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ABSTRACT

Acute hyperglycemia and systemic insulin resistance often develop after trauma,
but the underlying mechanisms remain unknown. It is, however, known that surgical
animal models rapidly develop adipose insulin resistance, and impaired insulin action in
adipose tissue alone can result in whole body insulin resistance. Therefore, we studied the
contributions of adipocyte lipolysis to the metabolic response to acute stress and the

release of two signaling molecules: oxidized fatty acids (oxFA) and resistin.

To better study the potential role of oxFA, we developed a novel high-
performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) method
that employed positive-ion ionization in conjunction with differential energy (DiffE)
qualifier ion monitoring (QIM) to measure full-length oxidation products of linoleic acid
(LA) and arachidonic acid (AA). Using this method, we demonstrated levels of oxFA
increased in response to lipolysis both in vitro and in vivo. In addition, we showed that
reactive oxygen species (ROS) are critical for lipolysis-dependent inhibition of the
mammalian target of rapamycin (mTOR) complexes and provided preliminary data that

an oxFA is responsible.

We demonstrated in vivo that resistin is released in a stress- and lipolysis-
dependent manner during hemorrhagic shock (HS) and cardiovascular stress. When we
further investigated this mechanism in vitro, we observed a significant, lipolysis-
dependent release of resistin from adipocytes into the media. In addition, overnight
pretreatment with the antioxidant EUK prevented lipolysis-dependent resistin secretion,

suggesting a potential role for oxidized lipid signaling in the acute release of resistin.
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1 CHAPTER 1: GENERAL INTRODUCTION

1.1 ACUTE STRESS
1.1.1 Significance

Severe trauma, such as severe illness and surgery, activates an acute stress
response that results in systemic insulin resistance and hyperglycemia, appropriately
known as critical illness diabetes (1). Of concern, hyperglycemia has been shown to be an
independent risk factor for increased mortality and morbidity after major surgery, in
patients with and without diabetes (2—4). As a result, the maintenance of euglycemia is a
major therapeutic target in the intensive care unit (ICU) after injury or critical illness (5).
Intensive insulin therapy to maintain blood glucose levels at approximately 80-110
mg/dL reduces mortality by 34-50%, and reduces complications such as infection, acute
renal failure, and liver dysfunction while also shortening hospital stays (6, 7). However,
intensive insulin therapy is only effective in some patients and requires careful
monitoring and individualization, as it increases hypoglycemic incidents which often
negate the positive effects of tight glucose control (1). Furthermore, this treatment does
not correct the underlying insulin resistance, the mechanism of which remains unknown.
Elucidating this mechanism is critical as each 1 mg/kg/min decrease in insulin sensitivity
(as measured by hyperinsulinemic-euglycemic clamp) correlates to a two-fold increase in

major complications (4).

1.1.2 Cardiovascular Disease

While a variety of trauma and critical illness can stimulate the acute stress

response, cardiovascular events and surgery have been well-documented to cause



metabolic impairments in humans (2—4). Previous studies have shown that hyperglycemia
during cardiopulmonary bypass surgery is an independent risk factor for death and
complications, even in patients without history of diabetes (3). In addition, a 50%
decrease in insulin sensitivity after cardiac surgery increased the risk of major
complications by more than 5-fold and the risk of severe infection by more than 10-fold
(2, 4). This is particularly worrisome because nondiabetic patients can lose up to 90% of

insulin sensitivity during major surgery (2).

The acute stress response can be activated by cardiovascular events such as
myocardial infarction. During myocardial infarction, sympathetic nervous system activity
increases in response to pain, anxiety, and a fall in cardiac output. This leads to an
increase in plasma norepinephrine and epinephrine levels which activate lipolysis (8).
After myocardial infarction, the recovery process is categorized into three stages:
inflammation, healing, and remodeling (9). During the inflammation phase, inflammatory
cells, such as macrophages and neutrophils, are recruited to the injured myocardium to
digest the damaged tissue and prepare the tissue for regeneration. During the healing
phase, fibroblasts in the border zone of the infarct proliferate producing fibrotic scar
tissue in the infarct, and immune cells become polarized towards an anti-inflammatory
state (9, 10). During the remodeling phase, infarcts can exhibit persistent inflammation
and progress to ventricular dilation (10). Numerous studies have shown that suppressing
lipolysis during myocardial infarction leads to smaller infarcts, less ventricular
tachycardia and fibrillation, and reduced myocardial ischemia in angina (11, 12). While
most work has focused on the effect of non-esterified fatty acids (NEFA) from lipolysis,

much less attention has been dedicated toward the release and effect of adipokines on



myocardial infarction. Furthermore, lipids and adipokines could be playing varying roles

during the myocardial infarction and recovery process.

Both myocardial infarction and chronic hypertension can lead to the development
of heart failure (13). Heart failure affects 1% of people in their 50s, with prevalence
increasing progressively with age, eventually afflicting 10% of people in their 80s. In
addition to its high prevalence, heart failure is lethal, with one-third of patients dying
within two years of diagnosis (14). The 6-year mortality rate is 82% for men and 67% for
women (13, 14). Hypertension is the single most important risk factor in the development
of heart failure in the United States (15). It increases the chances of developing
congestive heart failure 2-fold in men and 3-fold in women (13). Left ventricular
hypertrophy is an adaptive response to increased cardiac workload meant to preserve
systolic function against increased resistance. If the increased resistance is temporary,
such as in athletes performing isometric exercise, the hypertrophy regresses
spontaneously after return to normal cardiac workload. However, if the stimulus is
prolonged, such as with chronic hypertension, left ventricular hypertrophy can become
pathological. In this case, the prolonged stress leads to the development of myocardial

fibrosis which leads to dilation of the heart and decreased heart function (15).

1.2 OBESITY
1.2.1 Significance

Obesity affects more than 1 in 3 adults and 1 in 6 children in the United States
(16, 17). The rapidly increasing prevalence of obesity worldwide has infection and
undernutrition as the highest contributor to poor health. Furthermore, the obesity

epidemic increases the risk of the current leading causes of death, including stroke,



cardiovascular disease, and diabetes (18, 19). Type 2 diabetes alone is expected to affect
366 million people by 2030 (20). Despite the healthcare costs of obesity being as high as
$147 billion per year (nearly 10% of annual medical expenses), there are very few
reliable, long-term treatment options (21, 22). The most common course of treatment is
weight loss, however, after an initial weight loss, most patients regain weight.
Maintaining weight loss requires lifelong lifestyle changes that can hindered by time
constraints, socioeconomic status, obesity-related comorbidities, and mental health status
(22). Medications can counter neurobiological and endocrine changes that promote
regaining weight (22, 23). Unfortunately, long-term compliance with obesity medications
is poor, with a l-year compliance rate of less than 10% (22, 24). Currently, the only
effective treatment for sustainable weight loss and resolution of obesity-related
comorbidities is bariatric surgery. However, in most cases, this treatment is only an

option for extreme obesity (22, 25).

1.2.2 Disease Hallmarks

White adipose tissue (WAT) is the primary adipose tissue associated with obesity.
Adipocytes in WAT contain a single, large lipid droplet and are held together in the
adipose tissue by connective tissue. WAT is poorly vascularized with sympathetic
innervation (26, 27). WAT is distributed over the entire body and these depots vary in
metabolic activity and their potential role in insulin resistance (27-29). As compared to
subcutaneous fat, expansion of visceral fat in obesity correlates with increased
development of comorbidities. This is likely because visceral fat is more lipolytic, less
insulin sensitive, and in closer proximity to portal vasculature, allowing for increased and

easier delivery of NEFA into circulation (27, 30, 31). In addition, adipocytes in



individuals with obesity receive exposure to increased levels of catecholamines and
exhibit increased basal lipolysis, resulting in increased circulation of NEFA (32). Many
consider the release of these NEFA to be the most important factor in modulating insulin
signaling. Furthermore, increased levels of NEFA correlate with the development of
insulin resistance in both obesity and type 2 diabetes (33). On a cellular level, obesity is
associated with impaired glucose uptake by adipocytes and increased basal lipolysis due
to elevated levels of catecholamines, which induce whole body insulin resistance and
hyperglycemia (32, 34). While hyperglycemia contributes to the comorbidities listed
above, treatment for the underlying cause, insulin resistance, is lacking, prompting the

need for novel therapeutic targets.

In addition to adipocytes, WAT also contains ATM, leukocytes, fibroblasts, and
endothelial cells (27). During obesity, there is a significant accumulation of macrophages
within adipose tissue which can increase to be up to 50% of stromal cells (35-39). In
addition, the localization of adipose tissue macrophages (ATM) changes from
interstitially spaced in lean WAT to clustered in crown-like structures in obese WAT (35,
40, 41). Furthermore, recent studies have demonstrated that macrophages also change
phenotype with obesity. The traditional paradigm claimed that ATM in lean mice have an
anti-inflammatory M2 phenotype, while in obesity this switches to a pro-inflammatory
M1 phenotype (42). This switch to M1 mirrors the increased level of basal inflammation
observed in obese individuals (43). Recent work from our collaborators demonstrated a
third, Mox phenotype (44). This work showed that ATM macrophages are primarily Mox
with M1 and M2 macrophages infiltrating WAT during obesity (45). Furthermore, this

work demonstrated that various macrophage polarizations could be induced by different



categories of oxidized lipids (44, 45). It is thought that an increased pro-inflammatory
state in obesity contributes to the induction of local and systemic insulin resistance (46).
As such, adipocyte-derived factors, such as oxidized lipids that can alter macrophage

function, are of interest and potential therapeutic importance.

1.3 ANABOLIC AND CATABOLIC SIGNALING

1.3.1 Insulin Pathway

The acute stress response is characterized by inhibition of anabolic signaling and
activation of catabolic signaling to provide substrates for tissue healing (47). Insulin is a
key anabolic hormone, and its signaling is potently inhibited during acute stress (47).
Insulin resistance is the inability of insulin to adequately stimulate glucose uptake or
inhibit gluconeogenesis in the liver (1). The mechanism by which insulin resistance
develops in chronic or acute conditions in various tissues is still largely unknown (1).
Insulin signals through the insulin receptor and the downstream insulin receptor
substrates/phosphatidylinositol 3-kinase/Akt pathway, leading to many intracellular
changes such as the synthesis of lipids, proteins, and glycogen, as well as increased
glucose uptake by translocation of GLUT4-containing vesicles to the membrane in

adipose tissue and striated muscle (Figure 1-1) (48).

Integral steps in this pathway are the mTOR complexes (Figure 1-1). The mTOR
complexes are serine/threonine kinases that function as key regulators of cell growth and
metabolism. mTOR is found in two unique protein complexes: mTORCI, in which
mTOR interacts with raptor and PRAS40; and mTORC2, in which it interacts with rictor
and mSin (49). Association of mTOR with raptor or rictor is required for mTORCI1 and

mTORC?2 kinase activity, respectively (50). Both mTOR complexes phosphorylate and



activate a subgroup of the AGC family of protein kinases (those in the protein kinase A,
G, and C families), including the mTORCI1 substrates S6K1 and 4E-BP1 and the
mTORC?2 substrate Akt (50). Of note, inhibition of these complexes has been strongly

associated with the onset of insulin resistance.

1.3.2 Adrenergic Signaling and Lipolysis

In addition to inhibiting insulin signaling, acute stress induces a sympathetic
nervous system response and the rapid release of catecholamines, which are major
catabolic hormones. Catecholamines, such as epinephrine, activate adrenergic receptors
which are comprised of two groups, a and . All B-receptors, including the Ps-receptor
which is expressed predominantly in adipose tissue in mice, are Gos-coupled G protein-
coupled receptors (Figure 1-2). Their activation by epinephrine leads to the breakdown
of glycogen, production of glucose, and the induction of lipolysis (47, 51, 52). Lipolysis
is the breakdown of stored fats in the form of triacylglycerol (TAG) from lipid droplets.
The first and rate-limiting step of this process, the removal of a single fatty acid from a
TAG to produce diacylglycerol (DAG), is catalyzed by adipose triglyceride lipase
(ATGL) (53). Mice lacking ATGL, such as our fat-specific knockout (FATA™) mice,
exhibit drastic reductions in their ability to begin the breakdown of TAG and undergo
lipolysis (54). The final products of the breakdown of TAG are glycerol and FA. Glycerol
serves as a gluconeogenic substrate for the liver, and its increased abundance could
contribute to hyperglycemia during critical illness diabetes. NEFA can undergo beta-
oxidation to serve as a source of energy, be used as precursors for other lipids, or act as

signaling molecules (51, 52).



1.3.3 Anabolic and Catabolic Crosstalk

To prevent futile cycling and conserve cellular adenosine triphosphate (ATP), both
anabolic and catabolic signaling pathways have mechanisms to oppose one another. The
mechanism by which the anabolic pathway inhibits the catabolic pathway is fairly well-
defined. In hepatocytes, insulin decreases the expression of gluconeogenesis genes (55).
In adipocytes, insulin inhibits lipolysis through activation of phosphodiesterase 3B, a
substrate of Akt. Phosphodiesterase 3B degrades cyclic adenosine monophosphate
(cAMP), leading to inhibition of catabolic signaling by decreasing protein kinase A
(PKA) and lipase activity (56). However, the mechanism by which catabolic signaling
inhibits anabolic processes is largely unknown. It has long been established that
catecholamines inhibit insulin-stimulated glucose uptake in adipocytes through
stimulation of B-adrenergic receptors (32, 57). Despite the fact that inhibition of insulin
signaling by catecholamines in adipocytes has been demonstrated repeatedly for decades,
the mechanistic details of this crosstalk have remained unclear. Furthermore, how this
crosstalk may be functioning in vivo between multiple different tissues is increasingly

more complicated.
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Figure 1-1: Insulin signaling cascade
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Figure 1-1 Legend

Insulin binds to insulin receptor (IR), causing the activation of insulin receptor substrate
(IRS). IRS activates phosphoinositide 3-kinase (PI3K) which catalyzes the conversion of
phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate
(PIP3). Increased levels of PIP; activate phosphoinositide-dependent kinase 1 (PDK1).
AKT is fully activated when phosphorylated by PDK1 and mTORC2. Once active, AKT
phosphorylates AS160, leading to GLUT4 translocation to the membrane and subsequent
glucose uptake. AKT can also phosphorylate mTORCI1 which can inhibit eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) or activate p70-S6 Kinase 1
(S6K). S6K exerts negative feedback on IRS to inhibit insulin signaling.
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Figure 1-2 Legend

Catecholamines activate B-adrenergic receptors on the surface of adipocytes. B-adrenergic
receptors are coupled to Gas protein which activates adenylyl cyclase (AC). AC converts
adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP). Increased
levels of cAMP lead to the activation of protein kinase A (PKA). PKA phosphorylates
perilipin and hormone-sensitive lipase (HSL) to initiate lipolysis. Perilipin coats lipid
droplets to protect triglyceride (TAG) from lipase activity. Once acted on by PKA,
perilipin moves off the lipid droplet and releases CGI-58 allowing it to associate with and
activate adipose triacylglycerol lipase (ATGL). ATGL hydrolyzes TAG to diacylglycerol
(DAG) and non-esterified fatty acid (NEFA). HSL hydrolyzes DAG to monoacylglycerol
(MAG) and FA. Monoacylglycerol lipase (MGL) hydrolyzes MAG to NEFA and
glycerol. Glycerol is released from adipocytes through aquaporin 7 (AQP7).
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1.4 OXIDATIVE STRESS

1.4.1 Redox Imbalance During Acute Stress

Under homeostatic conditions, cells carefully regulate redox reactions to
accomplish important biological functions. For example, oxygen accepts free electrons
(forming ROS) from the mitochondrial electron transport chain which establishes the pH
gradient within mitochondria that is necessary for the production of ATP (58). However,
ROS can arise from a number of sources including nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and xanthine oxidase (5). Cellular ROS levels result from a
careful balance between ROS production and elimination to prevent dangerous
nonspecific reactions. Important antioxidant enzymes responsible for minimizing ROS
levels are the superoxide dismutase enzymes, including the mitochondrial isoform
superoxide dismutase 2, which catalyze the reaction converting ROS species, such as
superoxide and peroxide ions, to oxygen and hydrogen peroxide (5). Hydrogen peroxide
can be further reduced to water by the enzyme catalase. Cells also produce antioxidant
compounds that act as ROS scavengers; the most abundant antioxidant compound in vivo

is Vitamin E (59).

During acute stress, catecholamines induce vasoconstriction in peripheral tissues,
including liver and adipose tissue (47). This vasoconstriction leads to a hypoxic
environment, which is compounded by hypoxic conditions created by the initiating
trauma, such as hemorrhage or surgical injury (5). During hypoxia, cells are in a more
reductive state, as there is insufficient oxygen available for the electron transport chain.
As a result, there is a buildup of reducing equivalents in the mitochondria, such as

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH>).
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This buildup of reducing equivalents makes electrons more available for reduction
reactions, such as the reduction of oxygen to superoxide (60). As such, the major cellular
source of ROS is the electron transport chain of the mitochondria, specifically complex I
and III (5, 61). Additionally, increased lipolysis during acute stress can result in increased
production of ROS (62). During oxidative stress, ROS production surpasses cellular
control, and ROS can then nonspecifically react with molecules within nanometers of
their generation. This leads to destructive biological processes, such as membrane
damage, protein modification, DNA oxidation, deposition of atherogenic plaque, and
tissue inflammation (45, 63—65). In an adipocyte where the intracellular volume is
dominated by a large lipid droplet, it is likely that ROS species will come into contact

and react with TAG (66).

1.4.2 Oxidized Lipids

While oxidized lipids can be produced enzymatically in a tightly regulated fashion
by lipoxygenases and cyclooxygenases to form signaling molecules, such as leukotrienes
and prostaglandins (67, 68), non-enzymatic lipid oxidation during oxidative stress may
surpass cellular control. ROS can react with polyunsaturated FA, free or esterified in
TAG, resulting in lipid peroxidation and the formation of biologically active compounds
(69). The double bonds of polyunsaturated fatty acids are subject to abstraction of a
proton by ROS. This leads to the addition of an oxygen to the polyunsaturated fatty acid
and the formation of full-length oxFA, including hydroperoxides, hydroxides, and
ketones (Figure 1-3). The generation of lipid radicals allows for a further series of
reactions resulting in the fragmentation of the acyl chain and formation of truncated

oxFA (70). Only in recent years have scientists begun to appreciate the diverse structures
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of the oxidized lipidome and focused on investigating their unique signaling activities

and pathological consequences.

When produced in an unregulated manner, oxidized lipids can cause destructive
biological processes, such as membrane damage, protein modification, DNA oxidation,
deposition of atherogenic plaque, and tissue inflammation (45, 63—65). However, these
processes also allow oxidized lipids to act as signaling molecules within a cell. For
example, various 0xFAs dissociate protein complexes by post-translational modifications.
In particular, oxidized n-3 NEFA can react with cysteine in Keapl, causing a change in
its secondary structure and dissociation from Cullin3, leading to activation of the redox
regulatory transcription factor, Nrf2 (64, 69, 71). Recent studies have demonstrated that
the signaling mechanisms of oxFA are highly selective and can be reversible, providing

evidence for oxFA as the link between redox and metabolic status (69).
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Figure 1-3: Full-length and truncated categories of oxidized lipids

Published in Serbulea V, Upchurch CM, Schappe MS, Voigt P, DeWeese DE, Desai BN,
Meher AK, Leitinger N. Macrophage phenotype and bioenergetics are controlled by
oxidized phospholipids identified in lean and obese adipose tissue. PNAS. 2018 July 3.
PMCID: PMC6142199.
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Figure 1-3 Legend

Schematic outlining oxidation products of AA (in red, dotted-line box). As an example,
AA is incorporated into a phospholipid (0xPAPC), but the same products can be formed
from non-esterified AA. Oxidation products can be assigned into two broad categories:
full-length which have an intact acyl chain and a higher molecular weight than AA and
truncated which have a cleaved acyl chain and lower molecular weight than AA.
Oxidized lipids can be further split into smaller categories based on chemical moieties
and biological activity.
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1.5 ADIPOSE TISSUE AS AN ENDOCRINE ORGAN

1.5.1 Adipose Tissue and Whole-Body Metabolism

Even though insulin resistance depends on insulin action in various tissues,
multiple studies have supported adipose tissue as a central player in controlling peripheral
insulin signaling. For example, adipose-specific loss of GLUT4 (encoded by Sic2a4)
caused mice to develop hyperglycemia and peripheral insulin resistance, whereas
adipose-specific overexpression of GLUT4 enhanced insulin sensitivity (72, 73).
Previous work from our laboratory demonstrated that decreased rictor expression in
adipose tissue led to hyperglycemia and systemic insulin resistance (50). This indicates
that impaired insulin action in adipose tissue alone is sufficient to drive hyperglycemia
and whole-body insulin resistance. Despite these findings, how adipose tissue is signaling

and driving insulin resistance in these peripheral tissues is still unknown.

1.5.2 Adipokines

In addition to storing and mobilizing TAG, adipose tissue has been increasingly
appreciated for its role in endocrine signaling, such as through the release of cytokines
and adipokines. In lean individuals, adipose tissue secretes primarily anti-inflammatory
cytokines, such as TGFpB, IL-10, IL-4, IL-1Ra, and IL-12. However, during obesity,
adipocytes release primarily pro-inflammatory cytokines, such as TNF-a and IL-6 (74—
76). Adipocytes can also secrete adipokines such as adiponectin, leptin, plasminogen
activator inhibitor-1 (PAI-1), and resistin. Adiponectin improves whole-body insulin
sensitivity, stimulates appetite, and reduces energy expenditure. During obesity, levels of
adiponectin decrease and correlate with loss of insulin sensitivity (75, 77, 78). On a

cellular level, adiponectin stimulates glucose uptake and NEFA oxidation (76, 79). Leptin
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signals to the brain about body fat stores and regulates appetite and energy expenditure.
As such, leptin increases with obesity and overfeeding. It also can affect cellular
functions such as glucose metabolism, lipid oxidation, and adipocyte apoptosis (76, 79—
81). PAI-1 is primarily produced by vascular endothelial and smooth muscle cells, but
can also be produced by adipocytes (76, 82). The contribution of adipocytes to circulating
PAI-1 levels increases with obesity. PAI-1 alters the balance of fibrinolysis and
fibrinogenesis and may serve as a connection between obesity and cardiovascular disease

(76, 83).

1.5.3 Resistin

Resistin is an adipokine that is released by adipocytes in rodents (84—88). Resistin
acquired its name due to its initial association with the development of insulin resistance
(84, 87). Initial characterization of resistin showed that circulating levels were increased
in mouse models of obesity. Manipulating levels of resistin altered blood glucose and
insulin function (84). For example, administration of recombinant resistin impaired
glucose tolerance and led to insulin resistance while treatment with an anti-resistin
antibody improved blood glucose and insulin sensitivity. Interestingly, while circulating
levels of resistin have been shown to also increase in obesity in humans, resistin was
found to be secreted by macrophages in humans as opposed to adipocytes (86—88). In
humans, resistin is associated with inflammation rather than adiposity (87). However, a
characteristic of obesity is increased basal inflammation and infiltration of macrophages
into adipose tissue. Furthermore, inflammatory cytokines have previously been linked to
the development of insulin resistance (89). As such, it is possible that, despite differences

in tissue secretion, resistin still affects insulin sensitivity in humans. Of note, despite
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being discovered two decades ago, the regulation, mechanism, and receptor of resistin

remain unknown.

Due to its initial characterization in chronic conditions such as obesity and type 2
diabetes, little attention has been focused to the potential acute role for resistin. However,
recent studies on the acute stress response in humans have demonstrated a correlation
between circulating resistin and trauma or critical illness, with higher levels of resistin
associated with worse outcomes (90-97). Prolonged elevation of resistin levels was an
independent predictor of illness severity and mortality, independent of body mass index
(BMI) (90, 93, 94). As such, studies have increasingly investigated resistin as a potential

therapeutic target for critical illness (98, 99).
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2 CHAPTER 2: EXPERIMENTAL METHODS

2.1 AIR OXIDATION OF NEFA

OxFA mixtures were prepared by auto-oxidation of either LA or AA (Cayman
Chemicals) following a protocol adapted from phospholipid auto-oxidation (100). From
stock solutions in methanol, 1 mg of LA or AA was transferred to a glass test tube and
dried down under a stream of nitrogen. The tube was loosely covered with foil to deter
the introduction of contaminants and exposed to atmospheric oxygen for up to 96 h. The
progression of oxidation was assessed by both direct infusion-MS/MS and HPLC-

MS/MS analysis.

2.2 ANIMALS
2.2.1 Colony Maintenance

All animals were bred and housed in accordance with Institutional Animal Care
and Use Committee regulations. Animals were maintained on 12 h light/12 h dark cycle
and had ad libitum access to food and water. Unless otherwise indicated, 8- to 12-week
old male and female mice were used for studies. All used mice were of an inbred
C57BL/6] mouse line background. For all studies, control mice were age and sex-

matched litter mates.

2.2.2 Transgenic Animals
Atgloxfox— (B6N.129S-Pnpla2™!Eekj] Jax #024278), AdipoQ-cre (B6;FVB-

Tg(Adipog-cre)' 24, Jax #010803), and C57BL/6]J (WT, Jax #000664) were from the

(Aqp 7C(NAISTrap_TPM2-118)Yais)

Jackson Laboratory. Agp7”" sperm was obtained from Riken

Resource Center and used to re-derive mice at the University of Virginia’s Genetically
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Engineered Murine Model Core (101). Adipocyte-specific ATGL knockout (FATA™)
mice were generated by crossing Atgl*/1* with AdipoQ-Cre mice. Successful adipose
tissue-specific loss of ATGL was demonstrated by immunoblot. The functional
consequences of this deletion were confirmed by fasting mice 4 h before intraperitoneal
(i.p.) injection of 2 mg/kg epinephrine and measuring the release of glycerol and NEFA
after 30 min. Inducible, cardiomyocyte-specific loss of p38 MAPKa in mice
(1ICMp38KO) was generated by crossing mice homozygous floxed Mapki4 with a mouse
line expressing tamoxifen-inducible Cre-recombinase (merCremer) specifically in
cardiomyocytes under the control of a-MHC promotor (102). To induce Mapkl4 gene
deletion and loss of p38 MAPKa, iCMp38KO mice were injected i.p. with 500 ug OH-
Tamoxifen (5 mg/mL in peanut oil) with a 23 G needle followed by a defined recovery
time, to ensure a successful knockout and to exclude side effects of OH-Tamoxifen

injections.

2.3 CELL CULTURE
2.3.1 Primary Adipocyte Isolation

Primary adipocytes were isolated as previously described (103). Briefly, mice
were anesthetized by ip. injection of 5 ml/kg body weight of a
ketamine/xylazine/acepromazine mixture in saline and euthanized by cervical dislocation
before epididymal fat pads were harvested. Fat pads were added to Krebs Ringer HEPES-
bovine serum albumin (BSA) buffer containing 1 mg/mL collagenase type I
(Worthington Biochemical) used at 2 mg/g tissue. The fat pads were minced with scissors
while in the collagenase solution and incubated for 70 min at 37 °C in a water bath

shaking at 100 rpm. The fat cells were separated from nonfat cells and undigested debris
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by filtration through a 0.4-mm Nitex nylon mesh (Tetko) and then washed four times by

flotation with Krebs Ringer HEPES-BSA.

2.3.2 Culture of 3T3-L1 Cells

3T3-L1 mouse preadipocytes (Zen-Bio) were cultured as previously described (52,
104). Namely, preadipocytes were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco) containing 10% newborn calf serum (Gibco), 1% fetal bovine serum,
and 1% antibiotics (Gibco). Preadipocytes were differentiated into adipocytes by addition
of 100 U/mL insulin (Humulin R, Eli Lilly), 0.5 mM 3-isobutyl-1-methylxanthine, and
0.25 puM dexamethasone to DMEM containing 10% fetal bovine serum and 1%
antibiotics. Adipocytes were fed 4 days after differentiation and every other day
thereafter with DMEM containing 10% fetal bovine serum and 1% antibiotics.
Adipocytes were used 7-12 days after differentiation and fed the day before the

experiment.

2.3.3 Adipocyte Treatments

Isolated adipocytes or 3T3-L1 adipocytes were treated in serum-starved or low-
serum media, as specified in each figure legend. Lipolysis was induced by treating with
10 uM forskolin (FSK) or 1 puM isoproterenol (ISO, Sigma-Aldrich) for the time
specified in each figure legend. Insulin signaling was induced by treatment for 15 min
with 70 nM. For inhibitor studies, cells were treated with 150 uM E600 or 10 uM
atglistatin (Cayman Chemicals) for 1 h prior to lipolysis stimulation. For antioxidant
studies, cells were treated with 100 uM TmPyP, 100 uM TBAP, or 100 uM EUK
(Cayman Chemicals) overnight prior to lipolysis stimulation. Oxidative stress was

increased by treating with TBH (Sigma-Aldrich) overnight at the noted concentration
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before lipolysis stimulation. Media samples were collected in tubes and centrifuged at

2,500 x g for 10 min. Media supernatant was used for further analysis when specified.

2.3.4 Bone Marrow-Derived Macrophage Isolation, Culture, and Treatment

The bone marrow from the hind legs of mice was isolated and cleared of
erythrocyte progenitors by incubation with 0.83% NH4Cl. The bone marrow was then
cultured with RPMI media (Gibco) containing 10% FDA, 2% HEPES, 1% antibiotic, and
10% L929-conditioned media. Bone marrow was cultured for 7 days, with media
changed every 3 days with media lacking L929-conditioned media. On day 7, bone
marrow-derived macrophages were separated from the Petri dish using 0.25% trypsin,
centrifuged, had media refreshed, and re-plated before treatment with vehicle, 6.4 uM

oxPAPC, 6.4 uM oxPAPE, or 6.4 uM oxidized arachidonic acid (0xAA) for 4 h.

2.4 GENE EXPRESSION ANALYSIS
2.4.1 RNA Isolation

RNA was isolated using TRIzol reagent. For tissues, | mL of TRIzol (Invitrogen)
was added to 50-100 mg of tissue before homogenization with a Potter-Elvehjem
homogenizer. For cells, 1 mL of TRIzol was added to a cell pellet from a 6-cm plate.
Cells were homogenized by pipetting. To the TRIzol mixture, 200-250 pL of chloroform
was added before being vortexed. Tubes were then centrifuged at 16,000 x g for 10 min
at 4 °C. Supernatant was discarded, and 500 pL of isopropanol was added to each tube.
For cell samples, the isopropanol mixture was stored overnight at -20 °C. Tubes were
centrifuged at 16,000 x g for 10 min at 4 °C. Supernatant was discarded, and 500 pL of
70% ethanol was added to each tube. Tubes were centrifuged at 16,000 x g for 10 min at

4 °C. Ethanol was carefully pipetted without disturbing the pellet. The pellet was then air
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dried for 20 min before resuspension in 20 pL of nuclease-free water and heated at 55 °C
for 10 min. For tissue samples, mixture was treated with DNase I (Promega) at 37 °C for
10 min. To stop the DNase I reaction, 0.5 pL of 500 mM ethylene diamine tetraacetic

acid (EDTA) was added to each tube.

2.4.2 Real-Time qPCR Analysis

cDNA was reverse transcribed from 1 pg of RNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) and amplified by PCR. Analysis by real-
time qPCR was set up using 1 pg of cDNA, 10 pmol of each primer (forward and
reverse), and iQ SYBR Green Supermix (BioRad). Primers were designed and validated
for mouse B2m, Csnk2b, Cxcll, Cxcl2, Gépdx, Gclm, Slc2al (GLUT1), Hmox1, 1115, 116,

Pgd, Retn, Rnli8S, Srxnl, and Taldo.

2.5 GLUCOSE UPTAKE AND TURNOVER

Glucose uptake was measured in isolated adipocytes, as previously described (105).
Briefly, isolated adipocytes were diluted 10-fold in Krebs Ringer HEPES buffer with
0.5% BSA to produce a cell suspension. Cell suspension aliquots of 100 uL were mixed
with 350 puL of Krebs Ringer HEPES-BSA buffer with or without treatments for 30 min
in a 37 °C shaking water bath. To each cellular suspension, 1.25 uCi of [U-!C]-D-
glucose (PerkinElmer) in Krebs Ringer HEPES-BSA buffer was added. Samples were
incubated an additional 20 min in the water bath. Glucose uptake was terminated by
centrifuging each cellular suspension through 150 pL of dinonyl phthalate to separate the
cells from the assay media. The radioactivity of the cellular fraction was determined by
liquid scintillation counting. Nonspecific cellular radioactivity was determined by

performing the assay with 20 uM cytochalasin B. Results were expressed as attomoles
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per minute per cell. The number of cells was calculated from lipid weights and adipocyte

size (105).

2.6 HEMORRHAGIC SHOCK MODEL

Surgical trauma and HS were induced as previously described with minor
modifications (5). Briefly, 10- to 12-week old mice were fasted 4 h before experiments.
For inhibitor studies, atglistatin and GS-9667 (Gilead Sciences) in dimethyl sulfoxide
were diluted in vehicle (1% Cremophor-EL in saline) and administered i.p. 4 hand 1 h
prior to the start of experiment, respectively. For vehicle treatments in atglistatin and GS-
9667 studies, animals received matched volumes of dimethyl sulfoxide in 1%
Cremophor-EL. For glycerol treatments, a bolus of 3 mg/g glycerol was administered i.p.
immediately before the start of the HS protocol. Mice were then anesthetized with
isoflurane inhalation. Mice were kept anesthetized throughout the surgical procedure by
continuous inhalation of 1.5% isoflurane and 98.5% air. Mice were then shaved and
restrained in a supine position. Soft tissue trauma was represented by a 2-cm ventral
midline laparotomy in the abdomen that was closed with 6-0 Ethilon sutures. Mean
arterial pressure was monitored by a polyethylene-10 catheter placed in the right femoral
artery. Within 10 min, mice were bled to a mean arterial pressure of 35-40 mm Hg and
maintained at this pressure. At the end of 30 min, saline or 0.5 U insulin was injected into
the inferior vena cava. After 4 min, tissues were harvested. Blood glucose and lactate
levels were measured at the tail vein by a handheld glucometer (One-touch Ultra) and

lactate monitor (Nova Biomedical), respectively.
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2.7 HYPERINSULINEMIC-EUGLYCEMIC CLAMPS
Hyperinsulinemic-euglycemic clamps were conducted as previously described with
minor modifications (106). Briefly, 10- to 12-week old mice were fasted 2-4 h before
experiments. For inhibitor studies, vehicle or GS-9667 was administered i.p. 30 min prior
to start of the experiment. Mice were initially anesthetized with 2% isoflurane and
maintained on 1.5% isoflurane. An incision was made to expose, isolate, and catheterize
the left jugular vein. During the induction period (-30 to 0 min), mice were infused with
D-[3-*H] glucose at 0.17 uCi/min and either epinephrine (1 pg/kg/min) or saline. The
clamp was started with a continuous infusion of insulin at 10 mU/kg/min and either
epinephrine (1 pg/kg/min) or saline. Plasma glucose was maintained at 150 mg/dL by

variable infusion of dextrose throughout the clamp.

2.8 LAD ARTERY LIGATION MODEL OF MYOCARDIAL INFARCTION

To model diet-induced obesity, wild-type (WT) mice were fed chow or high-fat
diet (HFD) for 12 weeks. Blood was collected from the tail vein after 12 weeks as the
basal timepoint. To induce myocardial infarction in lean or obese mice, the left anterior
descending (LAD) artery ligation model was used (107). In brief, mice were anesthetized
with 2% isoflurane, intubated, and ventilated with 40% oxygen using a rodent ventilator
(Hugo Sachs). Mice were place in a supine position on a warming plate (Zevenaar) to
maintain body temperature at 37.5 °C. For analgesia, mice received 0.1 mg/kg
buprenorphine subcutaneously. Electrocardiography was recorded continuously during
the procedure. Blood was collected from the tail vein before incision to account for
anesthesia-induced changes. After lateral thoracotomy, the pericardium was dissected,

and a 7-0 surgical prolene suture was passed underneath the LAD artery 1 mm from the
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tip of the left auricle. The suture ends were passed through a piece of silicon tubing to
form a snare occlude. Myocardial ischemia was produced by tightening the snare and was
confirmed by both blanching of the myocardium and a change in the electrocardiography.
After 35 min of ischemia, blood was collected from the tail vein for the ischemic stress
timepoint. After a total of 45 min of ischemia, the snare was opened to initiate
reperfusion. The suture was then removed, and the chest was closed. Mice were
extubated after they regained spontaneous breathing. As postoperative analgesia, mice
received 0.05-0.1 mg/kg buprenorphine every 8 h for up to 5 days. Blood was collected
from the tail vein 1, 2, 8, and 16 days after surgery. On either day 8 or 16, mice were

sacrificed by cervical dislocation, and tissues were harvested.

2.9 LiIriD EXTRACTION

2.9.1 Extraction of Lipids for in vitro mMTOR Complex Assays

A 6-cm plate of 3T3-L1 adipocytes or 100 pL of packed isolated adipocytes
treated as indicated were washed twice with PBS (145 mM NaCl, 5.4 mM KClI, and 10
mM Na3;PO4, pH 7.4) and homogenized in a buffer containing 1 mM EDTA, 1 mM
ethylene glycol tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT), 0.1% Tween 20, 10
mM Na;PO4, 50 mM B-glycerophosphate, pH 7.4 supplemented with 1 mM
phenylmethylsulfonyl fluoride, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 10 pg/mL
pepstatin, and 0.5 pM microcystin LR. Homogenates were centrifuged at 16,000 x g for
10 min. A total of 400 pL of 1:1 hexane:ethyl acetate was added and mixed with the
supernatants for 30 min followed by centrifugation at 8,000 x g for 2 min. The organic
phase was moved to a fresh tube, and the organic solvent was evaporated. The dried

residue was then resuspended and used in either the kinase or dissociation assay, as
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specified. For the in vitro lipase treatment, resuspended lipids were treated with 2 U/mL

lipase for 30 min at room temperature. Lipids were then reextracted.

2.9.2 Extraction of OxFA

Lipids were extracted from cellular media or mouse serum spiked with 25 nmol of
internal standard (heptadecanoic acid, C17:0) using a chloroform/methanol extraction. To
each glass tube of media or serum, 3 mL of extraction solvent (2:1 chloroform:methanol
containing 50 pg/mL butylated hydroxytoluene to deter further lipid oxidation) was
added. The tubes were then vortexed and placed on ice for 30 min before partitioning by
centrifugation (2,000 x g, 5 min, 4 °C). After centrifugation, the lower organic layer was
collected in a separate glass test tube. The remaining aqueous layer was subjected to a
second extraction with 1.5 mL of extraction solvent. After vortexing, the samples were
again partitioned by centrifugation and the lower organic layer collected and combined
with that from the first extraction. The solvent from the collected extractions was
evaporated under a stream of nitrogen before being suspended in 100 pL. of methanol and

analyzed by HPLC-MS/MS.

2.10 METABOLITE MEASUREMENTS

Blood glucose levels were measured at the tail vein by a handheld glucometer.
NEFA levels in serum, media, and lipid extracts were measured using the HR series
NEFA-HR detection kit (Wako Diagnostics) following manufacturer’s protocol (32).
Glycerol and glycerolipid levels in serum, media, and lipid extracts were measured using
the free glycerol/glycerolipid determination kit (Sigma-Aldrich) following

manufacturer’s protocol. A commercial enzyme-linked immunosorbent assay (ELISA)
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kit was used to detect resistin (RayBiotech) following manufacturer’s protocol. All other
circulating adipokines in serum were detected by Luminex Multiplex Assays at the

University of Virginia flow core facility.

2.11 MTOR COMPLEX ACTIVITY

2.11.1 Endogenous mTOR Complex Immunoprecipitation

Cell extracts from a 6-cm dish of 3T3-L1 were incubated at 4 °C with 2 pg of
antibodies bound to either 15 pL of protein A-agarose beads for rabbit antibodies or 15
uL of protein G-agarose beads for mouse antibodies for 2 h with constant mixing. After
incubation, the beads were washed with 1 mL of buffer containing 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, 0.1% Tween 20, 10 mM Na3PO4, 50 mM B-glycerophosphate, 0.5
mM NaCl, pH 7.4. Beads were then washed twice with 1 mL of buffer containing 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 0.1% Tween 20, 10 mM Na3;POs, 50 mM -

glycerophosphate, pH 7.4. Protein was eluted from beads with Laemmli buffer.

2.11.2 Recombinant mTOR Complex Purification

A 15-cm plate of HEK293T cells were transiently transfected with 40 pg plasmid
for HA-tagged mTOR and 10 pg plasmid for FLAG-tagged raptor (FLAG-tagged rictor
for mTORC?2) using 25 pL Lipofectamine 2000. A total of 18-24 plates were used for
each purification. Each plate of cells was lysed in 0.3 mL lysis buffer (150 mM NacCl, 50
mM HEPES, 0.4% CHAPS, pH 7.4 with protease inhibitors). Cell lysates were
centrifuged at 16,000 x g for 10 min. The supernatant was incubated with 10 pL anti-
FLAG M2 beads for 2 h at 4 °C. Beads were isolated by centrifuging at 2,000 x g, and
the supernatant was removed. The beads were packed onto a screening column (Fisher

Scientific) and washed once with lysis buffer. The beads were then rinsed once with 3
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mL wash buffer 1 (150 mM NaCl, 50mM HEPES, 0.1% CHAPS, pH 7.4) and twice with
1 mL wash buffer 2 (200 mM NaCl, 50 mM HEPES, 0.1% CHAPS, pH 7.4). mTOR
complex was eluted by five 200 pL additions of elution buffer (500 mM NaCl, 50 mM
HEPES, 0.1% CHAPS, pH 7.4) supplemented with 0.5 mg/mL FLAG peptide (Lifetein).
The column was stopped with parafilm for 3 min during the third addition of elution
buffer. The first three elution fractions were pooled and dialyzed three times against 150
mM NaCl, 50 mM HEPES, 50 mM B-glycerophosphate, pH 7.4. Purified mTOR complex
was quantified by comparison of mTOR, raptor, and rictor bands to BSA standards on

Coomassie Blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

2.11.3 mTOR Complex Kinase Assay in vitro

A total of 250 ng of purified mTORCI1 and 1 pg of substrate (either 4E-BP1 or
S6K) were suspended in 25 pL of kinase buffer (50 mM NaCl, 0.1 mM EGTA, 1 mM
DTT, 2 mM MnCl;, 10 mM HEPES, 50 mM -glycerophosphate, 0.5 uM microcystin
LR, pH 7.4). The kinase reactions were initiated by adding 5 pL of 3 mM ATP in kinase
buffer supplemented with 1,000 mCi/mmol [y-*?P]-ATP (PerkinElmer Life Sciences).
The final ATP concentration was 500 uM. Reactions were incubated with shaking for 30
min at 30 °C. Assays were quenched by addition of Laemmli buffer. The amount of 3P
incorporation was determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by phosphoimaging. For lipid treatments, lipids were extracted,
solubilized in 100 pL kinase buffer with 0.1% Tween-20, and 2 pL. was added to each

reaction.
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2.11.4 mTOR Complex Dissociation Assay in vitro

Anti-HA beads were prepared by conjugating 2 ug anti-HA mouse antibody to 15
uL Protein-G agarose beads by constant mixing at 4 °C for 2 h. Purified, fluorescently-
tagged HA-Venus-mTOR and FLAG-Cerulean-Raptor (FLAG-Cerulean-Rictor for
mTORC2) were immobilized by immunoprecipitation with prepared anti-HA beads. The
amount of mTOR complex in each assay was between 0.9-1.1 ug. When treated with
extracted lipids, the dried lipid residue was solubilized in dissociation buffer (I mM
EDTA, 1 mM EGTA, 1 mM DTT, 10 mM sodium phosphate, 50 mM -
glycerophosphate, 0.1% Tween-20, pH 7.4) supplemented with protease inhibitors. The
solubilized lipids were then mixed with the mTOR complexes on beads for 30 min at
room temperature. The beads were then washed three times, suspended in 100 pL
dissociation buffer, and transferred to a 96-well plate. Fluorescent emissions were
detected on a TECAN infinite M200. Venus excitation and emission wavelengths are 495
and 528 nm, respectively, Cerulean excitation and emission wavelengths are 433 and 475
nm, respectively. For a positive control of mTOR complex dissociation, 1% Triton X-100
was included instead of 0.1% Tween-20. The presence of complex proteins was

confirmed at the end of the assay by immunoblotting.

2.12 PRESSURE OVERLOAD-INDUCED HEART FAILURE MODEL

To cause pressure-overload induced heart failure in WT and iCMp38KO mice, we
used angiotensin II (Angll) as a potent vasoconstrictor, leading to hypertension and
increased cardiac workload. Osmotic mini-pumps (Alzet) were used to allow continuous
Angll infusion. Pumps were filled 12-16 h before use with Angll (Sigma-Aldrich) or

PBS according to manufacturer’s recommendation and stored overnight at 37 °C in PBS.
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Before implantation, mice were initially anesthetized with 3-4% isoflurane and, during
the course of the procedure, were continuously delivered 1-3% isoflurane. An incision
was made subcutaneously on the back for insertion of the osmotic mini-pump and sutured
after implantation. After 4-6 h, pumps reached a constant infusion rate of 1.5 mg/kg/day
Angll. For lipolysis inhibition studies, atglistatin was administered in the food at a dose
of 0.4 mg/g food. To prepare atglistatin supplemented food, normal chow was crushed
using a mortar and pestle, weighed, and mixed with the appropriate amount of atglistatin.
The powdered mixture was then formed into a pellet using water and allowed to dry
overnight. Atglistatin administration was started two days prior to osmotic mini-pump
implantation and continued for two more days. Mice were fasted 4 h prior to blood

collection and tissues being harvested.

2.13 REGIOISOMER-INDEPENDENT ANALYSIS OF OXFA BY HPLC-
ELECTROSPRAY (ESI)-MS/MS

2.13.1 ESI-MS/MS Conditions

Analysis was performed on an AB Sciex 4000 QTRAP hybrid triple quadrupole-
linear ion trap mass spectrometer with a Turbo V source with positive-ion ionization.
Instrument operation and data acquisition/analysis were performed using AB Sciex 1.6.3
Analyst software. General source parameters were set as follows: ion spray voltage (IS)
to 5.5 kV, interface temperature (TEM) to 180 °C, curtain gas (CUR) to 30 psi, collision
activated dissociation gas (CAD, nitrogen) to 4 psi, nebulizer gas (GS1) to 25 psi, and
auxiliary gas (GS2) to 10 psi. Species-dependent MS/MS parameters, including
declustering potential, CE, and collision exit potential, were optimized using direct

infusion-MS/MS analysis of purchased standards.
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Direct infusion-MS/MS analysis was performed on dilutions of 10 uM for individual
standards or 100 uM for oxFA mixtures prepared in methanol supplemented with 200
uM  sodium acetate. Standards for LA; AA; C17:0; =+13-hydroperoxy-9Z,11E-
octadecadienoic acid (HPODE); +13-hydroxy-9Z,11E-octadecadienoic acid (HODE); 9-
oxo-10E,12Z-octadecadienoic  acid (KODE);  £12-hydroperoxy-5Z,8Z,10E,14Z-
eicosatetraenoic acid (HPETE); +5-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid
(HETE); and 5-ox0-6E,8Z,11Z,14Z-eicosatetraenoic acid (KETE) were purchased from
Cayman Chemical (Ann Arbor, MI).Samples were continuously infused with a syringe
pump at a rate of 20 pL/min. Optimized MS/MS conditions for improved detection were
determined using the Compound Optimization tool in the Analyst software as well as
confirmation of detection and fragmentation in manual tuning mode at a range of
declustering potential and CE. All mass spectra were recorded over a mass-to-charge
ratio (m/z) range of 50-500 in multi-channel analysis mode under optimized conditions.
Full-scan mass spectra depict 238 cumulative scans of 0.5 s. Product ion scans depict 79

cumulative scans of 1.5 s.

For oxFA quantitation, HPLC-MS/MS analysis in multiple reaction monitoring
mode was utilized. Using the DiffE QIM approach of species identification, two pseudo-
molecular multiple reaction monitoring transitions, where both the parent ion and product
ion mass were set to the molecular ion adduct, were monitored for each analyte: the
quantitative transition had a low CE and the qualitative transition had a high CE yielding
approximately 50% intensity (108). Species identification was performed by comparing
the ratio of the quantitative and qualitative transitions under the specified conditions. The

qualifier ion ratio (QIR) must be in the range of 75-125% of the pure reference standard
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when the qualitative transition has an intensity of 20-50% of the quantitative transition.
Further deviation indicates the likely presence of a confounding coeluting species (108—
114). Quantification was achieved by comparison to five-point calibration curves ranging
from 0.1 to 1000 pmol/injection. For each species, the lower limit of quantification
(LOQ) was determined to be the concentration at which the lower intensity, qualitative
transition has a signal-to-noise ratio of greater than 3:1. Because this method relies on
DiffE QIM, the limit of detection and LOQ are the same, as the oxFA cannot be

identified without the qualitative transition.

2.13.2 HPLC Conditions

A Shimadzu LC-20AD HPLC system was used in combination with a DGU-20A3
degasser, SIL-20ACHT autosampler, and a CTO-20A column oven. The autosampler
was maintained at 4 °C and set to an injection volume of 10 pL. Analysis was performed
with a Supelco Discovery C18 column (5 pm, 2.1 x 50 mm) in combination with a
Supelguard Discovery C18 guard column (5 um, 2.1 x 20 mm). Selective elution was
achieved with a gradient of Solvent A (80:20 water:methanol) and Solvent B (methanol
containing 200 puM sodium acetate) with an overall flow rate of 300 uL/min. The column
was first equilibrated for 5 min with 100% Solvent A. After that, Solvent B was increased
linearly to 100% over 4 min before being held constant for 4 min. Solvent A was then
increased to 100% over 1 min and held constant for 3 min to rinse residual salt from the
HPLC-MS/MS setup. Retention time variation was calculated for each oxFA species by
comparing the retention times on five separate days. The HPLC was connected to a Sciex

4000 QTRAP operated using the settings indicated previously.
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An alternate, compatible HPLC method for a shorter runtime utilizing the same
column and HPLC setup is as follows. The column was first equilibrated for 2 min with
100% Solvent A. After that, Solvent B was increased linearly to 100% over 1 min before
being held constant for 4 min. Solvent A was then increased to 100% over 1 min and held
constant for 3 min to rinse residual salt. An alternate, compatible HPLC method for
increased separation utilized the same HPLC setup but with a Thermo Fisher Acclaim
120 C18 column (5 pm, 4.6 x 100 mm). In this method, the column was first equilibrated
for 2 min with 100% Solvent A. After that, Solvent B was increased linearly to 100%
over 1 min before being held constant for 12 min. Solvent A was then increased to 100%

over 1 min and held constant for 5 min to rinse residual salt.

2.13.3 Validation Procedure

For determination of method precision, five concentrations (0.1 to 1000
pmol/injection) of each oxFA standard were used. For intra-assay precision, the samples
were measured three times each on the same day. For interassay precision, the samples
were measured on five separate days. Precision values are expressed as the percent value
of the standard deviation compared to the mean value. Accuracy was determined by
measuring three different, known concentrations of oxFA standard five times. Accuracy
values are expressed as the percent value of the calculated concentration compared to the

known concentration.

2.14 SERUM COLLECTION FOR OXFA MEASUREMENT
For basal oxFA measurement, 6-month-old C57BL/6J mice (both male and
female) were fasted for 2 h in the morning (fed state) while maintaining free access to

water. In order to collect blood, mice were sacrificed by cervical dislocation under
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isoflurane anesthesia and a cardiac puncture performed. For measurement of oxFA after
lipolysis-stimulation, 12-week-old WT mice were fasted 4 h and i.p. injected with either
with vehicle or 5 mg/kg CL316,243. After 15 min, blood was collected from the tail vein.
For measurement of basal circulating levels of oxFA in obesity, WT mice were fed chow
or HFD for 12 weeks. Mice were fasted 4 h and then blood was collected from the tail
vein. Blood was kept on ice for 20 min to allow for coagulation. The clot was pelleted by
centrifugation (1,500 x g, 10 min, 4 °C). The supernatant serum was removed into clean

tubes for immediate storage at -80 °C.

2.15 WESTERN BLOT AND QUANTITATIVE ANALYSIS

2.15.1 Tissue Western Blots

Tissues were homogenized in lysis buffer containing | mM EDTA, 1 mM EGTA, 1
mM DTT, 0.1% Tween-20, 10 mM sodium phosphate, and 50 mM B-glycerophosphate,
pH 7.4 supplemented with protease inhibitors. Samples were centrifuged at 16,000 x g for
10 min. Protein concentrations were measured using bicinchoninic acid (BCA) (Pierce).
Samples were then boiled in Laemmli buffer, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred to polyvinylidene fluoride (PVDF)
membrane. Immunoblotting was performed with antibodies to Akt, pAkt>*’3, ATGL, B-

actin, and B-tubulin (Cell Signaling Technology).

2.15.2 Cell Lysate Western Blots

Cells were rinsed with chilled PBS and homogenized using a syringe with a 20-
gauge needle in buffer containing 1| mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1% Tween
20, 10 mM Na3PO4, 50 mM B-glycerophosphate, pH 7.4 supplemented with 1 mM

phenylmethylsulfonyl fluoride, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 10 pg/mL
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pepstatin, and 0.5 uM microcystin LR. Homogenates were centrifuged at 16,000 x g for
10 min. Supernatant lysates were then boiled in Laemmli buffer, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to polyvinylidene
fluoride (PVDF) membrane. Immunoblotting was performed with antibodies to p4E-
BP1T747, Akt, pAktS 7, pAkt™%, pAS16055, pHSLSS®, IR, pIRY! 1591151 mTOR, pPKA

substrate, raptor, rictor, and pS6K™* (Cell Signaling Technology).

2.15.3 Cellular Media Western Blots

Media samples were collected in tubes and centrifuged at 2,500 x g for 10 min.
Laemmli buffer was added to media supernatant, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred to polyvinylidene fluoride (PVDF)
membrane. Immunoblotting was performed with an antibody to resistin (Cell Signaling

Technology).

2.15.4 Quantitative Analysis

Alkaline phosphatase conjugated chemiluminescence was used to image blots
(Fujifilm LAS-4000). Blots were quantified by densitometry using ImageJ software.
Bands corresponding to protein were quantified by subtracting background exposure.
Phosphorylated protein values were divided by total protein levels to account for
differences in loading. Normalization for tissue blots was carried out in GraphPad Prism
software by setting the largest relative value in each immunoblot to 100 and all other
values adjusted accordingly. Normalization for cell lysate blots was carried out in
GraphPad Prism software by setting vehicle-treated or WT cells in each immunoblot to 1

and all other values adjusted accordingly.
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3 CHAPTER 3: ADIPOCYTE LIPOLYSIS DRIVES
ADRENERGIC STRESS-INDUCED INSULIN RESISTANCE
AND MTOR COMPLEX DISSOCIATION

3.1 ABSTRACT

Acute hyperglycemia and systemic insulin resistance often develop after injury or
surgery. This stress response leads to increased post-operative complications and
mortality. However, the underlying mechanisms driving insulin resistance are unknown.
It is, however, known that surgical animal models rapidly develop adipose insulin
resistance. Impaired insulin action in adipose alone can result in whole body insulin
resistance and hyperglycemia. Therefore, we investigated the contributions of adipocyte
lipolysis to the metabolic response to acute stress. Both surgical injury with HS and
epinephrine infusion profoundly stimulated adipocyte lipolysis and simultaneously
induced insulin resistance and hyperglycemia. When lipolysis was inhibited, the stress-
induced insulin resistance and hyperglycemia were largely abolished, demonstrating an
essential requirement for adipocyte lipolysis. Interestingly, circulating NEFA levels did
not increase with lipolysis or correlate with insulin resistance during acute stress. Instead,
we show that impaired insulin sensitivity correlated with circulating levels of the
adipokine resistin in a lipolysis-dependent manner. To further define the mechanism by
which catecholamines impair insulin signaling in adipocytes, we modeled adrenergic-
stress in vitro. We demonstrate that B-adrenergic-mediated lipolysis blunts glucose
uptake by inhibiting mTOR complex activity. Furthermore, we show that products of

lipolysis inhibit the mTOR complexes through complex dissociation. Defining the
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mechanism by which catecholamine-stimulated lipolysis attenuates insulin signaling may

provide novel therapeutic targets for improved post-operative glucose homeostasis.

3.2 INTRODUCTION

Severe trauma, such as severe illness and surgery, activates an acute stress response
which results in systemic insulin resistance and hyperglycemia, even in patients without
prior history of diabetes (14, 115). Of concern, hyperglycemia has been shown to be an
independent risk factor for increased mortality and morbidity after major surgery (24,
116). As a result, the maintenance of euglycemia is a major therapeutic target in the ICU
after injury or critical illness (5—7). However, intensive insulin therapy is only effective
in some patients and requires careful monitoring and individualization, as it increases
hypoglycemic incidents which often negate the positive effects of tight glucose control
(1, 117, 118). Furthermore, this treatment does not correct the underlying insulin
resistance, the mechanism of which remains unknown. Our research into the
pathophysiology of acute insulin resistance in critical illness diabetes will set the stage
for the development of a more targeted approach to maintaining glucose homeostasis in

patients.

The acute stress response is characterized by inhibition of anabolic signaling and
activation of catabolic signaling to provide substrates for tissue healing (47). Insulin is a
key anabolic hormone, and its signaling is potently inhibited during acute stress (47).
Insulin resistance is the inability of insulin to adequately stimulate glucose uptake or
inhibit gluconeogenesis in the liver (1). The mechanism by which insulin resistance
develops in chronic or acute conditions in various tissues is still largely unknown (1).

Integral steps in the insulin signaling pathway are the mTOR complexes. The mTOR
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complexes are serine/threonine kinases that function as key regulators of cell growth and
metabolism. mTOR is found in two unique protein complexes: mTORCI, in which
mTOR interacts with raptor and PRAS40; and mTORC2, in which it interacts with rictor
and mSin (49). Association of mTOR with raptor or rictor is required for mTORC]1 and
mTORC2 kinase activity, respectively (50, 119, 120). Both mTOR complexes
phosphorylate and activate downstream steps of the insulin signaling pathway, including
the mTORCI substrates S6K1 and 4E-BP1 and the mTORC?2 substrate Akt (50). Of note,
inhibition of these complexes has been strongly associated with the onset of insulin
resistance. In support of this, our laboratory showed that adipose-specific loss of rictor
not only inhibited insulin signaling in adipose tissue, but also led to whole-body insulin
resistance and glucose intolerance (50). However, the mechanism by which adipose-
specific loss of insulin signaling contributes to the development of peripheral insulin

resistance is still unknown.

In addition to inhibiting insulin signaling, acute stress induces a sympathetic
nervous system response and the rapid release of catecholamines, which are major
catabolic hormones (1). Catecholamines, such as epinephrine, activate adrenergic
receptors which lead to the breakdown of glycogen, production of glucose, and the
induction of lipolysis (1, 47, 51, 52). Lipolysis is the breakdown of stored fats in the form
of TAG from lipid droplets. The first and rate-limiting step of this process, the hydrolysis
of a TAG to produce DAG, is catalyzed by ATGL (53). Mice lacking ATGL, such as our
fat-specific knockout (FATA) mice, exhibit drastic reductions in their ability to begin the
breakdown of TAGs and undergo lipolysis (54). The final products of the breakdown of

TAGs are glycerol and NEFA. Glycerol serves as a gluconeogenic substrate for the liver,
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and its increased abundance could contribute to hyperglycemia during critical illness
diabetes (121-124). NEFA can undergo beta-oxidation to serve as a source of energy, be

used as precursors for other lipids, or act as signaling molecules (51, 52, 125).

In this study, we investigated the role of adipocyte lipolysis in the development of
acute stress-induced hyperglycemia and insulin resistance in vivo using a mouse model of
surgical injury and HS. We quantified the effect of adipocyte lipolysis on insulin
sensitivity using hyperinsulinemic-euglycemic clamps. Our findings show that adipocyte
lipolysis is necessary for the development of acute stress-induced hyperglycemia and
insulin resistance. In addition, adipose tissue releases the adipokine resistin, which has
been strongly linked to the development of chronic insulin resistance, in a stress- and
lipolysis-dependent manner. We further investigated in vitro the molecular mechanism by
which lipolysis affects insulin signaling in adipocytes. We specifically investigated the
effect of lipolysis on the critical mMTOR complexes. We found that products of lipolysis
themselves are capable of causing mTOR complex inhibition through dissociation of the
complex, leading to the development of insulin resistance. Taken together, our data
suggest adipocyte lipolysis may be a possible therapeutic target for reducing the

maladaptive metabolic effects of the acute stress response.

3.3 RESULTS

3.3.1 Inhibition of Adipocyte Lipolysis Prevents Acute Adrenergic Stress-Induced
Metabolic Derangements

Rodent models of surgical injury and hemorrhage develop severe adrenergic stress
leading to acute metabolic derangements, including hyperglycemia and peripheral insulin

resistance (115, 126—128). We robustly induced stress-dependent metabolic changes by
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subjecting mice to surgical soft-tissue injury alone (sham) or with HS. To investigate the
role of lipolysis in the development of these changes, we used atglistatin to specifically
inhibit ATGL (129). In vehicle-treated mice, HS induced profound hyperglycemia
compared to sham (Figure 3-1A). This development was accompanied by the induction
of lipolysis, as shown by an increase in the level of circulating glycerol (Figure 3-1B).
Mice treated with atglistatin exhibited inhibited lipolysis and were protected from the
development of hyperglycemia (Figure 3-1A, B). Notably, the increase in glycerol
observed with HS in vehicle-treated mice was not accompanied by an increase in
circulating NEFA levels (Figure 3-1C). This disconnect between circulating glycerol and
NEFA levels observed during HS has previously been ascribed to vasoconstriction in
WAT. Glycerol is miscible in aqueous solution and can freely diffuse from adipose
depots into systemic circulation through the interstitial fluid (130). However, NEFA are
hydrophobic and require carrier proteins, such as albumin, for transport in aqueous
solution. Vasoconstriction reduces the availability of these necessary carrier proteins
within adipose depots, thus preventing NEFA transport (131-135). Hemorrhage also
leads to elevated lactate levels and tissue acidification, thereby promoting increased fatty
acid re-esterification within the adipose depot (136). In addition to the development of
hyperglycemia and similar to previous reports, HS impaired insulin-induced Akt>47?
phosphorylation in peripheral tissues of vehicle-treated mice, including WAT, liver, and
skeletal muscle (SKM) (Figure 3-1D-F) (126, 137, 138). Atglistatin-treated mice were

protected from HS-induced disruptions in peripheral insulin signaling (Figure 3-1D-F).

While atglistatin is a potent inhibitor of rodent ATGL, it has been found to be

ineffective against the human isoform (139). Therefore, we chose to validate our results
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with GS-9667, an Al-adenosine receptor partial agonist which blocks lipolysis by
inhibiting cAMP production and has been shown to be effective in reducing circulating
NEFA levels in human patients (140, 141). Similar to our findings with atglistatin, GS-
9667 treatment protected mice from the development of HS-induced hyperglycemia and

disruptions in peripheral insulin signaling (Figure 3-1A-F).

To identify adipocytes as the necessary site of lipolysis, we genetically deleted
Pnpla?2 specifically from adipocytes in mice (FATA™) to create loss of ATGL within
adipocytes. Successful adipose tissue-specific loss of ATGL was demonstrated by
immunoblot (Figure 3-2A). The functional consequences of this deletion were confirmed
by subjecting mice to i.p. injection of epinephrine and measuring the release of lipolytic
products. Both serum glycerol and NEFA were observed to increase in WT™! mice, but
this increase was prevented by genetic deletion of adipocyte ATGL in FATA”" mice
(Figure 3-2B, C). To examine the role of adipocyte ATGL action in the context of acute
stress, we subjected FATA”" mice to HS. Similar to pharmacological inhibition, loss of
ATGL in adipocytes alone lowered blood glucose levels (Figure 3-2D). Hyperglycemia
in WT" mice was again accompanied by elevations in circulating glycerol with no
corresponding increase in systemic NEFA levels (Figure 3-2E, F). As expected, HS
disrupted peripheral insulin response in WT%1 mice (Figure 3-2G-I). Interestingly,
FATA” mice were largely protected from stress-induced insulin signaling disturbances
not only in WAT, but also in liver and SKM (Figure 3-2G-I). These studies suggest that
stress-induced metabolic derangements such as hyperglycemia and defects in peripheral
insulin signaling are dependent on adipocyte lipolysis but occur without apparent

increases in circulating NEFA.
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Figure 3-1: Acute inhibition of lipolysis improves metabolic impairments in HS
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Figure 3-1 Legend

A. Blood glucose levels from WT mice fasted 4 h and pretreated either with vehicle,

FOw

1 mg/kg atglistatin, or 5 mg/kg GS-9667 before being subjected to sham or HS.
After 30 min of sham or HS, the mice were injected with saline or 0.5 U insulin in
the inferior vena cava, and tissues were harvested after 4 min.

Glycerol levels in serum from WT mice treated as in A.

NEFA levels in serum from WT mice treated as in A.

Representative immunoblots and quantitation for white adipose tissue (WAT,
epididymal) from WT mice treated as in A.

Representative immunoblots and quantitation for liver from WT mice treated as in
A.

Representative immunoblots and quantitation for skeletal muscle (SKM,
gastrocnemius) from WT mice treated as in A.

N =2-7. Data are shown as mean =+ standard error of mean (SEM). *P < 0.05, **P
< 0.01, and ***P < 0.001, as indicated. For A-C, statistical analyses were
performed using two-way analysis of variance (ANOVA). For D-F, image
quantitations were normalized by setting largest value in each immunoblot to 100.
Statistical analyses on relative values for vehicle and atglistatin were performed
using three-way ANOVA. Statistical analyses of GS-9667 relative values were
performed using two-way ANOVA. All comparisons differing by one variable
were made and adjusted for with ANOVA, and all significant comparisons are
denoted as such.
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Figure 3-2: Genetic deletion of adipocyte A7g/ improves metabolic impairments in

HS
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Figure 3-2 Legend

A.

Q==

Representative immunoblots for white adipose tissue (WAT, epididymal) and
skeletal muscle (SKM, gastrocnemius) of WT?1 and FATA”- mice demonstrating
adipocyte-specific ATGL knockout.

Glycerol level in serum from WT"" and FATA”" mice fasted 4 h, injected i.p.
with 2 mg/kg epinephrine and had serum collected from the tail vein after 30 min.
NEFA levels in serum from WT?? and FATA”" mice treated as in B.

. Blood glucose levels from WTV? and FATA” mice fasted 4 h before being

subjected to sham or HS. After 30 min of sham or HS, the mice were injected
with saline or 0.5 U insulin in the inferior vena cava, and tissues were harvested
after 4 min.

Glycerol levels in serum from WT?1 and FATA mice treated as in D.

NEFA levels in serum from WT%! and FATA mice treated as in D.

. Representative immunoblots and quantitation for WAT (epididymal) from WT%1

and FATA” mice treated as in D.

. Representative immunoblots and quantitation for liver from WT"? and FATA™

mice treated as in D.

Representative immunoblots and quantitation for SKM (gastrocnemius) from
WTV1 and FATA” mice treated as in D.

N = 3-12. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ***P <
0.001, as indicated. For A-F, statistical analyses were performed using two-way
ANOVA. For G-I, image quantitations were normalized by setting largest value in
each immunoblot to 100. Statistical analyses on relative values were performed
using three-way ANOVA. All comparisons differing by one variable were made
and adjusted for with ANOVA, and all significant comparisons are denoted as
such. Experiments in B and C were performed by Katelyn Ahern.
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3.3.2 The Development of Catecholamine-Induced Insulin Resistance is Dependent
on Adipocyte Lipolysis

While the degree of pAkt>*’® in our experiments suggests the development of
peripheral insulin resistance, in agreement with previous results, we were interested in a
more quantitative assessment of insulin sensitivity in peripheral tissues (126, 137, 138).
To definitively investigate the role of stress-induced lipolysis on the development of
insulin resistance in vivo under controlled conditions, we infused epinephrine in
anesthetized vehicle- or GS-9667-treated mice during hyperinsulinemic-euglycemic
clamp (106). Blood glucose levels were maintained at roughly 150 mg/dL for all groups
during the steady-state period (Figure 3-3A). As expected, epinephrine infusion induced
lipolysis in vehicle-treated mice, as seen by an increase in circulating glycerol (Figure
3-3B). Glycerol levels also increased in GS-9667-treated mice, but to a lesser extent,
indicating an inhibited lipolytic response. Corroborating previously published results and
our pAktS’3 observations, vehicle-treated mice exhibited an epinephrine-dependent
decline in glucose infusion rate (GIR), indicating the development of insulin resistance
(Figure 3-3C) (121, 142). GS-9667-treated mice were protected from an epinephrine-

dependent decline in GIR and the development of insulin resistance.

To confirm the critical role of adipocyte lipolysis in the development of peripheral
insulin resistance, we performed hyperinsulinemic-euglycemic clamps on anesthetized
WTV1 or FATA” mice. Again, blood glucose levels were maintained at roughly 150
mg/dL for all groups during the steady-state period (Figure 3-3D). Epinephrine infusion
induced lipolysis in WT™? but not FATA”" mice (Figure 3-3E). Additionally, WT"1
mice exhibited an epinephrine-dependent decline in GIR, indicating the development of

insulin resistance (Figure 3-3F). Conversely, FATA” mice were not only protected from
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epinephrine-dependent induction of peripheral insulin resistance, but actually became
more insulin sensitive. These results further validate our finding that stress-induced

peripheral insulin resistance is dependent on adipocyte lipolysis.



52

A B Cc
=250~ 2.0 - T 804 ———— -
% . o~ " iE — | = Vehicle
g 200 E 151 T - :‘2’ 60- = GS-9667
(4] -] g ES)
§ 199 S 1.0 E 40-
S 100+ e o
=3 3 x
© 50 5 & 9 20
g g
< O0- 0.0- < 0-W. ]
Saline Epi Saline Epi Saline Epi
D E F
§l 2.54 . S E 100+ ———
g S 20 = = FATA
=15 2
© ® 051 0.
g g
< 0.0- <
Saline  Epi Saline  Epi Saline  Epi

Figure 3-3: Inhibition of lipolysis abolishes epinephrine-induced impairments in
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Figure 3-3 Legend

A.

Average blood glucose during steady state of WT mice fasted 4 h and pretreated
30 min prior with vehicle or 5 mg/kg GS-9667. Mice were infused with either
saline or epinephrine (Epi, 1 ng/kg/min) and subjected to a 30 min basal period (-
30 to 0 min) followed by a hyperinsulinemic-euglycemic clamp (0-120 min).
Steady state was the last 30 min of the clamp (90-120 min).

Glycerol levels in serum from WT mice treated as in A.

Average glucose infusion rates (GIR) during steady state from WT mice treated as
A

. Average blood glucose during steady state of WT™1 and FATA”- mice fasted 4 h

before being infused with either saline or Epi (1 pg/kg/min) and subjected to a 30
min basal period (-30 to 0 min) followed by a hyperinsulinemic-euglycemic
clamp (0-120 min). Steady state was the last 30 min of the clamp (90-120 min).
Glycerol levels in serum from WT?1 and FATA mice treated as in D.

Average GIR during steady state from WT?™ and FATA”~ mice treated as D.

N = 4-7. Data are shown as mean = SEM. *P < 0.05, **P < 0.01, and ***P <
0.001, as indicated. Statistical analyses were performed using two-way ANOVA.
All comparisons differing by one variable were made and adjusted for with
ANOVA, and all significant comparisons are denoted as such.
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3.3.3 Glycerol Produced by Adipocyte Lipolysis is Necessary for Acute Adrenergic
Stress-Induced Hyperglycemia

Stress hormone action, particularly epinephrine, rapidly induces adipocyte lipolysis
causing an increase in glycerol levels in systemic circulation. Glycerol can be utilized by
the liver as a substrate for gluconeogenesis (143). As glycerol was observed to be
elevated during HS in mice that developed hyperglycemia and peripheral insulin
resistance, we next investigated the specific contribution of glycerol in the development
of stress-induced metabolic disturbances. After lipolysis, glycerol enters circulation
through aquaporin 7 (AQP7), the primary membrane channel responsible for glycerol
release in adipocytes. Mice deficient for AQP7 (Agp77") cannot release glycerol into
circulation in response to adrenergic stimulation (101, 144). As expected, when we
subjected Agp7-~ mice to HS, we did not observe the increase in circulating glycerol seen
in the WT mice (Figure 3-4A). Furthermore, Agp7”~ mice were protected from
characteristic increase in blood glucose, demonstrating that glycerol is necessary for

stress-induced hyperglycemia (Figure 3-4B).

To determine if glycerol is sufficient to produce hyperglycemia during acute stress,
we administered glycerol to vehicle- and atglistatin-treated mice to achieve similar
systemic levels between groups (Figure 3-4C). After glycerol injection, hyperglycemia
was observed in both sham and HS conditions (Figure 3-4D). Furthermore, atglistatin-
treated mice were no longer protected from the development of hyperglycemia and
exhibited increased blood glucose under both sham and HS conditions after glycerol
administration (Figure 3-4D). Of note, injection of glycerol did not affect the observed
disruptions to AktS*’3 phosphorylation. Despite the presence of hyperglycemia in all

groups, vehicle-treated mice only exhibited disturbances in insulin signaling after HS,
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and atglistatin-treated mice were still protected from the development of insulin
resistance (Figure 3-4E). These studies show that glycerol is an important contributor to
acute stress-induced hyperglycemia but does not account for the development of

peripheral insulin resistance.
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Figure 3-4 Legend

A.

B.
C.

Glycerol levels in serum from WT and Agp7”~ mice fasted 4 h then subjected to
sham or HS for 30 min.

Blood glucose levels from WT and Agp7” treated as in A.

Glycerol levels in serum from WT mice pretreated with vehicle or 1 mg/kg
atglistatin and an i.p. bolus of glycerol (3 g/kg) then subjected to sham or HS.
After 30 min of sham or HS, the mice were injected with saline or 0.5 U insulin in
the inferior vena cava, and tissues were harvested after 4 min.

Blood glucose levels from WT mice treated as in C.

Representative immunoblots for white adipose tissue (epididymal) of WT mice
treated as in C.

N = 2-6. Data are shown as mean =+ SEM. *P < 0.05, **P < 0.01, and ***P <
0.001, as indicated. Statistical analyses were performed using two-way ANOVA.
All comparisons differing by one variable were made and adjusted for with
ANOVA, and all significant comparisons are denoted as such.
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3.3.4 The Adipokine Resistin Correlates with Stress-Induced Insulin Resistance in
a Lipolysis-Dependent Manner

In addition to storing and mobilizing TAG, adipose tissue has been increasingly
appreciated for its role in endocrine signaling, such as through the release of adipokines
(79). The ability of adipokines such as adiponectin and leptin to improve insulin
sensitivity has been well-documented (145, 146). In both pharmacologic or genetic
inhibition of lipolysis, adiponectin levels were found to be unaffected by HS or presence
of lipolysis (Figure 3-5A, E). Circulating levels of PAI-1 and leptin were found to be
elevated or trend towards increased with HS, but independent of lipolysis inhibition
(Figure 3-5B, C, F, G). Resistin is a pro-inflammatory adipokine that has previously
been shown to positively correlate with hyperglycemia and insulin resistance in obesity,
and both peripheral and hypothalamic administrations of resistin impair insulin signaling
(147, 148). Interestingly, resistin showed a robust induction with HS, which was
attenuated with lipolysis inhibition (Figure 3-5D, H). In addition, epinephrine infusion
during hyperinsulinemic-euglycemic clamps increased circulating resistin levels with
inhibition of lipolysis abrogating this response (Figure 3-5I, J). Furthermore, circulating
resistin levels were positively correlated with net lipolysis as shown by glycerol levels
(Figure 3-5K). Numerous clinical studies observed correlations between circulating
resistin levels and the development of stress-induced metabolic dysfunction and
morbidity, including in instances of hemorrhage (91-97). While not providing definitive
mechanistic evidence, our data does corroborate a strong relationship between resistin
and stress-induced insulin resistance and supports a lipolysis-mediated resistin release

during acute stress.



59

A B C D
15+ 6 . 2.0 205 150-
£ = [T 2 a2 iy e
> 2 E 154 E
210+ £ 4 £ S 100
c =2 c =
:.3 5 ‘E 1.0 c
Q@ 5| T o] = ® |
§ 5 E 2 B 5. .g 50
2 -l (1'4
o)
< Q- 0- 0.0- 0-
E Sham HS Sham HS G Sham HS H Sham HS
£ - —_ - —
> Tl . Jo08- | 2 so-
= 10 ES ol E 3
= ?3 2 0.6 £ 60—
= = 4 ~
8 . < £ 0.4 £ 40-
s < 2] o ®
2 a 0.2 g 204
e}
< 0- 0- 0.0- 0-

Sham HS Sham HS Sham HS Sham HS
I J
_ 60—t go 2 1509 =0.52, p = 0.0040
- a— | — |
E £ T E °
S 40 = S 100-
< g g
= = 40 £ :
i ” 20- g " w See .
(0] h ] [y ()
o . o = 0 SAe esad .

— o_ T T T T 1

Saline Epi liie: Ebi 0.0 0.5 1.0 1.5 2.0

=dline: Ep! Glycerol (mM)
= Vehicle mm i
m GS-9667 B FATAT"

Figure 3-5: Resistin levels correlate with lipolysis during adrenergic-stress



60

Figure 3-5 Legend

A. Adiponectin levels determined by Luminex in serum from WT mice fasted 4 h
and pretreated either with vehicle or 5 mg/kg GS-9667 before being subjected to
sham or HS for 30 min.

B. PAI-1 levels determined by Luminex in serum from vehicle- or GS-9667-treated
mice treated as in A.

C. Leptin levels determined by Luminex in serum from vehicle- or GS-9667-treated
mice treated as in A.

D. Resistin levels determined by ELISA in serum from vehicle- or GS-9667-treated
mice treated as in A.

E. Adiponectin levels determined by Luminex in serum from WT"! and FATA™
mice fasted 4 h before being subjected to sham or HS for 30 min.

F. PAI-1 levels determined by Luminex in serum from WT"! and FATA” mice
treated as in E.

G. Leptin levels determined by Luminex in serum from WT%" and FATA” mice
treated as in E.

H. Resistin levels determined by ELISA in serum from WT"! and FATA” mice
treated as in E.

I. Resistin levels determined by ELISA in serum during steady state of WT mice
fasted 4 h and pretreated 30 min prior with vehicle or 5 mg/kg GS-9667. Mice
were infused with either saline or epinephrine (Epi, 1 pg/kg/min) and subjected to
a 30 min basal period (-30 to 0 min) followed by a hyperinsulinemic-euglycemic
clamp (0-120 min). Steady state was the last 30 min of the clamp (90-120 min).

J. Resistin levels determined by ELISA in serum during steady state of WT% and
FATA”" mice fasted 4 h before being infused with either saline or Epi (1
pg/kg/min) and subjected to a 30 min basal period (-30 to 0 min) followed by a
hyperinsulinemic-euglycemic clamp (0-120 min). Steady state was the last 30 min
of the clamp (90-120 min).

K. Pearson correlation between circulating resistin and glycerol from mice subjected

to sham or HS with and without genetic or pharmacological inhibition of
lipolysis.
N = 3-6. Data are shown as mean = SEM. *P < 0.05, **P < 0.01, and ***P <
0.001, as indicated. Statistical analyses were performed using two-way ANOVA.
All comparisons differing by one variable were made and adjusted for with
ANOVA, and all significant comparisons are denoted as such.
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3.3.5 The B-Adrenergic Pathway Impairs Insulin Signaling in Adipocytes by
Inhibiting the mTOR Complexes

To investigate the molecular mechanism by which catecholamine-induced lipolysis
disrupts insulin signaling within adipose tissue, we isolated primary adipocytes from WT
and Atgl” mice for further in vitro studies. To ensure that adrenergic stress-induced
metabolic disturbances that are observed in vivo could be replicated in our in vitro
culture, we treated primary adipocytes with the catecholamine ISO, a [(-adrenergic
receptor agonist, and assessed glucose uptake. Both WT and Azgl”~ adipocytes increased
glucose uptake in response to insulin (Figure 3-6A). However, adipocytes from WT mice
exhibited a blunted response to insulin stimulation when treated with ISO, which
replicates the development of hyperglycemia and reduced GIR that we observed in vivo.
Atgl” adipocytes were protected from the isoproterenol-mediated loss in insulin-
stimulated glucose uptake, just as lipolysis inhibition protects mice from the development
of hyperglycemia and reduced GIR in vivo. When we examined the effect of ISO
treatment on the ability of insulin to cause Akt>*’3 phosphorylation, we observed
decreased pAkt>*’3 with isoproterenol treatment in WT adipocytes (Figure 3-6B, C).
Atgl”~ adipocytes maintained insulin-stimulated pAktS*’3 levels even with ISO treatment,
replicating our in vivo finding that lipolysis inhibition protects against catecholamine-
induced loss in Akt3*3 phosphorylation (Figure 3-6B, C). Taken together, these data
validate our ability to replicate our in vivo findings in adipocytes in vitro, allowing us to

probe the molecular mechanism behind lipolysis-mediated insulin resistance.

We had consistently observed decreased insulin-stimulated pAkt>*’® with HS in
vivo or ISO in vitro, but had yet to investigate what other steps of the insulin signaling

cascade might be disrupted (Figure 3-7A). Therefore, we treated cultured 3T3-Ll1



62

adipocytes with FSK, a potent activator of downstream [-adrenergic signaling through
adenylyl cyclase, and immunoblotted for various phosphorylation events in the insulin
signaling cascade. While signaling upstream of the mTOR complexes was unaffected,

such as insulin receptor and PDKIl-mediated Akt™%®

phosphorylation, downstream
signaling was observed to be inhibited (Figure 3-7B). We found that FSK action
significantly decreased levels of both pAkt>*’* and pS6K™*, phosphorylation events that
are performed by mTORC1 and mTORC2, respectively (Figure 3-7B, C). To determine
whether this observed inhibition of the mTOR complexes is dependent on lipolysis, we
incubated cultured 3T3-L1 adipocytes with atglistatin or the general lipase inhibitor E600
and again treated with FSK and probed the levels of pS6K™%° and pAktS4’3. As expected,
we observed a decrease in insulin-stimulated pS6K™* and pAkt>*’3 with FSK treatment,
however, pretreatment with either atglistatin or E600 rescued mTOR complex-mediated
phosphorylation (Figure 3-7D, E). Taken together, these data demonstrate that (-

adrenergic signaling inhibits the mTOR complexes in adipocytes in a lipolysis-dependent

manner, which likely contributes to acute stress-induced insulin resistance.
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Figure 3-6 Legend

A. Glucose uptake in WT and Atgl”~ primary mouse adipocytes. Isolated adipocytes
were treated with or without 10 nM insulin (INS) in the presence or absence of
100 nM isoproterenol (ISO) for 30 min followed by 10 pM [U-'*C]-D-glucose for
20 min.

B. Representative immunoblots for WT and At¢gl”~ primary mouse adipocytes treated
with or without 10 nM INS in the presence or absence of 100 nM ISO for 30 min.

C. Quantitation of immunoblots for WT and Atgl”~ primary mouse adipocytes treated

as in B.
N = 3. Data are shown as mean = SEM. **P < 0.01 and ***P < 0.001, as
indicated. Statistical analyses were performed using two-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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Figure 3-7 Legend

A.
B.

[lustration of the roles of mMTOR complexes in the insulin signaling pathway.
Representative immunoblots of insulin signaling for 3T3-L1 adipocytes incubated
30 min with or without 10 pM forskolin (FSK) before treatment with or without
10 nM insulin (INS) for 15 min.

Quantitation of immunoblots for mTOR complex mediated phosphorylation
events in 3T3-L1 adipocytes treated as in B.

Representative immunoblots of 3T3-L1 adipocytes incubated with or without 150
uM E600 or 10 uM atglistatin before treatment with or without 10 uM FSK for
10 min then treatment with or without 10 nM INS for 15 min.

Quantitation of immunoblots for 3T3-L1 adipocytes treated as in D.

N = 3. Data are shown as mean =+ SEM. **P < 0.01 and ***P < 0.001, as
indicated. Statistical analyses were performed using two-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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3.3.6 Lipolytic Products Inhibit in vitro mTOR Complex Activity

Lipolysis of TAG produces multiple potential signaling molecules, including DAG,
MAG, FA, and glycerol. To determine if one of these lipolytic products is responsible for
the observed lipolysis-dependent inhibition, we assessed their ability to inhibit purified
recombinant mTOR complex in vitro. We extracted lipids from WT and Atgl”~ primary
adipocytes treated with or without ISO to stimulate lipolysis and included these lipids in
mTOR kinase assays. We found that only lipids extracted from WT adipocytes
undergoing catecholamine-induced lipolysis were capable of inhibiting in vitro mTOR
complex activity (Figure 3-8A). Lipids extracted from WT adipocytes that were not
treated with ISO or lipids from A¢gl”~ adipocytes did not affect mTOR complex activity
(Figure 3-8A). Notably, though lipids extracted from unstimulated WT cells did not
affect mTOR complex activity, treatment of the extracted lipids with a lipase in vitro
generated products capable of inhibiting the complexes (Figure 3-8B). Furthermore, it
was found that lipids isolated from lipolytic adipocytes inhibited mTOR complex activity
in a dose-dependent manner (Figure 3-8C). To investigate if a specific lipolytic product
was responsible for inhibiting the mTOR complex, we included purified lipid standards
of glycerolipids or fatty acids in our mTOR complex kinase assay. Interestingly, none of
the lipids tested showed any significant effect on mTOR complex activity (Figure 3-8D).
Taken together, these data suggest that while lipolytic products are capable of inhibiting
mTOR complex activity, it may be a particular specialized lipid released from lipolysis,

such as an oxFA, that is acting as the inhibitor and not lipolytic products in general.
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Figure 3-8 Legend

A. mTOR complex activity determined by radioactive in vitro kinase assay. Lipids
were extracted from either WT or Azgl”- primary mouse adipocytes after treatment
with or without 10 uM isoproterenol (ISO) for 30 min. Kinase assay was carried
out using purified recombinant mTORC1 with 4E-BP1 as substrate. Extracted
lipids were added to the assay 10 min before the addition of [y->’P]-ATP.

B. mTOR complex activity determined by radioactive in vitro kinase assay. Lipids
were extracted from 3T3-L1 adipocytes then treated with or without lipase in
vitro. Kinase assay was carried out as in A.

C. mTOR complex activity determined by radioactive in vitro kinase assay. Lipids
were extracted from cultured 3T3-L1 adipocytes treated with or without 10 uM
forskolin (FSK) for 30 min. Kinase assay was carried out as in A. No lipid,
vehicle, or extracted lipids were added in the specified amounts.

D. mTOR complex activity determined by radioactive in vitro kinase assay. Kinase

assay was carried out as in A. Pure DAG (1-palmitoyl-2-oleoyl-sn-glycerol),
monoacylglycerol (2-oleoyl-glycerol), oleate, or palmitate were added in the
specified amounts.
N = 3. Data are shown as mean =+ SEM. **P < 0.01 and ***P < 0.001, as
indicated. Statistical analyses were performed using two-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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3.3.7 Lipolytic Products Inhibit mTOR Complex Activity Through Complex
Dissociation

While attempting to purify endogenous mTOR complex from adipocytes, we
observed that the complexes were dissociated in cells treated with FSK (Figure 3-9A).
To determine if this was the mechanism of lipolysis-dependent mTOR complex
inhibition, we developed an in vitro mTOR complex dissociation assay using
fluorescently-tagged recombinant proteins: Venus-tagged mTOR with either Cerulean-
tagged raptor or rictor, for mTORCI or mTORC2 respectively (Figure 3-9B). These
fluorescent tags can be detected spectrophotometrically allowing for efficient
determination and quantitation of complex dissociation in vitro. Using this assay, we
showed that only lysates from adipocytes actively undergoing lipolysis caused
dissociation of both mTORC1 and mTORC?2, as seen by the loss in Cerulean-tagged
raptor and rictor signal, respectively (Figure 3-9C). Subsequently, when the lysate was
subjected to a two-phase extraction, only the organic phase from lipolytically active
adipocytes was capable of dissociating the mTOR complex (Figure 3-9D). Additionally,
when the organic phase of unstimulated adipocytes was treated with a lipase in vitro, the
resulting extract gained the ability to dissociate the mTOR complex, further validating
our hypothesis that a lipid produced during lipolysis is responsible for the complex
dissociation and resulting inhibition (Figure 3-9E). Complementary to our previous
results, pretreatment of adipocytes with the lipolysis inhibitors atglistatin or E600
prevented FSK-induced complex dissociation (Figure 3-9F). Taken together, these data
show that lipolytic products facilitate mTOR complex inhibition through complex

dissociation and serves as one mechanism of catecholamine-induced insulin resistance.
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Figure 3-9 Legend

A.

Representative immunoblots of mTORC1 and mTORC2 coimmunoprecipitations
against raptor and rictor, respectively, from 3T3-L1 adipocytes incubated with or
without 10 pM forskolin (FSK) for 30 min before treatment with or without 10
nM insulin (INS) for 15 min.

Illustration of the mTOR complex dissociation using fluorescently-tagged
recombinant proteins.

mTOR complex integrity determined by in vitro mTOR complex dissociation
assay. 3T3-L1 adipocytes were treated with or without 10 uM FSK. Purified
fluorescently-tagged mTORCI or mTORC2 was incubated with the adipocyte
lysate for 30 min before washing and detection of fluorescence.

. mTOR complex integrity determined by in vitro mTOR complex dissociation

assay. 3T3-L1 adipocytes were treated with or without 10 uM FSK before being
subjected to two-phase extraction. Purified fluorescently-tagged mTORC1 was
incubated with either extracted organic or aqueous phases for 30 min before
washing and detection of fluorescence.

mTOR complex integrity determined by in vitro mTOR complex dissociation
assay. Lipids were extracted from 3T3-L1 adipocytes then treated with or without
lipase in vitro. Purified fluorescently-tagged mTORC1 was incubated with
extracted lipids for 30 min before washing and detection of fluorescence.

mTOR complex integrity determined by in vitro mTOR complex dissociation
assay. Lipids were extracted from 3T3-L1 adipocytes incubated with vehicle, 150
uM E600, or 10 uM atglistatin before treatment with or without 10 uM FSK.
Purified fluorescently-tagged mTORC1 was incubated with either extracted lipids
for 30 min before washing and detection of fluorescence.

N = 3. Data are shown as mean + SEM. ***P < (0.001, as indicated. Statistical
analyses were performed using two-way ANOVA. All comparisons differing by
one variable were made and adjusted for with ANOVA, and all significant
comparisons are denoted as such.
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3.4 DISCUSSION AND CONCLUSIONS

This study shows that adrenergic action and subsequent adipocyte lipolysis is
necessary for the development of stress-induced disturbances in glucose homeostasis and
peripheral insulin resistance. Interestingly, catecholamines and lipolysis were shown to
affect the secretion profile of adipokines from adipose tissue. Of particular interest was
resistin which was released in a stress- and lipolysis-dependent manner and has
previously been linked to the development of chronic insulin resistance in obesity (84,
86, 148). Furthermore, we show that the mechanism of insulin resistance in adipocytes
may be through dissociation of the mTOR complexes. We found that lipolytic products
that partition to the organic phase, likely lipids, are able to inhibit and dissociate the
mTOR complexes in vitro. It is likely the lipids themselves are able to act as signaling
molecules and do not require further enzymatic action because products produced
through in vitro lipase treatment were also able to dissociate the mTOR complexes. Our
observations suggest a critical role for adipose tissue in the metabolic response to acute

stress.

Even though insulin resistance depends on insulin action in various tissues,
multiple studies have supported adipose tissue as a central player in controlling peripheral
insulin signaling. For example, adipose-specific loss of GLUT4 causes mice to develop
hyperglycemia and peripheral insulin resistance, whereas adipose-specific overexpression
of GLUT4 enhanced insulin sensitivity (72, 73). Previous work from our laboratory
demonstrated that decreased rictor expression in adipose tissue led to hyperglycemia and
systemic insulin resistance (50). This indicates that impaired insulin action in adipose

tissue alone is sufficient to drive hyperglycemia and whole-body insulin resistance. Our
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in vitro studies show that adipocyte lipolysis regulates acute mTOR complex inhibition
which may lead to impaired insulin signaling in adipocytes and thus may impact the
development of peripheral insulin resistance during adrenergic stress. Our data also
demonstrate a novel mechanism of mTOR complex inhibition and dissociation by
lipolytic products. This mechanism further highlights the importance of lipolytic products
to regulate cell signaling events as well as potentially impact signaling in peripheral

tissues.

Glycerol, one of the products of the lipolysis, serves an important substrate for
gluconeogenesis (143). Under basal conditions, glycerol is a minor contributor to
gluconeogenesis, however during acute stress, the need for glycerol for hepatic
gluconeogenesis increases drastically (149). This is because trauma and injury induce a
strong counterregulatory response, including significantly upregulating catecholamines
such as epinephrine (127, 150). Epinephrine indirectly promotes hepatic gluconeogenesis
(121, 122). Previous studies have demonstrated that the ability of insulin to suppress
hepatic gluconeogenesis is actually an indirect effect based on inhibition of adipocyte
lipolysis (122). Our studies show that blocking the release of glycerol into circulation in
Agp7 mice prevented the development of HS-induced hyperglycemia. In addition,
infusion of glycerol resulted in stress-induced hyperglycemia, even when lipolysis was
inhibited. These findings indicate the glycerol produced by adipocyte lipolysis is an

important contributor to elevated blood glucose during acute stress.

Adipose tissue has long been recognized for its role in energy storage and as a
regulator of energy homeostasis, but in recent years, the importance of adipose tissue as

an endocrine organ has been increasingly appreciated (151). For example, adipose-
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derived factors such as cytokines, adipokines, and lipid intermediates have been
demonstrated to impair insulin-stimulated glucose disposal (151). One such adipokine is
resistin which has been shown to be increased in obesity in mice and obesity and type 2
diabetes in humans (84, 148). Recent studies have also found elevated circulating levels
of resistin in critically ill patients, with a strong positive correlation observed between
circulating resistin and mortality (91-97). Our data demonstrates for the first time that
acute resistin release requires lipolysis which correlated with the development of insulin
resistance and impaired glucose homeostasis. Thus, our studies suggest that resistin may

contribute to acute peripheral insulin resistance during trauma and surgery.

One limitation of our in vivo studies is the short time frame investigated. While
catecholamines play an important role during the initial response to acute stress, other
hormones play significant roles in the days to weeks following injury, including
glucagon, cortisol, and inflammatory cytokines. It is important to note that while these
hormones are induced at different times and have tissue-specific effects, all of these
hormones may act similarly as they all oppose insulin action and induce adipocyte
lipolysis (116). By focusing on one important hormonal component in the early acute
stress response, we have demonstrated adipocyte lipolysis as a key regulator of

catecholamine-induced metabolic impairments.

In summary, using both pharmacological and genetic methods, we show that
adipocyte lipolysis is required for the development of HS- and adrenergic-induced
hyperglycemia and insulin resistance. Furthermore, we have identified a novel
mechanism of anabolic and catabolic signaling crosstalk by which lipolytic products

inhibit insulin signaling through dissociation of the mTOR complexes. Our data suggest
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that improved glucose control and insulin sensitivity observed with lipolysis inhibition
may be due to decreased resistin release from adipose tissue and improved mTOR
complex activity within adipocytes. These findings have important implications for
understanding the early metabolic changes in the development of acute stress-induced
hyperglycemia and may open up new therapeutic avenues to improve glucose control and

insulin sensitivity commonly encountered in surgical and critically ill patients.
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4 CHAPTER 4: REGIOISOMER-INDEPENDENT
QUANTIFICATION OF FATTY ACID OXIDATION
PrRODUCTS BY HPLC-ESI-MS/MS ANALYSIS OF
SODIUM ADDUCTS

4.1 ABSTRACT

Despite growing acknowledgement of the role of oxFA as cellular signaling
molecules and in the pathogenesis of disease, developing methods to measure these
species in biological samples has proven challenging. Here we describe a novel method
utilizing HPLC-ESI-MS/MS to identify and quantify multiple full-length oxFA species in
a regioisomer-independent manner without the need for time-consuming sample
preparation or derivatization. Building on recent progress in the characterization of
NEFA and their oxidation products by MS/MS, we employed positive-ion ionization by
measuring sodium adducts in conjunction with DiffE QIM to unequivocally verify the
presence of the hydroperoxide, hydroxide, and ketone oxidation products of LA and AA.
Our HPLC method achieved separation of these oxidized species from their unoxidized
counterparts while maintaining regioisomer-independent elution, allowing quantification
over a 5 logio range with a lower LOQ of 0.1 picomoles. With a simple sample
preparation and a runtime as low as 11 minutes, our method allows the rapid and facile
detection and measurement of full-length oxFA in biological samples. We believe this
approach will allow for new insight and further investigation into the role of oxFA in

metabolic disease.
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4.2 INTRODUCTION

Impaired redox homeostasis has been implicated in a wide array of pathologies,
including obesity, stress-induced insulin resistance, atherosclerosis, rheumatoid arthritis,
and hypertension (152-155). One hallmark of oxidative stress in these pathologies is
increased lipid oxidation (5, 156). While oxidized lipids can be produced enzymatically
in a tightly regulated fashion by lipoxygenases and cyclooxygenases to form signaling
molecules, such as leukotrienes and prostaglandins, non-enzymatic lipid oxidation during
oxidative stress may surpass cellular control and lead to destructive biological processes,
such as membrane damage, protein modification, DNA oxidation, deposition of
atherogenic plaque, and tissue inflammation (45, 63—65, 67, 68). Due to the wide-ranging
implications, there has been much interest in examining the diverse species of the

oxidized lipidome and their differential biological functions.

Of note, recent work by our group has demonstrated relative changes in the
components of this oxidized lipidome, specifically increases in full-length oxidized
phospholipids (oxPL), to be associated with the onset of high-fat diet-induced obesity
leading to dramatic differences in adipose tissue macrophage polarization and tissue
inflammation (45). These effects on macrophages were found to be entirely dependent on
the oxFA. Remarkably, treatment with non-esterified oxAA alone was able to
comparably induce antioxidant, metabolic, and proinflammatory gene expression (44). As
a result, a means of specifically identifying and quantifying these full-length oxFA in

biological samples is of great importance.

Due to rapid expansion of the lipidomics field, analytical methods have been

compiled by various groups such as LIPID MAPS. HPLC-MS is gaining in popularity as
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the preferred way to identify and quantify various lipid classes; the major exception is
FA, which have been traditionally measured by gas chromatography-MS following
derivatization (157, 158). While gas chromatography methods measuring NEFA have
high sensitivity and resolution, they have inherent problems and require extensive sample
preparation, making them unsuitable for measuring oxFA. Gas chromatography requires
high temperatures to produce volatile analytes for detection that would be destructive to
oxFA, which are thermolabile (67). To improve volatilization and prevent breakdown,
oxFA would require multiple derivatization steps (159). Not only are these steps time-
consuming, but they inherently prevent the distinction of various oxFA species, such as
hydroperoxides and hydroxides. Without derivatization, NEFA are measured by mass
spectrometry (MS) using negative ion formation due to the loss of the acidic hydrogen of
the carboxylic acid which is enhanced under basic conditions. However, HPLC methods
used in conjunction with MS for NEFA measurement usually rely on reverse phase
chromatography which requires the presence of a weak acid to keep the carboxylic acid
in its protonated state and allow retention on the column for separation. As such,
formation of the carboxylate anion in the electrospray droplets is usually suppressed
(160-162). With reactive oxFA naturally present at much lower levels than their
unoxidized counterparts, this loss of sensitivity has further hindered their measurement.
As such, much work and many technological improvements have been dedicated to

developing means of measuring NEFA and their oxidation products by HPLC-MS.

Recent progress towards utilizing HPLC-MS to measure NEFA oxidation has
primarily focused on identifying specific regioisomers either through an untargeted

approach, which only has relative quantitation capability, or through a targeted approach,
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of which some methods allow absolute quantitation (67, 159, 163—167). Meanwhile,
methods focused on measuring these species irrespective of regioisomer rely
predominantly on HPLC with chemiluminescence detection, which, while -easily
quantitated, is inherently limited in its specificity. These methods measure oxFA solely
based on the oxidized moiety and are unable to distinguish between individual NEFA
backbones (68, 168, 169). A method that could quantitate specific oxFA in a regioisomer-
independent manner would be highly biologically relevant, as it is likely that the sum
total oxidation products, rather than the formation of one particular isomer, is more
important in pathologies implicating chronic oxidative stress (45, 170). Thus, our goal
was to utilize HPLC coupled with ESI-MS/MS to develop a targeted, species-specific
method using positive-ion ionization that could identify and quantitate multiple full-
length oxFA species in a regioisomer-independent manner without relying on time-

consuming sample preparation, such as derivatization.

4.3 RESULTS

4.3.1 Species-Dependent Condition Determination using Synthetic Standards

In addition to allowing measurement with the more compatible positive-ion
ionization, previous studies have noted that sodium and other metal adducts result in
increased charge-remote fragmentation of lipid species which generates structurally
informative product ions (63, 100, 165, 171, 104, 108—114). This observation has been
further extended to oxidized lipid species and has been particularly successful for
studying lipid hydroperoxides (63, 165, 171). Of note, Ito et al. demonstrated the use of
alkali metal adducts, particularly sodium, as a fragmentation enhancer of NEFA

hydroperoxides (165, 171). Despite this success, it has yet to be investigated whether
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these improvements in fragmentation can be extended to other full-length oxFA, such as
hydroxides and ketones. To address this, we fragmented and analyzed sodium adducts of

full-length oxidation products of the polyunsaturated NEFA, LA, and AA (Figure 4-1).

The formation and detection of sodium adducts was confirmed by directly
infusing individual standards in the presence of sodium ions into the ESI-MS/MS system.
Because the inclusion of nonvolatile salts can impair solvent vaporization and lead to
instrument buildup, the level of sodium acetate was adjusted to minimize ion suppression
and stress on the ESI-MS/MS system while still promoting adequate adduct formation.
To further improve solvent vaporization, an elevated interface temperature was chosen
that had been previously been demonstrated to be compatible with measuring sodium
adducts of hydroperoxide oxFA, the least stable of the full-length oxFA species of
interest (165, 171). Based on the masses observed in the full-scan spectra, the sodium
adduct was formed by coordination of a sodium ion with the carbonyl oxygen in the
carboxylic acid of the NEFA. A less abundant double adduct formed by the displacement
of the acidic hydrogen by a second sodium ion was also observed. MS/MS conditions
were optimized for enhanced detection of the single adduct of each species (Table 4-1).
As such, the predominant peak in the full MS scan for the oxFA of interest was the single
adduct, with the double adduct detectable but at a lower intensity (Figure 4-2). Some
unidentified, lower intensity peaks were also observed in the full MS scan, particularly of
the hydroxide and hydroperoxide species. These peaks are likely due to low abundance
contaminants and adducts from the methanol, which has been shown to contain trace
levels of ammonium, sodium, and potassium that vary between lots and brands (52, 172).

As their presence has been shown to have no adverse effects on calibration and a linear
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concentration response, no impairment of method capabilities is expected. The formation

of the single sodium adduct was also detected for the unoxidized NEFA (Figure 4-3).

Fragmentation of the oxFA sodium adducts was examined by product ion scans of
the directly-infused standards. As expected based on previous literature, sodium adducts
of both hydroperoxides produced stable, characteristic fragment ions (Figure 4-2) (165).
13-HPODE exhibited a fragment of 247 Da, with the loss of 88 Da likely due to cleavage
of the bond between C-13 and C-14 and elimination of a hydroxide. 12-HPETE exhibited
a fragment of 231 Da with a similar fragmentation pattern (cleavage between C-12 and
C-13 and loss of a hydroxide). Despite the enhanced fragmentation of hydroperoxide
sodium adducts, the same improvements were not observed for the hydroxides. As seen
with many previously published methods, the product ion spectra of HODE and HETE
were dominated by the unfragmented molecular ion (in this case, the single sodium
adduct) and an uncharacteristic fragment resulting from the loss of water (the most stable
product ion formed) (63, 67, 173, 174, 100, 108, 112, 114, 159, 163, 165, 168). Due to
this stability, the uncharacteristic loss of water was also observed in the full MS scans of
the hydroperoxide and hydroxide species (Figure 4-2). For the ketone product ion
spectra, again, no stable fragments were produced for either KODE or KETE. Similar to
their hydroxide products, LA and AA sodium adducts did not display stable
fragmentation, as seen by product ion spectra dominated by the molecular ion (Figure
4-3). Taken together, these data suggest that the enhancement of fragmentation seen by
sodium adduct formation for hydroperoxides cannot be generalized to all full-length

oxFA species.
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Linoleic acid (LA)
[M+Na]* m/z: 303.30

Hydroperoxy-octadecadienoic acid (HPODE)
[M+Na]* m/z: 335.30
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HO —

Figure 4-1: Chemical structures for the sodium adducts of LA and AA and their
full-length oxidation products
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Figure 4-1 Legend

Chemical structures of the specific regioisomer standards purchased and used for initial
condition optimization are shown. Structures are depicted with a coordinated sodium ion
as the single adduct is the molecular ion of interest. Note that structures are depicted with
all double bonds in their cis form but can also naturally exist with a ¢trans conformation.
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Table 4-1 Legend

MS/MS conditions were optimized for detection of the single sodium adduct of each
analyte; specifically, declustering potential (DP), quantitative transition collision energy
(CE), qualitative transition CE, and collision exit potential (CXP). Values are listed in
electronvolts (eV). The listed qualifier ion ratio (QIR) is based on the noted pseudo-
molecular transitions measured using the listed optimized MS/MS conditions in
combination with the HPLC method outlined in the text. Based on the intensity of the
qualitative transition chosen and accepted standards for QIR variation (75-125%), the
tolerable range in QIR for each species was calculated.
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Figure 4-2: Direct infusion-MS/MS detection and fragmentation of oxFA sodium
adducts with positive-ion ionization
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Figure 4-2 Legend

Full MS scan from direct infusion of individual oxFA standards (10 uM) in the presence
of sodium ions (200 uM sodium acetate). Full MS scan in multi-channel analysis mode
depicts 238 cumulative scans of 0.5 s. The molecular ion of interest (the single sodium
adduct) is denoted [M+Na]". The double sodium adduct is denoted [M-H+2Na]*. Product
ion scan of oxFA single sodium adducts from direct infusion of individual oxFA
standards (10 pM) in the presence of sodium ions (200 uM sodium acetate). Product ion
scan in multi-channel analysis mode depicts 79 cumulative scans of 1.5 s. Characteristic
fragments are denoted as [M+Na-X]*, with X being the mass lost. The uncharacteristic
water-loss fragment is denoted as [M+Na-H>O]". For both full MS and product ion scans,
peak height is displayed relative to the intensity of the largest peak in the spectra.
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Figure 4-3 Legend

Full MS scan from direct infusion of individual LA and AA standards (10 puM) in the
presence of sodium ions (200 pM sodium acetate). Full MS scan in multi-channel
analysis mode depicts 238 cumulative scans of 0.5 s. The molecular ion of interest (the
single sodium adduct) is denoted [M+Na]*. The double sodium adduct is denoted [M-
H+2Na]*. Product ion scan of LA and AA single sodium adducts from direct infusion of
individual standards (10 uM) in the presence of sodium ions (200 uM sodium acetate).
Product ion scan in multi-channel analysis mode depicts 79 cumulative scans of 1.5 s.
Peak height is displayed relative to the intensity of the largest peak in the spectra.
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4.3.2 Differential Energy Qualifier Ion Monitoring of Full-Length OxFA

Due to the lack of regioisomer-independent characteristic fragments necessary for
traditional identification by MS/MS, DiffE QIM was employed. Traditional QIM allows
high selectivity by monitoring two or more transitions for each analyte. The most intense
transition is used for quantification, while lower intensity transitions are used for identity
confirmation. This confirmation is accomplished by calculating the relative intensities
between the quantitative and qualitative transitions, known as the QIR (175). The QIR is
a constant property of a species under a given set of MS/MS conditions with adequate
chromatographic separation, regardless of the matrix (176-178). Due to the lack of
regioisomer-independent, stable fragmentation of oxFA, traditional QIM is not possible.
However, Hellmuth et al. recently established the technique of DiffE QIM for use with
FA, which relies on the unique relationship of CE to molecular ion signal intensity (108,
179). The quantitative and qualitative transitions are set to the same pseudo-molecular
mass transition with the parent ion and product ion mass set to the molecular ion adduct
but with increased CE for the qualitative transition (Table 4-1). The ratio of these
transitions was demonstrated to specifically identify NEFA in biological samples (179).
As such, we looked to extend this technique for the first time to oxFA species. The
unique relationship between the intensity of the pseudo-molecular transition and CE was
determined for the unoxidized NEFA and their full-length oxFA products (Figure 4-4).
The CE that yielded the highest transition intensity was designated for the quantitative
transition, while the CE that yielded an intensity of roughly 50% was chosen for the
qualitative transition. Based on these differential energy transitions, the QIR was
determined for each oxFA (Table 4-1). Based on industry and government standards,

with a qualitative transition intensity of 50% of the quantitative transition, the acceptable
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QIR range for identification is 75-125% of the QIR of the reference standard (175, 176,

178-182).
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Figure 4-4 Legend

The curves were fit with a sigmoidal non-linear regression. The intensities are displayed
relative to the highest intensity transition. The collision energy (CE) yielding the highest
intensity transition was designated as the quantitative transition (solid line). The CE
yielding an intensity of roughly 50% of maximal was designated at the qualitative
transition (dashed line). The qualifier ion ratio (QIR) was calculated based on the
intensities of these two transitions. Differential energy curves were performed in
triplicate with data expressed as mean + SEM.



98

4.3.3 Chromatographic Separation and Quantification of Synthetic Standards

Recent studies examining oxFA have been focused on regioisomer identification
and have thus relied heavily on chromatographic separation of these species by chiral
columns (165, 171). In contrast, our goal was to quantitate full-length oxFA independent
of regioisomer, since it is probable that the sum total of oxidation products, rather than
the formation of a specific regioisomer, is more relevant in the pathophysiology of
chronic oxidative stress diseases (45, 170). As such, the chromatographic method
employed should separate the oxFA from other potentially conflicting lipid entities while
still allowing collective elution of all the regioisomers of a given oxFA species in a single
peak. To this end, reverse phase chromatography was selected, since the primary
distinguishing characteristic of 0xFA compared to other lipids is their increased polarity
imparted by the oxidized moiety and amplified by their relatively small size. As
previously mentioned, if not properly accommodated, the inclusion of nonvolatile salts,
such as sodium acetate, can reduce performance of the ESI-MS/MS system by leading to
residual salt within the system. This build-up could further confound our results by
increasing the formation of the double sodium adduct of the oxFA. To limit these
potential issues, sodium acetate was confined to the primary elution solvent (Solvent B),
and a 10 column-volume wash with salt-free Solvent A was programmed between
samples. The inclusion of a thorough wash prevented the accumulation of salt within the
HPLC and ESI and allowed for the stable formation of the single sodium adduct. This can
be demonstrated by the precision and accuracy values calculated during validation of the
method (Table 4-2). The washes had the added benefit of reducing carryover between

samples, a common problem in lipid analysis (164). To maximize solvent vaporization
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and thus analyte detection, a low flow rate, which gave the highest signal intensity for the

standards, was selected.

Under these chromatographic conditions, high-quality peaks with extremely
stable retention times were obtained with a distinct separation of the oxFA standards
from their unoxidized counterpart (Table 4-2, Figure 4-5). The oxidized species were
found to elute earlier, reflective of their increased polarity. Furthermore, peaks for the
quantitative and qualitative transitions were observed to have corresponding retention
times and fell in the expected range of QIR for each species (Figure 4-5). Though there
was less than a minute separation between the oxidized and unoxidized species, this was
deemed sufficient separation in order to maintain a short overall runtime. In fact, the
method was able to be even further reduced without significant effects on the method
capability, yielding a rapid 11 runtime (Figure 4-6A). If increased separation is the
priority, the published HPLC method can easily be adapted for use with a longer column

(Figure 4-6B).

Linearity over a 5 logio range was achieved for each analyte of interest, with a
coefficient of determination (R? value) of at least 0.988 (Figure 4-7). As shown in the
full MS scans of oxFA, the double adduct is present in all samples in addition to the
single adduct of interest. To ensure that the presence of the double adduct does not hinder
reliability, the precision and accuracy of the method were analyzed. The intraassay and
interassay precision of the analytes were in the range of 0.8-6.5% and 4.3-10.8%,
respectively (Table 4-2). Based on comparison to a calibration curve of the pure
reference standard, the accuracy of samples with a known concentration were all within

the accepted range of 80-120% (Table 4-2). As a result, we concluded that presence of



100

the double adduct was sufficiently accounted for in our method design. The LOQ for
each species was determined to be the concentration at which the qualitative transition
has a signal-to-noise ratio of greater than 3:1 (Table 4-2). Because this method relies on
DiffE QIR, the limit of detection and LOQ are identical, as a species cannot be
definitively identified in the absence of the qualitative transition. The LOQ for the oxFA
species were determined to be 0.1 pmol. The LOQ for the unoxidized NEFA species were
lower at 0.01 pmol, likely due to their increased stability compared to oxFA. These LOQ
values are similar to reported LOQ values for unoxidized NEFA quantification by HPLC-
MS/MS using the QIR approach to species confirmation (179). The LOQ values for our
oxFA and previously published unoxidized NEFA methods are slightly above those

reported for HPLC-MS/MS methods quantifying derivatized NEFA (183, 184).
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Fatty Acid Intra-assay  Interassay Accuracy LOQ Retention Time Relative
Species Precision (%) Precision (%) (%)  (pmol) (min) Retention Time
LA 0.8 5.2 96-109 0.01 10.89+0.019 0.95
AA 1.7 6.9 88-104 001  10.85+0.022 0.95
HPODE 3.7 6.0 82-101 0.1 10.50 £ 0.011 0.90
HODE 1.2 8.0 94-104 0.1 10.31 £0.031 0.90
KODE 6.5 10.0 98-110 0.1 10.27 £0.028 0.90
HPETE 25 8.2 81-100 0.1 10.37 £0.023 0.91
HETE 2.0 43 91-111 0.1 10.47 £0.027 0.92
KETE 6.2 10.8 98-113 0.1 10.42 £0.025 0.91
C17:0 19 8.0 95-102 10 11.11+0.055 1.00

Table 4-2: Method validation parameters
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Table 4-2 Legend

The intra-assay precision was determined by measuring five concentrations three times
each on the same day. The interassay precision was determined by measuring five
concentrations on five days. Precision values are expressed as the percent value of the
standard deviation compared to the mean value. Accuracy was determined by measuring
three different, known concentrations five times. Accuracy values are expressed as the
percent value of the calculated concentration compared to the known concentration. The
lower limit of quantification (LOQ) was determined to be the concentration at which the
qualitative transition had a signal-to-noise ratio of greater than 3:1. The variation in
retention time was determined by comparing retention times on five days and is
expressed as the average retention time and standard deviation. The relative retention
time compared to the internal standard C17:0 was calculated for each species. This value
is constant for all three described HPLC methods.
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Figure 4-5: HPLC-MS/MS approach to quantification of oxFA sodium adducts with
positive-ion ionization
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Figure 4-5 Legend

Chromatogram of 10 uM standard mix of oxFA species. Zoomed chromatograms of the
individual analytes with both the quantitative (solid line) and qualitative transitions
(dashed line) visualized with the calculated qualifier ion ratio (QIR). Peak height is
displayed relative to the highest intensity peak in each chromatogram.
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Figure 4-6 Legend

A. Chromatogram of 10 uM standard mix of oxFA species and calibration curves of
individual oxFA standards generated using a shorter runtime HPLC method. The
solvent gradient approach for a shorter runtime is depicted as the percent of
Solvent B over time. Chromatogram peak height is displayed relative to the
highest intensity peak. Linearity was achieved over a 5 logl0 range for each
analyte with a high coefficient of determination (R? value). Calibration curves
were performed in triplicate with data expressed as mean + SEM.

B. Chromatogram of 10 pM standard mix of oxFA species and calibration curves of
individual oxFA standards generated using a HPLC method with a longer column.
Calibration curves were performed in triplicate with data expressed as mean +
SEM. The solvent gradient approach for a shorter runtime is depicted as the
percent of solvent B over time. Chromatogram peak height is displayed relative to
the highest intensity peak. Linearity was achieved over a 5 logl10 range for each
analyte with a high coefficient of determination (R? value). Calibration curves
were performed in triplicate with data expressed as mean + SEM.
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Figure 4-7 Legend

Linearity was achieved over a 5 logio range for each analyte with a high coefficient of
determination (R? value) using the standard HPLC method. Quantification of oxFA in
samples was based on comparison to the corresponding curve. Calibration curves were
performed in triplicate with data expressed as mean = SEM.
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4.3.4 Regioisomer-Independent Analysis of Complex Oxidized Mixtures by HPLC-
MS/MS

Because characterization and optimization were performed with pure standards of
a single regioisomer, a mixture of oxFA was required to ensure the optimized conditions
could definitively identify the full-length species of interest within a mixture,
independent of regioisomer. To create a diverse mixture of species and regioisomers,
auto-oxidation of LA and AA was performed. Progression of oxidation was monitored
over time by directly infusing the mixture in the presence of sodium ions into the ESI-
MS/MS, and the time point with the highest intensity of full-length species is represented
(Figure 4-8A). This occurred much more rapidly for AA than LA (12 h compared to 48
h), likely due to the increased number of susceptible allylic carbons. At each of these
time points, a significant peak corresponding to the unoxidized NEFA was still observed.
Based on comparison with the full-scan and product ion mass spectra of the pure
standards, the presence of sodium adducts of the hydroperoxide, hydroxide, and ketone
oxidation products for both LA and AA could be identified, indicating that the
determined species-specific conditions could be used to detect the full-length oxidized

species of interest, regardless of regioisomer, within a complex lipid mixture.

To ensure that all regioisomers eluted collectively under the determined
chromatographic conditions, the auto-oxidized mixture containing a variety of oxidized
species and regioisomers was again employed. Similar to the chromatogram observed for
the standards, separation of the full-length oxFA from their unoxidized counterparts was
obtained, with a singular peak for each analyte observed, indicating unified elution of all
regioisomers (Figure 4-8B). Furthermore, species identity within the complex mixture

was able to be confirmed, since the QIR for each analyte fell within the acceptable range.
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To confirm our ability to quantitate total levels of full-length oxFA, various time points
throughout auto-oxidation of LA and AA were collected, and the production of each full-
length oxFA and reduction of its unoxidized counterpart were quantified over time. In
agreement with the observation by direct infusion analysis, AA oxidized on a more rapid
timescale than LA (Figure 4-9). Of the time points analyzed, peak levels of full-length
oxFA were achieved after 48 h for LA and 12 h for AA. The percentage of full-length
oxFA present reached a higher maximum for LA compared to AA. This is likely due to
the different rates of oxidation progression for LA and AA. Just as AA forms full-length
oxFA more quickly due to the increased number of susceptible allylic carbons, these
species undergo further oxidation at a more rapid pace. As such, equilibrium of full-
length oxFA formation and further oxidation is likely established at a lower level for AA
than LA. Based on these data, our HPLC-ESI-MS/MS method implementing DiffE QIM
was validated for measuring and quantifying full-length oxFA species independent of

regioisomer within a complex mixture.
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Figure 4-8 Legend

A. Full MS scan of oxFA mixtures produced by auto-oxidation of LA and AA for
specified time period. Both unoxidized and auto-oxidized spectra were measured
under the optimized conditions for the unoxidized species. Peak height is
displayed relative to the highest intensity peak in the spectra.

B. Chromatograms of 100 uM LA and AA auto-oxidized for specified amount of
time. Zoomed chromatograms of the individual analytes with both the quantitative
(solid line) and qualitative transitions (dashed line) visualized with the calculated
qualifier ion ratio (QIR). Peak height is displayed relative to the highest intensity
peak in each chromatogram.
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Figure 4-9 Legend

The auto-oxidation of LA over 96 h and AA over 24 h, as represented by pie charts
visualizing the relative amount of each species. Further oxidation products was defined as
the portion of the known starting amount of unoxidized NEFA that could not be
accounted for by the quantification of our species of interest. Auto-oxidation time course
was performed in triplicate.
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4.3.5 Quantification of Full-Length OxFA Species in Biological Samples

In order to confirm our ability to measure these lipid species in a regioisomer-
independent manner within a complex biological sample, we next examined the basal
levels of oxFAs circulating in mouse serum. Before HPLC-ESI-MS/MS analysis, the
serum was subjected to a simple chloroform/methanol lipid extraction. While acidified
extraction methods are frequently employed for more polar lipids, this was found to not
be compatible with full-length oxFA species due to their acid lability (163). To correct
for extraction efficiency, C17:0 was implemented as an internal standard. C17:0 has
similar polarity and partitioning qualities as LA and AA but is not naturally occurring
within mammalian cells, making it a viable internal standard for our purposes (185). The
MS and HPLC conditions for the C17:0 sodium adduct were determined following the

same procedure as for the oxFA species (Figure 4-10).

Based on comparison of peak retention time and QIR to the oxFA standards, all
NEFA and oxFA species were identified (Figure 4-11A). The levels of circulating LA
and AA were found to be 291 pM and 26 pM, respectively, matching previously
measured concentrations in the literature (Figure 4-11B) (186—189). The concentrations
of LA-derived HPODE, HODE, and KODE were found to be 45 nM, 2.2 uM, and 0.4
uM, respectively. HODE had the highest concentration, likely because it is the most
stable of the three species. The concentrations of AA-derived HPETE, HETE, and KETE
were found to be 161 nM, 600 nM, and 306 nM, respectively. Again, the hydroxyl
product, HETE, was measured at the highest levels due to its increased stability. The sum
of just these full-length oxidation products were found to compose approximately 1% of

circulating LA, whereas they makeup approximately 4% of circulating AA. These results



116

correspond with our auto-oxidized time course where we demonstrated that AA oxidizes
nearly four times as quickly as LA (Figure 4-8, Figure 4-9). Based on these results, our
method is capable of measuring full-length oxFA species in an isoform-independent

manner in serum and can likely be extended to other biological samples.
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Figure 4-10 Legend

A.
B.

Chemical structure for the single sodium adduct of C17:0.

Direct infusion-MS/MS full MS scan of C17:0 standard (10 uM) in the presence
of sodium ions (200 pM sodium acetate). Full MS scan in multi-channel analysis
mode depicts 238 cumulative scans of 0.5 s. The molecular ion of interest (the
single sodium adduct) is denoted [M+Na]*. The double sodium adduct is denoted
[M-H+2Na]". Product ion scan of C17:0 single sodium adduct from direct
infusion of 10 uM standard in the presence of sodium ions (200 uM sodium
acetate). Product ion scan in multi-channel analysis mode depicts 79 cumulative
scans of 1.5 s. For both full MS and product ion scans, peak height is displayed
relative to the intensity of the largest peak in the spectra.

The differential energy transition intensity curve fit with a sigmoidal non-linear
regression. The intensities are displayed relative to the highest intensity transition.
The collision energy (CE) yielding the highest intensity transition was designated
as the quantitative transition (solid line). The CE yielding an intensity of roughly
50% of maximal was designated at the qualitative transition (dashed line). The
differential energy curves were performed in triplicate with data expressed as
mean + SEM.

HPLC-MS/MS chromatogram of 10 uM standard mix of oxFA species. C17:0
quantitative (solid line) and qualitative transitions (dashed line) visualized with
the calculated qualifier ion ratio (QIR). Peak height is displayed relative to the
highest intensity peak in chromatogram.

HPLC-MS/MS calibration curve for C17:0. Linearity was achieved over a 5 logio
range with a high coefficient of determination (R? value). Quantification in
samples was based on comparison to the curve. Calibration curve was performed
in triplicate with data expressed as mean + SEM.

Representative chromatogram of C17:0 in basal mouse serum samples. C17:0
quantitative (solid line) and qualitative transitions (dashed line) visualized with
the calculated QIR. Peak height is displayed relative to the highest intensity peak
in chromatogram.
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Figure 4-11 Legend

A. Representative chromatogram of oxFA in basal mouse serum samples.
Quantitative (solid line) and qualitative transitions (dashed line) visualized with
the calculated qualifier ion ratio (QIR). Peak height is displayed relative to the
highest intensity peak in each chromatogram.

B. Concentration of oxFA in mouse serum. Blood was collected by cardiac puncture
from anesthetized mice. Serum was isolated, subjected to a lipid extraction, and
measured by HPLC-MS/MS. Data shown is from 12 mice and expressed as mean
+ SEM.
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4.4 DISCUSSION AND CONCLUSIONS

Despite the importance of oxFA as signaling molecules and their roles in the
pathophysiology of metabolic disease, the development of HPLC-ESI-MS/MS methods
to quantify these species has been slow. Recent methods developed to measure NEFA
oxidation have focused heavily on identifying specific regioisomers either through an
untargeted approach with only relative quantitation capability or through a targeted
approach, of which some methods allow absolute quantitation (67, 159, 163—-167, 171).
However, it is likely that the sum total oxidation products, rather than the formation of
one particular regioisomer, is more important in pathologies implicating chronic
oxidative stress (45, 167). Unfortunately, methods focused on measuring these species
irrespective of regioisomer rely predominantly on HPLC with chemiluminescence
detection, which, while easily quantitated, is inherently limited in its specificity. These
methods usually measure oxFA solely based on the oxidized moiety and are unable to
distinguish between individual NEFA backbones (68, 168, 169). Therefore, a method that
could quantitate specific oxFA in a regioisomer-independent manner would be highly

biologically relevant. Our method represents significant progress toward this goal.

While it is true that untargeted methods allow for a far greater number of species to
be monitored, these methods usually rely on relative quantitation, are amenable only to
measurement of specific regioisomers, and are generally less facile to implement than
targeted methods. Our targeted method outlined in this report is able to identify and
absolutely quantify multiple full-length oxFA species independent of regioisomer with a
relatively short runtime. We have shown our method is highly sensitive, without

requiring time-consuming and destructive derivitization steps, due to the utilization of
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sodium adducts to take advantage of positive-ion ionization and DiffE QIM to quantify
based on regioisomer-independent, high intensity, pseudo-molecular transitions. The
implementation of DiffE QIM also circumvents the difficulty of fragmentation since it
does not rely on characteristic fragmentation. To our knowledge, this is the first study
implementing DiffE QIM to measure oxFA, and based on our success measuring full-
length oxFA, could likely be applied to other oxFA for regioisomer-independent
quantification. Furthermore, our results in mouse serum indicate that our approach could

be extended for oxFA quantification in other biological samples.

Additionally, as lipid oxidation frequently occurs on esterified fatty acids, this
method could be readily applied to measuring the oxidized acyl chains of TAG and
phospholipids with the addition of a lipase treatment to the sample preparation. This is of
importance as we have previously shown that oxAA-containing phosphatidylcholine
drives pro-inflammatory and antioxidant gene expression in macrophages, and these
effects can be recapitulated with products of non-esterified AA oxidation (44). Numerous
studies have identified distinct biological functions not only for a variety of individual
oxidized lipids, but also for sets of oxidized lipids with similar functional moieties. Even
so, prior to this study, there has not been a regioisomer-independent, targeted HPLC-ESI-
MS/MS method with which to measure oxFA. Our method provides a simple and reliable
means for measuring oxFA and elucidating their growing role in human disease. The
ability to faithfully quantify individual oxFA, regardless of regioisomer, is a currently
unmet need in the oxidized lipids field, and should be further pursued in order to measure

oxFA in a robust and comprehensive manner in biological samples.
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5 CHAPTER 5: OXFA SERVE A CRITICAL ROLE IN
PATHOLOGIES CHARACTERIZED BY INSULIN
RESISTANCE

5.1 ABSTRACT

Oxidative stress has been implicated in the development of both acute and chronic
insulin resistance, such as during acute stress and obesity, respectively. In addition, our
previous work demonstrated a critical role for adipocyte lipolysis in the development of
acute stress-induced impairments in insulin signaling through dissociation of the mTOR
complexes. However, traditional lipolytic products were found to have no effect on
mTOR complex activity. This led us to hypothesize that oxFA may be responsible for
acute insulin resistance. Levels of oxFA were found to be increased in response to
adipocyte lipolysis both in vitro and in vivo. Furthermore, the production of ROS was
found to be critical for the mTOR complex inhibition, with antioxidants rescuing
complex integrity and increased oxidative stress decreasing mTOR complex activity.
Preliminary data suggest that the lipid responsible for mTOR complex inhibition is a
product of oxLA. Because oxidative stress and oxPL have also been linked to obesity, we
investigated the role of oxFA in the development of maladaptive phenotypes during
obesity. Levels of oxFA were found to be increased with HFD. In addition, oxAA was
capable of inducing changes to macrophage gene expression to the same extent as oxPL,
including increases in inflammatory gene expression which is a hallmark of ATM in
obesity. Taken together, our results provide evidence for an active role for oxFA in acute
and chronic metabolic disturbances. Further studies are required to elucidate the

mechanisms by with oxFA exert their effects in both acute stress and obesity.
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5.2 INTRODUCTION

Impaired redox homeostasis and the production of ROS has been implicated in the
development of chronic insulin resistance, such as type 2 diabetes, obesity, and
cardiovascular disease (152—155, 190-194). One hallmark of oxidative stress is increased
lipid oxidation (5, 156). While oxidized lipids can be produced enzymatically in a highly
regulated fashion to form signaling molecules, in disease states, production of oxidized
lipids by ROS during oxidative stress may surpass cellular control mechanisms, leading
to destructive biological processes (45, 63-65, 67, 68). Due to the pathological
implications, there has been much interest in studying the diverse species of the oxidized

lipidome and their unique biological functions.

To this end, work from our collaborators demonstrated that obesity led to relative
changes in the components of the oxidized lipidome (45). Specifically, HFD-induced
increases in adiposity led to a disproportional increase in full-length oxPL compared to
truncated oxPL species. This increase in full-length oxPL was observed within circulation
as well as within the stromal vascular fraction of the adipose tissue itself. Furthermore,
full-length oxPL were found to promote a pro-inflammatory gene expression within
macrophages, another characteristic phenotype of obesity pathology (42, 195). However,
it was not yet known whether other classifications of lipids within the oxidized lipidome,
such as oxFA, also exhibited a shift towards full-length species during obesity. It was
also unclear whether the intact oxPL or the oxFA was responsible for the phenotypic

changes observed in macrophages.

In addition to pathologies of chronic insulin resistance, studies have implicated a

critical role for ROS in the development of acute insulin resistance, such as during acute
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stress caused by trauma, surgery, and critical illness (5). A study using the same HS
mouse model as our acute stress studies demonstrated a correlation between levels of
ROS and hepatic insulin sensitivity after HS (5). Furthermore, reduction of ROS levels
by superoxide dismutase overexpression or antioxidant treatment rescued HS-induced
hepatic insulin resistance. This data demonstrating the importance of ROS combined with
our studies demonstrating the necessity of adipocyte lipolysis suggests a potentially
critical role for oxidized lipids in the development of acute stress-induced peripheral

insulin resistance.

We hypothesized that oxFA play a crucial role in pathologies characterized by
insulin resistance, including acute cases such as during acute stress and chronic cases
such as during obesity. To this end, we investigated whether oxFA are produced during
adipocyte lipolysis and their acute effect on the insulin signaling cascade, specifically
their ability to inhibit and dissociate the mTOR complexes. We also tested whether full-
length oxFA are increased with HFD-feeding and whether oxFA are capable of inducing

similar changes in macrophage phenotype, as is observed for oxPL.

5.3 RESULTS
5.3.1 Adrenergic-Induced Lipolysis Increases OxFA in Circulation

We demonstrated that adipocyte lipolysis is necessary for the development of
acute stress-related insulin resistance. Previous research demonstrated a critical role for
ROS production in the development of stress-induced hepatic insulin resistance (5). As
such, we hypothesized that oxFA may be produced during adrenergic-stimulated
adipocyte lipolysis and released into circulation to promote peripheral resistance. To test

this, we employed our novel HPLC-MS/MS method based on DiffE QIM and sodium
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adducts to identify and quantify the production of oxFA during lipolysis. For this
purpose, we again utilized the 3T3-L1 mouse cell line as an in vitro model of adipocytes.
Differentiated 3T3-L1 adipocytes were treated with ISO to stimulate B-adrenergic
receptors leading to the potent induction of lipolysis (52). The cellular media was
collected 0, 15, and 45 min after treatment, and lipolysis was confirmed by the release of
the products NEFA and glycerol (Figure 5-1A). When measured by HPLC-MS/MS, all
the oxFA species of interest, except HPETE, were found to be present in the cellular
media after induction of lipolysis based on peak retention time and QIR (Figure 5-1B).
The lack of HPETE in our cultured cell sample is likely due to its high reactivity and
cellular peroxidase-driven breakdown to HETE (196). We observed significant increases
in the level of oxFA by 15 min after induction of lipolysis, and these levels were
maintained or continued to increase as quantified at 45 min (Figure 5-1C). These results

indicate that oxFA are quickly produced and released during adipocyte lipolysis.

To confirm the production and release of these oxFA species into circulation in
vivo, we injected WT mice i.p. with CL316,243, a specific B3-adrenergic receptor agonist
(Bs-adrenergic receptors are primarily expressed on adipose tissue in rodents), to
stimulate adipocyte lipolysis (197). Serum was collected 15 min after CL316,243
injection, and lipolysis was confirmed by measurement of the products NEFA and
glycerol (Figure 5-2A). After 15 min of CL316,243 stimulation, NEFA levels were
significantly increased in circulation indicating induction of lipolysis, but glycerol levels
were unchanged. This is not unexpected given the short time period being tested.
Glycerol is only released after cleavage of all three fatty acid tails and thus increases in

circulating glycerol lag NEFA levels. When the serum was measured by HPLC-MS/MS,
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all of the oxFA species of interest were found to be present in the serum (Figure 5-2B).
Furthermore, the levels of the oxLA species HPODE and KODE were significantly
increased in 15 min with HODE trending towards increased. A similar profile was
observed for the oxAA species with HPETE and KETE significantly increased in
circulation compared to vehicle-treated mice. Taken together, these studies suggest that
oxFA are rapidly produced and released into circulation during adrenergic-stimulated

adipocyte lipolysis, such as during acute stress.
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Figure 5-1: Adrenergic-stimulated lipolysis in adipocytes produces oxFA
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Figure 5-1 Legend

A. Glycerol and NEFA levels in the media of 3T3-L1 adipocytes serum-starved in
high glucose DMEM + 0.5% FA-free BSA for 1 h before being treated with 10
uM ISO. Media was collected after 0, 15, and 45 min of treatment. Glycerol and
NEFA were measured in the media using their respective Kkits.

B. Representative chromatogram of oxFA measured by HPLC-MS/MS in media of
3T3-L1 adipocytes treated as in A. Quantitative (solid line) and qualitative
transitions (dashed line) visualized with the calculated QIR. Peak height is
displayed relative to the highest intensity peak in each chromatogram.

C. Levels of oxFA determined by HPLC-MS/MS released into media from 3T3-L1

adipocytes treated as in A.
N = 4. Data are shown as mean + SEM. *P < 0.05, **P <0.01 and ***P < 0.001,
as indicated. Statistical analyses were performed using one-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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Figure 5-2 Legend

A. Glycerol and NEFA levels in the serum of WT mice fasted 4 h and i.p. injected
with either with vehicle or 5 mg/kg CL316,243. After 15 min, blood was
collected. Glycerol and NEFA were measured in the media using their respective
kits.

B. Relative levels of oxFA determined by HPLC-MS/MS in serum of WT mice
treated as in A.

N = 5. Data are shown as mean + SEM. *P < 0.05 and ***P < (.001, as indicated.
Statistical analyses were performed using an unpaired t-test. All significant
comparisons are denoted as such.
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5.3.2 Oxidized Lipolytic Products Inhibit mMTOR Complex Activity

Our previous work demonstrated that adrenergic-stimulated lipolysis inhibits
insulin signaling in adipocytes through mTOR complex inhibition and dissociation.
However, while lipolytic products can disrupt the mTOR complexes, typical products
such as DAG, MAG, and NEFA had no effect. This led us to hypothesize that a
specialized product of lipolysis may be responsible, such as an oxFA. To test whether
oxidized lipid production is necessary, we pretreated adipocytes with either vehicle or an
antioxidant: TBAP, a superoxide dismutase mimic, or EUK, a ROS scavenger. We then
treated with combinations of insulin and FSK and immunoblotted for mTOR complex-
catalyzed phosphorylation events in the insulin signaling cascade (Figure 5-3A). The
lipolysis pathway was stimulated by FSK treatment as seen by increases in pHSLS%%3,
Furthermore, treatment with FSK inhibited mTORC]1-catalyzed pS6k™%° and mTORC2-
catalyzed pAkt>*’3. However, insulin signaling was rescued after pretreatment with either
TBAP or EUK, complementary to previous findings that in vivo antioxidant treatment
during acute stress prevented peripheral insulin resistance (5). We next tested whether
pretreatment with antioxidants prevented the production of lipolytic products capable of
dissociating the mTOR complexes (Figure 5-3B). We again pretreated differentiated
adipocytes with vehicle or an antioxidant, TmPyP, a superoxide dismutase mimic, or
EUK, before treatment with FSK. Lipids were extracted and included in our in vitro
mTOR complex dissociation assay with Venus-tagged mTOR and Cerulean-tagged
raptor. As in our previous experiments, FSK-stimulated cells produced lipids that resulted
in mTOR complex dissociation. However, pretreatment with either TmPyP or EUK
prevented the production of lipids with dissociating activity, even with FSK treatment.

Since treatment with antioxidants rescues mTOR complex association and adipocyte
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insulin signaling, we next investigated whether stimulating ROS production further
exacerbated mTOR complex inhibition. Differentiated 3T3-L1 adipocytes were
pretreated with TBH, an oxidizing agent, before stimulation with FSK. Lipids were
extracted and included in an in vitro mTOR complex kinase assay (Figure 5-3C). As in
our previous experiments, treatment with FSK resulted in lipids that were capable of
inhibiting mTOR complex activity. In addition, pretreatment with TBH resulted in further
inhibition. However, TBH alone was not sufficient to produce inhibitory lipids and
lipolysis stimulation was still required to inhibit mMTOR complex activity. Taken together,
these data suggest that ROS play a critical role in the production of lipolytic products

capable of inhibiting the mTOR complexes.

Using our HPLC-MS/MS method, we demonstrated that oxFA are produced by
adipocyte lipolysis in vitro and in vivo. We next wanted to test whether isolated oxFA are
capable of inhibiting mTOR complex. We included either vehicle, LA, or auto-oxidized
LA in an in vitro mTOR complex kinase assay (Figure 5-3D). We observed that high
doses of oxLLA were capable of inhibiting mTOR activity compared to vehicle or LA.
While 100 uM may seem like a supraphysiological level of oxLA, it is worth noting that
the concentration is based on the starting amount of LA subjected to auto-oxidation. Our
data and previous literature have shown basal circulating levels of LA to be around 250
uM. Furthermore, the oxLA used in the kinase assay is a mixture of LA oxidation
products. It is likely that the oxFA species with inhibitory activity is present at a much
lower concentration. Taken together, these studies demonstrate that oxidation is critical
for the production of mTOR complex-inhibiting lipolytic products. In addition, we

provide preliminary data suggesting that the species responsible is an oxFA.
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Figure 5-3 Legend

A. Representative immunoblots of 3T3-L1 adipocytes incubated with or without 100
uM TBAP or 100 uM EUK before treatment with or without 10 uM forskolin
(FSK) for 10 min then treatment with or without 10 nM insulin (INS) for 15 min.

B. mTOR complex integrity determined by in vitro mTOR complex dissociation
assay. Lipids were extracted from 3T3-L1 adipocytes incubated with vehicle, 100
puM TmPyP, or 100 uM EUK before treatment with or without 10 uM FSK.
Purified fluorescently-tagged mTORC]1 was incubated with either extracted lipids
for 30 min before washing and detection of fluorescence.

C. mTOR complex activity determined by radioactive in vitro kinase assay. Lipids
were extracted from cultured 3T3-L1 adipocytes that were incubated with TBH
overnight at the noted concentration before treatment with or without 10 uM FSK
for 30 min. Kinase assay was carried out using purified recombinant mTORC1
with 4E-BP1 as substrate. Extracted lipids were added to the assay 10 min before
the addition of [y-*2P]-ATP.

D. Representative phosphoimage of substrate from radioactive in vitro kinase assay.

Kinase assay was carried out as in C.
N = 3. Data are shown as mean + SEM. *P < 0.05 and ***P < (.001, as indicated.
Statistical analyses were performed using two-way ANOVA. All comparisons
differing by one variable were made and adjusted for with ANOVA, and all
significant comparisons are denoted as such.
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5.3.3 Obesity Elevates Levels of OxFA Species Capable of Disturbing Adipose
Tissue Macrophage Function

Obesity is associated with adipose tissue dysfunction, including elevated
oxidative stress, changes in adipocyte metabolism, and increased inflammation from
ATM (42, 43, 154, 195). Previous collaborative studies using HPLC-MS/MS to measure
oxPL levels in the stromal vascular fraction showed that HFD-induced increases in
adiposity lead to a disproportionate increase in full-length species compared to truncated
species (45). When the effect on macrophages was tested in vitro, these full-length oxPL
induced macrophage phenotypes characteristic of obesity, including increased
proinflammatory gene expression (45). However, it was not yet known whether this
increase in full-length species was specific to oxPL or other oxidized lipids as well,
particularly oxFA. Furthermore, it had yet to be studied whether the oxidized moiety of
the oxPL alone was capable of inducing the same macrophage phenotypic changes. To
assess the prevalence of full-length oxFA in obesity, we used our HPLC-MS/MS method
to measure oxFA levels in serum of HFD-fed mice (Figure 5-4A). We observed
significantly increased levels of KODE and HETE with a trend towards increased levels
of HPETE, indicating the full-length oxFA species increase with HFD-induced adiposity.
Because oxAA species were particularly elevated, we tested the effect oxAA treatment
on macrophages in vitro (Figure 5-4B). We found that oxAA increased antioxidant,
inflammatory, and metabolic gene expression to largely the same extent as oxPL
treatment. Taken together, these results indicate that full-length species of oxidized lipids
increase during obesity, including oxPL and oxFA, and that the oxFA moiety is

responsible for the effects of oxPL exposure on macrophage phenotype.
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Figure 5-4 Legend

A. OxFA levels determined by HPLC-MS/MS in the serum of WT mice fed chow or

B.

HFD for 12 weeks. Mice were fasted 4 h before blood was collected.

Relative mRNA expression measured by qPCR of antioxidant, inflammatory, and
metabolic genes in bone marrow-derived macrophages treated with vehicle, 6.4
uM oxPAPC, 6.4 uM oxPAPE, or 6.4 uM oxAA for 4 h.

N = 3-4. Data are shown as mean £ SEM. *P < 0.05, **P < 0.01 and ***P <
0.001, as indicated. Statistical analyses of MS data were performed using
unpaired t-test. Statistical analyses of qPCR data were performed using two-way
ANOVA. All comparisons differing by one variable were made and adjusted for
with ANOVA. All significant comparisons are denoted as such.
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5.4 DISCUSSION AND CONCLUSIONS

In response to surgery and HS, previous studies have shown that oxidative stress
increases, correlates with insulin sensitivity, and is required for the development of
stress-induced insulin resistance. Our data further demonstrate that adipocyte lipolysis is
necessary for the development of peripheral insulin resistance. As such, we hypothesized
that oxidized lipids would be increased in response to adrenergic-stimulated lipolysis
during acute stress. Indeed, levels of oxFA were found to be increased in response to
adipocyte lipolysis both in vitro and in vivo. Adipocytes have vast stores of TAG in the
form of lipid droplets, and we and others have found that, even under basal conditions,
there is a considerable quantity of oxidized esterified acyl chains on TAG (198). It is
possible during lipolysis that these oxidized acyl chains are hydrolyzed and released into
the cell as oxFA. However, we cannot rule out the possibility that these oxFA are
produced by oxidation after hydrolysis. While it is likely that both oxFA production
mechanisms contribute to the increase observed after lipolysis, more studies are needed
to determine the level of contribution from each pathway. Of note, we measured
increased oxFA in extracellular media and in circulation. Our data does not delineate
whether these oxFA are produced in the cell, such as from hydrolysis of oxidized TAG,
and exported, or if the NEFA are exported from the cell and become oxidized in
circulation. Again, further studies are needed to determine the potential method of export

and degree of contribution from each oxFA production mechanism.

In addition, our previous work demonstrated a critical role for adipocyte lipolysis in
the development of impairments in insulin signaling through dissociation of the mTOR

complexes. However, traditional lipolytic products were found to have no effect on
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mTOR complex activity. This led us to hypothesize that oxFA may be responsible for
acute insulin resistance. The production of ROS was found to be critical for mTOR
complex inhibition with antioxidants rescuing complex integrity and increased oxidative
stress decreasing mTOR complex activity. Preliminary data suggest that the lipid
responsible for mTOR complex inhibition is a product of oxLA. Further studies are
needed to confirm that an oxLA species is responsible and which species have mTOR
complex inhibition activity. Currently, our data does not provide a mechanism for how
oxFA species dissociate the mTOR complexes. Previous studies have shown that
phosphatidic acid binds directly to the rapamycin-FKBP12 binding domain of mTOR and
positively regulates activity (71, 199). It is hypothesized that phosphatidic acid activates
mTOR complexes through strengthening the association of the complex, and that the
mTOR complexes dissociate in the absence of phosphatidic acid. Therefore, it is possible
that the oxFA competes with phosphatidic acid for binding to mTOR, thus resulting in

complex dissociation. Further studies are needed to test this potential mechanism.

Because oxidative stress and oxPL have also been linked to obesity, we also
investigated the role of oxFA in the development of maladaptive phenotypes during
obesity. Previous work by our collaborators demonstrated that, while obesity led to an
overall increase in the fraction of phospholipid species that were oxidized, there was a
disproportional increase in full-length oxPL compared to truncated oxPL species (45).
Our data show that levels of full-length oxFA increased with HFD feeding, corroborating
data that oxidized lipids increase overall with obesity. However, we did not measure
truncated oxFA species. These species would need to be measured in order to determine

whether full-length oxFA species disproportionately increase, similar to what is observed
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in oxPL. In addition, we observed that oxAA was capable of inducing changes to
macrophage gene expression to the same extent as oxPL, including increases in
inflammatory gene expression which is a hallmark of ATM in obesity. More studies are
needed to determine if 0xAA are capable of inducing other phenotypic changes mediated

by oxPL, such as changes in mitochondrial respiration and glycolytic capacity.

In summary, we demonstrated that levels of oxFA are increased in circulation in
vitro and in vivo in response to acute adrenergic-stimulated lipolysis. Our data suggest
that oxFA produced by adipocyte lipolysis may be responsible for mTOR complex
inhibition. When we investigated in the chronic condition of obesity, levels of oxFA were
found to be increased with HFD feeding. In addition, oxAA was capable of inducing
changes to macrophage phenotype, such as is observed in vivo in obese animals. Taken
together, our results provide evidence for an active role for oxFA in acute and chronic
metabolic disturbances. Further studies are required to elucidate the mechanisms by

which oxFA exert their effects in both acute stress and obesity.
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6 CHAPTER 6: THE ADIPOKINE RESISTIN IS ACUTELY
RELEASED DURING CATECHOLAMINE-INDUCED
LIPOLYSIS

6.1 ABSTRACT

Resistin, an adipose-derived hormone, has been linked to the development of
chronic insulin resistance in both humans and rodents. However, little effort has been put
towards investigating whether resistin is released acutely and its potential involvement in
transient insulin resistance. We previously demonstrated in vivo that resistin is released in
a surgery- and lipolysis-dependent manner. When we further investigated this mechanism
in vitro, we observed a significant, lipolysis-dependent release of resistin from adipocytes
into the media. Furthermore, overnight pretreatment with the antioxidant EUK prevented
lipolysis-dependent resistin secretion, suggesting a role for oxidized lipid signaling in the

acute release of resistin.

In humans, the development of acute stress-induced metabolic disturbances has
been well-documented in cardiovascular disease-associated events. In a pressure
overload-induced heart failure model, we demonstrated that inhibiting lipolysis reduced
circulating levels of resistin. In the context of myocardial infarction, we found that
circulating resistin levels spiked during ischemia and again during recovery.
Interestingly, while obese mice had higher basal levels of resistin, they did not exhibit a
spike during ischemia and had more stable resistin levels over the course of recovery.
Based on these studies, we propose that resistin is acutely released in response to

products of stress-stimulated lipolysis. By elucidating this mechanism, our work could
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provide insight into the role of resistin in the development of acute and chronic insulin

resistance.

6.2 INTRODUCTION

Severe trauma activates an acute stress response which results in systemic insulin
resistance and hyperglycemia, even in patients without prior history of diabetes (1-4,
115). While a variety of trauma and critical illness can stimulate the acute stress response,
cardiovascular events and surgery have been well-documented to cause metabolic
impairments in humans (2—4). Previous studies have shown that hyperglycemia during
cardiopulmonary bypass surgery is an independent risk factor for death and
complications, even in nondiabetic patients (3). In addition, a 50% decrease in insulin
sensitivity after cardiac surgery increased the risk of major complications by more than 5-
fold and the risk of severe infection by more than 10-fold (2, 4). This is particularly
worrisome because patients can lose up to 90% of insulin sensitivity during major
surgery (2). Though controlling surgery-induced metabolic impairments is of clear
clinical importance, the mechanism underlying the development of stress-induced insulin
resistance is largely unknown. Our work has shown that adipocyte lipolysis is necessary
for the development of hyperglycemia and insulin resistance during HS and surgery. This
observation is supported by previous studies which demonstrated a role for adipose tissue
and lipolysis during cardiovascular stress, such as heart failure (200, 201). Interestingly,
our data also suggested a novel role for resistin which we found to be released in a stress-

and lipolysis-dependent manner.

Resistin is an adipocytokine that is released by adipocytes in rodents (84—88).

Resistin acquired its name due to its initial association with the development of insulin
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resistance (84, 87). Initial characterization of resistin showed that circulating levels were
increased in mouse models of obesity. Manipulating levels of resistin altered blood
glucose and insulin function (84). For example, administration of recombinant resistin
impaired glucose tolerance and led to insulin resistance while treatment with an anti-
resistin antibody improved blood glucose and insulin sensitivity. Interestingly, while
circulating levels of resistin have been shown to also increase in obesity in humans,
resistin was found to be secreted by macrophages in humans as opposed to adipocytes
(86—88). In humans, resistin is associated with inflammation rather than adiposity (87).
However, a characteristic of obesity is increased basal inflammation and infiltration of
macrophages into adipose tissue. Furthermore, inflammatory cytokines have previously
been linked to the development of insulin resistance (89). As such, it is possible that,
despite differences in tissue secretion, resistin still affects insulin sensitivity in humans.
Of note, despite being discovered two decades ago, the regulation, mechanism, and

receptor of resistin remain unknown.

Due to its initial characterization in chronic conditions such as obesity and type 2
diabetes, little attention has been focused toward the potential acute role for resistin.
However, recent studies on the acute stress response in humans have demonstrated a
correlation between circulating resistin and trauma or critical illness, with higher levels of
resistin associated with worse outcomes (90-97). Our data corroborate these studies by
demonstrating a stress-dependent, rapid release of resistin, as we see significant increases
in circulating resistin within our 30-min HS model. Furthermore, our data suggest a novel

lipolysis-dependent regulation of acute resistin release.
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In this study, we sought to confirm and further elucidate the mechanism of acute
resistin release from adipocytes and its dependence on TAG lipolysis. Using a mouse
adipocyte cell line, we stimulated lipolysis with catecholamines to promote resistin
release and pharmacologically inhibited lipolysis to block release. As acute stress
frequently prompts oxidative stress within tissues which has been linked to impairments
in insulin signaling, we investigated the effect of blocking ROS using antioxidants and
the potential effect on resistin release. As humans are known to develop a strong acute
stress response during cardiovascular events and surgery, and mouse studies have
demonstrated that lipolysis plays an important role in regulating metabolism and recovery
during these events, we investigated in vivo whether cardiovascular stress stimulates
lipolysis-dependent, acute release of resistin. We specifically investigated in the context
of heart failure and myocardial infarction. As both of these cardiovascular stressors are
common in patients with obesity and given the strong link between resistin and obesity,
we further investigated the effect of diet-induced obesity on the time course of resistin
release after myocardial infarction. Our in vitro and in vivo studies to elucidate the
mechanism regulating release as well as the profile of release during cardiovascular stress

could provide insight into the role of resistin in the development of insulin resistance.

6.3 RESULTS

6.3.1 Adipocytes Acutely Release Resistin in a Lipolysis-Dependent Manner
Numerous clinical studies observed correlations between circulating resistin

levels and the development of stress-induced metabolic dysfunction and morbidity (91—

97). Our acute stress studies corroborate a strong relationship between resistin and stress-

induced insulin resistance. Furthermore, our in vivo data support a lipolysis-mediated
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mechanism of acute resistin release. To more definitively test this mechanism, we
assessed the release of resistin in response to catecholamine-stimulated lipolysis in vitro.
Differentiated 3T3-L1 adipocytes were treated with vehicle or ISO to stimulate -
adrenergic receptors and subsequent lipolysis (52). Media was collected at 0, 30, and 120
min after stimulation, and lipolysis was confirmed by the release of the products glycerol
and NEFA (Figure 6-1A). When measured by ELISA, the amount of resistin released
into the media was significantly increased after 120 min of ISO-stimulated lipolysis,
compared to media of vehicle-treated cells that did not undergo significant lipolysis
(Figure 6-1B). This significant increase in media resistin levels was visualized and
corroborated by immunoblot (Figure 6-1C). Resistin release into the media lagged the
release of lipolytic products, which were already significantly elevated at 30 min. This
observation, combined with the robust release of resistin in response to ISO treatment,

further substantiates our hypothesis of a lipolysis-dependent mechanism of release.

To determine whether lipolysis is necessary for the acute release of resistin, we
pretreated the 3T3-L1 adipocytes with the ATGL inhibitor atglistatin before treatment
with either vehicle, ISO, or FSK to stimulate lipolysis. Media was collected at 0, 120, and
240 min. We again assessed induction of lipolysis by measuring the release of glycerol
and NEFA (Figure 6-2A). Both lipolytic products were significantly increased in the
media after 120 min of stimulation with ISO or FSK compared to vehicle. Atglistatin
treatment substantially blunted lipolysis, though levels of lipolysis in the presence of
atglistatin were still higher than for vehicle-treated cells. When measured by ELISA, the
amount of resistin released into the media was significantly increased after 120 min and

was substantially increased compared to media of vehicle- or atglistatin-treated cells after
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240 min (Figure 6-2B). While the level of resistin in the media did significantly increase
over time in vehicle- and atglistatin-treated cells, this is likely due to the incomplete
suppression of lipolysis. When visualized by immunoblot, the increased levels of resistin
in the media with ISO and FSK at 120 and 240 min measured by ELISA was
corroborated (Figure 6-2C). Additionally, atglistatin noticeably blunted the level of
resistin in the media when visualized by immunoblot. Taken together, this data suggests
that adrenergic-stimulation is sufficient to induce acute release of resistin, and lipolysis is

necessary for that release.



151

>

03

Glycerol (mg/mL) NEFA (mM) wun | —® Vehicle
15 -o- SO
© 02 * v.0min
= # V. Vehicle
(0]
e 0.1
[=]
o .

T T T T T 0.0 I I I I I

0 30 60 90 120 0 30 60 90 120

Time (min)

B., c

Resistin (ng/mL) i ISO
- —_—
.g Time (min) 0 30 120 30 120 30 120 30 120
©
i o R e
3 Resistin
=
: St o7 |
O

Time (min)
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Figure 6-1 Legend

A. Glycerol and NEFA levels in the media of 3T3-L1 adipocytes treated with 1 pM
isoproterenol (ISO) in low-glucose DMEM supplemented with 2% FA-free BSA.
Media was collected after 0, 30, and 120 min of treatment. Glycerol and NEFA
were measured in the media using their respective kits.

B. Resistin levels determined by ELISA in the media of 3T3-L1 adipocytes treated
as in A.

C. Representative immunoblots of the media of 3T3-L1 adipocytes treated as in A.

N = 3-7. Data are shown as mean + SEM. *P < 0.05 and ***P < 0.001, as
indicated. Statistical analyses were performed using two-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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Figure 6-2 Legend

A. Glycerol and NEFA levels in the media of 3T3-L1 adipocytes were pretreated
with 10 pM atglistatin for 1 h before treatment with 1 pM isoproterenol (ISO) or
10 uM forskolin (FSK) in low-glucose DMEM supplemented with 2% fetal
bovine serum. Media was collected after 0, 30, 120, and 240 min of treatment.
Glycerol and NEFA were measured in the media using their respective kits.

B. Resistin levels determined by ELISA in the media of 3T3-L1 adipocytes treated
asin A.

C. Representative immunoblots of the media of 3T3-L1 adipocytes treated as in A.
N = 3. Data are shown as mean + SEM. *P < 0.05, **P <0.01, and ***P < 0.001,
as indicated. Statistical analyses were performed using two-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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6.3.2 ROS are Necessary for Lipolysis-Dependent Release of Resistin

Based on our data demonstrating the necessity of lipolysis for resistin release, we
hypothesized that a product of lipolysis may be acting as a signaling molecule, such as an
oxidized lipid. Our previous HPLC-MS/MS analysis of cellular media demonstrated that
oxFA are rapidly released during catecholamine-stimulated lipolysis. Therefore, we next
tested whether production of oxidized lipids by ROS is necessary for lipolysis-mediated
release of resistin. To reduce ROS levels, we pretreated 3T3-L1 adipocytes with the
antioxidant EUK overnight before stimulation with ISO. Media was collected at 0, 15,
and 45 min. We confirmed induction of lipolysis by measuring release of glycerol and
NEFA (Figure 6-3A). Again, ISO induced lipolysis, and EUK did not affect this
induction. When we analyzed by immunoblot, we observed that the level of resistin in the
media increased over time with ISO stimulation of lipolysis (Figure 6-3B). However,
pretreatment with EUK prevented adrenergic-induced release of resistin. Due to the
length of EUK incubation, we were curious if expression of resistin mRNA was affected.
When measured by qPCR, we found a decrease in resistin mRNA expression after
overnight incubation with EUK, with levels of resistin mRNA expression in EUK-treated
cells at approximately 25% of vehicle-treated cells (Figure 6-3C). ISO stimulation was
not observed to have an effect on resistin mRNA expression. This is likely due to the
short treatment timeframe. Taken together, these results suggest a critical role for ROS in

the lipolysis-dependent mechanism of acute resistin release.
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Figure 6-3 Legend

A. Glycerol and NEFA levels in the media of 3T3-L1 adipocytes were pretreated
with 100 pM EUK overnight before treatment with 1 pM isoproterenol (ISO) in
low-glucose DMEM supplemented with 0.5% FA-free BSA. Media was collected
after 0, 15, and 45 min of treatment. Glycerol and NEFA were measured in the
media using their respective Kkits.

B. Representative immunoblots of the media of 3T3-L1 adipocytes treated as in A.

C. Relative resistin mRNA expression measured by qPCR in 3T3-L1 adipocytes

treated as in A.
N = 3-4. Data are shown as mean = SEM. *P < 0.05, **P < 0.01, and ***P <
0.001, as indicated. Statistical analyses were performed using two-way ANOVA.
All comparisons differing by one variable were made and adjusted for with
ANOVA, and all significant comparisons are denoted as such.
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6.3.3 Resistin Circulating and mRNA Expression Levels are Dynamic over the
Course of Cardiovascular Stress

In humans, the development of acute stress-induced hyperglycemia and insulin
resistance has been well-documented in morbidities associated with cardiovascular
disease, including myocardial infarction, heart failure, and thoracic surgery (2, 4, 202).
We were able to replicate the acute stress metabolic phenotype using a HS mouse model
and showed that the development of these disturbances was dependent on lipolysis.
Furthermore, we demonstrated that resistin was released in a stress- and lipolysis-
dependent manner, which we corroborated with in vitro studies. Therefore, we wanted to
further study the acute release of resistin in the context of cardiovascular disease. To this
end, we employed two different mouse models to study this phenomenon in instances of

heart failure and myocardial infarction.

To examine the release of resistin during heart failure, we used a mouse model of
pressure overload-induced heart failure (Figure 6-4A). Specifically, cardiomyocyte-
specific deletion of Mapki4 to create loss p38 MAPKa was induced with tamoxifen
(1ICMp38KO mice). Mice were then infused with Angll via an osmotic pump for 48 h. At
the end of the infusion period, iCMp38KO mice had lower ejection fraction than their
WT counterparts (iCMp38KO: 20.5 £ 4.9%, WT: 52.8 £ 7.3%), indicating the
development of heart failure. Based on our previous studies, we hypothesized that the
development of heart failure would induce the acute release of resistin. Surprisingly, in
this model of heart failure, we observed the exact opposite. Basally, our iCMp38KO mice
had lower levels of circulating resistin than WT mice (Figure 6-4B). Furthermore, 48 h
exposure to Angll to induce pressure overload resulted in a decrease in circulating

resistin levels in both WT and iCMp38KO mice. One possible explanation for this
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unexpected result is that Angll has been shown to decrease levels of adipocyte lipolysis
(203). In our previous acute stress studies, we demonstrated that despite the presence of
HS, blocking lipolysis was sufficient to blunt the release of resistin. Thus, it is possible in
our heart failure model that, despite the presence of increased cardiac stress with Angll
infusion, lipolysis is sufficiently inhibited by Angll to decrease the level of circulating
resistin. To test the effect of lipolysis inhibition on resistin release in this model, we
pharmacologically inhibited lipolysis by incorporating atglistatin into the food starting
two days before infusion (Figure 6-4A). With lipolysis inhibited, resistin levels tended to
be further decreased in WT mice, as we would expect based on our previous in vivo and
in vitro studies (Figure 6-4B). We did not observe a significant change in iCMp38KO
mice with inhibition of lipolysis. This may be because circulating resistin was already at
a low level with Angll infusion that further reduction could not be reliably observed.
When we examined resistin mRNA expression in the gonadal fat of mice in our model,
we observed that, despite lower levels in circulation, resistin mRNA expression was
higher in iCMp38KO mice compared to WT (Figure 6-4C). While it may seem contrary,
a disconnect between circulating resistin and mRNA expression levels has been
repeatedly observed in the literature (86). In both genotypes, Angll and atglistatin
treatment had no effect on resistin mRNA expression. Taken together, these data
corroborate our previous studies supporting a lipolysis-dependent mechanism of resistin
release. However, further investigations are needed to determine the time course and

potential role of resistin in the development of pressure overload-induced heart failure.

We next sought to examine the release of resistin in the context of myocardial

infarction. As both cardiovascular disease and resistin levels have strong links to obesity,
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we investigated how HFD-feeding would affect the resistin release profile over the course
of myocardial infarction and subsequent recovery. To model diet-induced obesity, mice
were place on HFD for 10 weeks (Figure 6-5A). We noticed that HFD-fed mice
accumulated fat around their cardiac tissue, a phenomenon not observed in the chow-fed
counterparts. Therefore, we first investigated the expression of resistin mRNA in various
adipose depots in HFD-fed mice (Figure 6-5B). As expected, resistin mRNA was
expressed the highest in gonadal fat, which is almost entirely composed of WAT, and
was expressed at very low levels in brown adipose tissue (204). We also found that
resistin mRNA was expressed in the cardiac fat at roughly 50% of the level in gonadal

fat.

To compare resistin release between lean and obese mice during myocardial
infarction, we employed the LAD artery ligation model (Figure 6-5A). Briefly, mice
were anesthetized with isoflurane and intubated before surgery. Myocardial ischemia was
produced by tightening a suture around the LAD artery for 45 min. The suture was then
removed to allow reperfusion. Recovery was monitored for up to 16 days post-surgery.
We measured resistin in serum basally, during surgery, and over the course of recovery
(Figure 6-5C). Corroborating previous literature, basal circulating resistin tended to be
elevated in HFD-fed compared to chow-fed mice. Based on our previous HS studies, we
would expect circulating resistin to increase in response to stress. As expected, resistin
levels were elevated during surgery and myocardial ischemia in chow-fed mice. Of note,
resistin levels in HFD-fed mice remained at roughly basal levels during surgery and
myocardial ischemia and did not exhibit a further stress-induced increase. Resistin levels

decreased in both groups over the first two days of recovery, with HFD-fed mice
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exhibiting a slower rate of decrease and overall slightly higher resistin levels than their
chow-fed counterparts. Interestingly, at day 8, chow-fed mice exhibited a large spike in
circulating resistin and much higher levels than HFD-fed mice, in which circulating
resistin remained comparable to day 2 levels. On day 16, circulating resistin began to
increase in HFD-fed mice and remained elevated in chow-fed mice. Overall, chow-fed
mice exhibited much larger variation in circulating resistin levels over the course of
surgery and recovery, whereas levels in HFD-fed mice were much more stable and did

not rise significantly above basal levels.

We next investigated the effect of diet and myocardial infarction on resistin
mRNA expression. When we examined cardiac fat taken from the same HFD-fed mouse
during surgery and recovery, we found a significant decrease in the level of resistin
mRNA expression on day 8 (Figure 6-5D). These data mirror the changes observed in
circulating resistin levels. However, we did note that mice generally lost weight during
recovery after myocardial infarction, resulting in reduced adipose tissue mass. This
combined with removal of some of the cardiac fat during surgery likely contributed to our
observation that the samples collected at day 8 were noticeably smaller than the samples
collected during surgery. Therefore, we cannot rule out the possibility that sample quality
affected our resistin mRNA expression analysis. Additional studies where fat is collected
from separate mice at each timepoint are required to confirm these results. When we
examined resistin mRNA expression differences in gonadal fat in chow- and HFD-fed
mice, we found that chow-fed mice exhibited higher levels of resistin mRNA expression
(Figure 6-5E). Similar to previous studies and our observation in iCMp38KO mice, the

expression level of resistin mRNA exhibits the opposite pattern that is seen in circulating
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resistin levels, with HFD-mice exhibiting higher basal circulating levels of resistin but
with lower basal mRNA expression levels. On day 8 post-surgery, resistin mRNA
expression was unchanged from basal levels in chow-fed mice. Expression levels of
resistin mRNA in HFD-fed mice on day 8 trended towards increased, despite day 8
circulating levels being significantly lower compared to basal levels. Despite not
observing significant changes in resistin mRNA expression between pre- and post-
surgery, it is still possible that expression levels change over the course of myocardial
ischemia and recovery. Additional studies with tissue collected at multiple time points are
needed to assess how dynamic resistin mRNA expression is in myocardial infarction and
whether mRNA expression level changes correlate with changes in levels of circulating
resistin. Taken together, these data put forward resistin as a dynamic circulating factor
that could affect recovery after myocardial infarction. Furthermore, distinct differences in
circulating resistin profiles could contribute to variations in recovery between lean and
obese individuals. If so, our previous data would suggest that levels could be manipulated
by inhibiting lipolysis. Additional studies are needed to assess the potential role of

lipolysis on circulating resistin and recovery in the context of myocardial infarction.



163

o

A 10-day tamoxifen
| injection | Four to six weeks recovery I | | |
I I | I I I
6 to 8-weekold Day -2 Day-1 Day0 Day1
mice istatin istati istatil atglistatin
+Angll +Angll
iCMp38KO
100 - - 20
1 Basal == Angll mmm Angll+Atglistatin c Gonadal Fat

- —_— S

E 80 ] 3 *

S O 15—

E’ T 1T 1 a

= x

£ 907 T e T

» = N

% 7 10 Q

40— 4

o 0]

£ ¢ | T \

=}

= > 5

o 20— = \

] L \
[3]
14 \

0 0 \

p38 KO
Genotype

Day2
sacrifice

Genotype

p38 KO

Figure 6-4: Inhibiting lipolysis reduces circulating resistin during heart failure



164

Figure 6-4 Legend

A. Illustration of the pressure overload-induced model of heart failure.
Cardiomyocyte-specific loss of p38 MAPKa was generated by tamoxifen
injection. Lipolysis was inhibited by administering 0.4 mg atglistatin/g food
starting two days prior to pressure overload induction. Pressure overload was
induced by 1.5 mg/kg/day Angll infusion by subcutaneous mini-osmotic pumps
for 48 h.

B. Resistin levels determined by ELISA in the serum of WT or iCMp38KO mice
treated as in A.

C. Relative resistin mRNA expression measured by qPCR in gonadal fat of WT or

iCMp38KO mice treated as in A.
N = 5-18. Data are shown as mean = SEM. *P < (.05 and ***P < 0.001, as
indicated. Statistical analyses were performed using two-way ANOVA. All
comparisons differing by one variable were made and adjusted for with ANOVA,
and all significant comparisons are denoted as such.
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expression profiles during myocardial infarction
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Figure 6-5 Legend

A. Illustration of the LAD artery ligation model of myocardial infarction. WT mice
were fed chow or HFD for 10 weeks. Mice were subjected to LAD artery ligation
for 45 min. During surgery, a small portion of the cardiac fat was removed from
HFD-fed mice. All other tissues were harvested at basal, day 8 post-surgery, or
day 16 post-surgery. Blood was collected at all time points indicated with a red
arrow.

B. Relative resistin mRNA expression measured by qPCR in gonadal, cardiac, and
brown fat harvested from HFD at the basal timepoint.

C. Resistin levels determined by ELISA in the serum of chow- and HFD-fed mice
treated as in A.

D. Relative resistin mRNA expression measured by qPCR in cardiac fat from HFD
treated as in A.

E. Relative resistin mRNA expression measured by gPCR in gonadal fat from chow-

or HFD-fed mice treated as in A.
N = 3-21. Data are shown as mean = SEM. *P < 0.05 and **P < 0.01, as
indicated. Statistical analyses were performed in B using one-way ANOVA, C
and E using two-way ANOVA, and D using an unpaired t test. All comparisons
differing by one variable were made and adjusted for with ANOVA, and all
significant comparisons are denoted as such.
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6.4 DISCUSSION AND CONCLUSIONS

In this study, we investigated in vitro the mechanism of acute resistin release from
adipocytes and its dependence on TAG lipolysis. We showed that catecholamine
stimulation of mouse adipocytes resulted in lipolysis as well as resistin release. When
lipolysis was inhibited, the release of resistin blunted. Interestingly, we observed that
pretreatment with antioxidants also prevented the release of resistin, even in the presence
of lipolysis. This indicates that an oxidized lipid, such as an oxFA which we
demonstrated are released by adipocyte lipolysis, may be acting as a signaling molecule
activating resistin release. Further studies are needed to more definitively determine if
oxidized lipids are playing a role and if so which species are acting as a signaling

molecule.

As humans are known to develop a strong acute stress response during
cardiovascular events and surgery, and mouse studies have demonstrated that lipolysis
plays an important role in regulating metabolism and recovery during these events, we
investigated in vivo whether cardiovascular stress stimulates lipolysis-dependent, acute
release of resistin. In a mouse model of pressure overload-induced heart failure, we
demonstrated that inhibiting lipolysis with atglistatin reduced circulating levels of resistin
in WT mice. Atglistatin did not affect resistin levels in iCMp38KO mice which may be
because circulating resistin was already at a low level that further reduction could not be
reliably observed. Surprisingly, inducing pressure overload cardiac stress with Angll
resulted in a decrease in circulating resistin in both WT and iCMp38KO mice. While this
may seem contrary to our HS and myocardial infarction data, blood was only sampled in

this model after 48 h of Angll infusion. It is possible that, similar to our myocardial



168

infarction results, resistin spikes rapidly after onset of cardiac stress and then decreases
during initial recovery and remodeling. By only measuring one time point, we cannot
definitively conclude that resistin does not increase in response to pressure overload.
Another possible explanation is that Angll has previously been shown to inhibit lipolysis
through decreased local blood flow (203). Based on our previous in vivo and in vitro data
which support a lipolysis-dependent mechanism, inhibition of lipolysis by Angll could
inhibit resistin release. A more thorough time course in this model or evaluations of
pressure-overload heart failure using a model that does not require Angll infusion, such
as the transverse aortic constriction model, are required to better assess the role of resistin

in heart failure.

When we investigated resistin in the context of myocardial infarction, we found
that circulating resistin levels spiked during surgery and ischemia, which we would
expect based on our HS studies. Recovery from myocardial infarction is generally
recognized to occur in three phases: inflammation (day 0-4), healing (day 4-14), and
remodeling (day 14+) (9). Resistin levels were decreased below baseline during the
inflammation phase and exhibited a second spike during the healing phase with levels
remaining elevated into the remodeling phase before the experiment was terminated. This
observation opens up the interesting possibility that resistin plays varying roles in the
initial response to acute stress but also during cardiac remodeling. Further work is needed
to investigate the role of resistin during these phases and what signaling mechanisms are
controlling the release of resistin during these periods. Our data suggest that changing
lipolytic activity could be responsible. Future studies should measure glycerol levels in

circulation to determine whether resistin levels correlate to lipolytic activity. In addition,
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it would be of interest to investigate whether inhibiting lipolysis affects circulating

resistin levels and what effect this has on cardiac function after myocardial infarction.

Because cardiovascular disease and resistin are both correlated with obesity, we
investigated the effect of diet-induced obesity on resistin release during myocardial
infarction. As expected, obese mice had higher basal levels of circulating resistin.
Interestingly, obese mice did not exhibit a spike with myocardial ischemia, as was
observed for lean mice. One possible explanation for this observation is that obese
animals and humans are known to have higher basal levels of lipolysis (51). In addition,
obese individuals exhibit marked resistance to adrenergic stimulation of lipolysis (205).
Based on our data supporting a lipolysis-dependent mechanism of release, these
differences in lipolytic activity would explain why obese individuals exhibit higher basal
levels but no stress-induced increase in resistin. Over the course of recovery, obese mice
exhibited a decrease in resistin levels to below basal during the inflammation phase, as
was seen in lean mice. During this phase, resistin levels were significantly higher in
obese mice compared to lean mice. This changed during the healing and remodeling
phases of recovery, during which lean mice exhibited a spiking of resistin levels above
that observed in obese mice. Between day 2 and 8, resistin levels in obese mice were
stable and below basal levels and only began to increase at day 16. Overall, resistin levels
in obese mice were more resistant to change and less dynamic than in lean mice. Further
studies are needed to determine if this difference in resistin release profile correlates to
differences in cardiac function after myocardial infarction between lean and obese

individuals.
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In summary, our in vitro studies demonstrate that acute release of resistin is
induced by and dependent on adrenergic-stimulated lipolysis. Our antioxidant data
suggest a potential signaling function for oxidized lipids in this pathway. Our in vivo
studies demonstrate that resistin is released acutely in response to cardiovascular stress
and is a dynamic factor that could contribute to metabolic disturbances during recovery.
In our heart failure studies, we corroborate our hypothesis that resistin release is lipolysis-
dependent. Our myocardial infarction studies show that circulating resistin spikes in
response to myocardial ischemia, decreases during the inflammatory phase of recovery,
and increases again during the healing and remodeling phases. Diet-induced obesity
changes this profile, with no spike observed during ischemia and more stable values over
the course of recovery. Our in vitro studies to elucidate this mechanism as well as our in
vivo studies to investigate the profile of resistin release during cardiovascular stress could
provide insight into the role of resistin in the development of acute and chronic insulin

resistance and open up further investigation into a potential therapeutic target.
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7 CONCLUSIONS AND FUTURE DIRECTIONS

7.1 SUMMARY

The present dissertation outlines the contributions of adipocyte lipolysis to acute
stress-induced metabolic disturbances through the release of two signaling molecules:
oxFA and resistin. To study the potential role of oxFA, we developed a novel HPLC-
MS/MS method to measure full-length oxidation products of LA and AA. Using this
method, we demonstrated levels of oxFA increased in response to adipocyte lipolysis
both in vitro and in vivo. Building upon our previous work, we showed that ROS
production is critical for lipolysis-dependent inhibition of the mTOR complexes and
provided preliminary data that an oxFA is responsible. We demonstrated in vivo that
resistin is released in a stress- and lipolysis-dependent manner. When we further
investigated this mechanism in vitro, we observed a significant, lipolysis-dependent
release of resistin from adipocytes into the media. In addition, treatment with an
antioxidant prevented lipolysis-dependent secretion, suggesting a role for oxFA signaling

in the acute release of resistin.

Because both oxidized lipids and resistin are typically linked to chronic metabolic
impairments, we also studied their action in the context of obesity. We demonstrated
oxFA levels were increased with HFD. In addition, oxFA exposure increased
inflammatory gene expression, a hallmark of ATM in obesity. When we investigated
resistin in myocardial infarction, we found that obese mice had higher basal levels of
resistin and more stable resistin levels during ischemia and recovery compared to lean
controls. Based on these studies, we propose that oxFA and resistin are acutely released

in response to stress-stimulated lipolysis. By elucidating this mechanism, our work could
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provide insight into the role of adipose tissue in the development of acute and chronic

insulin resistance.

7.2 CONCLUSIONS AND SIGNIFICANCE

The work presented here addresses important unanswered questions regarding
mechanisms of anabolic and catabolic signaling crosstalk and fills significant gaps in our
understanding of how insulin resistance develops during acute stress. It is well-accepted
that severe trauma activates the acute stress response, resulting in systemic insulin
resistance and hyperglycemia (1). While hyperglycemia has been shown to be an
independent risk factor for increased mortality and morbidity after surgery, the only
treatment currently available is intensive insulin therapy (2—4). Unfortunately, insulin
therapy is only effective in some patients, requires careful monitoring, and increases the
risk of hypoglycemic incidents (1). In addition, this treatment does not correct the
underlying insulin resistance. By shedding light on the crosstalk underlying the
development of stress-induced insulin resistance, this work provides new avenues for
investigation and potential therapeutic targets for more effective and safer maintenance of

euglycemia in the ICU.

Adipose tissue has long been recognized for its role in energy storage and as a
regulator of energy homeostasis, but in recent years, the importance of adipose tissue as
an endocrine organ has been increasingly appreciated (151). For example, adipose-
derived factors such as cytokines, adipokines, and lipid intermediates have been
demonstrated to impair insulin-stimulated glucose disposal (151). One such adipokine is
resistin which has been shown to be increased in obesity in mice and obesity and type 2

diabetes in humans (84, 148). Due to its initial characterization in chronic conditions,
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little attention has been focused toward the potential acute role for resistin. However,
recent studies on the acute stress response in humans have demonstrated a correlation
between circulating resistin and trauma or critical illness, with higher levels of resistin
associated with worse outcomes (90-97). In our acute stress studies, we see significant
increases in circulating resistin within a 30-min timeframe. Our studies demonstrate for
the first time that acute resistin release correlates with the development of transient

insulin resistance and hyperglycemia, such as during trauma and surgery.

Furthermore, our data suggest a novel lipolysis-dependent regulation of acute
resistin release. In our in vivo studies, resistin showed a robust induction with HS, which
was attenuated with lipolysis inhibition. Corroborating this observation, epinephrine
infusion during hyperinsulinemic-euglycemic clamps increased circulating resistin levels
with inhibition of lipolysis abrogating this response. In addition, circulating resistin levels
were positively correlated with net lipolysis as shown by glycerol levels. Through our in
vitro studies, we confirmed that catecholamine stimulation of mouse adipocytes resulted
in lipolysis as well as resistin release. When lipolysis was inhibited, the release of resistin
blunted. These data suggest a previously unknown mechanism regulating the release of
resistin. Considering that resistin has gained interest as a potential therapeutic target, this
new mechanism provides previously unconsidered mechanisms for manipulating

endogenous levels of resistin for the treatment of acute and chronic pathologies.

Another means by which adipose tissue can influence whole-body metabolism is
through lipid signaling molecules, such as oxFA. In order to study these species, we
developed a targeted method that is able to identify and absolutely quantify multiple full-

length oxFA species independent of regioisomer. The ability to faithfully quantify
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individual oxFA species, regardless of regioisomer, was an unmet need in the oxidized
lipids field. We have demonstrated our method to be highly sensitive, without requiring
time-consuming and destructive derivitization steps, due to the utilization of sodium
adducts to take advantage of positive-ion ionization and DiffE QIM to quantify based on
regioisomer-independent, high intensity, pseudo-molecular transitions.  The
implementation of DiffE QIM also circumvents the difficulty of fragmentation since it
does not rely on characteristic fragmentation. To our knowledge, this is the first study
implementing DiffE QIM to measure oxFA, and based on our success measuring full-
length oxFA, this could likely be applied to other oxFA species for regioisomer-

independent quantification.

Using this method, we demonstrated levels of oxFA increased in response to
adipocyte lipolysis both in vitro and in vivo. In addition, our previous work demonstrated
a critical role for adipocyte lipolysis in the development of impairments in insulin
signaling through dissociation of the mTOR complexes. However, traditional lipolytic
products were found to have no effect on mTOR complex activity. This led us to
hypothesize that oxFA may be responsible for acute insulin resistance. The production of
ROS was found to be critical for mMTOR complex inhibition with antioxidants rescuing
complex integrity and increased oxidative stress decreasing mTOR complex activity.
Taken together, these data show that oxidized lipolytic products facilitate mTOR
complex inhibition through complex dissociation and serve as one mechanism of
catecholamine-induced insulin resistance. This represents a novel means of mTOR
complex regulation and a previously undiscovered signaling pathway for oxidized lipids.

By elucidating this mechanism, we have provided further insight into the complex
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crosstalk between catabolic and anabolic signaling. This work has implications, not only

for acute stress-induced insulin resistance, but also for chronic conditions such as obesity.

Because both oxidized lipids and resistin are typically linked to chronic metabolic
impairments, we also studied their action in the context of obesity. When we examined
oxFA, we demonstrated oxFA levels were increased with HFD. When the effect on
macrophages was tested in vitro, these full-length oxPL induced macrophage phenotypes
characteristic of obesity, including increased proinflammatory gene expression (45). In
addition, it had yet to be studied whether the oxidized moiety of the oxPL alone was
capable of inducing the same macrophage phenotypic changes. Through our studies, we
demonstrated oxFA exposure increased inflammatory gene expression, a hallmark of
ATM in obesity. These results indicate that the oxFA moiety is responsible for the effects
of oxPL exposure on macrophage phenotype and puts forward oxFA as a critical species
for study in obese adipose tissue. When we investigated resistin in the context of obesity
and myocardial infarction, we found that obese mice had higher basal levels of resistin
and more stable resistin levels during ischemia and recovery compared to lean controls.
This data puts forward resistin as a dynamic circulating factor that could affect recovery
after myocardial infarction. Furthermore, distinct differences in circulating resistin
profiles could contribute to variations in recovery between lean and obese individuals. If
so, our previous data would suggest that levels could be manipulated by inhibiting

lipolysis.

7.3 FUTURE DIRECTIONS
Our studies show that adrenergic action and subsequent adipocyte lipolysis are

necessary for the development of stress-induced disturbances in glucose homeostasis and
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peripheral insulin resistance. One limitation of our studies is the focus on catecholamine
effects in a short acute stress timeframe. While catecholamines play an important role
during the initial response to acute stress, other hormones play significant roles in the
days to weeks following injury, including glucagon, cortisol, and inflammatory
cytokines. It is important to note that while these hormones are induced at different times
and have tissue-specific effects, all of these hormones may act similarly as they all
oppose insulin action and induce adipocyte lipolysis (116). However, in order to evaluate
the lipolytic pathway as a therapeutic target, future studies are needed to determine the
signaling role of additional hormones and the effect of lipolysis during more prolonged

illness.

In our in vivo studies, we made the initially surprising observation that the increase
in glycerol observed with HS was not accompanied by an increase in circulating NEFA
levels. This disconnect between circulating glycerol and NEFA levels observed during
HS has previously been ascribed to vasoconstriction in WAT (135, 136). Thus, while
adipocyte lipolysis is required for the induction of insulin resistance and impaired glucose
uptake during acute stress, our studies suggest this could be uncoupled from an elevation
in circulating NEFA. However, an important caveat to examining static levels of NEFA
in circulation is that this could miss an increase in NEFA flux from adipocytes into
tissues. Until studies examining lipid flux under these conditions have been performed,
we cannot rule out the possibility that release of NEFA from adipose into circulation has

been missed due to compensating changes in uptake or oxidation.

Because we did not see an increase in NEFA in our HS studies, we focused on other

possible signaling molecules connecting insulin resistance and lipolysis, such as oxFA. In
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order to study oxFA, we developed a novel HPLS-MS/MS method to quantify these
species. We focused on full-length oxidation products because of previous work
demonstrating that these species of oxPL increase in obesity and promote an
inflammatory macrophage polarization (45). Indeed, using our method, we demonstrated
that full-length oxFA increase with HFD feeding. However, our method was limited in
the number of species measured. We measured three full-length species for each LA and
AA, however there are many more in the oxidized lipidome that still need to be
investigated. Furthermore, our method did not measure any truncated species. Previous
work demonstrated that both full-length and truncated oxPL species increase during
obesity, but full-length species disproportionately increase (45). While we see increases
in full-length oxFA in obese mice, we cannot account for how truncated oxFA change or
the proportion of full-length to truncated species. Future studies will need to add more

oxFA species to our method for quantification to make that determination.

In response to surgery and HS, our data demonstrated that levels of oxFA increased
in response to adipocyte lipolysis both in vitro and in vivo. Adipocytes have vast stores of
TAG in the form of lipid droplets, and we and others have found that, even under basal
conditions, there is a considerable quantity of oxidized esterified acyl chains on TAG
(198). It is possible during lipolysis that these oxidized acyl chains are hydrolyzed and
released into the cell as oxFA. However, we cannot rule out the possibility that these
oxFA are produced by oxidation after hydrolysis. While it is in fact likely that both oxFA
production mechanisms contribute to the increase observed after lipolysis, more studies
are needed to determine the level of contribution from each pathway. Of note, we

measured increased oxFA in extracellular media and in circulation. Our data does not
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delineate whether these oxFA are produced in the cell, such as from hydrolysis of
oxidized TAG, and exported, or if the NEFA are exported from the cell and become
oxidized in circulation. Again, further studies are needed to determine the potential

method of export and degree of contribution from each oxFA production mechanism.

In addition, our previous work led us to hypothesize that oxFA may be responsible
for acute insulin resistance. Preliminary data suggest that the lipid responsible for mTOR
complex inhibition is a product of oxLLA. Further studies are needed to confirm that an
oxLA species is responsible and which species have mTOR complex inhibition activity.
Currently, our data does not provide a mechanism for how oxFA species dissociate the
mTOR complexes. Previous studies have shown that phosphatidic acid binds directly to
the rapamycin-FKBP12 binding domain of mTOR and positively regulates activity (71,
199). It is hypothesized that phosphatidic acid activates mTOR complexes through
strengthening the association of the complex, and that the mTOR complexes dissociate in
the absence of phosphatidic acid. Therefore, it is possible that the oxFA competes with
phosphatidic acid for binding to mTOR, thus resulting in complex dissociation. Further

studies are needed to test this potential mechanism.

In addition to the release of oxFA, catecholamines and lipolysis were shown to
affect the secretion profile of adipokines from adipose tissue. Of note, resistin was
released in a stress- and lipolysis-dependent manner and has previously been linked to the
development of chronic insulin resistance in obesity (84, 86, 148). Interestingly, we
observed that pretreatment with antioxidants prevented the release of resistin, even in the
presence of lipolysis. This indicates that an oxidized lipid may be acting as a signaling

molecule activating resistin release. Further studies are needed to more definitively
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determine if oxidized lipids are playing a role and if so which species are acting as a

signaling molecule.

When we investigated resistin in the context of myocardial infarction, we found
that circulating resistin levels spiked during ischemia, decreased below baseline during
the initial recovery, and exhibited a second spike during late recovery. This observation
opens up the interesting possibility that resistin plays varying roles in the initial response
to acute stress but also during cardiac remodeling. Further work is needed to investigate
the role of resistin during these phases and what signaling mechanisms are controlling the
release of resistin during these periods. Our data suggest that changing lipolytic activity
could be responsible. Future studies should measure glycerol levels in circulation to
determine whether resistin levels correlate to lipolytic activity. In addition, it would be of
interest to investigate whether inhibiting lipolysis affects circulating resistin levels and

what effect this has on cardiac function after myocardial infarction.

Because cardiovascular disease and resistin are both correlated with obesity, we
investigated the effect of diet-induced obesity on resistin release during myocardial
infarction. We found that obese mice had higher basal levels of resistin and more stable
resistin levels during ischemia and recovery compared to lean controls. Further studies
are needed to determine if this difference in resistin release profile correlates to
differences in cardiac function after myocardial infarction between lean and obese
individuals. One possible explanation for this observation is that obese animals and
humans are known to have higher basal levels of lipolysis (51). In addition, individuals
with obesity exhibit marked resistance to adrenergic stimulation of lipolysis (205). Based

on our data supporting a lipolysis-dependent mechanism of resistin release, these
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differences in lipolytic activity would explain why individuals with obesity exhibit higher
basal levels of resistin but no stress-induced increase in resistin. However, lipolysis data,

such as glycerol levels, would be required to confirm this posited correlation.
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8 APPENDIX: CHARACTERIZATION OF ADIPOSE-
DERIVED SIGNALING MOLECULES IN COVID-19
PATIENTS

8.1 ABSTRACT

Acute hyperglycemia and systemic insulin resistance often develop during severe
illness. This stress response leads to increased post-operative complications and
mortality. Of critical public health importance, hyperglycemia has been found to develop
in patients affected by COVID-19 and is linked to poor patient prognosis. Our previous
work has demonstrated a central role for lipolysis and adipokines in the development of
stress-induced metabolic derangements. However, it has yet to be studied how these
adipose-derived signaling molecules, such as adipokines and lipids, are affected during
COVID-19 specifically. To examine whether these signaling molecules are playing a
unique role in COVID-19, we collected blood samples during the first 72 h from patients
admitted to the University of Virginia Medical Center ICU. COVID-19 patients exhibited
decreased adiponectin levels and increased PAI-1 levels compared to other ICU patients,
suggesting that they may have more severe insulin resistance. Resistin levels were found
to spike at 24 h, while NEFA levels tended to increase over the duration of hospital stay.
Corroborating our hypothesis that acute resistin release is lipolysis dependent, we
observed a significant, positive correlation between relative resistin and NEFA levels in
our COVID-19 patients. The data presented here provide interesting observations
regarding a potential role for adipose tissue-derived signaling molecules in stress-related

metabolic derangements in COVID-19 patients
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8.2 INTRODUCTION

Severe trauma activates an acute stress response which results in systemic insulin
resistance and hyperglycemia, even in patients without prior history of diabetes (14, 47,
115, 117, 118, 206). While a variety of trauma and critical illness can stimulate the acute
stress response, severe infections have been well-documented to cause metabolic
impairments in humans (47, 117, 118, 206). Of concern, hyperglycemia has been shown
to be an independent risk factor for increased mortality and morbidity. As a result, the
maintenance of euglycemia is a major therapeutic target in the ICU after injury or critical
illness (5-7). However, intensive insulin therapy is only effective in some patients and
requires careful monitoring and individualization, as it increases hypoglycemic incidents
which often negate the positive effects of tight glucose control (1, 117, 118).
Furthermore, this treatment does not correct the underlying insulin resistance, the

mechanism of which remains unknown.

COVID-19 is caused by the Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2) and has affected 54.5 million people worldwide and resulted in 1.3
million deaths since it was first reported in December 2019. Due to its infectious nature
and the lack of a vaccine, cases and deaths continue to rise daily. Similar to previous
coronavirus infections such as SARS-CoV-1 and Middle-East Respiratory Syndrome
Coronavirus (MERS-CoV), the presence of diabetes has been identified as an
independent risk factor associated with mortality in COVID-19 patients (207-209). More
specifically, poorly controlled hyperglycemia has been linked to more severe prognoses
in people hospitalized for COVID-19 (209-213). As with other instances of acute stress,

the association between hyperglycemia and worse outcomes has also been found in
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individuals with no history of diabetes (209-213). As such, glycemic control in COVID-
19 patients is a critical therapeutic avenue, especially considering the disease’s high
mortality rate and lack of specific treatment. In addition, further investigation is needed
to determine the degree of stress-induced insulin resistance present in COVID-19 patients

which may contribute to the severity of hyperglycemia.

Even though stress-induced insulin resistance depends on insulin action in various
tissues, multiple studies have supported adipose tissue as a central player in controlling
peripheral insulin signaling. For example, we previously demonstrated that decreased
rictor expression in adipose tissue led to hyperglycemia and systemic insulin resistance
(50). This indicates that impaired insulin action in adipose tissue alone is sufficient to
drive hyperglycemia and whole-body insulin resistance. In addition, recent work from
our laboratory has shown that adipocyte lipolysis is necessary for the onset of
hyperglycemia and systemic insulin resistance during acute stress (52, 214). In particular,
this work highlighted a potential role for the adipokine resistin in the development of
stress-induced metabolic disturbances. Our work using a mouse model of acute stress
suggested that acute release of resistin is dependent on adipocyte lipolysis. Further
investigation is needed to see if this mechanism is at work in human patients affected by

severe trauma or illness.

Due to increasing recognition of adipose tissue as an endocrine organ, there has
been much interest in investigating the unique roles of adipokines during severe illness
(90, 91). For example, adipokines such as resistin and PAI-1 have been linked to insulin
resistance, while the adipokine adiponectin has been shown to increase insulin sensitivity

(75-79, 82, 84, 87). While the correlations of these adipokines to prognosis has been
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studied in other instances of severe infections and sepsis, these adipokines have yet to be
studied in the setting of COVID-19 (90, 91). As such, we designed a clinical study to
examine whether adipose tissue-derived signaling molecules such as adipokines and
lipids are playing a unique role in COVID-19 compared to other causes of respiratory
failure. Our work will not only contribute to the metabolic characterization of this novel
and deadly virus, but may also provide new therapeutic targets to alleviate hyperglycemia

and improve patient outcomes.

8.3 METHODS

NEFA levels in serum were measured using the HR series NEFA-HR detection kit
(Wako Diagnostics) following manufacturer’s protocol (32). Human adipokine
(adiponectin, PAI-1, and resistin) levels in plasma were measured using the Milliplex
Human Adipokine Magnetic Bead Panel 1 kit (Millipore Sigma) following
manufacturer’s protocol. Plasma samples were prepared at a 1:400 dilution. If analytes

were found to be above the linear range, samples were run again with a 1:40,000 dilution.

Data are presented as mean + SEM. Statistical analyses were performed using two-
way ANOVA or Pearson correlation. For all ANOVA analyses, all meaningful
comparisons (differing by one variable) were performed and adjusted for. All statistically
significant comparisons are denoted in the figures. The numbers for each group are

reported in the figure legend. GraphPad Prism software was used for statistical analysis.

8.4 RESULTS
As adipose tissue is increasingly appreciated as an endocrine organ, there has

been much interest in investigating the unique roles of adipokines during severe illness
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(90, 91). To further examine whether adipose tissue and adipokines are playing a unique
role in COVID-19, we collected blood samples from patients admitted to the University
of Virginia Medical Center ICU. Patients were sorted into groups based on primary
diagnosis: COVID-19, viral pneumonia, bacterial pneumonia, non-infectious respiratory
failure, and critical illness without respiratory failure. Samples were collected at
admission in addition to 24 and 48 h into their hospital stay. Circulating adiponectin,

PAI-1, resistin, and NEFA levels were measured at each time point.

Adiponectin levels have been consistently linked to improved insulin sensitivity
(145, 146). In our ICU patients, we found adiponectin levels to be decreased in COVID-
19 patients in comparison to other forms of infectious respiratory failure (viral and
bacterial pneumonia) (Figure 8-1A). In addition, circulating PAI-1 has been linked to
impaired insulin sensitivity, and we observed increased levels of PAI-1 in COVID-19
patients compared to other diagnoses (Figure 8-1A) (76, 82). When the relative change
in these adipokines was examined for each patient over the course of 72 h, the fold
change in adiponectin in COVID-19 patients did not noticeably differ from other forms
of respiratory failure (Figure 8-1B). However, PAI-1 levels exhibited a marked increase
at 24 h in COVID-19 patients (Figure 8-1B). These results indicate that COVID-19
patients may exhibit significant stress-induced insulin resistance, corroborating previous

results (209-213).

Numerous clinical studies observed correlations between circulating resistin
levels and the development of stress-induced metabolic dysfunction and morbidity (91—
97). Our acute stress studies corroborate a strong relationship between resistin and stress-

induced insulin resistance. In our ICU patients, we found the concentration of circulating
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resistin to not be markedly different between diagnoses (Figure 8-1A). However, when
the relative levels of resistin were examined, COVID-19 patients exhibited a noticeable
spike at 24 h (Figure 8-1B). Circulating NEFA levels were also not largely different
between diagnoses, but did show a trend towards increasing over the course of hospital
stay in COVID-19 patients (Figure 8-1A). This trend was further corroborated by
examining the relative change in NEFA levels over the course of the hospital stay
(Figure 8-1B). Our acute stress and in vitro studies demonstrated a link between lipolysis
and resistin release. As such, we were interested to assess whether there was any
correlation between adiponectin, resistin, and NEFA in our ICU patients. We observed no
significant correlation between absolute or relative levels of adiponectin and resistin in
the ICU or COVID-19 patient populations (Figure 8-2A). We also observed no
significant correlation between adiponectin and NEFA levels (Figure 8-2B). Based on
our previous findings, we would expect to find a positive correlation between resistin and
NEFA levels. However, when we looked at our total ICU patient population, we did not
observe any significant correlation between absolute or relative levels of resistin and
NEFA (Figure 8-2C). When we specifically examined the COVID-19 patients, we
observed a significant, positive correlation between relative levels of resistin and NEFA,

corroborating our hypothesis that acute resistin release is lipolysis dependent.
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Figure 8-1 Legend

A. Circulating concentration of adipose-derived signaling molecules in ICU patients.
Adiponectin, PAI-1, and resistin levels in plasma were measured by Luminex.
NEFA levels in serum were measured by colorimetric assay.

B. Relative circulating concentration of adipose-derived signaling molecules in ICU

patients. Analytes were measured as in A. Values reflect change from admission
levels for each patient.
N = 1-12. Data are shown as mean = SEM. Statistical analyses were performed
using two-way ANOVA. All comparisons differing by one variable were made
and adjusted for with ANOVA, and all significant comparisons are denoted as
such.
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Figure 8-2 Legend

A. Correlation between absolute and relative circulating adiponectin and resistin
levels in ICU patients. Absolute adiponectin and resistin levels in plasma were
measured by Luminex. Relative values reflect change from admission levels for
each patient.

B. Correlation between absolute and relative circulating adiponectin and NEFA
levels in ICU patients. Absolute adiponectin levels were measured as in A.
Absolute NEFA levels in serum were measured by colorimetric assay. Relative
values reflect change from admission levels for each patient.

C. Correlation between absolute and relative circulating resistin and NEFA levels in

ICU patients. Absolute resistin levels were measured as in A. Absolute NEFA
levels were measured as in B. Relative values reflect change from admission
levels for each patient.
N = 95-100. Statistical analyses were performed using Pearson correlation. Red
circles indicate values from COVID-19 patients. The red line indicates correlation
exclusively for COVID-19 samples. Black circles indicate values from all other
diagnoses. The black line indicates correlation for all samples.
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8.5 DISCUSSION AND CONCLUSIONS

Acute hyperglycemia and systemic insulin resistance often develop during severe
illness. This stress response leads to increased post-operative complications and
mortality. Of critical public health importance, hyperglycemia has been found to develop
in patients affected by COVID-19 and is linked to poor patient prognosis. As such,
glycemic control in COVID-19 patients is a critical therapeutic avenue, especially

considering the disease’s high mortality rate and lack of specific treatment.

Our previous work has demonstrated a central role for lipolysis and adipokines in
the development of stress-induced metabolic derangements. However, it had yet to be
studied how these adipose-derived signaling molecules are affected during COVID-19
specifically. To examine this, we collected blood samples from patients admitted to the
ICU. We found that COVID-19 patients exhibited decreased adiponectin levels and
increased PAI-1 levels compared to other ICU patients, suggesting that they may have
more severe stress-induced insulin resistance which likely contributes to the onset of
hyperglycemia. However, we cannot rule out the possibility that low adiponectin and
high PAI-1 levels may indicate a susceptibility to respiratory distress and hospitalization
with COVID-19 infection. Our previous work specifically implicated lipolysis-dependent
resistin release in the development of stress-related metabolic derangements. When we
tested our COVID-19 patients, we found that resistin levels spiked at 24 h, while NEFA
levels tended to increase over the duration of hospital stay. Further corroborating our
hypothesis that acute resistin release is lipolysis dependent, we observed a significant,

positive correlation between relative resistin and NEFA levels in our COVID-19 patients.
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While the data presented here provide interesting observations regarding a
potential role for adipose tissue-derived signaling molecules in stress-related metabolic
derangements in COVID-19 patients, it is important to note that this represents
preliminary analysis. Adipokine levels are known to be affected by factors such as body
mass index (BMI), insulin administration, and diabetic status, among others (91). While
we performed analysis normalizing the adipokines of each patient to their admission
levels to account for innate differences, further and more sophisticated statistical analysis
is required to properly control for these variables. In addition, previous studies have
noted that adipokine levels serve as an independent risk factor for patient prognosis in
instances of severe infection (90, 91). Further analysis is needed to determine if this

relationship hold trues for COVID-19 patients within our cohort.
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