
compared to the chow control (Fig. 3.6G and H). In agreement with sustained-stsnlifated
glucose transport in HFHf&d ATX*" mice, soleus muscle from ATXmice was protected from
HFHS-induced decline oGlut4 mRNA levels (Fig. 3.61) whil&Slutl mRNA was unchanged
between groups (Fig. 3)6Jaken togethethis suggests that insulin signaling is preserved in the
muscle from HFHSed ATX*" mice and that HFH$duced reductions in glucose transport in
the soleusre partially rescued by ATX deficiency.

3.3.5 The levels of distinct LPA receptors are altered in skeletal muscle from ATX
Mice

To determine whether levels of LPA receptors are altered in muscle fror-Afixe
and by HFHSfeeding, we measured mRNevels of LPAL6 in the soleus muscle of 46fasted
mice.Lpal-6 expression was not affected by diet (Fig. 3FAHoweverLpa2andLpadwere
differentially expressed in HFHf&d ATX*" vs. WT mice, with reduceldpa2levels and
increased_pa4levels n ATX* mice (Fig. 3.7B and D).

3.3.6 Pharmacological inhibition of ATX may moderately improve tissue insulin
signalingin vivo

Heterozygous wholbody deletion of ATX resulted in improved systemic and tissue
insulin sensitivity. To determine whether shtmtm pharmacological inhibition of ATX could
also improve systemic glucose homeostasis and tissue insulin signaling, we tedeainishicle
or ONO-8403506 to male C57BI6/J mice via oral gavage once a day for 3 consecutive weeks

after 20 weeks of chow or HFHS feeding. Prior to gavage at 15 weeks post diet starfegdFHS
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mice showed glucose intolerance as measured by a GTT (8#gaBdB). Treatment with
ONO-8403506 potently inhibited plasma ATX activity compared to vehicle control, with an 85%
and 92% inhibition in chow and HFH8d mice, respectively (Fig. 3.8C). Glucose tolerance was
similar between vehicle and ON&103506 graps after 2 weeks of treatment, although HFHS
induced changes in AUC did not reach statistical significance in the- 8198606 group (Fig.
3.8D and E). Food intake was similar between vehicle and-8403506 groups prior to and
following gavage, but gavageas associated with reduced food intake in HFfetbmice treated
with ONO-8403506 (Fig. 3.8F). Body weight was similar between vehicle and-8NQ506
groups, however, percentage of weight change over-#eeR gavage period was augmented in
HFHSfed mie treated with ONE8403506 vs. vehicle (Fig. 3.8G and H). Interestingly,
treatment with ONE8403506 for 3 weeks ameliorated HFRiHfBuced hyperglycemia, suggesting
that ONG8403506 may improve systemic glucose homeostasis (Fig. 3.8l).

To determine whéter ATX inhibition alters tissue insulin sensitivity, we performednan
vivoinsulin signaling experiment. The livers of HFH&I mice treated with vehicle or ONO
8403506 showed insulin resistance when compared to thefeldosontrols, as measured by
AKT phosphorylation at Ser473 (Fig. 3.9A and B). However, €8403506 treatment appeared
to lessen the degree of hepatic insulin resistance since Akt phosphorylation increased
significantly following insulin stimulation in this group, which was not obseraddrRHSfed
mice treated with vehicle (Fig. 3.9B). Interestingly, fold stimulation of AKT phosphorylation
following insulin administration was greater in HFf21 mice receiving ON&403506
compared to vehicle (Fig. 3.9C). Taken together, these data stlyggaharmacological
inhibition of ATX could potentially ameliorate systemic glucose homeostasis and liver insulin
resistance in mice.

3.3.7. The effect of LPA on Insulin Signaling in C2C12 Myotubes is Time Dependent

So far, ouiin vivostudies suggestdtat partial ATX deficiency and reduced LPA
production improve skeletal muscle insulin sensitivity. We next sought to investigate whether the
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resistance of ATX mice towards obesitinduced impairment of skeletal muscle insulin
signaling is due to a dict effect of LPA on skeletal muscle cell insulin function. C2C12
myotubes were incubated witholeoylLPA at concentrations of 1 and 10 uM to mimic
physiological and pathophysiological LPA concentrations, respedi#y8l{78) for 10, 30, and

60 min followed by insulin signaling analysis. fineubation of myotubes with LPA for 10 min
had no effect on AKT Ser473 phosphorylation, despite LPA isargaxtracellular signal
regulated kinase (ERK) 1/2 phosphorylation, a known LPA signaling target (Fig.-8)JL0A
Interestingly, 30 min préncubation with either 1 or 10 uM LPA significantly increased insulin
stimulated AKT phosphorylation when compatedicLPA controls (Fig. 3.10A, D), which
corresponded with LPAnduced ERK phosphorylation (Fig. 3.10A, E). Surprisingly, when the
LPA preincubation period was increased to 60 min, insstimulated AKT phosphorylation was
blunted with both 1 and 10 uMPA (Fig. 3.10F). ERK phosphorylation was only increased by
LPA under basal, but not insustimulated conditions (Fig. 3.10G). Taken together, these data
suggest that LPA influences insubtimulated AKT activation in C2C12 myotubes in a time
dependeninanner with longer durations of LPA incubation resulting in insulin resistance. These
data also suggest that physiological and pathophysiological levels of LPA can similarly impair
insulin signaling in muscle cells.

3.3.8. Longterm LPA Treatment Impairs | nsulin Signaling and Exacerbates
Palmitate-Induced Insulin Resistance in C2C12 Myotubes

We next wanted to determine how a more chronic treatment with LPA in the absence or
presence of high palmitate, thereby modelling an cbesdin resistant milieu, fluences
myocyte insulin sensitivityC2C12cells do nosecretesignificant amounts oATX, as measured
by FS3 activity assays (data not shown), therefore LPA was used to modulat& RAX
signaling.C2C12 myotubes were incubated for 18 h in the absenmesence of 1 or 10 pM
LPA (Fig. 3.11A). Cells were also simultaneously incubated in the absence or presence of

palmitate to induce insulin resistance, as determined bipla 2eduction in insulirstimulated
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AKT phosphorylation at S473 (Fig. 3.11A, Bt baseline, incubation with LPA impaired
insulinstimulated AKT phosphorylation in C2C12 myotubes, similar to palmitate (Fig. 3.11A,
B). Moreover, LPA exacerbated the palmitatduced reduction in insulistimulated AKT
phosphorylation (Fig. 3.11A, BAcute and prolonged treatment of C2C12 cells with LPA has
been linked to the activation of ERK, which has been implicated with the development of insulin
resistance (Fig. 3.10A, C, E, (@89,258) LPA-induced impairment of insulin function and
exacerbation gbalmitateinduced insulin resistance in C2C12 cells was associated with an
upregulation of ERK phosphorylation (Fig. 3.11A, C). Taken together, these data suggest that
prolonged exposure of muscle cells to LPA directly promotes the development of insulin
resistance and worsens impaired insulin signaling induced by a lipotoxic milieu.

3.3.9. Palmitatelnduced Lipotoxicity, but not Incubation with LPA is Associated
with Marked Changes in LPA Receptor Levels in C2C12 Myotubes

Because distinct LPA receptorealtered with ATX deficiency in the soleus muscles of
fasted mice (Fig. 3.7B, D), we next wanted to determine whether addition of LPA under insulin
sensitive and resistance promoting conditions could lattat-6 mRNA expression in C2C12
myotubes. Palmita-induced insulin resistance had a marked effect on all LPA receptors, with
decreased mRNA levels bpal, 2 and3 (Fig. 3.12AC) and increased levels bpa4, 5 and6
following incubation with palmitate (Fig. 3.12B). The effect of palmitate drpa3was most
pronounced, where incubation with palmitate diminished Lpa3 mRNA levels (Fig. 3.12C).
Despite the marked impact of palmitételuced lipotoxicity on LPA receptor expression,
incubation of myotubes with 1 and 10 uM LPA did not significantly alted bFRNA levels
(Fig. 3.12AF). Taken together, this suggests that palmitedeced lipotoxicity but not LPA
change LPA receptor levels.

3.4 Discussion
Recent studies have implicated the ATLRA axis in obesity and impaired glucose

homeostasi8,178,180,204,205,212mprovements in obeskHyduced insulin resistance and
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glucose intolerance in ATX mutant mice were primarily ascribed to changes in adipose tissue
metabolism and functi¢B,178) It remained unclear whether changes in insulin signaling in
othermetabolically relevant tissues contribtiethe protectiomf ATX deficient micefrom diet
inducedinsulin resistace . In this study, we show that amelioration of obesity and systemic
insulin resistance in HFH&d mice with partial ATX deficiency is associated with increased
insulin signaling in metabolically active tissues, including liver and adipose tissue.

Pharmacological inhibition of ATX activitin vivo, using ONG8403506, appeared to
ameliorate HFHSnduced hyperglycemia and tended to improve hepatic insulin signaling. In
skeletal muscle, which accounts for the majority of insstimulated glucose digga(34),
partial ATX deficiency led to improvements in insulin signaling and insstimulated glucose
transport following HFHS feeding.

Examination of LPA receptor gene expression suggested that alteratigraiand
Lpa4levels may also play a role in improved insulin sensitivity in muscle from HEHATX*"
mice, although the contribution of distinct LPA receptors and downstream signaling to the
regulation of tissue insulin function requires further stigation.In agreementvith apotentially
important role of these receptors, Lpasice were protected from digtduced insulin
resistance, liver steatosis and systemic inflammation, but this effects was ascribed to increased
PPARO act i vtistug (258)m C2Cd2 myaiubes, LPA directly impaired insulin
signaling and exacerbated palmitaiduced insulin resistance. While palmitatduced
lipotoxicity induced marked changes in LPAIMRNA expression in C2C12 cells, the presence
of LPA did notsignificantly alter LPA receptor levels.

Thelack of coordinated changes in LPA receptors between our models may be related to
the differentpresentation of disturbadetabolic homeostasisur mouse mode$ characterized
by hyperinsulinemia and hypeygemia, whereas our C2C12 modetharacterized by
lipotoxicity-inducedinsulin resistance. Future work will utilize more complementary approaches

of insulin resistance, such as feeding mice a high fat diet (60% calories framgedjnote
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lipotoxicity in vivo or incubating C2C12 myotube&sder conditions mimickindhyperglycemia
and hyperinsulinemia.

Our data suggest that the ATPA pathway plays an important role in the development
of obesityinduced insulin resistance in adipose tissue, liver, aakd&k muscle. Few prior
studies have examined the effect of the ADKXA signaling pathway on tissue insulin
function(180,191,206)Rancoule et gl191)initially showed that administration of a LPA1/3
receptor antagonist in high fat died mice for three weeks improves insulin sensitivity and
increases insulistimulated glucose oxidation in the soleus musglgivq suggesting that LPA
signaling through LPA1/3 impairs muscle insulin function. However, systemic LPA1/3
administration had mtiple effects on other tissues, including increased pancreatic islet mass and
liver glycogen storage, which may have contributed to changes in glucose metabolism in
musclg191). Although our studies demonstrate that LPA receptor mRNA expression is
unchanged by dighduced obesity and insulin resistance (Fig. 3.7A and C), it is likely that the
activity and downstream signaling of distinct LPA receptors are altered by {#dd#hg.

Indeed, a recent study showed that while adipose tissue Lpa4 levels are unchangeded HFD
mice, Lpa4 deficiency protects mice from dieduced insulin resistance, hepatic steatosis and
adipose tissue inflammati¢b9).

Notably, female mice showed asigtance to gaining weights and developing skeletal
muscle insulin resistance on our HFHS feeding regimens. Intriguing, serum ATX activity was
also not significantly increased during HFHS feeding. Future studies should address why female
mice are resistanb increasing weight, including examining how food intake is altered.

Two very recent studies have provided more direct evidence for an inhibitory role of
ATX-LPA signaling on tissue insulin functi@80,206) Acute pretreatment of primary rat
hepatocytes with LPA decreased instdtimulated AKT phosphorylation, glucokinase and sterol
regulatory elemenbinding potein (SREBPJLc expression, PI3K activation, and glycogen

synthesis, likely via LPA1 and/or LPAZD6). Moreover, inhibition of ATX protected against
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interleukin 6induced impairment of insuliatimulated AKT phosphorylation in 3131
adipocyte€180).

In this study, we show that reduced ATX function ameliorates insulin resistance in
skeletal musclén vivo. Furthermore, chronic incubation WIiLPA directly impairs insulin
signaling in C2C12 myotubes. Acute LPA treatment revealed adé@pendent effect of LPA on
myotube insulin signaling. Pyiacubation of myotubes with LPA for 30 min increased insulin
stimulated AKT phosphorylation, whichlikely due to a concurrent activation of PI3K signaling
t hr o uygphotei@gl67). In contrast, préncubation with LPA for 60 min significantly
reduced insulin signaling in myotubes. Together, this suggests that longer LPdetrtsainduce
insulin resistance in myotubes, possibly through activation of ERK or other stress kinases or via
PI3K pathway desensitizatiofil67,189) Future studies should identify the precise mechanisms
that mediate LPAnduced muscle insulin resistance. Use of commercially available ERK or
stress kinasmhibitors would allow to determine whether activation of these pathways are
necessaryforLPA nduced insulin resistance izl muscl e ¢c
mediator downstream of most LPA recepf©6¥), plays a rat in the inhibition of muscle insulin
functi on b yswasshowstd imgaie muscle glucose uptake and systemic insulin
sensitivity in HFDfed micg260).

ATX inhibitors are currently in Phase 3 clinical trials for the treatment of idiopathic
pulmonary fibrosi®61). Furthermore, use of the ATX inhibitor, 8380, in mice ameliorated
HFD-diet induced cardiac hypertrophy, function and inflammé##a). Our work also suggests
that pharmacological inhibition of ATX may hold potential as a potential treatment to improve
systemic glucose homeostasis. Potente2k inhibition of ATX is tolerated well in chow and
HFHS-fed mice, with no obvious adverse effects. Importantly, ATX inhibition was associated
with an amelioration of HFHS diéhduced systemic hyperglycemia and lessened the degree of
hepatic insulin restance, as measured by AKT phosphorylation at S473. However, much more

work is required to determine whether pharmacological inhibition can treahdigted insulin
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resistance. Future studies should address more comprehensively whether ATX inhibition alt
skeletal muscle and adipose tissue insulin function.

Overall, this work suggests that, in addition to reduced adipose tissue accumulation,
improved insulin signaling in adipose tissue, liver, and muscle contributes to preserved global
insulin sensitiity in mice with partial ATX deficiency. Our data also suggest that the-RPX
pathway directly impairs insulin signaling and instdimmulated glucose transport in skeletal
muscle (Fig. 3.13). Since impaired insulin signaling and metabolism in skeletale are
primary drivers of system insulin resistance and hyperglyd@liave propose that the obesity
induced upregulation of ATX and LPA receptor signaling in muscle are critical mechanisms of
insulin resisance. Therefore, modulators of the ATRA pathway may present novel strategies

towards the prevention and treatment of obes#tgociated insulin resistance and T2D.
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3.5 Figures

Figure 3.1: Schematic of experimental plans using mouse modelsreduced ATX activity
The experimental layout to examine glucose homeostasis and insulin fun€@grmice with

global heterozygous ATX deficiency afi8) mice with pharmacological ATX inhibition.
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Figure 3.2: Plasma ATX activity and protein lewels are reduced in male chow and HFHS
fed ATX*" mice.

(A) Plasma LPA levelsn(= 7-8) in chowfed WT and ATX" mice.(B) Plasma ATX activity if =

9-11) and(C, D) ATX protein contentif = 5-6) in chow and HFHSed WT and ATX" mice.(E)

Inhibition of ATX activity using PFB380 blunts choline release, demonstrating that choline release

is highly ATX dependaniA,E)St at i sti cal anal ysi s wtassor(per f or m
C)twoway ANOVA f ol | owed cdomgparsoniestA-€, )G ®<0@ t**tp pl e

< 0.0001 vs. chow/WT/ctrl; ##< 0.01, ### < 0.0001 as indicatedA-E) reproduced from

D6 S o u z aoureat of Lipid Resear¢B53).
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Figure 3.3: Partial ATX deficiency protects from HFHS dietinduced obesity and metabolic
dysfunction in male mice.

(A) Body weight gain, B) food intake, C) peripheral fat accumulationD] PGAT weight, E)

BAT weight,(F) GTT following an intraperitoneal injection with-Blucose at 2 g/kg body weight,

and(G) ITT following an intraperitoneal injection with human insulin at 1 U/kg body weight in

male chow and HFH&d WT and ATX" mice ( = 14-26). (H) Blood glucose and seruh

insulin, (J) TGs, andK) NEFA in chow and HFHSed WT and ATX" mice following a 3h food

withdrawal f = 5-13). (A-K) Statistical analysis was performed using a-tway ANOVA

foll owed by a Tukey 6(8) *prol03, <061 ve. ATKY HFHS;Bon t est
E, H-K) #p < 0.05,/p < 0.01," < 0.001,# < 0.0001 vs. chow;p < 0.05 as indicatedF, G)

*p<0.05, *p<0.01, **p< 0.001 for WT HFHS vs. chow®p < 0.01 for ATX*"HFHS vs. chow.

(A-K) reproduced r o m D 6 S daurnahof ldpid Raskar¢R53).
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Figure 3.4: Female mice are protected from HFHS dieinduced insulin resistance and
upregulation of ATX.

(A) Body weight gain andd) serum ATX activity in female chow and HFH& WT and ATX"

mice. (C-D) Immunoblot and densitometric analysis of AKT ogphorylation at €3 in
gastrocnemius muscle from chow and HFld8 WT and ATX" mice subjected to a-18 food

withdrawal, followed by the intraperitoneal injection of saline or 10 U/kg insnlin%5). (B-C)

Statistical analysis was performed usingnm-vay ANOVA foll owed by a T
comparison testB) *#p < 0.001 as indicatedC) **** p < 0.0001 vs. salindA-D) reproduced

from DO S daurnahof ldpid Resear¢is3).
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Figure 3.5: HFHS-fed ATX*" mice show improved insulin signaling in liver and PGAT.

Immunoblot and densitometric analysis of AKT phosphorylation at S473 and p70S6K
phosphorylation at*f°in (A, B, E) liver and(A, C, F) PGAT from chow and HFH$ed male WT

and ATX" mice subjected to a8 food withdrawal, followed by the intraperitoneal injection of

saline or 10 U/kg insulin (n =@). (D) Liver TGs from chow and HFH&d WT and ATX" mice

subjcted to a 4 food withdrawal (n = 9JB-F) Statistical analysis was performed using a-two

way ANOVA foll owed by a Tukeyds multiple compa
0.0001 vs. saline; #p < 0.05, ##p < 0.01, ##H#Hp < 0.0001 as indicatehih g, H, HFHS (A-F)

reproduced f r douwnalpbLPpid Resear¢Bbl) al |,

113



H O H O - H O H O - uiels -
0 _ 9 0 _ = urejold ”
g = g -
T pm D..mur_ ."'-ll'.'l.'ll.l.l-..l"
s S su z 3¢ Mosozd o ¢ ‘e
g3 g2
’ o ERe L, 23 6ee1019504dd 5 4 W o ’
R . n @ — o= -
=%, 3 oy BLABSSEREISHESE - o.ﬁ“ﬁﬁl
iy — 1 * | — W prp—
e kL m 7 o 2 eIVl o - = - ®
ujnsu| l sules [ ujnsu] W Sules [J
4 3 uiels
uiejold
SHaH moyd XLV LM XLV LM SIOSOLT A - - -
0 o H OHD H O H D
w 0 T 0 S spei9S0Ldd e e . oee - - -
001 a -2 Mm rS Mm L - - - - -
3 T . ®
F002 @ . Ly o = 035 £rs LAV e v - - oo - b
%. m I_m.uu b M %_ uljnsu] auljeg uijnsu] auljles Ulinsu] sulleg uljnsu] suljleg
-00€ 5 e 19 858 rSLE B
e s LTS 3F = EE SHAH _ MOUYD  SH4H  mouD
w* -00F S i -8 e i "0¢ |_|>>
X1V Il L O  winsu mm sues .0 ) uinsu| WM suies [ q -+ X1V

114

1vOd

JaAIT




Figure 3.6: HFHS-fed ATX*" mice show improved insulin signaling in skeletal musclia
vivoand ex viva

Immunoblot and densitometric analysis of AKT phosphorylation &2 @nd p70S6K
phosphorylation at**in (A, B, D) gastrocnemius muscle (Gastrocn.) édC, E) soleus mude
from chow and HFHSed male WT and ATX mice subjected to a3 food withdrawal, followed

by the intraperitoneal injection of saline or 10 U/kg insulir=(4-6). (A, F) Immunoblot and
densitometric analysis of AKT phosphorylation 4t*$ soleus mscle isolated from chow and
HFHSfed male WT and ATX mice following incubation with saline or 33 nM insuéi vivo(n

= 3-5). (G) Glucose transport rate affid) fold stimulation of glucose transport in soleus muscle
from chow and HFHSed male WT and AX*" mice incubated with saline or 33 nM insuéx
vivo. Gene expression analysis(bf Glut4 and(J) Glutlin soleus muscle from chow and HFHS
fed male WT and ATX mice (= 7-10). (B-J) Statistical analysis was performed using a-two
way ANOVA foll owed by a TuB#ly*ds0.05u¥pt<iofPdle c o mp
*% n < 0.0001 vs. salinép < 0.05,p < 0.0001 as indicatedt, (J) *p < 0.05, **p < 0.01 vs.

chow. C, chow; H, AHS.(A-))r e pr oduced f r doomnalpbLpid Resear¢dbl). al |,
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