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Chapter 1

White Adipose Tissue

The importance of adipose tissue

The ability of organisms, from yeast to humans, to safely store energy as dense hydrophobic carbon
chains secured away in lipid droplets represents an incredible evolutionary advantage. The further use
of adipocytes as a professional lipid storage cells emphasizes the importance and benefit of safe long-
term energy storage. As lipids are capable of acting intracellularly as both signaling molecules and
detergents, there proper storage and sequestration is of pivotal importance if they are to be used for
the maintenance of energy homeostasis. With the safe storage of energy dense lipids and their later
partitioning to other metabolically active tissues, the production of ATP can continue to occur in
multiple organs during periods of food deprivation. With this in mind, many early investigators saw the

importance of adipose tissue, though its true importance was not recognized till relatively recently.

Classical adipose tissue function - A storage vessel

Adipose tissue stores lipids for times of nutrient deficiency. In the fed state, glucose coming in to the
blood from the gastrointestinal tract triggers the release of insulin. Insulin is capable of acting on the
adipocyte via its receptor activating a signal transduction cascade which results in activation of AKT. This
activation of AKT leads to downstream activation of Rab and RAC1 which allows the glucose transporter
GLUT4 to be inserted into the plasma membrane (1). With Glut4 inserted into the membrane, glucose is
able to flow into adipocytes, resulting in an increase in intracellular glucose concentrations. Insulin
further acts to enhance the rates of glycolysis within the adipocyte driving the production of acetyl-CoA
(2). Acetyl-CoA carboxylase (primarily ACC1 in the adipose tissue) then drives the production of
malonyl-CoA from acetyl-CoA. Malonyl CoA can then be used as a building block by fatty acid synthase

(FAS) to produce long chain fatty acids such as palmitic acid (3). Palmitic acids are then conjugated onto



a glycerol backbone via the actions of multiple enzymes including GPTA, AGPAT, lipin, MGAT and DGAT

resulting in the formation of triglycerides (4).

While de novo lipogenesis is a method for storing excess carbohydrates consumed in the diet,
adipocytes can also take up fatty acids directly from the blood as they circulate in the form of
chylomicrons and VLDL. Via the action of lipoprotein lipase, a lipase secreted from parenchymal cells
such as muscle and adipose tissue, but attached to the surface of capillaries via GPI anchors, circulating
lipids can be cleaved from their lipoprotein particles and taken up into the interstitial cells via the lipid
transporter FATP1 (5). These triglycerides are then able to be safely stored in lipid droplets within the

adipocyte for times of a caloric shortfall.

During the fasted state, levels of circulating epinephrine rise, driving the activation of perillipinl which in
turn phosphorylates the protein Hormone Sensitive Lipase (HSL) (6). Adipose tissue also contains
adipose triglycerides lipase (ATGL), a specific lipase with similar function to HSL which is activated by
CGI-58 and is inhibited by perillipin 5 (7, 8). HSL and ATGL in combination drive the removal of long chain
fatty acids from stored triglycerides, freeing fatty acids to circulate to other tissues. Interestingly, in the
fasted state, muscle upregulates LPL, the inverse of adipose tissue, in an effort to accumulate lipids as a
fuel source in the absence of glucose (9). Many of these dynamic aspects of fatty acid release are
potently inhibited by insulin’s action in the fed state. With such an obvious phenotype of lipid storage
and distribution regulated by the anabolic hormone insulin, it is understandable that many additional

aspects of adipose physiology remained unexplored (10).

Adipocytes- More than a storage vessel

For many years the view of adipose tissue was primarily that of a metabolically inert energy storage
tissue. However in the mid 1990’s, this view changed dramatically when it was discovered that

adipocytes had the capacity to modulate both peripheral and central signaling in mammals. The finding



that adipocytes provided endocrine function redefined these cells and their pivotal role in endocrinology

and energy homeostasis.

The mouse obese gene (or ob gene) was initially identified as a protein whose loss of function was
responsible for dramatic hyperphagia and extreme obesity and diabetes in mice (11). Over the next
several years, it became apparent that this gene product was sufficient to regulate food intake in living
animals, as injections of recombinant protein caused dramatic decreases in food intake and body weight
(12). Furthermore, as it was shown that the product of this gene was produced predominantly in the
adipocyte, the adipocyte moved center stage in the field of endocrinology. Much attention was
subsequently focused on this initially innocuous cell whose volume is comprised of over 90% lipid.
Concurrent with the increased attention on adipose tissue was the dramatic rise in obesity in both the

United States and worldwide.

Obesity Epidemic

The health and maintenance of adipose tissue has become increasingly relevant. In 2016, both Western
societies as well as the developing world suffer from an unrelenting epidemic of obesity. Easy access and
overconsumption of calorically dense foods, combined with a myriad of genetic and environmental
factors have led to a current state where greater than 65% of US adults are obese or overweight (13).
Obesity is the number one risk factor of the development of type two diabetes, a dangerous metabolic
disorder which causes significant morbidity and mortality. As the trends in obesity and diabetic diagnosis
continue to increase, a better understanding of the disease is required to properly manage the disease

and its symptoms.

Adipose Tissue and Diabetes

Diabetes is recognized as a disease of elevated blood glucose levels. For type 2 diabetics, those with

intact beta cells, peripheral insulin resistance represents a primary cause of elevated blood glucose



levels (14). Adipocytes respond to insulin by translocating a glucose transporter 4 (Glut4) to the plasma
membrane which in turn prompts enhanced glucose uptake into these cells. In the case of insulin
resistance, adipose tissue is no exception and insulin resistance in this tissue is a widely recognized
problem . With loss of the proper responses to insulin, adipose tissue is unable to meet the metabolic
demands of the system. This in turn results in elevated blood glucose levels, and and a myriad of
additional metabolic problems, all stemming from the dysfunctional nature of adipose tissue during

insulin resistance.

Hepatic adipose crosstalk

The liver receives a large proportion of the body’s blood in two unique ways. First it receives oxygenated
blood via the hepatic artery. More interestingly, however, is the blood it receives via the portal vein
which arrives post capillary bed coming from both visceral adipose tissue and the intestines. This blood
supply provides the liver with first line access to many nutrients, including glucose and amino acids
derived from nutrient intake. Commonly observed in both the clinical and laboratory settings, those
patients and rodents with obesity and prediabetes or fulminant type 2 diabetes regularly develop fatty
liver disease, associated with dysregulated gluconeogenesis (15). Dysfunction within either adipose
tissue or the liver can result in metabolic dysfunction in the other tissue. Our laboratory has
documented this time and again showing that enhancing the function of adipose tissue improves
hepatic insulin sensitivity and hepatic steatosis (16). We know from studies in our lab that primary
drivers in this cross talk are protein hormones secreted by the liver and adipose tissue respectively. For
example, it was shown that HFD feeding causes a decrease in adiponectin secretion, and that
adiponectin has many beneficial effects on the liver, including decreasing gluconeogenesis during fed
states ((17), (18)) Furthermore, our laboratory has demonstrated that adiponectin modulates the
neutralization of insulin resistance causing lipids in the liver and other organs; again providing link

between altered adipose function and diminished capacity for the liver to fulfill its job providing



metabolic homeostasis (19). These types of studies highlight the incredible importance of adipose
tissue and provide resounding evidence that we must fully understand adipose dysfunction in order to
fully understand the metabolic perturbations found in type 2 diabetes if we are to adequately treat

patients.

Adipose Tissue Dysfunction

With over consumption of calorically dense foods, decreased physical activity, and a host of genetic
factors, adipose tissue can very quickly become dysfunctional. This is exemplified in mouse models of
high fat diet-induced obesity where in mice fed a high fat that quickly become dysfunctional and insulin
resistant (20). Much of this dysfunction stems initially from the increased cell size of the adipocytes and

a decrease in the ability of the vasculature to maintain adequate oxygenation, leading to hypoxia.

Hypoxic adipose tissue

The feeding of a high fat diet to rodents causes adipogenesis in the gonadal adipose depot; however in
the subcutaneous depot, the sole mechanism of compensation for overnutrition is hypertrophy, or
increasing in average fat cell size (21). As the adipocytes increase in size, the depot does not
proportionally increase its vasculature. This is due to the inability for the hypoxic adipose to properly

respond with enhanced angiogenesis (22).

During high fat diet feeding, significant hypoxia prevails in adipose tissue (23). This was also further
confirmed through increased pimonidazole staining by immunohistochemistry in adipose tissue of mice
fed a high fat diet, a classical marker used for the staining of hypoxic tissues. The adipose tissue of HFD
fed mice is less perfused based on infusion studies using labeled microspheres. Furthermore, in vivo that
these hypoxic conditions are associated with increased mRNA of known HIF1-o target genes. These
effects are cell autonomous in vitro, since exposing differentiated 3T3-L1 adipocytes to hypoxic

conditions resulted in comparable gene expression changes. These experiments were among the first to



demonstrate hypoxia in adipose tissue and the authors hypothesized that these changes could be

physiologically detrimental.

In an effort to validate that hypoxia was truly causative in adipose tissue dysfunction, Sun et al.
developed an adipose specific overexpression of VEGF-A, a protein capable of driving increased
angiogenesis (24). This mouse showed dramatic improvements in overall metabolic parameters,
including fed blood glucose when challenged with a HFD. Furthermore, overexpression of VEGF-A during
HFD feeding ameliorated hypoxia in adipose tissue and diminished the expression of HIF1l-o. gene
targets. Unexpectedly, these mice also demonstrated a beiging phenotype of the white subcutaneous
adipose depot, though a mechanism accounting for this result was not fully explored. Overall, this data
confirmed increasing the vasculature in white adipose tissue during HFD feeding is sufficient to
ameliorate the observed metabolic dysfunction. Their data was further substantiated by another group
using both adipose tissue-specific deletion and overexpression of VEGF-A (25). These results confirmed
that the loss of VEGF-A in adipocytes during high fat diet feeding causes deleterious metabolic effects,
while overexpression resulted in dramatically improved metabolic homeostasis. Importantly they
demonstrated that loss of VEGF-A from adipocytes results in dramatic increases in macrophage
infiltration into the adipose with concomitant exacerbation in the inflammatory state of this tissue.
Although these papers demonstrated that improved vascularization was beneficial during a metabolic
challenge, the question of the specific role of HIF1-a in adipose tissue, and whether its inhibition is a
worthwhile target for pharmaceutical intervention during HFD challenge, remains a question under

study.

To address this question, Sun et al. used the known HIF1-a inhibitor PX-478 (26). Mice fed a HFD and
treated with PX478 showed a dramatic decrease in the expression of known HIF1-a targets in their
adipose depots. These mice further showed a decrease in body weight gain on high fat diet and a

resistance to the metabolic dysfunction that ensues. They showed dramatic improvements in glucose



tolerance and an increase in energy expenditure. Most importantly, this treatment exhibited a
suppressed inflammatory response in adipose tissue upon high fat diet feeding as well as a dramatic
reduction in fibrosis, a key player in HFD induced metabolic dysfunction. Overall these works
demonstrate that HFD induced hypoxia is causal in its ability to increase inflammation and fibrosis in

adipose tissue, and further that this stems from activation of HIF1-o and its downstream mediators.

Fibrosis

Adipose tissue hypoxia leads to metabolic dysfunction. A primary mediator of the downstream sequelae
of hypoxia is HIF1-a. This transcription factor directly regulates the expression of TGF-f, a primary
transcription factor in the regulation of collagen gene synthesis (27, 28). Furthermore, HIF1-a directly
regulates collagen hydroxylation by driving transcription of prolyl hydroxylase, thereby increasing
collagen secretion and enhancing folding (29). The primary collagens in obese adipose tissue are
collagen |, lll and VI, with the latter being secreted from the adipocytes themselves (30). Interestingly,
much work has been done to show that adipose tissue collagen is a crucial player in depot insulin

sensitivity and whole body glucose homeostasis.

To demonstrate that HIF1-a directly drives adipose fibrosis and dysfunction, Halberg et al.
overexpressed a constitutively active form of HIF1-a in adipocytes (22). The authors demonstrated that
adipose tissue has decreased VEGF-A and increased HIF1-a by immunohistochemistry staining in the
obese state; indicating a clear disconnect in this organ between hypoxic sensing and the necessary
angiogenic response. They go on to overexpress a constitutively active form of HIF1-a specifically in
adipocytes, which resulted in decreased glucose tolerance and increased hepatic triglyceride levels.
Finally they show that collagens |, lll and VI as well as elastin are all upregulated in the adipose depots of
these mice; and this is further supported by dramatically elevated trichrome staining indicating

reflecting enhanced fibrosis.



In an inverse set of experiments, Khan et al demonstrated that the loss of collagen VI results in a
dramatic improvement in whole body glucose homeostasis (31). After identifying collagen VI as the most
abundant collagen in all adipose depots of genetically obese mice (db/db) they decided to test the
metabolic benefits of the loss of collagen VI. They crossed the Collagen Vl-alphal mutant mouse into the
ob/ob background. Initially these mice displayed a decreased body weight, which normalized over time.
Metabolically these mice displayed dramatic improvements in glucose tolerance, insulin sensitivity,

triglyceride clearance and hepatic steatosis.

Taken together, these papers demonstrate that hypoxia-driven collagen deposition is a bona fide force
in the observed metabolic dysfunction seen in the obese state. While enhancing hypoxic response
elements increased collagen deposition and enhanced metabolic deterioration, loss of collagen resulted
in dramatically improved metabolic parameters on challenge. Despite these findings, the underlying

mechanisms by which collagen deposition results in metabolic dysfunction remained unexplored.

At a cellular level, Pellegrinelli et al. elegantly demonstrated that mechanical strain has effects on
adipocyte biology (32). Physical deformation of adipocytes activated a number of genes including
connective tissue growth factor (CTGF) in a B1 integrin dependent manner. The authors found that
adipocytes placed into an obese, de-cellularized adipose tissue matrix had dramatically different
expression of a number of genes including ATF4, IL6 and CCL5; and that these genes were further
altered with increased deformation of the matrix. They went on to show that deformation and the
obese decelluarlized matrix activates CTGF gene targets in a YAP-TEAD dependent pathway. Together
these data show that rigidity in the adipocyte matrix can alter metabolic and inflammatory pathways,
therefore providing a causal link between fibrotic deposition and metabolic dysfunction in white adipose

tissue.

Inflammation in adipose tissue




Of all the adipokines relevant to metabolism and disease, inflammatory adipokines have taken the
spotlight. During HFD feeding in rodents, or the obese state in humans, inflammatory markers in both
circulation as well in adipose depots are robustly increased (33). Among those factors which play a role
in inflammation and are bona fide adipokines secreted from adipocytes include a plethora of bioactive

molecules, though herein | will limit the discussion to three key factors: TNF-a, IL-6 and MCP-1.

The role of inflammatory cytokines being causative in metabolic dysfunction during states of obesity
exploded onto the metabolism and endocrinology scene in the mid 1990’s. Work by Hotamisligil and
Spiegelman demonstrated that TNF-a. was causative in metabolic dysfunction in obese rodents. Their
first paper in 1993 identified elevated TNF-a transcript in the adipose tissue of obese mice (db/db) and
obese rats (fa/fa) (34). They further went on to demonstrate that TNF-a directly alters the gene
expression in cultured adipocytes of many metabolically relevant genes including Glutl and Glut4.
Further, they showed that neutralization of TNF-o. with an antibody in obese rats (fa/fa) improved
glucose infusion in a euglycemic clamps. This paper highlighted the importance of inflammation in

adipose tissue and identified a possible means by which to target metabolic dysfunction during obesity.

Following their initial report, Hotamisligil et al. went on to publish additional observations laying the
groundwork for the field of inflammatory adipose biology. A year later, they showed that chronic
exposure of adipocytes to low levels of TNF-a impairs insulin stimulated glucose uptake (35). They
further showed that TNF-a blocked the ability of the insulin receptor to phosphorylate IRS-1, its primary
downstream mediator. Elevated TNF-o, expression is not limited to obese rodents, but can also be found
in obese insulin resistant humans (36). Elevated TNF-a. transcripts are seen in the adipose depots of
obese females, and they further correlated the transcript levels with a variety of diabetes phenotypes,
including elevated plasma insulin, glucose and triglycerides. Most importantly, they demonstrated that

TNF-o. decreases following weight loss, and this was to a similar extent as the decrease seen in



circulating insulin levels. This established the field of immunometabolism, and moreover, highlighted the

dysregulation of adipose during obesity and the subsequent inflammatory burden that follows.

IL-6

With these initial observations demonstrating that TNF-a, a commonly known and well-understood
inflammatory cytokine, is elevated during states of obesity and likely causative for the insulin resistant
state associated with diabetes; the field started to look for other possible candidates for therapeutic
intervention. Interleukin-6 (IL-6) had previously been identified as having potent metabolic effects on
adipose tissue, however these initial studies were performed as part of a program to limit cachectic
wasting during tumor growth (37). These studies found that IL-6 reduces LPL activity in adipose tissue,

though this was via a TNF-a dependent pathway.

Shortly following Hotamisligil’s initial studies on TNF-a, several papers demonstrated very clearly that IL-
6 levels are elevated in those patients that were non-insulin dependent diabetics (38). Within a few
years, others identified similar patterns in obese humans, and would further provide causal mechanisms
by which IL-6 inhibits insulin signaling in cultured adipocytes (39). They showed here that IL-6 directly
downregulates IRS-1 and Glut-4 transporter in cultured 3T3-L1 adipocytes in a manner very similar to
that demonstrated for TNF-a. Since elevated IL-6 during obese states has been established, many
groups have identified elevated IL-6 correlating with a number of metabolic perturbations related to

diabetes, including increased atherosclerosis-related heart attacks and strokes (40).

Macrophages

Almost 10 years after the initial identification of elevated inflammation in adipose tissue of obese
individuals, the macrophage was identified as a major driver of the process. In 2003, multiple groups
simultaneously published a rather startling discovery (41, 42). First, Anthony Ferrante’s group showed

that in an analysis of transcripts from adipose tissue that positively correlated with body mass index in



mice, 30% of these transcripts belonged to macrophage-specific genes. They further showed by
immunohistochemical staining that macrophages are an abundant cell type in the adipose, and via
transplantation experiments, determined these were truly CSF-1 dependent bone marrow-derived
mononuclear cells infiltrating into the adipose. Finally, they showed that macrophage infiltration into
adipose tissue is seen in human adipose tissue as well, and that this correlated with BMI as well as

adipocyte size, both predictors of poor metabolic health.

Another group started with the observation that diet-induced obesity due to HFD feeding leads to an
upregulation of macrophage genes in white adipose tissue (42). Separating adipose tissue into stromal
vascular and adipocyte fractions, they showed an abundance of inflammatory message residing in the
stromal vascular fraction (SVF) containing macrophages. The vast majority of TNF-oo mRNA resides in this
SVF. Finally, they went on to show that the PPAR-y agonist rosiglitazone is capable of counteracting this

phenomenon, resulting in a significant decrease in MCP-1, F4/80 and CD68 message in adipose tissue.

Taken together, these papers set an entirely new precedent in the field of adipose biology. Firstly,
macrophages are accumulating in the adipose of genetic- and diet-induced obesity in both rodents and
humans. Even more importantly than this, they appeared to be functionally contributing to the
inflammation seen in these states; inflammation which had been validated as potentially causal with
respect to its ability to inhibit insulin signaling and perpetuate the diabetic state. With these initial

findings, the field of macrophage biology in adipose tissue had seen its birth.

Very interestingly, shortly before these papers were published, another group identified MCP-1 as an
insulin responsive protein in obese mice derived from adipocytes (43). They showed this responsiveness
both in vivo (3T3-L1 cells) and in vitro, and demonstrated that the level of this protein directly correlates

with obesity in rodents. Although they demonstrated that MCP-1 altered the function of adipocytes,



they did not directly connect it to its assumed function as a chemoattractant directing macrophages to

adipose tissue.

In 2008, Patsouris et al. demonstrated that depletion of CD11c+ cells from rodents can normalize insulin
resistance in the obese setting (44). Previously another group had identified CD11lc+ infiltrates in
adipose tissue as being highly specific to obesity and producing an enormous amount of inflammatory
molecules including TNF-a and IL-6 (45). With the use of a CD11c targeted diphtheria toxin model,
Patsouris convincingly showed that depletion of these cells dramatically improved insulin sensitivity and
glucose tolerance while decreasing “crown-like structures” and inflammatory cytokine production within
the white adipose depots. Overall, this data points to inflammation in adipose tissue as being highly
detrimental to the metabolic state of the organism. However, more recently our group has challenged

this hypothesis.

Using several models of attenuated inflammatory response in mouse adipose tissue, Asterholm et al.
demonstrated that adipocyte inflammation is required for adequate response to high fat diet in rodents
(46). To attenuate inflammation, we used an adipocyte specific overexpression of a dominant negative
TNF-a or an overexpression of the viral protein called RID, which attenuates the effects of signaling via
TNF-a,, TLR4 and IL1-B. Challenging these models with a HFD showed decreased weight gain with a
paradoxical glucose-intolerant phenotype despite similar body weights and glucose tolerance on chow
diet. This paper goes on to demonstrate that inhibition of adipose depot inflammation decreases
adipogenesis, resulting in increased hepatic triglyceride content due to loss of this depot. Overall, this
work challenged the dogmatic view of adipose inflammation as exclusively harmful following high fat
diet. While chronic inflammatory insults result in decreased insulin sensitivity and glucose tolerance,

some inflammation appears to be necessary for proper formation of adipose depots.

Other Adipkonines




Over the subsequent couple of years, it became clear that the adipocyte secreted a wide variety of
bioactive molecules, many with far reaching effects. With later discoveries of many additional secreted
proteins from the adipocyte, the term adipokine was coined. These proteins can be separated into 2
classes, those highly specific to the adipocyte, of which leptin is an example, and those which are

secreted from both adipocytes as well as many other cells throughout the body.

FABP4, also known as aP2, is a highly abundant protein adipose tissue. The first genetic knockout of aP2
demonstrated significant protection from high fat diet induced obesity (47). These mice gained equal
amounts of body weight, but showed dramatically less hyperinsulinemia and marked inhibition of HFD
induced inflammation in adipose tissue as demonstrated by decreased TNF-a transcript in this depot.
However, later reports cast doubt on these stark phenotypes, demonstrating similar levels of
hyperinsulinemia and inflammation in adipose tissue (48). These authors did found however enhanced
conversion of glucose into fatty acids. They ascribed the differences between their work and others to
the enhanced expression of KFABP (Keratinocyte fatty acid binding protein), a protein with a

compensatory upregulation upon the loss of aP2/FABP4 from adipocytes.

Another highly adipose specific protein, at least for mice and other rodents, is resistin. Initially identified
as a protein which was downregulated in adipose tissue in response to PPAR-y agonists, resistin was
thought to mediate resistance to insulin (as the name suggests) (49). Work from this first paper showed
elevation of resistin in serum and in adipose tissue upon HFD feeding, and neutralization of the protein
correlated with improved hyperglycemia and insulin resistance. More recent work suggests a role for
resistin to modulate the activity of glucose dependent insulinotropic peptide which in turn regulates
lipoprotein lipase activity, a well-known mediator of lipid uptake (50, 51). However the relevance of
resistin has recently been called into question as the expression patters are dramatically different

between humans and rodents; citing that in humans resistin is primarily expressed in mononuclear



white blood cells (52). However, our group has demonstrated that resistin can cause leptin resistance

centrally in the hypothalamus (53).

A plethora of other adipokines are less specific to adipose tissue than these proteins, but are none the
less important adipose secreted factors. Recently the adipose derived protein adipsin has garnered
much attention for its capacity to enhance B cell function during diabetes (54). Classically known as
compliment Factor D, this protein is known for its requirement in the alternative compliment activation
pathway and the clearance of pathogens (55). Of interest in metabolism, this protein’s circulating levels
decrease dramatically during HFD feeding. Adipsin knockout mice were shown to be glucose intolerant

as a result of impaired [ cell function.

Another emerging adipokine whose expression is not restricted solely to the adipocyte is chemerin.
Approximately 10 years ago, 2 groups identified that this protein, already known to be expressed in
other tissues, was expressed in 3T3-L1 differentiated adipocytes, and that the levels of this protein
correlated with a number of metabolic parameters ((56),(57)). Others have gone on to show that
chemerin levels are decreased with exercise, and that overexpression of this protein causes impaired
insulin sensitivity in muscle without affecting other tissues. (58) (59). More recent published data has
suggested a mechanism by which chemerin functions through GPR1 (G-protein coupled receptor 1), as it
binds this receptor with high affinity, though the knockout of GPR1 led to dichotomous phenotypes,
including reduced insulin levels but enhanced pyruvate-induced plasma glucose levels. Therefore, the

mechanism and relevance of chemerin to metabolic disease remain to be better understood (60).

Adiponectin

Adiponectin is a protein produced and secreted exclusively by adipocytes. First identified in 1995, it has
become one of the most common biomarkers used in the evaluation of metabolic disorders. Its use as a

biomarker stems from the incredibly tight correlations between increasing insulin resistance and



decreasing circulating adiponectin in serum (61). Mechanistically, we have only recently begun to
understand the mechanisms by which adiponectin exerts its metabolically beneficial effects.
Adiponectin for many years has been demonstrated to be protective in vivo for a wide variety of insults,

including HFD-induced obesity, heart damage as well as atherosclerosis (62, 63).

Long thought to act via its receptors to activate AMPK, recently our group has shown that adiponectin
acts to modulate ceramide levels intracellularly (19). The cleavage of these lipid species and the further
generation of sphingosine-1-phosphate result in activation of AMPK and the downstream beneficial
effects (19). Even more recently, a group has identified that adiponectin engaging its receptors results
in neutral ceramidase being recruited to the cell surface (64). This paper sheds light to a long
unanswered question of whether the adiponectin receptors themselves contained intrinsic ceramidase

activity, or whether they recruited a ceramidase, with the later now being the most likely scenario.

Premise and Hypothesis

High fat diet feeding is known to cause many alterations to adipose tissue resulting in the reduced
capacity for this tissue to perform its function. Hypertrophic expansion of adipose tissue resulting in
hypoxic conditions initiates a fibrotic and inflammatory cascade. This maladaptive response and in
appropriate tissue remodeling are responsible for local and systemic alterations in glucose and lipid

handling as well as overall insulin sensitivity.

| hypothesized that another initiating event in this deleterious cascade is decreased insulin sensitivity. |

further postulate that maintenance of insulin signaling during HFD feeding in adipose tissue will reduce

inflammation, increase secretion of major adipokines, and will improve whole body metabolism

including enhanced insulin sensitivity. Over the course of my thesis, | have tested this hypothesis at

multiple levels.
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Abstract

Dysfunctional adipose tissue represents a hallmark of type 2 diabetes and systemic insulin
resistance, characterized by fibrotic deposition of collagens and increased immune cell
infiltration within the depots. We wanted to assess the role of enhanced insulin signaling
specifically in mature adipocytes. To address this, we generated an inducible model of loss of
function of the protein phosphatase and tensin homolog (PTEN), a phosphatase critically
involved in turning off the insulin signal transduction cascade in a cell. These mice gained more
weight on chow diet, short-term and long-term high fat diet exposure. Despite the increase in
weight, they retained enhanced insulin sensitivity, improvements in oral glucose tolerance tests,
reduced adipose tissue inflammation and maintained elevated adiponectin levels. These
improvements also prompted reduced hepatic steatosis and enhanced hepatic insulin
sensitivity. Prolonging insulin action selectively in the mature adipocyte is therefore sufficient to

maintain normal systemic metabolic homeostasis.
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Adipose tissue is an advanced endocrine organ used for the long-term storage of energy dense
lipids (1). Insulin is primarily responsible for the enhanced uptake of glucose into tissues such
as muscle and adipose tissue, suppressing glucagon release from the pancreatic o cells and
concurrently suppressing glucose production and release from hepatocytes. Failure to properly
respond to insulin in these respective tissues as a result of insulin resistance triggers elevated
glucagon levels and elevated blood glucose levels in peripheral tissues. In the long term, this
leads to glucose intolerance and ultimately, type 2 diabetes. While we appreciate the essential
nature of the adipocyte as an effective storage cell for excess triglycerides with potent protective
action against lipotoxic effects associated with high fat diet (HFD) exposure, the systemic
consequences of prolonged insulin signaling in the mature adipocyte are not well understood. A
loss of function of the insulin receptor in adipocytes, the “FIRKO” mouse, displays a lean
phenotype and protection against HFD-induced glucose intolerance and lowered fasting
triglycerides (2). A number of additional components of the different branches of the insulin
receptor signal transduction cascade have been eliminated from the adipocyte. Adipocyte-
specific deletion of Grbl10, for instance, leads to inhibition of lipolysis and reduced
thermogenesis (3). Adipocyte-specific loss of Glut4, the insulin-responsive glucose transporter,
showed a markedly different phenotype (4). Using the ap2-CRE mouse to target the Glut4 gene
in adipocytes, Able and colleagues demonstrated significant glucose intolerance and insulin
resistance, while adipose mass was preserved. Furthermore, insulin resistance developed in the
liver and muscle, secondary to adipose dysfunction. These two observations reflect a
dichotomous response to “insulin resistance” in adipose tissue. With the loss of the receptor, we
see improvements in systemic glucose tolerance, whereas the loss of a key effector of insulin

action, Glut4, results in marked glucose intolerance.

Of interest in this context is the specific role of insulin sensitivity of adipose tissue in

orchestrating the synthesis and release of adiponectin. Adiponectin, first identified in 1995, has
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potent insulin sensitizing properties (5). Indeed, in both humans and mice, adiponectin levels
strongly correlate with insulin sensitivity and are generally inversely correlated with BMI (6).
Although these associations are strong, some of the most insulin resistant adipose tissues
paradoxically produces extremely high levels of adiponectin. In a clinical study, Semple and
colleagues identified a cohort of patients with anti-insulin receptor antibodies that render them
extremely insulin resistant; surprisingly, these individuals had dramatically increased
adiponectin levels in circulation (7). Furthermore, mice harboring a knockout of the insulin
receptor in adipocytes had elevated intra-adipose tissue levels of adiponectin (2). In contrast,
the vast majority of other models intervening with the canonical insulin signal transduction
cascade display lower adiponectin levels. Therefore, with respect to the impact of insulin
signaling on adiponectin production, we observe dichotomous consequences, depending on

where within the insulin signal transduction cascade the system is tampered with.

In an effort to mechanistically better understand the impact of insulin signaling on adiponectin
secretion, we have generated mice that allow us to manipulate insulin sensitivity in adipocytes
at the post-receptor level. The phosphatase PTEN (phosphatase and tensin homolog) is a
known negative regulator of insulin signaling (8). We have generated a model which allows us
to inducibly delete the PTEN gene specifically in mature adipocytes, thereby greatly prolonging
insulin action and enhancing the insulin sensitivity, while avoiding any developmental issues
associated with the loss of function of this important phosphatase. Using an adiponectin
promoter-driven rtTA transgenic mouse, crossed with the tetracycline response element driven
cre-recombinase transgenic mouse (TRE-CRE) in the background of mice carrying a PTEN
locus flanked by loxP sites, we can inducibly eliminate PTEN from mature adipocytes upon
administration of doxycycline in the feed. This transgenic system has previously been used to
track mature adipocytes during embryonic and adult life, and demonstrated to be highly specific

and sensitive (9). Using this model, we can determine the effects of enhanced insulin signaling
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on adipocytes in adult mice, and can further delineate the impact of prolonged high-level insulin
signaling on modulating adiponectin levels in serum and the subsequent impact on whole body

metabolism.
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Results

Inducible, adipocyte-specific elimination of PTEN

To determine whether the adipocyte-specific
inducible PTEN knockout (referred to as AIPKO)

mouse is effectively eliminating PTEN expression,

Adipose PTEN expression
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H H 1A) Quantitative PCR results on afloated adipocyte fraction showing PTEN gene
AIPKO and ContrOI mice were placed on expression from mice fed doxycycline (600mg/kg) diet for 4 or 30 days (N=2 for each

bar).

doxycycline diet (600mg/kg) for a period of 4 or 30

days. Subcutaneous and gonadal adipose depots were isolated from these mice, fat pads were

digested with collagenase and adipocytes were separated from the stromal vascular contents by

floatation. Isolated adipocytes were subjected to RNA extraction, and cDNA synthesis. RT-

gPCR analysis on this cDNA confirmed that after 30

days of exposure to doxycycline, PTEN

MRNA expression in adipocytes from both subcutaneous and gonadal depots is decreased by

over 98% (Fig. 1A). To further confirm these results,
adipose tissue was extracted from mice fed
doxycycline diet for 10 weeks. Analysis of gonadal
adipose tissue by immunofluorescence microscopy
confirms widespread loss of PTEN protein from
AIPKO adipocytes, while the PTEN signal clearly

remained stable in the control adipocytes (Fig. 1B).

As PTEN is a known phosphatase of PiP;, a key

second messenger in the insulin  signaling

b Adipose PTEN staining- 8 weeks dox
DAPI PTEN Merge

x4
Control

AiPKo

x15
Control

AiPKO

=2

1B) Gonadal adipose tissue immunofluorescence using a PTEN

transduction cascade and an activator of AKT, we wished to determine if the loss of PTEN had

functional consequences in a cell autonomous man

ner. Adipocytes were isolated from the
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subcutaneous adipose depot via
collagenase digestion and floatation from
AIPKO or control mice after 6 weeks of
doxycycline chow diet (600 mg/kg)
following a 5 hour fast. These adipocytes

were stimulated with 1nM insulin for 15

P-AKT

Total AKT

AiPKO

Control

75 kDa>

50 kDa>

1C). Phospho-AKT, total AKT and actin for isolated adipocytes
stimulated with Insulin (InM) (N=2 for each group)

minutes, at which time the cells were lysed and proteins extracted for Western blot analysis.

The AIPKO adipocytes demonstrated enhanced activation of the insulin signaling pathway as

judged by increased phosphorylation of AKT (Fig. 1C). To confirm this result in-vivo, both

control and AiIPKO mice were placed on a doxycycline diet (600mg/kg). After 4 weeks, mice

were fasted for 4 hours then |.P. injected with insulin (0.5 IU/kg ) and sacrificed at 0, 5, 10 or 15

minutes. The adipose tissue from these mice was harvested; proteins extracted in TNET buffer

containing protease and phosphatase inhibitors, and then subjected to western blot analysis.

This analysis demonstrated enhanced AKT phosphorylation at all time points, as well as
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1D Western blot of protein extractsfrom gonadal adipose tissue harvested from mice

P-44/42 to actin ratio

mm Control
AIPKO

15

Time post insulin injection

stimulated with insulin for the indicated amount of time. Staining was then performed

against phospho-AKT (S473), total AKT, p44/42 or total actin as indicated and then

quantified using a Licor Imager. (1 mouse for each group (Control or AiPKO) at eachtime

point, 0, 5,10 or 15 minutes)

enhanced P-42/P-44 activation indicating
enhanced insulin signaling through both

pathways of the insulin receptor (Fig1D).

To determine whether the observed
enhanced insulin signaling in adipose
tissue had functional implications for
adiponectin secretion, tail vein blood was
drawn and Western blotting was
performed on serum of mice that had
been fed doxycycline containing chow

diet for 4 weeks. Despite loss of PTEN
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from the adipocytes, the blot

37 kDa>
Adiponectin

revealed no significant changes
in circulating adiponectin levels

in the AiPKO mice compared to
P Mouse IgG

controls (Fig. 1E). At the time of 50 kDa>

blood collection, we noted that

AIPKO

Control

1E) Adiponectin levels from mice after 4 weeks of doxycycline

containing chow diet (N=3 each group)

the AIPKO mice had gained

more weight than the control mice over the course of the 4 weeks of doxycycline administration,

though these differences were statistically not significant (data not shown). Furthermore, during

blood collection, serum glucose was measured. AIPKO mice showed dramatically lower

circulating glucose levels to a degree that these mice suffer from hypoglycemia (Fig. 1F). To

determine if this lower glucose was pertinent to overall glucose homeostasis, an OGTT was

performed on the mice. The AIPKO mice
demonstrated significantly better glucose handling
compared to the control mice during this challenge
(Fig. 1G). These

phenotypic  changes

demonstrating increased weight gain with
concomitant lowering of fasted blood glucose and
improved glucose tolerance upon a challenge,
observed on a standard chow diet, prompted us to

test the impact of enhanced metabolic stress on

this model.

AIPKO mice are resistant to high fat diet-induced

insulin resistance

-
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Fig1F) Blood glucose of mice fasted for 4 hours (N=4
each group). Fig1G) Oralglucose tolerance test of mice
on doxycycline containing chow diet for 4 weeks
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AIPKO mice, starting around 6-7 weeks of age, were switched to a high fat diet (HFD)
containing 600mg/kg doxycycline. After 6 weeks of the HFD challenge, AiPKO mice had gained
significantly more weight compared to controls (Fig. 2A). At that time, we subjected the mice to
an oral glucose tolerance test. Mice were fasted for 4 hours and then gavaged with 2.5 g/kg
glucose (Fig. 2B). The AIPKO mice demonstrated significantly improved glucose tolerance
compared to controls despite the overall weight increase. We also assessed insulin levels over
the course of the glucose challenge. AiPKO mice displayed much lower insulin levels compared

to their wildtype littermates (Fig. 2C), consistent with an overall improvement in systemic insulin

sensitivity.
a 6 weeks HFD- dox 600 b OGTT 6 weeks HFD Cc Insulin levels—
40 4 . CaiGl " =~ 500 - —~  OGTT 6 weeks HFD
AIPKO - R B, Tapko E® -
= 30 1 g o AIPKO
= @ 300 ; E 4
= - —r * %k —
S S 200 4 N 3 :
= 10 2 o0t EC
§ 100 3 e - E o 1-: —_
0. I ! m o0 . . B0 ’ . :
Day 0 Day 42 0 50 100 150 0 15 30
Min Min

24) Body weights of mice fed doxycycline (600mg/kg) high fat diet starting at 6 weeks of age for the subsequent 42 days (N=5 for each group).

As the AIPKO mice displayed much lower insulin levels during the glucose challenge, we
wished to determine whether this decreased insulin secretion was also observed in the setting
of a pharmacologic challenge. Mice were subjected to a B3-adrenergic receptor agonist
stimulation (with compound CL316,243), injected intraperitoneally following a 4 hour fast. This
B3 adrenergic receptor stimulation leads to enhanced lipolysis, as well as a rapid and massive
release of insulin (10). Over the course of the experiment, the AiPKO mice displayed reduced
glucose levels, resulting in significant hypoglycemia over the entire course of the experiment
(Fig. 2D). In contrast, the wildtype mice displayed hyperglycemia at all times. At every time

point, except for the 5 minute mark, both wildtype and AiPKO mice overlapped with respect to
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the increase in lipolysis

as judged by
significantly increased
non-esterified fatty
acids (NEFAs) in
circulation; in contrast
however, the AipKO
mice demonstrated a
disproportionately

higher level of glycerol
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2D) Blood glucose levels in mice following injection of the b3 adrenergic agonist CL316,243 at 0.5 mg/kg (n=4
control and 5 AiPKO). 2E) NEFA 2F) free glycerol and 2G) insulin levels in the mice from D).

release (Figs. 2E and 2F). Interestingly, the NEFA levels in both genotypes were overlapping,

even though the insulin levels in the AIPKO mice were dramatically lower compared to wildtype

controls (Fig. 2G). In light of the fact that there are no B3 adrenergic receptors present on

rodent B cells that could mediate the insulin release, these results further underscore our

previous suggestion that insulin release from the  cell under these conditions is independent of

NEFAs derived from adipocytes, consistent with the release of another secreted factor from

adipocytes or a neuronally-mediated pathway mediating 3 adrenergic receptor stimulation in

adipocytes to prompt insulin release from p-cells.

As these mice demonstrated dramatically lower insulin
levels during both the OGTT as well as the (3-
adrenergic stimulation, we wished to assess whole

body insulin sensitivity after 6 weeks of HFD feeding.

=

Blood glucose % initial

Mice were fasted for 4 hours and then injected with a

submaximal dose of insulin (0.5 1U/Kg). Blood glucose

Insulin tolerance test
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2H) Blood glucose levels displayed as a percent of fasting following

injection withinsulin (0.5 1U/kg)

was monitored at 15, 30, 60, 90 and 120 minutes. The AIPKO mice demonstrated a much
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greater reduction in blood glucose compared to their wildtype littermates (Fig. 2H). This data
suggests that these mice are significantly more insulin sensitive and that alterations of adipose
tissue insulin sensitivity is sufficient to completely ameliorate the insulin resistance brought on

by high fat diet feeding.

To determine any changes with respect to adipose tissue homeostasis at the cellular level,
gonadal and subcutaneous adipose depots were isolated. qPCR analysis was performed on
cDNA samples obtained from these fat pads in an effort

. . . i ks HFD— RT-qPCR adi
to gauge alterations in the inflammatory tone, commonly | Eiweexs APCRiedipess

_ 128 W Control gonadal
elevated following HFD exposure. Among the genes ¢ 7 AIPKO gonadal
2 40 4 &2 Control subQ
tested, TNFo was significantly reduced in the £ 204, Aipko subQ 1
S 1
(o]
subcutaneous adipose tissue of th e AIPKO mice 2
©
®
compared to wildtype mice, and measurements in *

IL-6 F4/80 MCP-1 TNF-alpha

21) Inflammatory gene expression in adipose tissue from mice fed
HFD doxycycline containing diet for 6 weeks (N=3 each group).

gonadal tissue showed similar trends (p=0.08) (Fig. 2I).
This is a reflection of the overall improved health status

of the fat pads in the AipKO mice.

Since the AIPKO mice demonstrated increased weight gain with improved glucose tolerance
following the HFD challenge, we assessed whether this leads to any alterations in circulating
adiponectin. Despite the widely-established inverse relationship of fat mass with adiponectin
levels in circulation, and the generalized increased overall adiposity prompted by the lack of
PTEN in the adipocyte, AIPKO mice placed on HFD containing doxycycline for 6 weeks
demonstrated significantly higher serum adiponectin compared to controls (Fig. 3A). NMR
analysis of these mice revealed an increase in total body adiposity with a concomitant relative

decrease in lean body mass (Fig. 3B).

38



da Serum adiponectin b Tissue distribution
quantification 6 weeks HFD 6 weeks HFD Dox
e} 80 7 — ED T
= * -g, mm Control
S 604 mm Control - ‘D AiIPKO
e 9 AIPKO f‘ 40 -
£ 8 40 3
< g S 20,
5 201 S
= =
= D = T ag.. D =
Control AiPKO Lean quuu:i

3A) Serum adiponectin levels of mice fed HFD doxycycline diet for 6 weeks, quantified using a Licor Western
blot scanner (N=6 control and 4 AIPKO) 3B) Tissue distribution determined by Bruker MQ10 NMR analyzer
expressed as percent of total body weight (N=5 both groups).

Metabolic Expenditure Analysis

) ) ) Cc Light-cycle food intake
In an effort to identify the reasons responsible for the 0.15 0900 hours-1500 hours
e mm Control
. . . . . = AIPKO
increased fat mass in the AIPKO mice, we subjected a 2 .10 i
[]
=
separate cohort to analysis of metabolic chambers. 6 week- g 0.05; -
=]
L
old AiIPKO mice and their wildtype littermates were placed on 0.00 4

Control AIPKO

HFD-doxycycline containing food. 16 days later, mice were 3€) Average food intake per mouse per hour
during the I|gh1 c:yc:le (sleep c:ycle] in @ metaholic

placed into metabolic chambers for acclimatization and on

day 20 following the initiation of HFD, data collection was initiated. AiPKO mice ate significantly
more during the middle of the daytime sleep cycle (from 9am-3pm on a standard 6am-6pm light
cycle) (Fig. 3C). However, of note is that the overall food intake integrated over the course of
the entire 24 hour period was not changed. As the central hypothalamic axis is responsible for
food intake, we sought to determine whether the AiIPKO mice had alterations in the anorectic
hormone leptin. Serum was collected from mice which had been fed HFD containing
doxycycline (600mg/kg) for 8 weeks. This serum was analyzed by ELISA for leptin and
demonstrated that the AIPKO mice had elevated leptin levels compared to the control mice
when controlling for body weight (Fig. 4E). This was despite the lack of changes in overall food
consumption during metabolic cage analysis (Fig. 4D) and did not correlate with leptin receptor

expression in peripheral tissues (data not shown). This data suggests that although enhanced
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insulin signaling in adipose tissue may increase leptin secretion, these mice still exhibit leptin

resistance.
d Average food intake per mouse € Body weight versus leptin
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3D) Average total food intake per mouse over the 4 days of metabolic cage analysis. (N=4 controland 6

In
an effort to identify other mechanisms of increased weight gain in the AiIPKO mice, we looked at
other metabolically active tissues. A primary mediator of energy expenditure is the activity of
brown adipose tissue (BAT). This thermogenic adipose depot is capable of dissipating a great
deal of energy and we determined whether our mice had any alterations in BAT as previous
reports using the adiponectin-tTA mouse demonstrated some activity in at least a subset of
brown adipocytes (9). AiPKO and control mice were placed on a HFD containing doxycycline
(600mg/kg) for 8 weeks. At this time, the mice were sacrificed and RNA was extracted and

cDNA synthesized from the brown adipose tissue. RT-gPCR analysis of the brown adipose

tissue revealed a significant down regulation of brown § Brown adipose gene expression
i . ] ] 6 1 2 months HFD dox 600
adipose associated genes including UCP-1, PGC1l-a o Gontil
4 1 AIPKO

and PRDM16 in the AiIiPKO mice compared to controls (

Fig. 3F). This data indicates a potential decrease in

Relative expression

2- * *

UCP-1 PGC1-alpha PRDM16

overall energy expenditure potentially explaining the

increased weight gain observed. However, the AiPKO SE) Gere Epresionnbowr adlposeHEse
following 6 weeks of doxycycline (600mg/kg)

mice did not display any significant alterations in VO,, containingdiet (N=3 control and 2 AIPKO)
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VCO,;, RER and overall food consumption during the metabolic cage analysis (1D-F).
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Despite the lack of significant alterations in these metabolic
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3J) Average total movements per mouse during
metabolic cage analysis(96 hours). (N=4 control
and 6 AIPKOS).

increased food consumption during resting hours are likely
to account for the increased overall weight gain seen in

AIPKO mice.

Loss of PTEN can restore insulin sensitivity after HFD exposure.

To determine if loss of PTEN from adipocytes could rescue a pre-existing diabetic phenotype
induced by high fat diet feeding, AIPKO mice and their wildtype littermates were subjected to 8
weeks of HFD feeding starting at 6 weeks of age. At 8 weeks post initiation of HFD, an oral
glucose tolerance test revealed no differences between the control mice and the AiPKOs (Fig.
3K). Mice were then switched to a HFD doxycycline containing diet and were monitored
longitudinally. While the weights always trended towards a slight increase in the AIPKO mice

after initiation of dox exposure, these differences never reached statistical significance (Fig. 3l).
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At 4 weeks following the switch to doxycycline containing chow, mice were again subjected to

an oral glucose tolerance test. The AIPKO mice demonstrated significant improvements

compared to their control K  OGTT 2 months HFD-NO DOX | Body weights
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3K) Concentration of glucose in blood of mice from 3I) during OGTT (2.5 g/kg) after 8 weeks of HFD feeding
without doxycycline (Average AUC; Control-27725, AiPKO- 32702, P-value= 0.4246) 3m) Concentration of
glucose in blood of mice from 3n) during OGTT (2.5 g/kg) after 8 weeks of HFD feeding without doxycycline

eXDOSU re tO H F D, pl’0m ptS a followed by 4 weeks of HFD feeding containing Doxycycline (600 mg/kg)

reversal of a pre-existing, established diabetic phenotype.
AiIPKO mice display improvements even after a long-term HFD insult

To determine whether the metabolic advantages conferred upon the AIPKO mice due to the
absence of PTEN were long-lasting or whether some resistance to high PTEN starts to appear
over time, mice were subjected to prolonged HFD feeding. Body weights of AiPKO mice were
significantly elevated after 4 weeks and displayed a trend towards an increase in body weights
compared to their control littermates over 24 weeks, though never reaching statistical
significance thereafter (Fig. 4A). After 5 months of HFD feeding, AiPKO mice were subject to an
oral glucose tolerance test (OGTT) (Fig. 4B). Even after this prolonged metabolic insult, the
AIPKO mice handled a glucose bolus much more effectively. It is also apparent that the baseline
fasting glucose levels (at the beginning of the OGTT) were much lower than in the control
group. Furthermore, insulin levels during the OGTT were a fraction of the levels in the control

mice, further illustrating a highly stable phenotype that maintains dramatic improvements in
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metabolism even after a prolonged

metabolic insult (Fig. 4C).
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weight (n=4 each group). (Average AUC; Control- 41601, AiPKO- 22960, P-Value= 0.0007) 4C) Insulin levels of mice during oral glucose tolerance test shown in B

Insulin was injected into these mice after a 4 hour
fast. Fat pads were then harvested, and their weights
assessed. AIPKO mice had considerably larger
subcutaneous fat depots, while the gonadal tissue
was unaffected (Fig. 4D). As adipose tissue can
expand via hypertrophy or hyperplasia, we analyzed
sections of both gonadal and subcutaneous adipose
sections for cell number (Fig. 4F). This analysis
revealed similar numbers of cells per field in the
sections, regardless of genotype. We conclude
therefore that the significant expansion of the
subcutaneous adipose depot in the AiPKO mice was
due predominantly to hyperplasia, a distinctive

feature of healthy adipose expansion.
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4D) Adipose depot weights at the time of sacrifice for
each cohort (n=4 both groups).
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4f) Quantification of the number of adipocytes observed per field at
4x magnification from the subcutaneous and gonadal adipose depots
of both control and AIPKO mice (N=2 mice from each group (Control
and AiPKO) and 3 fields of view for each tissue section, total & fields
per group)

In parallel to the experiments above, we determined whether the loss of PTEN in adipose tissue

was protective for the development of fatty liver after 5 months of HFD feeding. Histological

examination of the liver demonstrated significant fat accumulation in the control mice. This stood
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in stark contrast to the situation in the AiPKO mice, which lacked fat accumulation in their livers
after 5 months of high fat diet feeding (Fig. 4g). To determine whether this lack of lipid
accumulation had functional implications, the livers from the insulin-stimulated mice were also
analyzed for phospho-AKT levels. AIPKO mice showed significantly greater AKT
phosphorylation compared to their wildtype littermate controls (Fig. 4h). Of note is the fact that
total AKT levels also increase quite substantially in the AIPKO mice. This demonstrates the
significant protective effects on hepatic insulin sensitivity upon selective improvements in

insulin-sensitivity in adipocytes.
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4g) Liver histology (H&E stain) of control and AiPKO mice after S months of HFD Doxycycline feeding. 4h) Western blot of liver protein extracts from

mice treated with PBS or insulin for 15 minutes prior to sacrifice (N=4 for each group, 2 receiving insulin and 2 controls)

e Adipose depot morphology

Subcutaneous Gonadal To determine whether the long-term high fat diet

feeding had caused lasting alterations at the

Control

cellular level in the adipose tissue, gross
structural examination under auto-fluorescent

conditions revealed no change in adipocyte size

AiPKO

or number (4E). To further confirm any alterations

to the adipose tissue the fat pads of these mice

4e) Auto fluorescent image (excitation at 480nm) of adipocytes from AiPKO
and control mice

were subjected to RT-gPCR and
immunofluorescence analysis. RT-gPCR data shows decreased F4/80 expression and
significantly less IL-6 production in the gonadal fat depots of AIPKO mice, without significant
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changes of these immune markers in the subcutaneous depot (Fig. 4G). In contrast to the short-
term HFD feeding, the long-term HFD feeding did not result in statistically significant changes in
TNFa expression. To further confirm the increase in macrophage accumulation, immuno-
fluorescent staining for Mac2 in the gonadal fat pad was performed. This analysis demonstrated
highly elevated macrophage infiltration in the control mice versus the AiPKO, confirming at the

protein level the RT-gPCR analysis (Fig. 4H).

i Gonadal adipose macrophage staining
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Gonadal adipose depot staining for macrophage infiltration after 5 months of HFD feeding using an anti-Mac2 antibody with a DAPI counterstain.(Experiment was

performed on N=3 mice for each group).
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Discussion

Only one previous manipulation of the insulin receptor cascade leading to an increase in insulin
signaling in the adipocyte has been described (11), and none of the critical constituents have
been inducibly eliminated selectively from the mature adipocyte only. In the report by
Kurlawalla-Martinez and colleagues, the authors used a constitutive aP2-cre line to eliminate
PTEN from adipocytes. Their results differed substantially from ours, and these differences
likely stem from two major sources: aP2-driven Cre expression may extend to cell types in other
tissues under some circumstances, though this can be controlled for (12). More importantly,
aP2-driven transgene expression can eliminate target genes in early pre-adipocyte progenitors,
thereby leading to a developmental phenotype that masks the role of the target protein in the
mature adipocyte. The latter of these effects presumably resulted in compensatory
developmental adaptations. As a result, these authors failed to see changes in body weight or
fasting blood glucose levels, both of which are highly apparent upon elimination of PTEN
exclusively from the mature adipocyte, and lead to an underestimation of the relevance of PTEN

action in the adipocyte.

To put our observations into additional context, another manuscript on the topic was previously
published by Komazawa and colleagues (13). The phenotype described for their adipocyte-
specific PTEN null model (employing a constitutive adiponectin promoter- driven Cre) was
fundamentally different from what we describe here, and more importantly, these observation

were not reproducible, and the paper was subsequently retracted (14).

The use of inducible transgenic models therefore allows for the evaluation of gene function in
the adult mouse and enables a more accurate depiction of the physiological impact of a given
protein as compared to congenital loss-of-function approaches that affect the development of

the tissue. To achieve this in the context of adipose tissue insulin signaling, we used an
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adiponectin promoter driven rtTA cassette coupled with a TRE-CRE transgenic mouse to
inducibly eliminate a floxed PTEN locus from mature adipocytes. Upon confirming that our
inducible model effectively and specifically leads to loss of function of PTEN in adipocytes, we
assessed the impact of this alteration on mature adipocytes locally at the cell autonomous level
as well as its impact on systemic metabolism. Overall, the loss of PTEN in the mature adipocyte
leads to increased insulin sensitivity in multiple peripheral tissues, and a greatly improved
metabolic phenotype upon acute and chronic exposure to high fat diets. This demonstrates that
selective improvements in insulin sensitivity at the level of the adipocyte are sufficient to

improve whole body glucose homeostasis.

In clinical studies as well as rodent and non-human primate studies, the levels of the circulating
protein adiponectin have been tightly correlated with insulin sensitivity (6). Here, we have the
surprising finding that animals with highly insulin sensitive adipose tissue lack a corresponding
increase in circulating adiponectin under basal conditions. As the adipose tissue in the AiPKO
mice demonstrates increased insulin sensitivity in both arms of the insulin response pathway
following HFD challenge, not only the PI3-AKT branch, we argue that insulin sensitivity in
adipose tissue per se is not sufficient to mediate the regulation of circulating adiponectin (Fig.
1D). This data is supported by clinical studies demonstrating that subjects producing
endogenous anti-insulin receptor antibodies display massively elevated circulating adiponectin
despite a very high level of insulin resistance (7). Many questions remain as to how the release
of adiponectin is regulated by local insulin sensitivity, but a number of studies hint at
mitochondrial metabolism playing a major role in determining how much adiponectin is

produced and released from the adipocyte (15).

Upon challenging our mice with a HFD, a condition which caused the AIPKO mice to gain
significantly more weight, we saw increased circulating adiponectin relative to the control mice.

With their greater percent body fat and increased insulin sensitivity these mice do not display
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the drastic decrease in circulating adiponectin commonly seen in insulin resistant states. This
observation is highly reminiscent of the clinical setting in which patients exposed to the
antidiabetic drug thiazolidinediones have significantly elevated adiponectin levels despite
increase fat mass (16). An alternative explanation is that rather than displaying increased
adiponectin production on HFD, the AIPKO mice may simply be resistant to the decrease in
production commonly seen in wildtype mice. Therefore, circulating adiponectin may be more

reliably used as a marker of insulin resistance, rather than obesity.

Selective activation of 33 adrenergic receptors with the agonist CL316,243 is known to acutely
induce adipose tissue lipolysis, increase circulating free fatty acids and insulin. An increase in
circulating FFAs can cause a direct activation of GPR40 on f cells, inducing granule exocytosis
and increasing circulating insulin levels in the mouse (10). We injected a low dose of the
selective 33 agonist to the AIiPKO mice and the controls. Although the circulating glycerol levels
are significantly greater in AIPKO mice following stimulation, the NEFA levels are only mildly
elevated at 5 minutes and equal at all subsequent time points. Therefore, if insulin release is
triggered by NEFAs, equal amounts of insulin are expected to be released from the B cells.
However, this is not the case. Despite similar levels of circulating NEFAs in AiPKOs following 3
stimulation, their insulin levels are dramatically lower than what is seen in wildtype controls. This
brings to bear strong disconnect in the current model of 33 agonist-induced insulin secretion. It
remains unclear at this time what the mechanism of 3 agonist-induced insulin secretion is.
There are no B3 adrenergic receptors in murine B cells, so this has to be an effect mediated by
receptor activation at the level of the white adipocyte (17). Yet, the results shown here rule out a

direct effect of NEFAs.

Chronic high fat diet feeding is highly associated with inflammatory adipose tissue (18). This

inflammatory response is most notably dominated by increased macrophage infiltration and
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concomitant increases in local TNFa and IL-6 levels (19). Previous reports have demonstrated
that systemic inhibition of this inflammatory response through genetic through genetic means
can improve the metabolic homeostasis of animals (19). The AIPKO model demonstrates that
upon maintaining adipose insulin sensitivity during HFD feeding, there is a dramatic reduction of
the inflammatory response commonly observed under these conditions. Upon a short term HFD
challenge (6 weeks), we see a significant reduction in TNFa secretion in the adipose depot,
specifically in the subcutaneous depot. Following long-term high fat diet feeding (5 months), we
see a significant reduction in the maladaptive inflammatory response in the gonadal depot as
indicated by decreased overall expression of the macrophage marker F4/80, decreased IL-6
production, and decreased crown-like structure staining. These observations indicate that the
maladaptive inflammatory response to high fat diet feeding is dictated, directly or indirectly, by
adipose tissue insulin sensitivity. The improved local insulin sensitivity is potently cytoprotective
for adipocytes, leading to reduced necrotic adipocyte cell death. This in turn leads to the
reduced infiltration of macrophages infiltration and the long-term improvements in insulin
sensitivity. Further, decreases in adipose tissue inflammation are known to dictate inflammatory
responses in other metabolically active tissues (20). Therefore, these findings represent a
potential mechanism by which maintenance of insulin signaling in adipose tissue may reduce

inflammation at distant sites.

Not unexpectedly, maintaining healthy adipose tissue function in AIPKO mice leads to potent
liver-protective effects during high fat diet exposure. Adiponectin with its potent hepatoprotective
actions is likely to be at least partially responsible for this phenomenon (5). Following 5 months
of HFD feeding, the AIPKO livers display significantly less hepatic steatosis compared to
controls. Furthermore, the livers are exquisitely sensitive to insulin stimulation as judged by
increased phosphoAKT staining following IP insulin injection. This model represents an

additional case of adipose tissue as a primary driver of whole body insulin sensitivity and
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metabolism. Many examples from our own work as well as work from others have illustrated this
point, such as the observations by Kahn and colleagues who knocked out the glucose
transporter Glut4 specifically from adipocytes, leading to profound systemic disturbances (4,

21).

The model presented here is also in support of the concept that expansion of adipose tissue
mass (i.e. obesity) is in fact a defensive mechanism against caloric overload. We see here that
protection from diabetes during caloric overload leads to expansion of the subcutaneous depot,
commonly referred to as “healthy” fat expansion. As previous studies in our laboratory have
shown, expansion of adipose can have potent protective effects from the metabolic
derangements seen during HFD induced insulin resistance (13, 18). Interestingly, in the AIPKO
mice, already healthy insulin sensitive adipose expands greatly in the subcutaneous depot as
opposed to the gonadal. This is another example of the potent anti-lipotoxic effects that

subcutaneous depots can confer upon the system upon “healthy” expansion.

The neutralization of excess calories by effectively storing them in adipose tissue is a central
aspect of the anti-lipotoxic actions of adipose tissue expansion. Maintaining a high level of
insulin sensitivity in the adipocyte is a crucial ingredient in the complex set of reactions that lead
to the “healthy” expansion of adipose tissue that mediates the potent insulin-sensitizing effects
of the process. Keeping the insulin-sensitivity at a high level keeps adipose tissue properly
vascularized, maintains an adequate number of adipocytes and keeps the level of extracellular
fibrosis at bay. The selective loss of PTEN at the level of the mature adipocyte is sufficient for

this process.
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Materials and methods
Animals

Animal care and experimental protocols were approved by the Institutional animal care and use
committee of the University of Texas Southwestern medical center. Adiponectin-RTTA mice
were produced as previously described (9). Tre-Cre and PTEN floxed mice were purchased
from Jackson laboratories. All experiments were done using male mice with littermate controls
that were adiponectinP-rtTA or TRE-cre negative. Mice were fed a standard chow diet (hnumber
5058, LabDiet), a Dox-chow diet (600 mg kg™ Dox; Bio-Serv), a 60% HFD (D12492, Research
Diets Inc.) or a Dox-HFD (600 mg kg™ Dox; Bio-Serv). Following weaning mice were randomly
placed into cages for the remainder of their life before genotyping was performed. No other

randomization was used while conducting experiments.
Statistical analysis

All animal studies were designed to minimize and control for confounding variables such as
mouse strain, gender, age, time of day, fasted/fed state, diet and light cycle. Based on previous
studies utilizing animal models for metabolic research, we can utilize as few as 6 animals per
treatment group to achieve statistical power to detect significant differences when measuring
RNA, protein and blood metabolites. With the use of inducible mouse models, group sizes were
increased to 10 to account for any potential variation imposed by the use of ingested gene
induction agents. Metabolic cage studies were performed by a technician who was blinded as to
the genotype of the mice. For all other animal work, researchers were not blinded as to
genotype.

UT Southwestern Medical Center has a site license for the use of GraphPad Prism software
(version 6, GraphPad, Inc. San Diego CA). All data is depicted as mean plus and minus the

SEM. All experiments presented have only two groups and unpaired students T-test was utilized
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for statistical significance. All data compares Control mice to AIPKO mice under identical
conditions. For all points * represents P-value<0.05, ** represents P-value<0.01, *** represents

P-value<0.001 .

Metabolic testing

Oral glucose tolerance tests were performed as previously described (15). Briefly mice were
fasted for 4 hours before being a gastric gavage of glucose at 2.5 g/kg body weight. Glucose
concentrations were measured using an oxidase-peroxidase assay (Sigma). Insulin and leptin
levels were measured using commercial ELISAs from Millipore. Systemic insulin sensitivity was
tested by performing an insulin tolerance test. Mice were fasted for 4 hours, and then injected
with 0.5 1U/kg body weight of Humalin-R (Eli Lilly). Blood from the tail was measured for glucose
content using Contour glucometer strips (Bayer) at 0, 15, 30, 60, 90 and 120 minutes. 3
adrenergic receptor tests were performed as previously described (15). Briefly, mice were
fasted for 4 hours, at which time CL316,243 was administered intraperitoneally at 0.5 mg/kg
body weight. Blood was collected at 0, 5, 15 and 30 minutes. Glycerol and NEFA
measurements were determined using free glycerol reagent (Sigma) and free fatty acid

guantification kits (Wako Diagnostics-NEFA-HR2) respectively.

Quantitative RT-gPCR

RNA was isolated from tissues frozen on liquid nitrogen by homogenization in Trizol Reagent
(Invitrogen) and RNA extraction using a RNAeasy RNA extraction kit (Qiagen). RNA was
guantified using a Nanodrop Instrument. 800ng of RNA was used to transcribe cDNA using an
Iscript kit (Invitrogen). RT-gPCR primers are listed in Supplementary Table 1. The mRNA levels

were calculated using the comparative threshold cycle (Ct) method.

Western blotting
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Frozen tissue was homogenized in TNET buffer (50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100 with phosphatase inhibitors and protease inhibitors as described in (22)
(Sigma). For adipose tissue samples, tissue was homogenized first in the absence of Triton X-
100, the fat layer extracted, and Triton X-100 was then added to a final concentration of 1%.
Proteins were resolved on 11% Tris-Glycine gels and then transferred to nitrocellulose
membranes (Bio-Rad). Adiponectin was detected with a rabbit polyclonal antiserum (23). pAkt
(Ser473, antibody #4060) and total Akt (antibody #2920) (Cell Signaling Technology) were used
(2:1,000) for insulin signaling studies. Primary antibodies were detected using a secondary IgG
labeled with infrared dyes emitting at 700 nm (Li-Cor Bioscience #926-32220) or 800 nm (Li-Cor
Bioscience #926-32211) (both at 1:5,000 dilutions) and then visualized on a Li-Cor Odyssey
infrared scanner (Li-Cor Bioscience). The scanned data were analyzed using Odyssey Version

2.1 software (Li-Cor Bioscience).

Histology and immunofluorescence

Fat pads and livers were excised and fixed overnight in 10% PBS buffered formalin and were
thereafter stored in 50% ethanol. Tissues were sectioned (5um) rehydrated and stained using
H+E, or with primary antibodies to PTEN (Abcam 32199) or Mac-2 (CL8942AP, CEDARLANE
Laboratories USA Inc.). Slides were mounted using Prolong Gold Antifade reagent with DAPI

(Life Technologies).

NMR and Metabolic Cages

Metabolic measurements were obtained continuously using TSE metabolic chambers (TSE
Labmaster System, Germany) in an open circuit indirect calorimetry system. Data was

normalized to lean body mass as determined using a Bruker MQ10 NMR analyzer.
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Adipocyte isolation

Adipocytes were isolated for confirmation of gene loss and determination of cell autonomous
insulin sensitivity using a collagenase digestion similar to SVF isolation procedures (24). Briefly,
freshly isolated adipose tissue was minced and subjected to 1 hour digestion at 37°C in a PBS-
collagenase buffer pH 7.4 (collagenase sigma (10mg/ml). This digest was centrifuged at 600xg

for 5 minutes and the floating cells removed for RNA extraction.
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Chapter 3

Brown and Beige Adipose

Physiologic importance of brown adipocytes

Brown adipose tissue (BAT) is one of the most evolutionarily advanced organs in mammals and is one
that is commonly overlooked as being essential for our success as a species. The ability for newborns
and infant mammals to maintain body temperature has allowed the spread of mammals to many
corners of the globe, commonly considered uninhabitable by larger species. This highly thermogenic
tissue is capable of burning lipids and glucose in an effort to maintain core body temperature in
response to central signals emitted from the hypothalamus. The role of BAT in thermogenesis has been
appreciated for many years. More recently, its potential as a regulator of obesity and diabetes has
caused a surge in the attention given to this previously underappreciated organ; particularly in the last
20 years beige adipocytes have garnered a lot of attention. (1), These “brown-like” adipocytes identified
in the subcutaneous depot of the mouse share many similarities with brown adipocytes, yet are
inducible with cold exposure in adult animals (2). Their ability to be induced and to burn fuel substrates
such as glucose and lipids providing a potential for therapeutic benefit in diabetes have caused an

enormous surge in the interest in these cells.

Brown versus beige Lineage

In adult humans, brown adipose can be identified by PET imaging in the upper neck and para-vertebral
regions, where as in human infants and similarly in mice, the majority of brown adipose exists in the
back of the animal near the shoulder blades in the interscapular region. These locations provide unique
sites for thermogenesis and are well situated to aid in warming up a cold animal. In the mouse, brown
adipocytes emerge from a My5-positive lineage, a lineage previously thought to be restricted to skeletal

muscle (3). Moreover, these cells express a very distinct lineage marker, PRDM16, which is both
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sufficient and necessary for their development. Loss of PRDM16 from the muscle cells forces them
toward a myoblastic fate, while ectopic expression of PRDM16 in muscle cells leads to brown
adipogenesis. PRDM16 is required not only for the formation of brown adipose tissue, but also for its
maintenance; the loss of PRDM16 from the My5 lineage decreases EHMT1 recruitment and its function

as a suppresser of the white adipogenic program (4).

Interestingly, both white adipocytes and their beige relatives do not originate from this distinct My5
lineage. Beige adipocytes have been shown to be exclusively targeted using the PGC1l-a Cre mouse,
though this is still debated in the field (5). Further, their precursors can be selected for using FACS
analysis by isolating the populations of Lin-, CD29+, Scal+, CD24+ cells (6). Beige adipocytes have clearly
been demonstrated to emerge from these PGC1-a derived cells that are cd34+, scal+ (7). B-adrenergic
receptor stimulation drives the fate of these cells down this pathway; and although the experiments

have not been done to date, it appears to be absolutely required for their development in vivo.

Developmental origins of brown and beige adipose

Brown adipocytes have been shown to arise from a developmental precursor that is both My5 and Pax 7
positive in the mouse (3, 8). The Myf5 lineage is most commonly associated with skeletal muscle, and
brown adipocytes have been shown to have gene signatures that are similar to muscle (9). Although
brown adipocytes have a different developmental precursor, they do share many similarities with white
adipocytes including their expression of adiponectin and the presence of lipid droplet proteins including
the Perilipin genes (2, 10). As brown adipose tissue is arranged neonatally and can expand in adult

humans, much more interest has been generated toward understanding the inducible beige adipocytes.

Beige adipocytes emerge following cold stimulation, or pharmacologic treatment, almost exclusively
restricted to the subcutaneous adipose depot. Similar to white and distinct from brown, beige

adipocytes do not emerge from My5+ precursors in vivo. As recently demonstrated by our group, the
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exposure of a mouse to 62 C causes the emergence of a distinct beige adipocyte population not derived
from preexisting white adipocytes (2). This data clearly indicates de novo beige adipogenesis rather than
direct trans-differentiation from white to beige adipocytes. Several groups have worked independently

using different approaches in an effort to identify the source of these precursors.

Using primary clonal expansion and limiting dilution, Wu et al derived dozens of cell lines from the
subcutaneous adipose depot of mice (11). They then identified multiple types of adipocytes that could
be derived from these cell lines, and specifically found those which did or did not respond to cAMP
increases by upregulating their beige/brown adipogenic gene profile. In these studies, they identified a
panel of genes which are distinct to beige cells and those that are distinct to brown adipocytes. This
work led to the identification of 2 cell surface markers which are unique for beige preadipocytes, CD137

and TMEM26.

In other efforts to identify beige precursors, Wang et al found that EBF2 was dramatically enriched in
precursors of both brown and beige adipose tissue (12). They demonstrated that Myf5-cre labeled
precursors were PDGFR-a +, and then upon isolating these cells, EBF2 was highly enriched in this
population. Using an EBF2-GFP mouse, they then demonstrated that cells labeled in the subcutaneous
white adipose tissue of these mice were beige adipocyte precursors. Interestingly, they showed that
EBF2 regulates a majority of genes in brown preadipocytes. Taken together, these observations support
the idea that we can now isolate populations of cells from the white adipose of mice (CD137+,

PDGFRo+, EBF2+) that are specifically beige precursors.

Therapeutic potential of brown/beige adipose tissue in diabetes
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As body weights and BMlIs have trended up over the last 40 years in the general population along with
the increase in diabetes, the field has looked at the ability of brown, and more importantly, beige
adipose tissue to combat these problems. Excess energy substrates in our diets lead to an increased
demand of insulin to deal with and store these molecules. As insulin resistance develops, the system is
less capable of handling this metabolic role. Therefore, it is believed that the ability to dissipate the
energy stored in adipose tissue and other sites in the form of ectopic lipid deposition (such as in the
obese liver), will be associated with an improvement in overall metabolic homeostasis. This idea gained
support when the Kozak group first demonstrated that overexpression of UCP1 in white adipose (via the
aP2 promoter) was able to reduce obesity in rodents (13). These findings demonstrated the first

potential therapeutic role for UCP1 expression.

The initial observations as to whether UCP1 mediated thermogenesis in brown adipose tissue had
effects on body weight and energy expenditure came from the first reports of UCP1 knockout mice.
Mice deficient for the UCP1 gene, and therefore in principle, incapable of thermogenic uncoupled
mitochondrial respiration, were found to be cold intolerant, but not obese (14). These authors
demonstrated that increased oxygen consumption following B adrenergic stimulation was deficient in
these mice. However, they could not demonstrate hyperphagia or obesity. Interestingly, they suggested
that UCP2 may compensate in the brown adipose of this knockout; however this seems doubtful as this

would likely have masked the differences in f3-stimulated oxygen consumption.

Several years later, Barbra Cannon’s group found that UCP1 knockout mice become obese when housed
at thermo-neutrality as opposed to room temperature (15). This in itself is a very interesting finding, as
UCP1 activity in brown and beige adipose should be entirely absent at thermoneutrality, and therefore
calls into question the true nature of this knockout animal. This group rectifies this by saying that under

room temperature conditions, mice eat approximately 50% more food to cope with the chronic stress of
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maintaining core temperature, and UCP1 knockout mice simply generate and dissipate energy in a
different manner, i.e. shivering thermogenesis is compensating for the brown adipose tissue defect. In
contrast, under thermo-neutral conditions, no heat is needed and the brown adipose defects come to
light. However, at thermoneutrality brown adipose tissue is inactive, and therefore a defect in brown
adipose tissue function should have a net zero effect on energy expenditure and weight gain; This

highlights again the need for a more thorough evaluation of these knockout mice.

Despite these findings and potential caveats, many papers have been published demonstrating the
beneficial metabolic effects of brown and beige adipose tissue. Many observations published have been
with whole body transgenic animals or knockout animals similar to the UCP1 knockouts described
above. These reports have however caveats that remain mostly unexplored by the authors and must be
critically evaluated. A novel PTEN transgenic mouse, in which PTEN was overexpressed in every tissue of
the body, showed increased energy expenditure and protection from hepatic steatosis; much of which
was correlated to increased brown adipose activity (16). However, one must remember that
overexpression of PTEN will block insulin signaling in all tissues, including the liver, and in turn will

prevent hepatic steatosis regardless of other metabolic alterations.

More fruitful identification of the true metabolically beneficial effects of brown or beige adipose tissue
has come from tissue specific alterations in the genes which regulate adipose tissue function. The
precise benefits of increasing uncoupled thermogenesis in specific organs has been explored. In a similar
but more robust manner than the initial Kozak group paper, Seale et al. demonstrated that
overexpression of PRDM16, a master transcriptional regulator of brown adipose tissue, caused a
significant increase in “brown-like” cell development in the subcutaneous white depot (17). This change
was correlated with a decrease in whole body weight on high fat diet challenge, which was due to an

increase in energy expenditure rather than a decrease in food intake. Finally and most importantly, they
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saw a dramatic improvement in both glucose tolerance and insulin sensitivity. Taken together, this data
is some of the most impressive body of evidence with regard to the demonstration that specifically
increasing beige adipocytes in the subcutaneous depot provides alleviation from body weight gain and

HFD induced glucose intolerance.

Brown adipose activation

Cold is the primary driver of brown and beige function and much of this activity is derived from the
nervous system. Denervation of brown adipose tissue dramatically decreases the ability of this organ to
function, and denervation of the subcutaneous adipose depot eliminates the formation of beige
adipocytes (18, 19). This result is due to a blockade of norepinephrine release from the nerve terminals
at each of these locations. In response to norephinpherine (an afferent signal from the central nervous
system, specifically the hypothalamus), B-adrenergic receptors on brown adipocytes are activated.
These in turn generate cAMP resulting in the activation of PKA, which propagates multiple signals within
brown adipocytes responsible for the coordinated thermogenic response of this tissue (20, 21).
Activation of PKA leads to downstream activation of the transcription factors CREB, SRC and p38 (22-24).
These transcription factors in turn drive other transcription factors including PGCla causing

mitochondrial biogenesis and increased thermogenesis.

An extremely important action of PKA is to increase intracellular lipolysis, an important intracellular
component of this cascade required for the activation of brown adipose tissue (25). These fatty acids are
able to outcompete purine nucleotides which are inhibitors of uncoupling proteins to cause proton flux
through UCP proteins, regardless of the ability for these lipids to be utilized as a fuel source (26).
Interestingly, recent work has demonstrated that the release of long chain fatty acids from the inner
mitochondrial membrane via phospholipase A2 is required for the proper activation of these proton

channels (27).
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Mediators of browning

As mentioned above, a primary mediator of the brown adipose depot is B-adrenergic signaling
emanating centrally from the hypothalamus primarily in response to exposure to cold conditions.
Recently efforts have been looking to other endogenous signals that can regulate the amount or activity
of beige and brown adipocytes. While many proteins have been found to increase the recruitment of
beige precursors including meteorin, Slit2, FGF21 and IL-33, very few proteins have been found that
increase the activity or cell number of the endogenous brown depot (28-30). Recently it was reported
that the IL-6, a protein derived from the brown adipose depot itself, was capable of enhancing brown

adipose tissue function.

IL-6 and brown adipose

In 2013 Stanford et al. published a study in which they transplanted brown adipose tissue from wildtype
mice into healthy recipient and high fat diet fed recipient mice (31). In each case, the transplantation of
brown adipose into recipient mice led to improvements in glucose homeostasis and insulin sensitivity.
They went on to show that brown adipose tissue transplantation increased circulating IL-6 and that IL-6
knockout mice did not benefit from brown adipose tissue transplantation. They also demonstrated that
transplantation of IL-6 knockout BAT did not alter body or fat pad weights. This work set the stage for IL-
6 to be the first true “BATokine”, responsible for its own endogenous activity in an autocrine manner.

Interestingly, little follow up work was done on this.

Amlexanox

In an unexpected set of experiments, Reilly et al. demonstrated that IKKe is upregulated in the
subcutaneous adipose depot of mice fed high fat diet (32). Under the assumption that increases in this

inflammatory mediator were unhealthy, they used the previously FDA approved drug Amlexnaox to
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inhibit its function in vivo. After gavaging this drug into HFD fed mice, they found that circulating IL-6
levels were dramatically upregulated in serum, and that all of this IL-6 was coming from the
subcutaneous adipocytes themselves. They went on to show that these mice displayed a number of
interesting metabolic improvements including decrease body weight, increased glucose tolerance and

most importantly, improved activity of brown adipose tissue in high fat diet fed mice.
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Abstract

Increased caloric intake and the resulting obesity are responsible for a number of physiological
changes, most notably insulin resistance in many peripheral tissues including muscle and
adipose tissue (1). Interleukin 6 (IL-6) is among a group of inflammatory cytokines elevated in
adipose tissue during states of obesity and its levels correlate with decreased insulin sensitivity
in adult humans (2). Here we use an inducible knock-out model for the IL-6 receptor in
adipocytes to demonstrate that IL-6 is not a mediator of adipose tissue dysfunction during HFD
feeding in rodents. Furthermore, much attention has been given to therapies that regulate
brown or beige adipose tissue function (3). We demonstrate here that the new anti-obesity and
anti-diabetic IKKB inhibitor Amlexanox triggers lasting metabolic improvements in mice within
as little as 2 weeks of exposure that persist after the inhibitor treatment is stopped. Amlexanox
treatment leads to a high level induction of IL-6, and it is the IL-6 action directly on the
adipocyte that mediates the beneficial effects. We conclude that Amlexanox triggers a

persistent enhancement of the sensitivity of adipose tissue to - adrenergic signaling.
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Introduction

Diabetes and insulin resistance remain highly detrimental diseases in terms of both morbidity
and mortality. However the underlying mechanisms responsible for these processes remain
poorly understood. During states of high fat diet-induced obesity, adipose tissue becomes
inflamed. IL-6 levels in adipose tissue rise in this setting and IL-6 levels in serum are inversely
correlated with systemic insulin sensitivity (2). Despite these strong correlations, the role of IL-6
in metabolism has been a widely debated topic for much of the past two decades, and it

remains unclear whether we should view this cytokine as a beneficial or detrimental factor.

In vitro, many groups have demonstrated that IL-6 induces insulin resistance in a number of
cultured cell lines, including hepatocytes and skeletal muscle, though in the latter, a brief
exposure enhanced glucose uptake while chronic exposure decreased it (4, 5). This data is
further corroborated in vivo via overexpression of IL-6 by skeletal muscle which resulted in
dramatic hyperinsulinemia and reduced glucose uptake in muscle (6). Others have shown that
chronic administration of recombinant IL-6 aggravated already increased steatosis in IL-6
knockout mice, a paradoxical yet interesting result (7). Most recently, others have shown that
blocking IL-6 signaling decreased adipose macrophage recruitment in the setting of a high fat
diet challenge, but surprisingly, this did not result in improved insulin sensitivity (8). In contrast
to these studies is work showing that IL-6 knockout mice develop diabetes, implying that IL-6
may be necessary to maintain glucose homeostasis (9). With dichotomous results such as these,

more effort is required to fully understand the role of IL-6 in metabolism. In an effort to
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understand the role of IL-6 signaling in the adipocyte more mechanistically, we have
engineered a mouse with an inducible elimination of the IL-6 receptor from mature adipocytes.
To do that, we employ a combination of previously verified transgenic models, including an
adiponectin promoter driven reverse tetracycline trans activator transgenic mouse, crossed
with a tetracycline response element driven CRE recombinase transgenic line, both in a
homozygous floxed IL-6 receptor a background (10, 11). Upon administration of doxycycline-
containing diet, the IL-6 receptor is excised from all mature adipocytes expressing adiponectin.
Using this model, we show that this mouse is metabolically normal and shows no alterations in
glucose tolerance or insulin sensitivity in vivo. These results are surprising and indicate that
metabolic dysfunction arising during high fat diet feeding is not a result of IL-6 action on the
adipocyte itself.

Recently, the drug Amlexanox has created a stir in the field of metabolic research for its potent
ability to cause weight loss in obese animals combined with its highly anti-steatotic action (12).
Amlexanox induces very high levels of IL-6 in the serum of high fat diet fed mice, and this IL-6
originates primarily from the subcutaneous adipocytes themselves (12). A recent publication
has linked the improvements in hepatic function seen when mice are given Amlexanox to direct
action of IL-6 on the liver (13). This drug provides a mechanism by which circulating IL-6 levels
can be dramatically increased without the use of recombinant forms of this cytokine. It also
provides a significant improvement in overall metabolic health. We therefore decided to take
advantage of Amlexanox and its downstream action to explore its mechanism of action in the
context of the adipocyte-specific IL-6R knockout. Our findings indicate that the improvements

in glucose tolerance seen with Amlexanox treatment rely entirely on its ability of the drug to
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induce weight loss. Remarkably, improvements in hepatic steatosis and brown adipose lipid
oxidation are extraordinarily durable, and the effects on these tissues persist long after
Amlexanox exposure has stopped. Using our inducible knockout animals lacking IL-6 receptor in
the adipocyte, we show that these improvements are primarily due to direct IL-6 action on
adipocytes. Underlying these improvements is an enhanced response in adipose depots to 3
adrenergic signaling, resulting in decreased subcutaneous adipose weights and increased brown
adipose activity. Overall our data demonstrates that the long term metabolic benefits seen with

Amlexanox involve a direct autocrine action of IL-6 on adipose depots.
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Results

As increases in IL-6 are concomitant with HFD feeding and
insulin resistance in white adipose tissue, we wished to
address whether this IL-6 induction directly alters adipose
tissue insulin sensitivity and glucose tolerance. To this end,
we generated a model in which the IL-6 receptor a can be
inducibly deleted from mature white adipocytes. Using an
driven reverse tetracycline

adiponectin  promoter
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Fig1A. Schematic View for generation of inducible deletion of the IL6-
receptor from adipocytes

transactivator transgenic mouse, coupled with a tetracycline response element driven CRE

recombinase transgenic line, in a homozygous floxed IL-6 receptor background (referred to as

the KILRAT mouse), we were able to inducibly delete the IL-6 specifically in adipocytes upon

exposure to doxycycline (Fig. 1A). The adiponectin driven cre system has previously been

verified by Morley et al. (26243466) while the floxed IL-6 receptor line has previously been

verified by (24681566). To confirm this system works in our hands, 6 week old male mice were

placed for 4 weeks on chow diet containing 600mg/kg doxycycline. Mice were sacrificed and

adipose depots and control tissues extracted and
analyzed for the presence of the IL-6 receptor via RNA

extraction, cDNA synthesis and RTgPCR analyses;

control mice were either adipo-rtTA or TRE-CRE

negative. Fig. 1B shows the relative expression of this

receptor and confirms our model is effectively
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Fig1B- Relative expression of IL6 Receptorin adipose depots of Mice
exposed to Doxycycline containing diet {600mg/kg) for 4 weeks

eliminating the IL-6 receptor from the subcutaneous and gonadal adipose depots (FiglB).



To determine if the loss of the IL-6 receptor from oral Glucose Tolerance Test
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difference between the KILRAT or control cohorts (Fig. 1C).

As IL-6 has been implicated in the metabolic dysregulation occurring upon HFD-induced
obesity, we decided to challenge the KILRAT mice with high fat diet containing doxycycline
(600mg/kg).

Following 6 weeks of HFD feeding, oral glucose tolerance tests were performed in which mice
were fasted for 4 hours and then gastric gavage was performed with D-glucose at a dose of

2.5g/kg (Fig.2a, b). Again, these
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Fig2B- Oralglucose tolerance test following 6 weeks HFD containing doxycycline (N=14 controls and 10 KILRATS). Fig 2B- Insulin levels
from randomly selected mice during oral glucose tolerance test shown in Fig2A (N=4 each group)
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Fig2C- Insulin tolerance test performed on control and KILRAT mice after
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o

equivalent insulin sensitivity between the 2 groups. Mice
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were again tested for glucose tolerance at 12 weeks following the initiation of HFD (Fig. 2D, E).
Again, the two groups showed no differences in glucose tolerance or insulin secretion. Body
weight curves of the mice over the 12 week time period revealed no significant differences,
leading to the conclusion that in these mice, IL-6 signaling in the adipocyte does not seem to

matter from a metabolic perspective (Fig. 2F).
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Fig2D- Oral glucose tolerance test following 12 weeks HFD containing doxycycline (N=7 controls and 5 KILRATS). Fig 2E- Insulin levels from randomly selected mice
during oral glucose tolerance test shown in Fig2D (N=4 each group) Fig2F- Body weights of Control and KILRAT mice on high fat diet containing doxycycline at 600mg/kg
(N=5 control and 4 KILRAT)
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Fig2H- Inflammatory gene expression in gonadal adipose depot of
Control and KILRAT mice exposed to HFD containing doxycycline for
12 weeks (N=3 each group)

Fig2G- Inflammatory gene expression in subcutaneous adipose
depot of Control and KILRAT mice exposed to HFD containing
doxycycline for 12 weeks (N=3 each group)

To better understand the inflammatory consequences following the loss of the IL-6 receptor
from adipocytes, we isolated both the subcutaneous and gonadal adipose depots from 12 week
old HFD fed KILRAT and control mice. RNA was isolated, cDNA synthesized and gPCR analysis

performed (Fig. 2G+2H). This analysis showed no significant differences between the groups,
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though the subcutaneous adipose depot did show a trend towards decreased macrophage
infiltration. Overall these data suggest the adipocyte autocrine signaling is not a target of IL-6

mediated metabolic dysfunction during dietary induced obesity.

Amlexanox

Classically, elevations in circulating IL-6 have been associated with detrimental metabolic
outcomes, including elevated circulating non-esterified fatty acids and decreased insulin
sensitivity (2, 14). Recently however, a series of papers have demonstrated that the IKK[3
inhibitor amlexanox is capable of dramatically elevating IL-6 levels in vivo (12). Furthermore,
these reports describe the dramatic improvements metabolic homeostasis seen upon a HFD
challenge as an IL-6 dependent phenomenon, since a neutralizing IL-6 antibody was able to
inhibit the positive metabolic benefits brought about by amlexanox (13). To test the effects of
amelxanox and IL-6 on adipose tissue, we wished to determine whether we could reproduce
the beneficial metabolic effects previously reported.

To do that, we placed 6 week old wildtype C57BI6 e Frachoat

T

Bl Contol
Amlexanox

]
=1
=]

mice on high fat diet for 12 weeks. These mice were

s
=3
[=]

(2]
[=3
[=]

then gavaged daily with amlexanox at 50mg/kg, a

Serum IL6 (pg/ml)
n
(=]
e

=
=]
o

dose previously reported to potently induce IL-6. .
Contol Amlexanox

mg/kg) and serum was collected and analyzed for IL-64 hours after
Four hours post gavage, blood was sampled and  {oree e ol yeedfor 1164
serum analyzed via ELISA, indeed revealing dramatically elevated levels of circulating IL-6 in the

treated group (Fig. 3a). Mice were continually treated daily with amlexanox or control solution

(described in Materials and Methods) for 2 weeks. At this time point, a metabolic analysis was
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performed as the body weights had diverged significantly between treatment and control

groups (Fig. 3B). An oral glucose tolerance test revealed dramatic improvements between the

treated and untreated groups (Fig. 3C). As Amlexanox treatment corresponded with both

improvements in oral glucose tolerance and decreases in
body weights, we wanted to assess the effects of this
drug on improving brown or beige adipose function, as
had previously been reported (cite). To this end, we

subjected mice to a radioactive triolein chase

experiment. Briefly, radioactive triolein is incorporated
into lipid micelles and injected into the tail vein of
unanesthetized mice; clearance is monitored via tail vein
bleeds and after 15 minutes mice are sacrificed and
tissues taken to determine lipid uptake and oxidation

rates. Our triolein chase demonstrated a dramatic
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improvement in lipid oxidation in the brown adipose depot upon Amlexanox exposure (Fig. 3D).
The livers of the Amlexanox treated mice were oxidizing less lipid as a percent of the total lipid

taken up by the liver. However, the Amlexanox treated mice
Adipose Depot Weights
Post Amlexanox

had overall a dramatic increase in hepatic lipid uptake (Fig. 3E). 41 - B Control
3l Amlexanox
Very unexpectedly, we found that the subcutaneous adipose %2
2 T =
z
depots were dramatically reduced in size in the Amlexanox " '
. . . o SulhD Gon.adal
treatment group (Fig. 3F). This was in contrast to the gonadal FigaF- Adpose depot welghtsfollowing amlexancs.

adipose depots which showed no alteration in size.

To understand the mechanistic changes underlying these dramatic improvements, gene
expression analysis was performed on the subcutaneous and brown adipose depots (Fig. 3G). In
the subcutaneous depots, we found a significant increase in hormone sensitive lipase (HSL)
mRNA as well as a trend toward significant increases in adipose triglyceride lipase (ATGL)
(p=0.036 and 0.099 respectively). Further, we saw a decrease in Elovl-3 message (p= 0.058),
though no major alterations in any other known brown or beiging genes were observed. In

brown adipose, we saw no significant changes in brown adipose specific transcripts (Fig. 3H)
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Fig3H- Quantitative PCR analysis revealing gene Days
expression alterations in brown adipose depot one week Fig 3I- Body weights of mice treated with Amlexanox for two weeks then maintained
following amlexanox treatment (n=4 and 4) on High Fat diet for another 6 weeks
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Fig 3K- Blood glucose levels of mice subjected to a
pyruvate tolerance test (2g/kg)
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Fig3)- blood glucose values of mice subjected to oral glucose
tolerance testing 6 weeks following cessation of Amlexanox
treatment (n=6 for each group)

The rapid changes in glucose tolerance were
impressive, however they were associated
alterations in

with  multiple organismal

physiology, including altered levels of
message for multiple adipose genes in the
white adipose and significant changes in body
weight. As glucose tolerance is dramatically
affected by the weight of the mice, we wished
to delineate which effects rely on brown
adipose tissue and which were body weight
dependent. To this end, a cohort of wild type

mice were placed on high fat diet at 6 weeks

of age; after 8 weeks they were subjected to

daily amlexanox gavages at 50mg/kg for 2 weeks. After amlexanox exposure, these mice

weighed significantly less and they were monitored longitudinally for rebound weight gain (Fig.

31). After 8 weeks, body weight differences between the 2 groups were no longer significantly

different, and metabolic testing was initiated. An oral glucose tolerance test was performed,

and we found no significant differences between the two groups (Fig. 3J). This data suggests

that the improvements seen in glucose tolerance following amlexanox exposure are primarily

due to decreases in body weight.

At these long times points following treatment, we wondered if other aspects of their

treatment were more durable. One of the main end points of the initial papers published about
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Amlexanox had been an improved pyruvate tolerance test. To test whether this was an effect
that could be seen at later time points, mice who had been treated in a similar manner to those
in Fig. 3J, but were 4 months post from their last dose of Amlexanox, were subjected to a
pyruvate tolerance test. Surprisingly, the mice treated with Amlexanox handled the pyruvate
tolerance test very well, while the mice that had been gavaged with vehicle, had extremely high
blood glucose levels reflecting insulin resistance and elevated gluconeogenic potential in their
livers (Fig. 3K).

These observations combined are consistent with a model in which improved B adrenergic
sensitivity in adipose depots is driving the phenotype, causing increased lipid oxidation and
activation of brown adipose tissue, as well as enhanced lipolysis in subcutaneous depots,
leading to decreased depot weights. Enhanced brown adipose function has been shown to
reduce hepatic steatosis and restore proper liver function, again, a possible mechanism
explaining the improvements seen during the pyruvate tolerance test. Therefore, mice shown in
Fig. 3J that had overlapping oral glucose tolerance curves were subjected to a 3 adrenergic

stimulation test. Mice were fasted for 4 hours and then .
Beta 3 agonist NEFA Levels

Amlexanox Rebound
injected with a low dose of the 3 receptor agonist

: , , gis{ A -
CL316 243 (Fig. 3L). What we found is that those mice 3 '}
E e
E ‘.
. . =
which had been treated with amlexanox had elevated 4 ~»- Cortrol
z -A- Amlexanox
NEFA levels in their blood compared ot those mice . , . .
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stimulation.
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FigdA-serum IL6 levels following amlexanox gavage in control or KILRAT mice (n=7 control and 5 KILRAT). Fig B- Body weights of
control and KILRAT mice following daily amlexanox gavages (50mg/kg) (n=5 control and 4 KILRAT)

KILRAT Mice treated with amlexanox

In previous publications looking at the beneficial metabolic effects of amlexanox, a neutralizing
IL-6 antibody was shown to neutralize the actions of this compound. As we observed dramatic
alterations in subcutaneous adipose depot gene expression and overall size, as well as increases
in brown adipose lipid oxidation, we hypothesized that these effects were due to IL-6 signaling
directly on the adipose depots. Using the KILRAT model in which we inducibly delete the IL-6
receptor form all white and a large proportion of brown adipocytes, we wanted to address the
direct role of IL-6 signaling with regard to the metabolically beneficial effects of Amlexanox.
KILRAT mice and control mice that had been exposed to a HFD containing doxycycline
(600mg/kg) for 12 weeks were treated with daily oral Amlexanox gavages for 2 weeks, totaling
12 doses. To confirm that the KILRAT mice had no defect in IL-6 secretion following Amlexanox
treatment, IL-6 levels were measured in serum 4 hours after the first dose of Amlexanox using

an ELISA. This revealed no defect in the ability of Amlexanox to drive IL-6 production in our IL-
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6R null mice (Fig. 4A). Over the course of 12 doses, KILRAT and control mice showed similar
decreases in body weight (Fig. 4B).

An oral glucose tolerance test performed 2 days after the final dose of Amlexanox showed now
apparent differences between the groups’ responses to the treatment, and both showed lower

average AUC compared to an oral glucose tolerance test performed before the initiation of the

Amlexanox therapy (Fig. 4C and 4D).
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Fig 4E- Average area under the curve for control and KILRAT mice before,
directly after, or 2 months after Amlexanox therapy (n=5 control and 4
KILRAT)
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To determine if similarly observed durable improvements in metabolism are present in the
KILRAT mice as they can be observed in the control mice, the mice shown Fig. 4C were allowed
to regain body weight over an extended period of time, while continuing to be fed a HFD
containing 600mg/kg doxycycline. After 2 months an oral glucose tolerance test was performed
and showed both groups having increased glucose intolerance compared to the OGTT
performed shortly after the initial Amlexanox therapy, though none of these points were

statistically significant (Fig 4E). Interestingly, the KILRAT mice began to diverge dramatically in

. . Adipose Depot Weights
Rebound Weight Gain
Post Amlexanox Treatment 6 n Post HFD and Amlexanox
80- B Control
-~ =g
. KILRAT
§ 604 A-A —_
S ¥ T O 41
) - - -
5 oW 5
= —
% 20 -~ Control S 21
3 -A- KILRAT
1]
0 T y y T 1 0 . r
0 ] 20 40_ 60 80 100 Subcutaneous Gonadal
Days Since Completion of Amlexanox Therapy Fig 4G- Adipose depot weights of Control and KILRAT
Fig4F- Body weightsof Control and KILRAT mice following 2 weeks of mice approximately 3 Months Post Amlexanox therapy
Amlexnaox treatmentfed on High Fat diet (n=5 control and 4 KILRAT) (n=5 control and 4 KILRAT)

body weight at distant time points during weight regain, though these values did not reach
statistical significance (p=0.09 at most distant point) (Fig. 4F). These mice were sacrficied and
tissues harvested. The control mice at this very long time point had signficantly smaller
subcutaneous adipose depots as compared to the KILRAT mice (Fig. 4G). Livers were taken for
histology at this point. Suprisingly, the livers of the control mice were non-steatotic compared

to those from the KILRAT mice (Fig. 4H).
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Control

FigdH- H+E staining of the livers of mice which had been fed high fat diet for 3 months following their 2 week
course of treatment with Amlexanox
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Discussion

Inflammation occurring during high fat diet feeding has been demonstrated to be causative in
metabolic dysfunction (15). One of the key cytokines implicated in this dysfunction is IL-6.
However, the relative importance and whether IL-6 truly mediates dysfunction remain
unexplored. Herein, we demonstrate that with loss of the IL6 receptor from adipocytes, high fat
diet feeding induced metabolic dysfunction is unaffected as judged by glucose tolerance and
insulin sensitivity. Further, loss of this receptor did not attenuate IL-6 expression in either of the
adipose depots measured under high fat diet fed conditions, nor did it alter macrophage
infiltration to a significant extent. Therefore, we conclude that IL-6 does not target the
adipocyte directly to mediate metabolic dysfunction during high fat diet induced obesity.

The recent studies involving the drug amlexanox as a potential therapeutic for diabetes and
metabolic syndrome has created a lot of excitement, as this drug is already FDA approved to
treat a number of inflammatory conditions (even though it is currently discontinued from
further production). In several recent publications, it was found that this drug can lower body
weights, improve glucose tolerance, decrease hepatic steatosis and enhance brown adipose
gene markers (12, 13). Furthermore, this drug triggered increases in circulating IL-6 levels, while
improving metabolic function system wide; a highly unexpected result given IL-6’s long history
of being viewed as unfavorable for glucose tolerance and insulin sensitivity. Therefore we
wished to explore its function further in vivo.

We show that amlexanox indeed induces dramatic weight loss in rodents with pre-existing
obesity, and it causes huge surges in circulating IL-6 levels. Furthermore, the weight loss

triggers improvements in glucose tolerance; however this effect is lost upon rebound weight
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gain. We further show that amlexanox mediates improvements in brown adipose function via
direct measurements of lipid oxidation rates using radioactive tracers. Interestingly, we
demonstrate that for this effect to kick in, it takes just 2 weeks of amlexanox treatment. More
importantly however, we demonstrate durable changes resulting from these short-term
treatments with amlexanox. Though the mice are no long more glucose tolerant at these later
time points, they have a dramatically better ability to handle a pyruvate load, indicating
significant decreases in gluconeogenic activity. When these changes are assessed together,
along with the selective decrease in subcutaneous adipose depot weight and altered gene
program, it appears that these mice are more sensitive to the endogenous [ adrenergic
signaling. We tested this directly and they were found to be more sensitive to -3 adrenergic
receptor activation as judged by significant increases in circulating NEFAs following an injection
with CL316,324.

As these changes could be due to direct action of amlexanox, or indirectly through its ability to
drive increases in circulating IL-6, we used our KILRAT mice to test the latter model. The KILRAT
mice responded similarly as wildtype controls in terms of increases in circulating IL-6, decreases
in body weight, and improvements in oral glucose tolerance tests. However, they differed in
several important ways. Upon rebound weight gain, it was found that the subcutaneous
adipose depots of the KILRAT mice were significantly larger than that of the control mice.
Furthermore, the KILRAT mice had dramatic hepatic steatosis when compared with the
controls. These results indicate the necessity of direct IL-6 signaling on the adipocyte proper as

a mediator of the long-term benefits of Amlexanox.
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Overall our observations show that IL-6 signaling in the adipocyte is the primary mediator of the
long-term benefits of amlexanox treatment, while it is not a direct mediator of adipocyte

metabolic dysfunction following a high fat diet.
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Materials and Methods

Animals

Animal care and experimental protocols were approved by the Institutional animal care and use
committee of the University of Texas Southwestern medical center. Adiponectin-RTTA mice
were produced as previously described (11). Tre-Cre mice were purchased from Jackson
laboratories. IL6 receptor floxed mice were produced as previously published(10). All
experiments were done using male mice with littermate controls that were adiponectinP-rtTA
or TRE-cre negative. Mice were fed a standard chow diet (number 5058, LabDiet), a Dox-chow
diet (600 mg kg'1 Dox; Bio-Serv), a 60% HFD (D12492, Research Diets Inc.) or a Dox-HFD (600
mg kg™ Dox; Bio-Serv). Following weaning mice were randomly placed into cages for the
remainder of their life before genotyping was performed. No other randomization was used

while conducting experiments.

Statistical Analsysis-

Studies using animals were designed to minimize and control for confounding variables such as
mouse strain, age, gender, time of day, the fed state of the animal and light cycling. Previous
studies using inducible transgenic models have shown that treatment groups from 8 to 10
animals are sufficient to achieve statistical power when measuring RNA, protein, body weights,
metabolic testing and blood metabolites.

UT Southwestern Medical Center has a site license for the use of GraphPad Prism software
(version 6, GraphPad, Inc. San Diego CA). All data is depicted as mean plus and minus the SEM.

All experiments presented have only two groups and unpaired students T-test was utilized for
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statistical significance. All data compares Control mice to AIPKO mice under identical
conditions. For all points * represents P-value<0.05, ** represents P-value<0.01, *** represents

P-value<0.001 .

Metabolic testing

Oral glucose tolerance tests were performed as previously described (16). Briefly mice were
fasted for 4 hours before a gastric gavage of glucose at 2.5 g/kg body weight. Glucose
concentrations were measured using an oxidase-peroxidase assay (Sigma). Insulin levels were
measured using commercial ELISAs from Millipore. Systemic insulin sensitivity was tested by
performing an insulin tolerance test. Mice were fasted for 4 hours, and then injected with 1.0
IU/kg body weight of Humalin-R (Eli Lilly). Blood from the tail was measured for glucose content
using Contour glucometer strips (Bayer) at 0, 15, 30, 60, 90 and 120 minutes. Pyruvate
tolerance tests were performed by fasting mice for 4 hours, then injecting sodium pyruvate at
ad dose of 2g/kg body weight. Blood glucose levels were measured from tail vein blood using
Contour glucometer strips at -30, 0, 15, 30, 60 and 120 minutes post injection. @3 adrenergic
receptor tests were performed as previously described (16). Briefly, mice were fasted for 4
hours, at which time CL316,243 was administered intraperitoneally at 0.5 mg/kg body weight.
Blood was collected at 0, 5, 15 and 30 minutes. Glycerol and NEFA measurements were
determined using free glycerol reagent (Sigma) and free fatty acid quantification kits (Wako

Diagnostics-NEFA-HR2) respectively.
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Radioactive triolein chase experiments were performed as previously described (17). Briefly,
unanesthetized mice were fasted for 4 hours, then subjected to an IV bolus tail vein injection of
radioactive triolein which had been incorporated into 0.5% intralipid micelles. After 15 minutes,
mice were sacrificed and tissues harvested. Using a chloroform:methanol lipid extraction
protocol, oxidized triolein was separated from the lipid fraction and total incorporation,

oxidized fraction and oxidized percent were calculated on a per gram tissue basis.

Amlexanox Treatment

To prepare amlexanox powder for gavage, 200mg of powder was resuspended in 11ml of
150mm NaOH. This solution was neutralized with 10ml of 1M pH7.4 tris-hcl. This solution was
brought to 40ml making the final concentration of 5mg/ml. Mice were then treated daily by
oral gavage at 50mg/kg body weight. Control gavage was prepared as the original 150mm
NaOH then neutralized with tris-hcl and brought to volume, however Amlexanox was not added

to this solution.

Quantitative RT-qPCR

RNA was isolated from tissues frozen on liquid nitrogen by homogenization in Trizol Reagent
(Invitrogen) and RNA extraction using a RNAeasy RNA extraction kit (Qiagen). RNA was
guantified using a Nanodrop Instrument. 800ng of RNA was used to transcribe cDNA using an
Iscript kit (Invitrogen). The mRNA levels were calculated using the comparative threshold cycle

(Ct) method.
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Histology and immunofluorescence

Livers were excised and fixed overnight in 10% PBS buffered formalin and were thereafter

stored in 50% ethanol. Tissues were sectioned (5um) rehydrated and stained using H+E

Adipocyte isolation

Adipocytes were isolated for confirmation of gene loss and determination of cell autonomous
insulin sensitivity using a collagenase digestion similar to SVF isolation procedures (18). Briefly,
freshly isolated adipose tissue was minced and subjected to 1 hour digestion at 372C in a PBS-
collagenase buffer pH 7.4 (collagenase sigma (10mg/ml). This digest was centrifuged at 600xg

for 5 minutes and the floating cells removed for RNA extraction.
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Conclusion

Adipose tissue is an incredibly powerful organ capable of a wide variety of functions. As a storage depot,
adipose tissue provides a place to store potentially harmful nutrients in times of caloric excess; and
subsequently is capable of redistributing these nutrients in times of nutrient paucity. The brown adipose
depot is uniquely capable of keeping newborns and infants from dying due to cold exposure, as well as
potentially providing the new frontier for combating insulin resistance and the sequelae of metabolic
syndrome. Together these unique properties of adipose tissue make it indispensable for the survival

and proliferation of mammals everywhere.

In chapter two of this work, | demonstrate the ability of properly functioning adipose tissue all by itself
to prevent diabetes and other harmful pathologies. Using an inducible loss of function model to
eliminate a gene which puts the brakes on insulin signaling in the adipocyte, | show how this storage
vessel is capable of compensating for the metabolic insults brought on by high fat diet induced obesity.
As PTEN regulates AKT activity, which in turn regulates Glut4 translocation to the plasma membrane, it
is not surprising that this mouse has improved glucose tolerance when challenged during an oral glucose
tolerance test. What is surprising is the immense capacity to which it can perform this function and for
how long it can endure metabolic insults. After 5 months of high fat diet feeding, hepatic steatosis is
essentially non-existent, and insulin stimulation is exquisitely increased in the liver by merely improving
insulin sensitivity in the adipocyte. Moreover, this data demonstrates that inhibition of insulin resistance
during high fat diet feeding can ameliorate the inflammation commonly seen in this state. This finding
allows to better understand the “chicken and egg” relationship between insulin resistance and

inflammation observed under these conditions.

This model still leaves questions however. It is interesting to note that enhanced insulin sensitivity in the

adipose tissue does not enhance circulating adiponectin levels under chow fed conditions, since these
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mice have equal circulating adiponectin levels. As adiponectin is known to be down-regulated under
states of insulin resistance, it is interesting to note that the negative correlation with insulin resistance
holds, while we are unable to build a positive correlation in a presumed state of maximal insulin
sensitivity. So, under high fat fed conditions which induce insulin resistance, our more insulin-sensitive
mice maintain higher adiponectin levels. Though in this scenario, we are unable to parse out whether
we in fact see elevations in adiponectin secretion, or merely diminished decreases. This data suggests a
positive regulatory role for insulin signaling, but is unable to solidify a direct causative relationship

between these states.

In chapter 4 of this work, | demonstrate that IL-6 is not a mediator of metabolic dysfunction during high
fat diet feeding. Furthermore, | identify the true nature of the drug Amlexanox and a potential
therapeutic role of IL-6 signaling in adipose tissue in vivo. Inflammation in adipose tissue has taken
center stage in the literature beginning in the mid 1990’s. Since this time, much work has been centered
on IL-6, as this cytokine is dramatically elevated in adipose tissue following high fat diet feeding in
rodents. A great amount of work has demonstrated potential roles for IL-6 and its ability to inhibit
insulin signaling. Herein, | show that during high fat diet feeding in rodents, IL-6 signaling via its primary
receptor does not alter body weight, insulin sensitivity or glucose homeostasis. As this is the first
inducible deletion of the IL-6 receptor in mature adipose tissue, this work stands to firmly rule out IL-6
as a mediator of the negative metabolic perturbations in adipose tissue following HFD challenge in

rodents.

| go on to explore the functions of the new drug Amlexanox. This drug made a splash in the metabolism
world, as it is already FDA approved for other conditions, and further showed tremendous abilities to
combat weight loss and mediate improvements in metabolism following high fat diet challenge in

rodents. In my work above, | show that Amlexanox indeed mediates weight loss and improvements in
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glucose homeostasis; however these improvements are purely due to decreases in body mass and with
rebound weight gain all improvements are lost. Importantly, my work goes on to show that other
improvements in metabolism shown with Amlexanox are highly durable. Improvements in hepatic
pyruvate tolerance, an indirect measure of gluconeogenesis, are stable months after the cessation of
treatment, long after body weights have stabilized. My work shows that this response is due to
enhanced B-adrenergic sensitivity in the adipose depots, a direct consequence of IL-6 signaling in these
depots. With loss of this signaling using the KILRAT model, all improvements seen with Amlexanox
treatment are abated and the mice show severe hepatic steatosis at more extended time points.
Evidence for enhanced adrenergic sensitivity in depots beside the brown depot are supported by
changes in gene expression and tissue weight in the subcutaneous depot, the most highly innervated of
the peripheral adipose depots. Further, as we see a direct loss of improvements in pyruvate tolerance
testing in the KILRAT models treated with Amlexanox, we confirm the role of brown adipose in
protecting the liver from steatosis, as IL-6 in serum is equal between both of these models and therefore

eliminates the direct action of IL-6 on the liver in initiating these improvements.

In summary, this work highlights the importance of adipose tissue in maintaining metabolic
homeostasis. With high fat diet feeding, we see decreased insulin sensitivity as well as a less well
appreciated decrease in B-adrenergic sensitivity. My data highlights the central role of both white and

brown adipose to combat insulin resistance and the metabolic syndrome.
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