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ABSTRACT

Chronic increased caloric intake without concomitant increases in energy
metabolism result in obesity. The rise in obesity in the US can be attributed to over-
nutrition and a sedentary lifestyle. Understanding nutritional and genetic factors that
promote energy metabolism are critical for combating obesity and associated disorders
and maintain overall health. Muscle, adipose tissue (AT), liver and the pancreas respond
to nutrient intake and establish inter-tissue communication via release of circulating
signaling factors including hormones (e.g. insulin from the pancreas) and fatty acids
(from AT). These processes promote balanced energy storage and use, known
collectively as energy homeostasis. Over-nutrition and/or poor diet can disturb normal
energy homeostasis promoting obesity and associated complications such as insulin
resistance.

The Human Leukocyte Antigen (HLA) F-adjacent transcript 10 (FAT10) is an
emerging player in regulation of energy homeostasis. FAT10 has been implicated in
chronic diseases such as Type I Diabetes, cancer and genetic lipodystrophies. In these
pathologies, energy homeostasis has been altered due to genetic mutations. Fat10 is
expressed in a variety of insulin sensitive tissues including liver, muscle, adipose as well
as the pancreas. We hypothesize that ablation of the FAT10 gene will alter systemic
energy metabolism. This thesis work demonstrates the major finding that genetic deletion
of the FAT10 gene in mice alters energy homeostasis and significantly decreases adipose
mass through increases in AT and muscle catabolism. In mice fed a normal diet, we
demonstrate that FAT10 is expressed during normal AT growth. FAT10 KO mice have
reduced adiposity and burn more calories (enhanced energy expenditure) compared to
WT mice without decreasing caloric intake or increasing exercise. Using indirect
calorimetry, we demonstrate that FAT10 KO mice preferentially burn lipid. Skeletal
muscle exhibits increased expression of lipid burning genes. This response appears to be
due to increased circulating fatty acids derived from AT release (lipolysis). FAT10 KO
mice have constitutively low circulating insulin that may be permissive for the observed
enhanced adipose tissue lipolysis. This model suggests that increases in lipolysis are due
to decreases in available circulating insulin. The enhanced lipid burning in muscle is in
response to the fatty acid load in the blood from AT lipolysis. When FAT10 KO and WT
mice were fed a high fat diet, the KO mice retained mildly enhanced energy expenditure
and became obese at a slower rate compared to WT mice fed the same diet. Interestingly,
FAT10 KO mice on a HFD remained insulin sensitive. Altering lipid content of the diet
to primarily saturated fat diminishes the hypermetabolic phenotype.

This thesis work indicates that FAT10 is a novel gene involved in the regulation
of systemic energy metabolism that may be dependent on the fatty acid composition of
the diet. Because the FAT10 gene was absent from all tissues, it is not possible to identify
the tissue influencing the increased energy metabolism. This point warrants further
dissection by tissue specific ablation of the FAT10 gene to identify how FAT10 affects
systemic energy metabolism. Additionally, since FAT10 is associated with increased risk
for chronic disease (diabetes, cancer, HIV associated nephropathy) and is interactive with
key cellular regulators (p53 and NF«B), this research opens new avenues for further
investigation of the tissue-specific biological function of FAT10.
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CHAPTER 1
REVIEW OF THE LITERATURE
1.1. Adipocyte and Adipose Tissue Metabolism
1.1.1. Hormonal Regulation of Adipocyte Metabolism

The balance of adipocyte energy metabolism is dictated by nutrient availability
that directly modulates concentrations of circulating hormones such as insulin, glucagon
and catecholamines (1). Insulin coordinates the post-prandial, anabolic response
promoting nutrient uptake and storage. Conversely, in the presence of low insulin
concentrations, catecholamines and glucagon direct the fasting catabolic response
resulting in breakdown of energy stores and counter-regulate insulin action (i.e. lipolysis
in adipose tissue and glycogenolysis in muscle and liver) (2).

Adipocyte energy storage is orchestrated by insulin. After a meal, the rapid rise in
nutrients, particularly blood glucose, stimulates pancreatic release of insulin. Insulin
(described mechanistically in the following section) promotes fatty acid and glucose
uptake in adipocytes. Fatty acids and glucose metabolites (via de novo lipogenesis
pathway) are synthesized to triacylglycerol (TAG) and stored in specialized storage
compartments known as lipid droplets. The net result of insulin action on adipocytes is to
store energy as neutral lipid while opposing breakdown of lipid stores (See Sections
below for mechanistic descriptions).

Opposing adipocyte energy storage, fasting induces release of catecholamines that
promote lipid droplets to release neutral lipid that are subsequently broken down by a
series of glyceride-specific lipases. Catecholamines (specifically) bind to cell surface 3-

adrenergic receptors inducing an intracellular signaling cascade that elevates the



concentration of cAMP resulting in PKA activation and phosphorylation of perilipin, the
major lipid droplet protein and master regulator of lipolysis (3-6). Following perilipin
phosphorylation, adipocyte lipases and accessory proteins are recruited to the lipid
droplet to mediate breakdown of triglycerides into one molecule of glycerol and three
fatty acids (7). The glycerol can be used for re-esterification of fatty acids or released
from the adipocyte (8). The fatty acids can be released for local or systemic uptake and f3-

oxidation for ATP production.
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Figure 1-1. Post-prandial and fasting actions of insulin

Hormonal regulation of adipocyte metabolism is tightly coupled with increases
and decreases nutrient intake. In times of caloric excess, insulin promotes energy storage
(Figure 1-1) while fasting decreases insulin concentrations and increases catecholamines
to mediate breakdown of metabolic substrates for the body. Disturbing this counter-
regulatory system can produce both adverse and beneficial metabolic effects in
adipocytes.

1.1.2. Insulin Signaling in Adipocytes



Insulin is a major anabolic hormone in the body that coordinates systemic growth
with peripheral and central nutrient sensing and lifespan (9, 10). At the adipocyte cell
surface, as with other insulin sensitive cells, insulin binds to the insulin receptor (IR).

Ligand binding initiates an intracellular signaling cascade via a protein and lipid
phospho-relay system that results in proteolytic and transcriptional changes that promotes
cellular anabolism and energy storage (11).

Upon insulin binding, the insulin receptor autophosphorylates tyrosine (pY)
residues that produces docking sites for adaptor and signaling proteins. Insulin receptor
substrate proteins (IRS1-4) dock at pY recognition sequences and become
phosphorylated. This culminates in a phospho-relay system resulting in phosphorylation
of AKT proteins, the main signaling hub in the insulin cascade (12). In adipocytes, AKT
amplifies upstream signals to downstream effector proteins that regulate many aspects of
insulin stimulated anabolic metabolism and growth (13). Adipocyte AKT acitivity
promotes synthesis and activation of lipogenic enzymes while opposing the lipolytic
pathway (14).

1.1.3. Adipocyte Nutrient Uptake and Storage

The biological role of AT is to store excess calories as neutral triglyceride in
subcellular compartments known as lipid droplets and to inform the body of stored
nutrient status via adipokines (described in section below) (15). Insulin promotes lipid
and glucose uptake and storage. Substrate for triglyceride biosynthesis can derive from
either dietary fatty acids or from the glucose metabolite acetyl-CoA via de novo
lipogenesis. These anabolic processes are promoted by insulin. Glycogen is stored in

adipocytes; however, glycogen contributes minimally to adipocyte energy stores (16).



Fatty acid uptake involves lipoprotein metabolism, membrane translocation, intracellular
fatty acid binding and lipid trafficking (17). Lipoprotein lipase at the cell membrane
participates in lipoprotein metabolism to liberate fatty acids for cellular uptake. The
CD36 scavenger receptor participates in fatty acid uptake. Intracellular fatty acids are
sequestered by a family of fatty acid binding proteins that determine the subcellular
localization of the fatty acid (18). Fatty acids destined for long term energy stores are re-
esterified to a glycerol backbone are stored in lipid droplets.

Glucose uptake involves trafficking of insulin-responsive Glut4 transporter containing
vesicles to the adipocyte membrane. The insulin-responsive Glut4 containing vesicles are
kept tethered in cytoplasmic bodies known as the Glut4 storage compartment (GSC) by a
series of proteins, most notably AS160 (19, 20). AKT phosphorylation of AS160
represses tethering activity and allows translocation of Glut4 vesicles (21). The insulin-
responsive amino peptidase (IRAP) is an identifying feature of insulin-sensitive Glut4
vesicles (22). Increasing the expression of Glut4 in transgenic mice up-regulates IRAP
positive vesicles and enhances Glut4 membrane trafficking and receptor density
effectively reducing blood glucose levels and enhancing not only adipocyte lipogenesis
but also adipocyte proliferation that produces enlarged adipose depots with small,
metabolically healthy adipocytes (23, 24).

Insulin signaling promotes energy storage in adipocytes by facilitating fatty acid
uptake, TAG biosynthesis and storage as well as glucose uptake for de novo fatty acid
biosynthesis. These events are mediated by the insulin signaling cascade and the effectors
of AKT activation. Conditions that interfere with the insulin signaling cascade via

increased cytokine production (obesity, lipodystrophy, other inflammatory diseases) or



inability to produce sufficient insulin (Type I diabetes) will perturb homeostatic nutrient
storage and handling in adipocytes.
1.1.4. Adipocyte Lipolysis

During times of increased energy demands such as fasting, calorie restriction and
prolonged exercise, circulating insulin concentrations drop and stored triglyceride in lipid
droplets is hydrolyzed to fatty acids (FA) and glycerol (24). FAs are released into
systemic circulation for peripheral tissue uptake for f-oxidation and generation of ATP.
Also, fatty acids and glycerol can be used as substrates for ketogenesis and
gluconeogenesis in the liver, respectively (8).

Lipolysis is regulated by increased catecholamine and decreased insulin
concentrations (Figure 1-2 (25)). Catecholamine signaling (described in previous section)
culminates in release of fatty acids from lipid droplets. Lipid droplets are composed of
repertoire of proteins that regulate lipid trafficking into and out of the lipid droplet (26).
The most abundant protein at the lipid droplet surface is perilipin (3). Upon B-adrenergic
stimulation, perilipin contains consensus sequences that become phosphorylated by PKA.
This phosphorylation induces localization of the lipolytic machinery, release of TAG
from the lipid droplet core and subsequent hydrolysis of stored TAG into three fatty acids
and one molecule of glycerol.

Lipolytic enzymes recruited to the phosphorylated perilipin protein hydrolyze
TAG in a sequential manner. The major lipases in adipocytes are ATGL, HSL and MGL
which hydrolyze TAGs, DAGs and MAGs, respectively (6, 27). ATGL is the rate
limiting enzyme in adipocyte lipolysis and requires an accessory protein, CGI-58, for full

lipolytic activity (28, 29). Interestingly, adipocyte specific over- expression of ATGL
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Figure 1-2. Adipocyte lipolysis in (Left) fasted and (Right) fed state. Adapted from
(6).
results in enhanced adipocyte beta-oxidation with increased re-esterification and renders
mice resistant to diet induced obesity.

Adipocyte lipolysis is positively regulated by glucocorticoids and negatively
regulated by insulin. Forkhead box O1 (FOXO1) transcription factor is a central regulator
of transcription of the lipolytic machinery (30). Under high glucocorticoid, low-insulin
concentrations, FOXO1 resides in the nucleus and participates in transcription of genes
important for lipolysis. Insulin induces FOXO1 phosphorylation and exclusion from the
nucleus thereby down-regulating the expression of ATGL, the rate limiting lipolytic
enzyme (31).

1.1.5. Adipose Tissue as an Endocrine Organ

Adipose tissue (AT), composed of adipocytes and a diverse population of non-
adipocyte stromal-vascular cells (SVCs), is an important regulator of whole body lipid
and energy metabolism (32). Traditionally thought to be an inert long term energy store,
adipose tissue can directly influence systemic insulin sensitivity and inflammation via

release of soluble factors such as fatty acids and adipocyte hormones known as



adipokines (33-35). Increases in non-esterified free fatty acid (NEFAs) release from
adipocytes can result in ectopic lipid deposition and insulin resistance in skeletal muscle
and liver (36). Insulin resistance increases blood glucose levels via inhibition of muscle
glucose uptake and enhancement of hepatic glucose output.

Released from adipose tissue, adipokines act in an autocrine, paracrine, and/or
endocrine fashion to promote metabolic homeostasis. These adipocyte peptide hormones
integrate AT, liver, muscle, and CNS physiology by impacting lipid metabolism, glucose
homeostasis, inflammation, angiogenesis and food intake. Because of the plethora of
biological processes affected, regulation of adipokine secretion is critical to maintain
systemic metabolic homeostasis.

In non-obese, lean individuals normally have small adipocytes that secrete the
adipokines adiponectin and leptin which promote a healthy systemic metabolic profile
(37-41). Alterations in adipocyte mass either through hypertrophy, as with obesity, or
lipoatrophy, as with lipodystrophy, produces characteristic changes in AT metabolism
and adipokine secretion that are associated with the development of insulin resistance and
associated metabolic complications. These adipose tissue pathologies alter the
adipocyte’s response to normal hormonal regulation. Both such pathologies are
associated with increased levels of local and systemic pro-inflammatory cytokine
productions (42) . Elevated levels of TNF, IL-6, IL-1 released locally by adipocytes and
immune cells as well as from distal systemic sites directly increase FA release from
adipocytes as well as decreases anti-inflammatory and insulin sensitizing adipokines

(adiponectin) (43-47). This sequence of altered peptide hormones and fatty acid release



directly contributes to systemic insulin resistance and subsequent metabolic
complications in both obesity and lipodystrophy.
1.2. Dysregulation of Adipose Tissue Metabolism

Dysregulation of adipose tissue mass through excessive expansion (obesity) or
loss (lipodystrophy) is characterized by infiltration of peripheral immune cells,
inflammation, cell death and insulin resistance (42). Excessive adipose tissue mass and/or
cell size is a hallmark of obesity and a major risk factor for type II diabetes,
cardiovascular disease, hypertension and certain forms of cancer. Conversely, complete
or partial loss of adipose tissue mass, as with genetic lipodystrophies, promotes metabolic
abnormalities such as insulin resistance, hypertriglyceridemia, and hepatic steatosis.
Therefore, understanding the molecular mechanisms that disrupt adipocyte and adipose
tissue homeostasis is critical for developing therapies for adipose tissue pathologies.
1.3.  Skeletal Muscle
1.3.1. Metabolism

Skeletal muscle is the major glucose disposing organ in the body and contributes
significantly to fatty acid oxidation after a meal and during high intensity exercise.
In order to maintain homeostasis, the body needs to keep blood glucose levels
within a narrow optimal range of about 5 mM. When blood glucose levels rise, as occurs
after a meal, insulin is released by the pancreas (described below), allowing the
periphery, including muscle, liver, and adipose tissue, to clear the plasma and take up
glucose for utilization or storage.

Muscle is critical to whole body glucose homeostasis, as this tissue is responsible

for >70% of whole body insulin stimulated glucose uptake (48). The cellular action of



insulin was described in the previous section. Insulin resistance occurs when peripheral
tissues (e.g. muscle) fail to take up glucose appropriately in response to insulin. This can
occur when signaling is disrupted at any point in the cascade. Initially, the pancreas
produces more insulin to overcome the peripheral resistance and maintain glucose
homeostasis, resulting in compensatory hyperinsulinemia (49). However, eventually the
pancreas can no longer compensate for the peripheral resistance, resulting in type 2
diabetes (T2D). Maintaining peripheral insulin sensitivity is thus critical to preventing
T2D.

There are insulin-dependent and insulin-independent pathways for regulating
glucose uptake in skeletal muscle. The insulin-independent pathways involve the protein
energy sensor AMPK (50). AMPK is a protein kinase that becomes phosphorylated
(activated) by AMP as intracellular ATP levels become depleted. Activated AMPK
phosphorylates the protein TBC1D1/4. TBCD1/4, also known as AS160, negatively
regulates GLUT4 trafficking to the plasma membrane by help tethering GLUT4 sensitive
vesicles in the cytosol (51). This mechanism thereby feeds into the insulin signaling
pathway (independent of PI3K and AKT), and increases GLUT4 translocation from
cytosol storage to the plasma membrane.

Additionally, metabolism of lipid species in muscle can activate the PPARa
pathway. PPARa regulates a specific set of genes that are involved in peroxisomal and
mitochondrial oxidation of fatty acids (52). Enhanced activation of PPARa up-regulates
genes such as ACOX that promote a feed forward loop promoting fatty acid oxidation in
both peroxisomal and mitochondrial pathways. The PPAR co-activator PGCla is also

known to participate in the actions of PPARa promoting oxidation of fatty acids (53).
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Therefore, fatty acids themselves can promote PPARa and PGCla gene expression and
activity resulting in fatty acid oxidation in muscle.

AMPK promotes FA oxidation by directly phosphorylating and thereby
inactivating acetyl-CoA carboxylase (ACC), an enzyme responsible for producing
malonyl CoA in the first and rate limiting step of FA synthesis (54). Malonyl CoA
inhibits carnitine palmitoyltransferase-1 (CPT-1), the rate-limiting enzyme for FAs to
enter the mitochondria for oxidation (55). Thus, by inactivating ACC, AMPK relieves
inhibition on CPT-1 and promotes FA entry to the mitochondrion and oxidation.

Exercise or exercise mimetics increase expression of transcription factors
including peroxisome proliferator-activated receptors (PPARS) and forkhead box
transcription factors (FoxOl) (56) in skeletal muscle. PPARS promotes fatty acid
oxidation in part by increasing transcription of genes including UCP-2 and PDK-4, the
latter being a kinase responsible for phosphorylating and inactivating the pyruvate
dehydrogenase complex, thereby shifting substrate oxidation towards lipid and away
from glucose (57). Another downstream target of PPARS, FoxOl, also modulates lipid
metabolism in skeletal muscle. Similar to PPARS, FoxOl has also been shown to
inactivate the pyruvate dehydrogenase complex (58). Therefore, muscle is an important
contributor to glucose disposal and fatty acid oxidation.

1.4.  Nuclear Factor k B (NFkB)
1.4.1. NF«kB Signaling

The canonical NF«kB signaling pathway orchestrates gene expression important

for the regulation of immune and inflammatory responses (cytokines and chemokines)

and also controls the expression of proteins with anti-apoptotic, pro-proliferative and
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antioxidant activities (59). In a non-stimulated state, the IxB family of inhibitory proteins
keep NF«B dimers inactive (60). Induction of NF«B signaling induces upstream kinases
to phosphorylate and dissociate inhibitory proteins, which are proteolytically processed
by the proteasome (see below), from NFkB dimers allowing NF«xB nuclear important,
DNA binding and transcription factor activity.

1.4.2. NFkB signaling and Energy Metabolism

The NF«B signaling pathway has an established role in the regulation of energy

metabolism and inflammation in models obesity-mediated insulin resistance (61-65).
Ablation of upstream activators of the NFkB pathway has linked this pathway to the
regulation of energy metabolism and insulin sensitivity (63). IKK[ has been linked to
obesity-induced insulin resistance while IKKe has been shown to regulate energy balance
(64, 65). Therefore, modulating NF«B activity through specific upstream activators
affects energy metabolism and insulin sensitivity.

1.5. The Pancreatic Islet: B-cell Nutrient Sensing and Insulin Release

The pancreatic islet is responsible for secreting peptide hormones such as insulin,
glucagon, amylin and somatostatin in response to nutrients. The pancreatic B-cell is the
site of insulin synthesis and release in response to glucose and to a lesser extent amino
acids and lipid.

Insulin is synthesized in pancreatic 3-cells as preproinsulin, stored in vesicles,
matured by a series of proteolytic cleavage steps and released upon nutrient stimulation
(66). In mature adult islets, insulin secretion occurs quickly after an acute bolus of
glucose. This secretion has been observed to occur in a biphasic nature in which the

primary response exhibits rapid kinetics followed by a second phase shows slower



12

kinetics of insulin release. These kinetics reflect two signaling pathways in the B-cell; the
first phase is Katp channel dependent while the second phase is Kap-independent (67).
These two pathways affect different pools of insulin. The first phase faciliates release of
the immediate early insulin pool while the second phase releases a slower release pool
from the pancreatic p-cells.

Chronically elevated circulating concentrations of nutrients such as glucose,
amino acids, lipids or a mixture of these adversely affects B-cell number and function.
The B-cell does not limit nutrient uptake and therefore is very sensitive to the damaging
effects of excessive mitochondrial respiration.

NFkB is a newly appreciated regulator of glucose-stimulated insulin release.
Work has demonstrated that inhibition of NFkB does not affect B-cell development but
inhibits glucose-stimulated insulin secretion (68). This occurs in the absence of
pathological inflammation demonstrating the role of NFkB in homeostatic cell function.
Therefore, inhibiting NFkB function can result in dysregulation of B-cell insulin
exocytosis in response to nutrient stimulants.

1.6. Ubiquitin and FAT10 Biology
1.6.1. The Ubiquitin System and Ubiquitin-like Molecules

Ubiquitin serves as a post-translational modification that determines the function,
cellular localization and the ultimate fate of proteins (69). Ubiquitin is a 76-residue
protein that forms iso-peptide bonds with its free C-terminal glycine to the e-amino group
of lysines on target proteins. Ubiquitin is conjugated to substrate proteins through a triad

of proteins known as ubiquitin conjugating enzymes designated E1, E2 and E3. The E3
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enzyme is responsible for the final step in covalent modification of the ubiquitin substrate
protein.

Over recent years the ubiquitin family has grown to include many ubiquitin-like
proteins, falling into two classes. The ubiquitin-binding proteins (UBPs), HDAC6 for an
example, contain ubiquitin binding domains and interact non-covalently with ubiquitin-
modified proteins (69). The second class of proteins comprises ubiquitin-like molecules
(ULMs) which include LC3, SUMO(1-3), ISG15, NEDDS8 and FAT10. Actions of ULMs
modulate such processes as cellular signaling, histone function, transcription factor
activity, vesicle transport, autophagy, and protein-protein interactions (70).

1.6.2. Ubiquitin System, Insulin Signaling and Metabolic Homeostasis

As mentioned, insulin is an anabolic hormone that affects a wide array of
metabolic pathways including protein synthesis, glycogen synthesis, cell division and
survival as well as translocation of intracellular glucose transporters to the plasma
membrane. Ubiquitin and ULMs regulate proteins responsible for systemic insulin
homeostasis and insulin receptor signaling (71). Insulin promotes anabolic action by
blocking protein breakdown and promoting synthesis. This is believed to be
accomplished by dissociating a protein known as the insulin degrading enzyme (IDE)
from the proteasome and selectively inhibiting proteolysis. As a negative feedback
mechanism to extinguish insulin signaling, IR endocytosis as well as IRS 1 and 2
degradation via the E3 ligases c-Cbl and SOCS 1/3, respectively, is an ubiquitin-mediated
process (72-74). FOXO proteins, which promote catabolic functions such as
glycogenolysis and lipolysis are negatively regulated by insulin, are ubiquitylated and

degraded (75). Concerning glucose transporter trafficking, GLUT4 degradation and
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targeting to the insulin responsive GLUT4 storage compartment in muscle and adipocyte
cells is regulated by the ULM SUMO (76). Therefore, a highly regulated system
involving ubiquitin and ULMs coordinates the anabolic actions of insulin while
safeguarding against over-active signaling. Pancreatic 3-cell function and glucose-
stimulated insulin secretion are also regulated by UMLs. SUMO1 impairs glucose-
stimulated secretion by blunting the B-cell excitotoxic response to calcium (77). In
summary, ubiquitin and UMLs have diverse functions in keeping fine control of insulin
receptor signaling as well as systemic insulin levels via regulating insulin receptor
signaling as well as insulin exocytosis from pancreatic -cells.
1.6.3. Ubiquitin and NFkB

Ubiquitin governs the NFkB signaling pathway in both proteolytic and non-
proteolytic capacities (78). Signals that activate the NFkB pathway, such as cytokines,
result in ubiquitin-dependent proteasomal processing of the [kB kinase which releases its
inhibitory hold on NF«kB (described above) allowing full NFkB activity. Additionally,
ubiquitin chains that do not result in protein degradation coordinate protein-protein
signaling interactions upstream of NF«xB promoting the signaling cascade. Therefore,
ubiquitin plays an important role in NFxB signaling in various cell types.
1.6.4. FATI0: Gene structure and localization

The human leukocyte antigen (HLA) F-adjacent transcript 10 (FAT10) was
discovered in a 280 Kb yeast artificial chromosome screen of the human HLA-F locus
(79). FATIO is located adjacent to the major histocompatability complex (MHC) class I
locus on human chromosome 6 and mouse chromosome 17. Examination of the FAT10

gene promoter reveals binding sites for interferon regulatory factors (IRF), AP-1, nuclear
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factor kappa b (NFkB) (Figure 1-3 (80)). [These features suggest FAT10 may play a role
in immune cell function and inflammation. Subsequent work demonstrates that FAT10 is
constitutively expressed in B-cells and mature dendritic cells, supporting evidence for a
role in immunity (81). However, the role FAT10 plays in cell biology has yet to be
accurately identified. ]

Consistent with these promoter elements FAT10 is highly up-regulated by the
inflammatory cytokines TNFa and IFNy (82). Additional work has demonstrated that
FATIO0 is a cell cycle regulated gene, is transcriptionally repressed by p53 and post-
translationally modifies p53 promoting transcriptional activity (83-85). These data
suggest FAT10 may play a role in cell fate decisions when faced with factors that
dysregulate cell cycle events and cellular homeostasis (viral infection, cancer

progression, genomic damage).
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Figure 1-3. FAT10 promoter region (80).
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1.6.5. FATIO0: Biological Role

The role FAT10 plays in cell biology has yet to be accurately identified. Studies
suggest that FAT10 can act as a non-covalent protein chaperone, a covalent enhancer of
transcriptional activity and a signal for protein degradation (83, 86, 87). Until recently,
ubiquitin has been the sole post-translational modification directing proteins to
proteasome degradation. Now it is known that FAT10 is a second signal for protein
degradation, challenging a well established paradigm of protein degradation. Early work
has suggested a role for FAT10 in B-cell and dendritic cell maturation, therefore a
putative immuno-modulatory protein (81). However, FAT10 is now known to be
expressed in most cells of the body and significantly up-regulated when exposed to
inflammatory cytokines TNFa and IFNy. Outside of a role in protein degradation, FAT10
modifies p53 and promotes its transcriptional activity. Because FAT10 is up-regulated in
inflammatory cancers and negatively regulated by p53, FAT10 may influence the balance
of cell fate decisions via modulating p53 activity.
1.6.6. Fatl0 and NFkB

Recently, FAT10 has been suggested to modulate NFxB activation (88) by an as-
yet undetermined mechanism. Specifically, FAT10 KO mice exhibit an impaired
response to TNFa challenge manifest by a decreased production of inflammatory
cytokines from the liver and kidneys (88). It was demonstrated that knock down of
FAT10 in renal cells impaired processing of IkBa accompanied by a decrease in NFxB
nuclear translocation and transcriptional activity. Exposure of peritoneal macrophages did

not inhibit nuclear translocation of NF«xB. The precise mechanism of how FAT10
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regulates this process was not elucidated in this study; however, this work suggests
FATI10 plays a role in NFxB activation in a cell specific manner.
1.7. Summary

Energy storage and homeostasis is profoundly influenced by adipose tissue
metabolism. Once believed to be an inert storage site for neutral lipid, adipose tissue has
emerged to be a potent regulator of systemic metabolism and insulin sensitivity through
modulating the release of FAs and adipokines. A dynamic interplay of signaling
pathways coordinates the adipocyte’s response to insulin. Post-prandial increases in
insulin promote energy storage while fasting decreases in insulin concentrations results in
lipid breakdown and release for energy in peripheral metabolic tissues. Nutrient intake
modulates the release of insulin from pancreatic B-cells thus initiating the resulting
physiological outcomes of insulin action. Both impairment of insulin release from B-cells
or resistance to insulin signaling post-receptor binding will result in enhanced catabolic
activity in adipocytes. This can directly affect the body’s ability to respond to nutrient
flux from adipocytes. Healthy peripheral tissues have the ability to handle an increased
flux of FAs from adipose tissue by increasing metabolism of these substrates. However,
in insulin resistance tissues, these actions are impaired. Understanding the genetic factors
that affects insulin release and action are important for therapies in individuals that have

genetic mutations in components of these pathways.



18

Chapter 11

RESEARCH DESIGN AND METHODS
Mice
All experiments were performed in accordance with the Institutional Animal Care
and Use Committee of the National Institutes of Health guidelines for the care and use of
laboratory animals. FAT10 KO mice were obtained from Allon Canaan (Yale University,
New Haven, CT) and re-derived at the Tufts Medical Center Core Transgenics Facility
(Tufts University, Boston, MA). After re-derivation, mice were re-located to the
Comparative Biology Unit at the JM USDA HNRCA at Tufts University. WT and KO
lines were generated from mating heterozygous mice from the FO generation. WT and
KO offspring (F1) from this generation were back-crossed at least 7 generations.
Generation of the FAT10 KO mouse has been previously described.
FATI10 KO and WT mice were weaned at 17 days of age and maintained on standard
chow diet (Harlan-Teklad 2016S) for the extent of the study. All animals were housed in
an AAALAC-approved animal facility with 12-h light/dark cycles and given free access
to water and food. Mice were checked daily and body weight and body composition were
monitored weekly to track adiposity. At twelve weeks of age, sub-sets of wild type mice
and FAT10 KO mice were taken for physiological testing (Insulin tolerance test (ITT)
and glucose tolerance test (GTT)), metabolic chamber analysis for assessment of energy
expenditure and MRI analysis for final body composition. After a recovery period of at
least two days (determined by return to body weight prior to physiological testing
assessed by weighing and MRI), mice were sacrificed for blood and tissue collection.

Epidydimal white adipose tissue (eWAT), quadriceps, liver, pancreas and brown adipose
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tissue were taken at harvest. Tissues were snap frozen in liquid nitrogen or fixed for

histological analysis.

Diet Time Course
Diet SEEEEEE—

Cohorts WeekBirth1 2 3 4 5 6 7 8 9 10 11

NDWT
ND FAT10 KO

Starting at 12
weeks of age

Figure 2-1. Study Design for Study #1.
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For Study #2, mice were put on high fat diet (Research Diets) at 12 weeks of age for 12-

16 weeks. A subset of FAT10 KO mice were kept on study in order to determine if KO

mice would gain as much fat mass as WT mice (These WT mice will be kept on diet only

for 12 weeks; therefore, FAT10 KO mice will be evaluated for additional fat gain as to

match the total fat of WT mice at 12 weeks of age). Mice from both genotypes were

sacrificed for blood and tissue collection at 12 weeks (except for the additional FAT10
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mice kept on diet). Epidydimal white adipose tissue (eWAT), quadriceps, liver, pancreas
and brown adipose tissue were taken at harvest. Tissues were snap frozen in liquid

nitrogen or fixed for histological analysis.

Diet Time Course
Diet —_———d

Cohorts Week 1 2 3 4 56 78 9 10 11 12
HFDWT

HFD FAT10 KO
Starting at 12
weeks of age
Iicewere takerfor | alowFATIOKO
Metabollc chamber Mmice were :
analysis Final MRI data t“;'::;"“m‘:’::re
ey opeifor collection mice will gain as
3days
Insulln ToleranceTest  Muchtotalfat as
n=3{genotype WTmice
Glucose Tolerance Test
n=3igenotype
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blood and tissue
collection aftermice
recovared from tests
(~2 days;
n=8/genotype)

Figure 2-2. Study Design for Study #2. High fat feeding of WT and FAT10 KO mice.

Real Time PCR studies (Study #1 and #2)

All tissues were dissected, snap-frozen in liquid nitrogen, and stored at —80°C. Total
RNA was extracted with RNeasy Lipid Mini Kit (Qiagen, Valencia, CA) and quantified
(Nanodrop, Thermo Scientific, Wilmington, DE). One microgram of RNA was used as a
template for reverse transcription for cDNA synthesis (Promega, Madison, WI). The
cDNA product was diluted 1:5 and analyzed by SYBR Green real-time PCR on an

Applied Biosystems 7300 Real-time PCR system. Fold expression relative to an
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endogenous control gene (cyclophilin A, cyclophilin B and/or 18S) was calculated as
2—AACt using mice fed the chow diet as the “comparer.” All primer sequences are listed
in the appendix.

Adipocyte sizing (Study #1 and #2)

Mice were killed by cervical dislocation following CO2 narcosis. Epididymal AT (eAT)
were dissected, fixed, embedded in paraffin, and sectioned. Digital images were acquired
with an Olympus DX51 light microscope. For each mouse, morphometric data were
obtained from digitized tracings of >500 adipocytes from 3 or more sections cut at least
50 um apart. Adipocyte size was calculated as described. Adipocytes were binned into
size classes by calculating total cells counted and dividing that into the number of
adipocytes present in each size class to generate a percentage of cells per size class.
Intraperitoneal insulin and glucose tolerance tests (Study #1 and #2)

Insulin tolerance tests (ITTs) were performed on food-deprived (6 h), nonanesthetized
mice. Glucose measures were obtained from whole tail vein blood using an automated
glucometer at baseline and at 30, 45, 60, and 90 min following intraperitoneal injection of
human insulin (either 0.75 or 1.0 mU/kg). Glucose tolerance tests (GTTs) were
performed on food-deprived (12 h), non-anesthetized mice. Glucose measures were
obtained similar to the ITT with the following changes. Blood glucose was measured at
baseline, 3, 7, 15, 30, 60, 90 and 120 min following intraperitoneal injection of 2 mg/kg

glucose bolus. Whole tail vein blood (30 uL) was sampled at baseline, 3, 7, 15 and 30

min in order to measure insulin in a subset of mice from the GTT.

Insulin Signaling Experiments (Study #1)
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For assessment of insulin signaling in adipose, liver, and muscle tissues, mice were fasted
in the morning for 6 h followed by and IP injection of either saline or insulin (1.0 U/kg).
Mice were sacrificed by CO2 narcosis followed by cervical dislocation 10 m post
injection and tissues were harvested and immediately snap-frozen in liquid nitrogen.

Tissues were homogenized in the appropriate lysis buffer and 15-20 ug of lysate protein

was analyzed by SDS-PAGE analysis.

Antibodies (Study #1)

Rabbit polyclonal antibodies anti-AKT (9272), anti-pAKT (9271), anti-ACC (3662), anti-
pACC were purchased from Cell Signaling Technologies (Danvers, MA). Goat
polyclonal anti-Glut4 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Perilipin was made in house. Phospho-perilipin was made (S522) was made at Vala
Sciences by request.

Metabolic Studies (Study #1 and #2)

Studies were performed on mice at 12 weeks of age on a chow diet and housed in TSE
metabolic chambers (TSE Instruments; See study design above). The TSE system
simultaneously and continuously monitored food intake, oxygen consumption, and CO2
production. Data were collected for 72 h, during which time mice had free access to food
and water. The first 24 h were considered an acclimation period and excluded from
analyses. Data were sampled every ten minutes over the data collection time course.

For each animal in Study #1, six values were averaged and these data are representative
of 24 h metabolic rate clearly divided into night and day cycles. Energy balance was

calculated by taking absolute energy expenditure (kcal) and subtracting total calories
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consumed (kcal). Positive energy balance promotes weight gain while negative energy
balance promotes weight loss.

Isolation of Pancreatic Insulin Content (Study #1)

Total pancreatic insulin content was recovered from pancreata of mice fed for 4 h. Entire
mouse pancreas (~ 0.90-1.30 g) was placed into 5 mL of Acid-Ethanol solution (1.5%
HCl in 70% EtOH) followed by an overnight incubation at -20C. Tissue was
homogenized in Polytron homogenizer and then placed back at -20C overnight. The
following day lysates were centrifuged at 2000 rpm for 15 m at 4C (Beckman GS-6R).

100 uL of the Acid-Ethanol solution was neutralized with 100 uL of 1M Tris-HCI pH

7.5. Samples were then further diluted 1:100 and analyzed with an mouse insulin ELISA
(CrystalChem, Downers Grove, IL). Total pancreatic insulin was normalized to total
pancreas weight.

Isolation of total liver and muscle glycogen (Study #1)

Total liver and muscle glycogen was extracted and quantified using the EnzyChrom
Glycogen Assay Kit from Bioassay Systems (Hayward, CA). Briefly, frozen liver
samples (~20 mg) were homogenized in PBS with 10mM EDTA. The sample was placed
in 1 mL of buffer and then sonicated. Liver lysate was diluted 1:10 prior to
spectrophotometric assay. Total glycogen was normalized to tissue weight.

Isolation of total liver and muscle triglyceride (Study #1 and #2). Total triglyceride
was extracted as follows. From liver and muscle, ~20 mg of sample into 1 mL PBS-10
mM EDTA buffer. Samples were then sonicated 15-30s each. Protein concentration was
determined by the BCA assay. A total of 3 ul of samples (in triplicate) were used for

protein determination. Following the protein determination, calculate amount of
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homogenate volume equivalent for 25 ug of protein. All tubes are rinsed with heptane the

previous day and allow to evaporate in a fume hood. Sample was added in volume equal

to 25 ug of protein in a total volume of 200 uL of PBS-10 mM EDTA, pH 7.4. Each

sample was then mixed by vortexing. The 200 uL volume was then added to 2 ml of

isopropanol-hexane-water (IHW- 80:20:2 v/v/v). Tubes were then covered with

aluminum foil and were allowed to incubate for 30 minutes at room temperature. To the

2.2 mL volume add 500 ul of hexane-diethyl ether (1:1) to each tube and mix by

vortexing followed by a 10 minute incubation at room temperature covering the tubes
with aluminum foil. Following, 1 ml of water was added to separate phases and samples
were mixed by vortexing. Samples were covered with aluminum foil and were allowed
to incubate for ~20 minutes at room temperature. From the top of the organic phase
pipette ~900 uL into the corresponding 4 mL glass vial with screw on top. The organic
phase was evaporated with nitrogen at 100-kPa/14.0 p.s.i. At <100 degrees C.
Triglyceride content was determined spectrophotometrically using a commercially
purchased kit from Wako.

Adipocyte lipolysis (Study #1)

Mice between 10-12 weeks of age were used for lipolysis experiments. Mice were
sacrificed in the fed state at 9 am the morning of the experiment. Approximately 2 g of
adipose tissue was isolated from KO and WT mice and placed in 5 mL of KHB buffer
supplemented with 4% BSA, glucose and adenosine. Tissue was minced into
approximately 10-20 mg pieces and Type II Collagenase (Worthington) was added for a
final concentration of 1 mg/mL (255 U/mg). Tissue was incubated with shaking in a 37C

water bath for up to 1 h. Digested tissue was poured into a cut-off 10 mL syringe and
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filtered through 255 uM sterile nylon mesh. Cells were washed 3x’s with fresh KHB
buffer by centrifugation (500 g for 1 m). Cells were re-suspended in 10 mL of KHB.
While swirling, 500 uL of cell suspension were aliquoted to treatment tubes containing
2.5 mL of KHB supplemented with PIA, ADA, ISO and/or insulin in duplicate.
Additional 500 uL of cell suspension was set aside for total lipid isolation as well as cell
sizing. Treatment tubes were incubated for 2 h at 37C in a shaking water bath. The
lipolysis reaction was extinguished by placing the cells on ice for 5 minutes after the 2 h
incubation. A volume of 500 uL from each replicate of each treatment was removed and

saved for the glycerol assay. Glycerol was measured spectrophotometrically using

Glycerol reagent (Sigma, St. Louis, MO).
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Abstract

The human leukocyte antigen (HLA) F-adjacent transcript 10 (FAT10),
diubiquitin, class I gene is recognized as an inflammation inducible transcript in human
cancers and inflammatory diseases. Here we demonstrate a surprising role for FAT10 in
the regulation of energy metabolism, fuel partitioning and insulinotrophic axis. In mice
fed a normal diet, we demonstrate that FAT10 is expressed during normal AT growth.
FATI10 KO mice have reduced adiposity and burn more calories (enhanced energy
expenditure) compared to WT mice without decreasing caloric intake or increasing
exercise. Using indirect calorimetry, we demonstrate that FAT10 KO mice preferentially
burn lipid. Skeletal muscle exhibits increased expression of lipid burning genes. This
response appears to be due to increased circulating fatty acids derived from AT release
(lipolysis). FAT10 KO mice have constitutively low circulating insulin that may be
permissive for the observed enhanced adipose tissue lipolysis. This model suggests that
increases in lipolysis are due to decreases in available circulating insulin. The enhanced
lipid burning in muscle is in response to the fatty acid load in the blood from AT
lipolysis. We propose that FAT10 is a novel gene that influences systemic energy
metabolism. Since FATI1O0 is associated with increased risk for chronic disease (diabetes,
cancer, HIV associated nephropathy) and is interactive with key cellular regulators (p53
and NF«B), this work opens new avenues for further investigation of the tissue-specific

biological function of FAT10.
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Introduction

Adipose tissue (AT) an important regulator of whole body lipid and energy
metabolism directly influencing systemic insulin sensitivity and inflammation via release
of adipokines and fatty acids (FA) (35). Adipose tissue metabolism can be influenced by
both dietary and genetic factors. Excess dietary caloric intake increases adipose mass,
inflammation and obesity-associated pathologies while genetic lipodystrophies deceases
adipose tissue mass and increases inflammation. Inflammatory mediators (TNFa, IL6,
IL1PB) and their effector signaling pathways such as c-Jun N-terminal Kinase (JNK) and
Nuclear Factor k¥ B (NFkB) play important roles in the development of adipose tissue
dysfunction and insulin resistance in both obesity and genetic lipodystrophies (61, 89-
93). However, a role for these mediators and pathways in non-pathological, homeostatic
regulation of AT is now becoming more evident as ablation of cytokines or pathway
components of inflammatory signaling can either promote or inhibit adipose tissue
growth in the absence of diet-induced obesity (64, 94-96).

FATI10 is a MHC Class I-associated gene that is dramatically up-regulated in
response to inflammatory cytokines (TNFa and IFNYy) in both immune and non-immune
cell types (81, 97). Recently, deletion of the FAT10 gene in mice has demonstrated an
impaired response to TNFa stimulation and in vitro gene knock-down was shown to
attenuate cell-specific NFkB activation (88). In other studies, gene array profiling has
revealed dramatic up-regulation of FAT10 expression in AT of a mouse model of
lipodystrophy and down-regulation of expression in AT of calorically restricted animals
(92, 98). Therefore, the FAT10 gene is expressed in AT of mice and responds to changes

in AT inflammation, metabolism and mass.
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Currently, the role of FAT10 in physiological adipose tissue growth and
metabolism has not been investigated. We took advantage of FAT10 KO mice to
investigate the role of FAT10 in the regulation of body composition and adipose tissue
mass. Increases in FAT10 expression is correlated with adipose tissue growth in WT,
normal-diet fed mice. FAT10 KO mice revealed a substantial decrease in adiposity due in
part to smaller adipocytes with concomitant increases in energy expenditure. FAT10 KO
mice have a preference for burning fatty acids during the light phase and this is supported
by increases in circulating FAs as well as in basal and stimulated in vitro lipolysis. Fat10
KO mice have constitutively lower circulating insulin concentrations during fasting and
fed states indicating that the enhanced energy expenditure and catabolic state of the KO
mice may be secondary to decreased insulin concentrations. Deletion of the FAT10 gene
in mice results in dramatic changes in energy homeostasis.

Materials and Methods

Mice

FATI10 KO, fixed on a C57bl/6 background were obtained from Yale University (New
Haven, CT) and re-derived at the Tufts Medical Center Core Transgenics Facility (Tufts
University, Boston, MA). After re-derivation, heterozygotes re-located to the
Comparative Biology Unit at the JM USDA HNRCA at Tufts University. WT and KO
founders were generated from 12 heterozygous mating pairs. These founders were used
to generate WT and KO lines. Generation of the FAT10 KO mouse has been previously
described (80).

Intraperitoneal insulin and glucose tolerance tests
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Insulin tolerance tests (ITTs) were performed on food-deprived (6 h), nonanesthetized
mice. Glucose measures were obtained from whole tail vein blood using an automated
glucometer at baseline and at 30, 45, 60, and 90 min following intraperitoneal injection of
human insulin (either 0.75 or 1.0 mU/kg). Glucose tolerance tests (GTTs) were
performed on food-deprived (12 h), non-anesthetized mice. Glucose measures were
obtained similar to the ITT with the following changes. Blood glucose was measured at
baseline, 3, 7, 15, 30, 60, 90 and 120 min following intraperitoneal injection of 2 mg/kg

glucose bolus. Whole tail vein blood (30 uL) was sampled at baseline, 3, 7, 15 and 30

min in order to measure insulin in a subset of mice from the GTT.

Insulin Signaling Experiments

For assessment of insulin signaling in adipose, liver, and muscle tissues, mice were fasted
in the morning for 6 h followed by and IP injection of either saline or insulin (1.0 U/kg).
Mice were sacrificed by CO2 narcosis followed by cervical dislocation 10 m post
injection and tissues were harvested and immediately snap-frozen in liquid nitrogen.

Tissues were homogenized in the appropriate lysis buffer and 15-20 ug of lysate protein

was analyzed by SDS-PAGE analysis.

Antibodies

Rabbit polyclonal antibodies anti-AKT, anti-pAKT and anti-IRp} were purchased from
Cell Signaling Technologies (Danvers, MA). Goat polyclonal anti-Glut4 was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Metabolic Studies

Indirect calorimetry was performed as previously described (99).

Body Composition
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Body weights were measured weekly and body composition was determined weekly
using nuclear magnetic resonance technology (EchoMRI-100; Echo Medical Systems,
Houston, TX).

Real Time PCR

All tissues were dissected, snap-frozen in liquid nitrogen, and stored at —80°C. Gene
expression analysis was performed as previously described (99). All primer sequences are
listed in the data supplement.

Pancreatic Insulin Content

Total pancreatic insulin content was recovered from pancreata of mice fed for 4 h. Entire
mouse pancreas (~ 0.90-1.30 g) was placed into 5 mL of Acid-Ethanol solution (1.5%
HClI in 70% EtOH) followed by an overnight incubation at -20C. Tissue was
homogenized in Polytron homogenizer and then placed back at -20C overnight. The
following day lysates were centrifuged at 2000 rpm for 15 m at 4C (Beckman GS-6R).

100 uL of the Acid-Ethanol solution was neutralized with 100 uL of 1M Tris-HCI pH

7.5. Samples were then further diluted 1:100 and analyzed with a mouse insulin ELISA
(CrystalChem, Downers Grove, IL). Total pancreatic insulin was normalized to total
pancreas weight.

Liver and muscle metabolites

Total liver and muscle triglyceride were extracted and quantified as previously described
(100) and glycogen was extracted and quantified with the Enzychrom Glycogen Kit per
manufacturer’s instructions (Bioassay Systems).

Adipocyte lipolysis
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Adipocyte lipolysis was performed as previously described (101). Glycerol was measured
spectrophotometrically using Glycerol reagent (Sigma, St. Louis, MO).
Statistical Analysis
Data are presented as mean = SE. Data were determined to have a normal distribution
with equal variance, and statistical differences were determined by PROC TTEST or
PROC GLM using the Tukey least significant differences test with SAS v9.2 (Cary, NC).
Significant differences were determined between groups at p<0.05.
Results
FAT10 is expressed in visceral AT and is up-regulated with normal AT growth in
C57Bl/6 mice

FATI10 gene expression [is highly up-regulated in mouse models of AT
lipodystrophy and down-regulated during calorie restriction (92, 98), we wanted to
determine if expression was modulated by non-pathological, normal AT growth.]
Between 6-18 weeks of age, as mice accrue epidydimal adipose tissue mass there is a
significantly correlated increase in FAT10 expression (Figure 3-1A-C). Because of the
heterogenous composition of AT, we wanted to identify the cellular source of FAT10 is
expressed in T-cells, dendritic cells, macrophages and B-cells (81, 87), we therefore
determined if the source of FAT10 expression in adipose tissue was due to presence of
immune cells. Separation of adipocytes from SVCs followed by real time PCR indicates
that both adipocytes and stromal vascular cells both express FAT10, but adipocytes
adipocytes express ~1.8 fold higher expression than the SVC fraction (Figure 3-1D). To
more closely examine FAT10 expression in adipocytes, we used 3T3-L1 cell line.

Consistent with these data, FAT10 expression increased during differentiation of 3T3-L1
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cells. Additionally, when compared to other metabolic tissues, FAT10 expression was
highest in white adipose tissue (Figure 3-1E).
FAT10 KO mice have reduced adiposity

To investigate the role of FAT10 in vivo, we obtained FAT10 KO mice and
examined their AT. We acquired FAT10 KO mice and determined body weight as well as
lean and fat mass by MRI of 12 week old, male KO and WT mice (Figure 3-2). There
was no difference in total lean mass; however, total body weight was reduced by ~1 g in
KO mice due to the reduction of 50% loss of body fat (Figure 3-2A). Therefore, the
difference in body weight was can be accounted for by the decreased fat mass of the KO
mice. Histological examination of epidydimal adipose tissue revealed a reduction in
adipocyte size (Figure 3-2B). The distribution of cell size revealed a greater proportion
on adipocytes in smaller size classes (0-3000 pm?) while virtually absent from larger size
classes (3000-5000 pm?). However, there was no difference in cell number between
genotypes (data not shown). Therefore, reduced adiposity in FAT10 KO mice is due in
part to decreased adipocyte size.

Previous studies have demonstrated that alterations in adipocyte size have been
correlated with adipocyte specific gene expression patterns of adipokines. Consistent
with reduced adipocyte size, epidydimal adipose tissue gene expression of leptin was
decreased while adiponectin was increased (Figure3- 2C).

Increased energy intake and expenditure in FAT10 KO mice

Surprisingly, reduced adiposity was associated with higher energy intake in the

FAT10 KO mice. Assessment of energy intake revealed that FAT10 KO mice consume

equal amount of calories as WT mice; moreover, when normalized to body weight
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FATI10 KO mice consume 10% more calories than WT mice (Figure 3-3A). Because
FATI10 KO mice have reduced adiposity despite equivalent or slightly higher energy
intake, we hypothesized that FAT10 mice would have increased energy expenditure.
Indirect calorimetry revealed that FAT10 KO expend more energy (increased VO2 and
VCO2) in both night and day cycles (Figure 3-3B). Moreover, enhanced energy
expenditure is not due to increased locomotor activity, as KO mice have slightly reduced
activity during the day (Figure 3-3D).

Since, FAT10 KO mice do not consume more calories and have increased energy
expenditure, one would predict that FAT10 mice have alterations in energy balance, the
difference between energy intake and energy expenditure. FAT10 KO mice are in more
negative energy balance during the light phase (Figure 3-3C). These data suggest that the
lean phenotype of the FAT10 mice reflects a greater negative energy balance during the
light phase.

Normally during the light phase, decreased food intake reduces the respiratory
energy ratio, an indices of carbohydrate (RQ = 1.0) and fat (RQ = 0.7) utilization,
indicating a preferential use of fat during the light phase. FAT10 KO mice have a
significantly lower RQ during the light phase compared to WT mice (p = 0.05) thus
indicating increased fatty acid utilization (Figure 3-3G).

Increased in the KO mice could reflect an increased thermogenic demand. To
assess the potential of adaptive thermogenesis we housed FAT10 KO and WT mice at
thermoneutrality (30°C) for 5 weeks and assessed body weight and fat gain. Both KO and
WT mice gained both weight and fat at thermoneutrality; however, KO mice gained less

of each (Supplementary Figure 3-1S) indicating that the increased energy expenditure in
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KO mice is not due to adaptive thermogenesis. Consistent with these results, body
temperature of KO and WT mice were not significantly different (data not shown).
FAT10 KO mice have an enhanced adipocyte lipolytic program

Decreased adiposity reflects the relative contribution of lipid synthesis
(anabolism) or an enhancement of lipolysis (catabolism) in AT. The RQ suggested that
the decrease in adiposity reflected an enhanced catabolism of adipocyte triglyceride.
Therefore, we performed functional ex vivo lipolysis assays on isolated adipocytes.
Lipolysis assay results indicate that FAT10 KO mice have increased basal as well as
stimulated lipolysis compared to WT mice (Figure 3-4A). This data is supported in vivo
evidence by an increase in perilipin phosphorylation during fasting, a metabolic state that
promotes lipolysis (Figure 3-4A). performed gene expression analysis in order to
determine if genetic pathways involved in adipocyte lipid metabolism were altered in KO
mice. Genes encoding Lipe (HSL) and PNPLA2 (ATGL) were up-regulated in adipose
tissue of 12 h fasted KO mice supporting an enhanced lipolytic tone (Figure 3-4B).

Lipolysis is associated with triglyceride cycling (re-esterification) and B-oxidation
within adipocytes (102, 103). Consistent with enhanced adipocyte hypothesis (above),
genes involved in both triglyceride biosynthesis and f-oxidation were up-regulated in AT
(Figure 3-4C). To further investigate a possible role for f-oxidation, we measured total
and phosphorylated ACC1 protein levels. There was a 48% increase in phosphorylated
ACCI1 suggesting an increase in lipid partitioning to the mitochondria (Figure 3-4C).
These data together support that enhanced lipolysis is accompanied by increases in

adipocyte -oxidation.



36

Decreased skeletal muscle TAG and increased oxidative metabolic gene expression
in quadriceps of FAT10 KO mice

As it appears, FAT10 KO mice prefer the use of FA as a metabolic substrate;
therefore, we examined expression of markers of f-oxidation in quadriceps of FAT10 KO
and WT mice. Figure 3-5A shows that FAT10 KO mice have significant increases in
genes involved in fatty acid catabolism (ACOX, ACOT1, ACOT3, PPARa) as well as
up-regulation in genes involved in energy uncoupling (UCP2 and UCP3) (Figure 3-5A).
Interesting, genes involved in fatty acid synthesis are also up-regulated. These data taken
together suggest that the skeletal muscle in FAT10 KO mice have the increased capacity
for fatty acid use. Additionally, it appears that increases in fatty acid synthesis may
parallel the need for increased substrate that may be directly partitioned for oxidative
metabolism.

Increased lipolysis may result in accumulation of ectopic lipid in peripheral
metabolic tissues. Triglyceride measurements in liver revealed no difference in total lipid
between genotypes (Figure 3-5B). However, in skeletal muscle there was decreased lipid
in KO mice (Figure 3-5B). These data show that the increased lipolysis exhibited by KO
AT does not result in accumulation of lipid in peripheral tissue; moreover, the decrease in
skeletal muscle lipid suggests this tissue contributes to fatty acid utilization.
Hypo-insulinemia and insulin sensitivity in FAT10 KO mice

Triglyceride storage reflects the net balance of lipolytic inputs and anti-lipolytic
inputs. Insulin inhibits lipolysis and promotes fat storage in adipocytes. Accordingly we
investigated insulin secretion and insulin action in FAT10 KO mice. We measured

insulin in the fasted and fed state and observed a 50% reduction in insulin (Figure 3-6A).
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Yet despite this blood glucose was maintained at a lower concentration (Figure 3-6A).
We therefore investigated insulin sensitivity in these mice.

KO mice were more insulin sensitive evidenced by enhanced glucose clearance
during an IPITT when adjusted for baseline glucose concentrations (Figure 3-6B). Insulin
signaling in AT, liver and quadriceps revealed enhanced AKT phosphorylation in the KO
mouse (Figure 3-6C) supporting the IPITT data.

Enhanced glucose tolerance, decreased pancreatic insulin secretion and altered
pancreatic Islets in FAT10 KO mice

To assess sensitivity to endogenous insulin levels, IPGTT tests were performed in
12 h fasted mice. KO mice maintained significantly lower glucose levels throughout the
entire GTT as assessed by AUC analysis (Figure 3-7A). Insulin levels were significantly
reduced in the KO mice at baseline and throughout the first 30 m of the GTT (Figure 3-
7A).

Decreased circulating insulin in the fed state can be a result of a defect in
pancreatic B-cell number, insulin synthesis and/or insulin vesicle exocytosis. Examination
of total pancreatic insulin content revealed KO mice have significantly, although slightly
decreased pancreatic insulin levels when adjusted to total pancreatic weight. Histological
examination of Islets revealed no abnormal morphology. However, average Islet area was
decreased by 27% in the KO mouse pancreas (Figure 3-7B). Therefore, the constitutively
low circulating insulin may result from decreases in total Islet area.

Discussion
In this study, we demonstrate that FAT10 gene expression increases with normal

adipose tissue growth. AT is known to be composed of a highly heterogeneous
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population of cells that include adipocytes and SVCs. Because the expression of FAT10
was originally described in hematopoietic immune cells (81, 108), the increase in AT
FATI10 expression could be due in part to increased expression in immune cells.
Interestingly, FAT10 gene expression was ~3-fold higher in adipocytes compared to the
SVCs suggesting that the increase in FAT10 expression is contributed by the adipocytes
rather than immune cells. These findings prompted our group to investigate the potential
role FAT10 plays in AT tissue growth and metabolism as well as body composition by
metabolically phenotyping FAT10 KO mice.

Work first describing the FAT10 KO phenotype did not evaluate body
composition or energy metabolism (80). This current study demonstrates that in the
absence of FAT10, mice on a normal diet exhibit changes in body composition, whole
body energy expenditure and adipose tissue metabolism. At 12 weeks of age, KO mice
had ~50% decreased adipose tissue mass compared to WT mice and this difference was
due in part to a smaller proportion of adipocytes. Several knockout mouse models that
exhibit decreased adiposity also had substantial increases in energy expenditure and food
intake (95, 109-111). The reduced fat mass in FAT10 KO mice were associated with
increases in energy expenditure; however, food intake adjusted for body weight showed a
modest 10% increase. Furthermore, KO mice did not exhibit increased locomotor activity
indicating that enhanced energy expenditure is due to an intrinsic mechanism of substrate
utilization.

During the day cycle FAT10 KO mice have significantly lower RQ values
indicating a preference for metabolizing fatty acids. This can be achieved by increasing

adipocyte lipolysis and burning fatty acids within the adipose tissue or in peripheral
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metabolic tissues such as muscle and liver (102). Both basal and stimulated lipolysis was
increased in KO mice suggesting enhanced lipid flux. Additionally, fasting circulating
NEFA concentrations were slightly elevated supporting a role for increased lipid release
from adipocytes. Adipocytes from KO mice up-regulated genes involved in f-oxidation
and had an increased proportion of phosphorylated ACC1 suggesting a proportion of the
lipid released from lipolysis was being oxidized within adipocytes. With reduced adipose
tissue, FA can be shunted to peripheral metabolic tissues and stored as ectopic lipid
interfering with insulin sensitivity (112). Inspection of skeletal muscle and liver
triglyceride reveal no signs of ectopic lipid deposition and moreover suggest that muscle
may also be involved in fatty acid utilization in this model.

In respect to insulin sensitivity, KO mice exhibited enhanced insulin sensitivity.
Glucose tolerance was improved in KO mice. Paradoxically, insulin concentrations
during the first and second phase insulin release during the GTT indicate that KO mice
clear glucose with significantly lower insulin. To test insulin release under physiological
conditions, mice were re-fed for 4 hours and circulating insulin concentrations were
measured. Re-fed KO mice exhibited lower insulin concentrations as well as decreased
blood glucose. These data suggest that KO mice maintain glycaemia with reduced
insulin. The GLUT4 transgenic (113) mice both exhibit improved glycemic control,
decreased insulin concentrations and increased lipolysis resulting in high circulating fatty
acids during fasting. Therefore, other KO models provide evidence where low insulin
concentrations result in increased lipolysis.

Due to constitutively low insulin levels, we investigated whether islets from KO

mice were altered. We began by measuring total pancreatic insulin concentrations
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demonstrating that KO pancreata had slight but significant decreases in insulin. We next
examined pancreatic Islet area and discovered that KO mice have 27% reduced total islet
area. Islet number between genotypes was not different. These data suggests that KO
mice are able to maintain reduced blood glucose levels in the presence of markedly
reduced insulin levels, an observation made in several other mouse knockout models
(104-107).

As FAT10 is an ubiquitin-like molecule, it is of great importance to determine
substrates that FAT10 covalently modifies. Recent work has demonstrated FAT10
modifies p53 and increases its transcriptional activity (83). P53 is known to affect energy
sensing and cell growth pathways and is a viable target to investigate the biochemical
function of FAT10. Additional work has demonstrated FAT10 is involved upstream of
NF«B activation; however, no substrates were identified in this study (88). NF«kB has
been demonstrated to be necessary for glucose-stimulated insulin secretion from B-cells.
Therefore, the primary site of FAT10 activity in normal, physiological processes may
facilitate normal B-cell insulin release via promoting activation of the NF«xB pathway.

In conclusion, genetic deletion of the FAT10 gene results in mice that have
reduced adiposity and enhanced energy expenditure. Adipocytes from KO mice exhibit
increased lipolysis, prefer FAs during the day as a metabolic substrate, up-regulate genes
involved in B-oxidation and have increased phospho-ACCl1 protein in AT. Taken together
these data suggest that FAs released from lipolysis are oxidized within AT and possibly
skeletal muscle. Decreased Islet area in KO mice in conjunction with slightly reduced
total pancreatic insulin may result in constitutively low circulating insulin concentrations.

This low circulating insulin may be the primary cause of enhanced lipolysis while
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peripheral metabolic tissues adapt by increases substrate utilization. Since FAT10 is
associated with increased risk for chronic disease (diabetes, cancer, HIV associated
nephropathy) and is interactive with key cellular regulators (p53 and NF«B), this
molecule may orchestrate aspects of glucose and fatty acid metabolism in the diseased

state.
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Figure 3-1. FAT10 gene expression is associated with adipose tissue growth in mice.
A) eat weight of WT mice over 12 weeks on normal diet. B) FAT10 gene expression in
eWAT from WT mice at indicated time points. C) FAT10 gene expression is associated
with adipose tissue growth. D) FAT10 gene expression in isolated adipocytes and SVCs.
E) FAT10 gene expression in eWAT, iWAT, BAT, pancreas, liver and muscle. Data are

expressed as mean + SEM (n=6-8 mice/genotype). *, P < 0.05.
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Figure 3-2. Body composition of WT and FAT10 KO mice. A) Top, Total lean mass
and body weight of WT (black bars) and FAT10 KO (white bars) mice at 12 weeks of
age. A. Bottom, Total body fat and adiposity of WT and KO mice. B) Histology of
epidydimal adipose tissue and cell size distribution. C) Gene expression. Data are

expressed as mean + SEM (n=6-8 mice/genotype). *, P < 0.05.
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Figure 3-3. Energy expenditure analysis. A) Total and body weight-adjusted energy
intake in night and day cycles. B) Oxygen consumption, Co, release, energy expenditure,
energy balance, activity and RQ over 24 hours of WT (closed circles) and KO (open

circles). Data are expressed as mean £ SEM (n=8 mice/genotype). *, P < 0.05.
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Figure 3-4. FAT10 KO mice exhibit enhanced AT lipolysis. A) Lef?, Basal and
stimulated lipolysis from isolated adipocytes and Right, Phosphorylated and total
perilipin protein. B) Gene expression of lipolytic mediators. C) Lef, Genes involved in
TAG biosynthesis. Middle, Genes involved in -oxidation and uncoupling. Right,
Phosphorylated and total ACC protein. Data are expressed as mean £+ SEM (n=5-8

mice/genotype). *, P <0.05.
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Figure 3-5. FAT10 KO mice have decreased skeletal muscle TAG content with
increases in lipid oxidative genes. A) Gene expression analysis of lipid metabolizing
and oxidative gene expression. B) Left, Total liver triglyceride content and Right, Total

muscle triglyceride content. Data are expressed as mean = SEM (n=5-8 mice/genotype).

*, P <0.05.
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Figure 3-6. FAT10 KO mice exhibit enhanced insulin sensitivity and glucose
tolerance. A) Fasting and fed insulin and blood glucose concentrations. B) Insulin
tolerance test and A.U.C. C) AKT signaling in AT, liver and quadriceps from mice
administered an IP bolus of either insulin (0.75U/kg) or saline. Data are expressed as

mean £ SEM (n=5-6 mice/genotype). *, P < 0.05.
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Figure 3-7. FAT10 KO mice have lower insulin concentrations in fasting and fed
state and reduced total Islet area. A) Top, Intraperitoneal glucose tolerance test
(IPGTT) and A.U.C. Bottom, Insulin concentrations during the [IPGTT and A.U.C. B)
Insulin concentrations for total pancreatic extraction. C) Histology of pancreatic Islets
and Islet area. Data are expressed as mean = SEM (n=4-6 mice/genotype). Scale bars

represent 100 um. *, P < 0.05.
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Figure 3-1s
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Figure 3-1S. FAT10 KO mice do not exhibit increased fat gain at thermoneutrality.
Left, Body weight gain as a percentage of baseline and Right, Fat gain as a percentage of

baseline (n=8 mice/genotype).
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3.2. FAT10 KO Mice are Protected from Insulin Resistance but not Obesity on a
High Fat Diet
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Abstract

FAT10 is associated with increased risk for chronic disease (diabetes, cancer,
HIV associated nephropathy) and is interactive with key cellular regulators of survival
and metabolism (p53 and NF«kB). Previous work has demonstrated that FAT10 KO mice
are hyper-metabolic and lean. We were therefore interested to determine whether FAT10
KO mice are protected from obesity when introduced to a high saturated fat diet. FAT10
KO mice became obese at a slower rate compared to WT mice and had ~15% less total
fat after 12 weeks of high fat feeding. Attenuated weight gain in FAT10 KO mice was
paralleled by slight but significant increases in energy expenditure with similar energy
intake. KO mice exhibited increased insulin sensitivity and a modest protection against
glucose intolerance. These data indicate that FAT10 KO mice fed a high saturated FAT10
diet are partially protected from becoming obese while remaining insulin sensitive.
Future work is warranted to dissect the molecular mechanism contributing to the
retention of insulin sensitivity in the presence of obesity and how this mechanism differs

from the insulin sensitivity observed in the lean FAT10 KO mouse.
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Introduction

Obesity continues to increase in developing countries, with dramatic impacts on
morbidity and mortality. Obesity and being overweight increases the risk of chronic
diseases, such as type 2 diabetes, cardiovascular disease, hypertension and stroke,
hypercholesterolemia, hypertriglyceridemia, arthritis, asthma, and certain forms of cancer
(114). Moreover, recent studies suggest inverse associations between visceral fat
deposition and longevity per se (115). These observations suggest that elucidating the
biological bases by which adipose mass is regulated (and dysregulated in obesity) may
provide significant public health benefit.

FATI10 is a MHC Class I-associated gene that is dramatically up-regulated in
response to inflammatory cytokines (TNFa and IFNYy) in both immune and non-immune
cell types (81, 82, 108, 116). FATI10 is associated with increased risk for chronic disease
(diabetes, cancer, HIV associated nephropathy) and is interactive with key cellular
regulators of survival and metabolism (p53 and NF«B) (83-85, 88, 117-120). Recently,
deletion of the FAT10 gene in mice has demonstrated an impaired response to TNFa
stimulation and in vitro gene knock-down was shown to attenuate cell-specific NFxB
activation (88). In other studies, gene array profiling has revealed dramatic up-regulation
of FAT10 expression in AT of a mouse model of lipodystrophy and down-regulation of
expression in AT of calorically restricted animals (42, 98). Therefore, the FAT10 gene is
expressed in AT of mice and responds to changes in AT inflammation, metabolism and

mass.
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Previous work from our laboratory has demonstrated that FAT10 KO mice are
hyper-metabolic with significant decreases in adipose tissue mass and increases in lipid
burning in skeletal muscle. We were therefore interested to see whether FAT10 KO mice
were resistant to high-fat diet induced obesity and the onset of insulin resistance. FAT10
KO mice fed a high fat diet maintained lower body weight and adiposity compared to
WT mice by 16%; however, when fed for an additional 4 weeks (16 weeks). FAT10 KO
mice became as obese as WT mice fed for 12 weeks. FAT10 KO mice examined at 12
weeks on diet (when mice had less total adiposity compared to WT mice), KO mice had
increased anti-inflammatory gene expression in adipose tissue. Additionally, KO mice
appeared to have higher gene expression for lipolytic and mitochondrial uncoupling.

FAT10 KO mice had increases in energy expenditure with no preference in
substrate use. Skeletal muscle analysis indicates that increased uncoupling gene
expression along with decreased muscle triglyceride indicate a preference for burning
fatty acids in skeletal muscle. These observations are accompanied by substantial
increases in insulin sensitivity along with reduced fasting blood glucose and fasting
insulin concentrations. Therefore, FAT10 KO mice fed a high fat diet are not protected
from obesity but remain insulin sensitive due in part to increases in skeletal muscle lipid
oxidation. This phenotype differs from the hyper-metabolic phenotype observed in
normal diet fed FAT10 KO mice. This suggests that the composition of dietary fatty acids
modulates the ability of the FAT10 mouse to remain hyper-metabolic.

Materials and Methods

Mice and Diet
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FATI10 KO mice were obtained from Allon Canaan (Yale University, New Haven, CT)
and re-derived at the Tufts Medical Center Core Transgenics Facility (Tufts University,
Boston, MA). After re-derivation, mice were re-located to the Comparative Biology Unit
at the JM USDA HNRCA at Tufts University. WT and KO lines were generated from
mating heterozygous mice from the FO generation. WT and KO offspring (F1) from this
generation were back-crossed at least 7 generations. Generation of the FAT10 KO mouse
has been previously described. Mice were placed on high fat diet (Research Diets) at 12
weeks of age and maintained for 12-16 weeks.

Intraperitoneal insulin and glucose tolerance tests

Insulin tolerance tests (ITTs) were performed on food-deprived (6 h), nonanesthetized
mice. Glucose measures were obtained from whole tail vein blood using an automated
glucometer at baseline and at 30, 45, 60, and 90 min following intraperitoneal injection of
human insulin (either 0.75 or 1.0 mU/kg). Glucose tolerance tests (GTTs) were
performed on food-deprived (12 h), non-anesthetized mice. Glucose measures were
obtained similar to the ITT with the following changes. Blood glucose was measured at
baseline, 15, 30, 60, 90 and 120 min following intraperitoneal injection of 2 mg/kg
glucose bolus.

Metabolic Studies

Studies were performed as previously described. Mice were assessed for metabolic
parameters after between weeks 2 and 3 of HFD feeding.

Body Composition

Body weights and composition was determined weekly using nuclear magnetic resonance

technology (EchoMRI-100; Echo Medical Systems, Houston, TX).
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Real Time PCR studies

All tissues were dissected, snap-frozen in liquid nitrogen, and stored at —80°C. Gene
expression analysis was performed as previously described. All primer sequences are
listed in the data supplement.

Isolation of total liver and muscle metabolites

Total liver and muscle triglyceride were extracted and quantified as previously described.
Statistical Analysis

Data are presented as mean = SE. Data were determined to have a normal distribution
with equal variance, and statistical differences were determined by PROC TTEST or
PROC GLM using the Tukey least significant differences test with SAS v9.2 (Cary, NC).
Significant differences were determined between groups at p<0.05.

Results

FAT10 KO mice exhibit attenuated weight gain on a high fat diet

Because FAT10 mice have been shown to exhibit enhanced energy expenditure, we
predicted that KO mice would be protected from high fat diet-induced obesity and insulin
resistance. KO mice gained body weight and fat mass at an attenuated rate compared to
WT mice (Figure 4-1). When assessing total adiposity, KO mice maintain a 16%
reduction in body weight at the end of the 12 week feeding time course (Figure 4-1).
Moreover, KO mice fed a HFD for an additional four weeks achieved body weight and
total adiposity equal to WT mice on HFD for 12 weeks (Figure 4-1A).

At twelve weeks on diet, histological assessment of epidydimal adipocyte cell size
indicate a small but significant decrease in average size which is consistent with a

reduction in adiposity (Figure 4-1B). Assessing cell death by Crown-like Structure (CLS)
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frequency between obese FAT10 KO and WT mice indicates no difference in the
proportion of adipocyte death between genotypes (Figure 4-1B). Infiltration of peripheral
immune cells is coincident with enhanced adipose tissue inflammation and metabolic
derangements. Expression of classic inflammatory genes indicates that there are no
differences in pro-inflammatory molecules between genotypes. However, examination of
anti-inflammatory genes IL4 and IL13 suggests that KO mice have an increased counter-
regulatory system to combat detrimental inflammation. Therefore, KO mice have
attenuated weight and fat gain. The increased anti-inflammatory gene expression profile
in adipose tissue suggests that FAT10 KO mice respond to inflammation by up-regulating
anti-inflammatory molecules. However, FAT10 KO mice are not protected from
adipocyte hypertrophy or adipocyte death.
FAT10 KO mice have increases in gene expression of markers for lipolysis, lipid
synthesis and uncoupling

FAT10 mice have been demonstrated to have enhanced lipolytic gene expression
coincident with increased oxidative gene expression in adipose tissue on a normal diet.
This could account for decreased lipid deposition throughout the feeding time course.
Examining genes involved in lipolysis, triglyceride recycling and B-oxidation, FAT10
KO mice on a high fat diet had significantly elevated HSL, ATGL, LPL, FAS as well as
UCPI1 gene expression in adipose tissue (Figure 4-2). Therefore, the attenuated weigh
gain may be due in part to increases in increases fatty acid utilization in adipose tissue.
Obese FAT10 KO mice have slight increases in energy expenditure

The attenuated weight gain in FAT10 KO mice may be attributed to slight

increases in total energy expenditure or decreases in energy intake. FAT10 KO and WT
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mice eat similar amounts of calories during both the night and the day (Figure 4-3). When
inspecting total energy expenditure KO mice had slight but significantly increased energy
expenditure during the day (Figure 4-3). This increased energy expenditure was not due
to increases in activity. Therefore, the maintenance of decreased adiposity over 12 weeks
of high fat feeding in FAT10 KO mice can be attributed in part to mild increases in
energy expenditure during the day.
Obese FAT10 KO mice have decreased ectopic lipid in skeletal muscle

Metabolic analysis revealed that KO mice had slightly but significantly higher
oxygen consumption with no difference in RQ. MRI analysis indicates that KO mice
have 16% less fat after 12 weeks if HFD. The lack of effect of FAT10 KO on RQ
suggested that there was no difference in fuel selection, suggesting the increased oxygen
consumption was secondary to increased thermogenesis. UCP (1-3) gene expression was
assessed in quadriceps. There was significant up-regulation of UCP3 gene expression
whereas there was no change in UCP1 or 2 expression (Figure 4-4). Coincident with
increased UCP3 expression there was decreased total triglyceride in quadriceps
suggesting the increased uncoupling promotes FA use. Therefore, KO mice may maintain
modest weigh reduction by increased burning of FA in skeletal muscle on a high fat diet.
FAT10 KO mice maintain insulin sensitivity and modest glucose tolerance

Having decreased lipid in skeletal muscle and small increases in energy
expenditure, FAT10 KO mice are predicted to exhibit comparable increases in insulin
sensitivity. Despite not being completely protected from DIO and adipocyte hypertrophy,
KO mice were remarkably insulin sensitivity as assessed by ITT (Figure 4-3). GTT

revealed that mice were slightly more glucose tolerant than WT mice (Figure 4-3). KO
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mice exhibit decreased fasting insulin concentrations compared to WT animals (Figure 4-
3). Therefore, KO mice retain insulin sensitivity and modest glucose tolerance despite not
being resistant to obesity or adipocyte hypertrophy. Additionally, KO mice do not
achieve the fasting hyperinsulinemia that WT mice exhibit when fed HFD for 12 weeks.
Discussion

Work first describing the FAT10 KO phenotype did not evaluate body
composition or energy metabolism (80). Previous work from our lab investigating the
lean phenotype of the FAT10 KO mice indicated that FAT10 KO mice are hyper-
metabolic with alterations in both adipose tissue and muscle metabolism. This current
study demonstrates that in the absence of FAT10, mice on a high fat diet are not
completely resistant to obesity; however, mice are metabolically protected against insulin
resistance.

As immune cell infiltrate increased, increased pro-inflammatory cytokine
production and adipocyte death are associated with the onset of insulin resistance (49,
121). We investigated these criteria by histological analysis and gene expression. Both
genotypes exhibited similar frequency of cell death and pro-inflammatory cytokine gene
expression. However, to determine if there was similar expression of anti-inflammatory
gene markers, FAT10 KO mice were revealed to have increased expression of IL4 and
IL3. These cytokines have been demonstrated to be protected against metabolic
perturbations associated with obesity. It is interesting to speculate that FAT10 may
influence not the production of pro-inflammatory cytokines but the response to balance

the pro-inflammatory response in obesity. As FAT10 has been shown to be involved in B
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cell, dendritic cell and T cell activation (81, 108), FAT10 may be a candidate gene for
modulating the inflammatory response in obese adipose tissue.

After 12 weeks on a high fat diet, FAT10 KO mice had ~16% decreased total
adiposity compared to WT mice. This observation is in stark contrast to the 50%
difference in adiposity observed in lean FAT10 KO mice. Several knockout mouse
models that exhibit decreased adiposity also had substantial increases in energy
expenditure and food intake (95, 109-111). The marginally reduced fat mass in FAT10
KO mice from the current study was associated with small but significant increases in
energy expenditure. Furthermore, KO mice did not exhibit increased locomotor activity
(data not shown) indicating that enhanced energy expenditure is due to an intrinsic
mechanism of substrate utilization. Compared to the lean FAT10 KO mouse, the high fat
diet fed KO mouse did not retain all the metabolic benefits the lean mouse exhibited.

Most interestingly, the FAT10 KO mouse retained complete insulin sensitivity on
a high fat diet. Recently, FAT10 has been shown to interact with p53, enhancing p53’s
transcriptional activity (83). It is also well known that p53 heterozygous mice fed a high
fat diet become obese but remain insulin sensitive (122). Therefore, it is tempting to
suggest that FAT10 may exert its affects on insulin sensitivity in the obese state through
modulation of p53 activity. However, this was not assessed in this study. Additionally,
FAT10 has been shown to be involved in activation of NF«xB (88). However, there were
no differences in pro-inflammatory gene expression of NFkB dependent genes analyzed
in this study. On the other hand, STAT6 dependent genes 1L4 and IL13 were significantly

up-regulated in obese adipose tissue from FAT10 KO mice. Therefore, FAT10 may exert
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its influence in a tissue specific and cell signaling specific manner through modulation of
anti-inflammatory mediators.

This work opens up many questions for the biological relevance of FAT10. It will
be necessary to test whether FAT10 is mediating its affects primarily through p53, NFxB
or an as-of-yet identified target protein. Additionally, tissue specific KO models of
FATI10 are needed to determine the specific site of biological actions on insulin

sensitivity in the high fat fed model.
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Figure 4-1. FAT10 KO mice have attenuated weight gain and smaller mean
adipocyte size. A) Left, Body weight gain expressed as percent of baseline weight of
WT (closed circles) and KO (open circles) mice. FAT10 KO mice were maintained on
diet for an additional 4 weeks to determine if they would become equally obese as WT
mice. A) Right, Change in adiposity over feeding time course. Each time point represents
the ratio total fat/body weight. B Left, Mean adipocyte cell size. B) Right, Percent of dead
adipocytes as assessed by CLS. C) Gene expression of pro- and anti-inflammatory
makers in epidydimal adipose tissue. In this figure data are represented by mean + SEM

(n=8 mice/genotype). *, P < 0.05.
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Figure 4-2. Increased gene expression of markers of lipolysis, fatty acid synthesis
and energy uncoupling in FAT10 KO AT. Lef, Gene expression of lipolytic markers.
Middle, Gene expression of lipid uptake and synthetic genes. Right, Gene expression of
B-oxidative markers. Data are expressed as mean + SEM (n=8 mice/genotype). *, P <

0.05.
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Figure 4-3. HFD fed FAT10 KO mice have modest increases in energy expenditure.
A) Total energy intake. B) Oxygen consumption (VO2), CO2 production (VCO2),
Respiratory Quotient (RQ) and total Energy Expenditure were evaluated as described in
Materials and Methods. Data are expressed as mean = SEM (n=8 mice/genotype). *, P <

0.05.
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Figure 4-4. FAT10 KO mice have decreased muscle triglyceride, increased
uncoupling gene expression and increased insulin sensitivity. A) Triglyceride content
from WT and FAT10 KO quadriceps. A) Right, UCP (1-3) gene expression from
quadriceps. B) Left, Intraperitoneal insulin tolerance test and (Right) Intraperitoneal
glucose tolerance test performed on FAT10 KO and WT mice after 10 weeks on HFD. C)
Left, Fasting blood glucose and (Right) fasting insulin. Data are expressed as mean =+

SEM (n=8 mice/genotype). *, P < 0.05.
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CHAPTER IV
SUMMARY AND DISCUSSION
4.1. Summary of the Lean FAT10 KO mice

Regulation of insulin action by appropriate response to nutritional cues is
important to maintain energy balance and a healthy body composition. Nutritional,
pharmacological and genetic alterations that perturb the body’s ability to sense nutrients
and coordinate hormonal signals can alter energy stores. Decreasing the ability to store
energy in fat can result from genetic lipodystrophies or by pharmacological HIV anti-
viral treatment (123-127). In both cases FAs are re-distributed to peripheral metabolic
tissues causing inflammation and insulin resistance. Conversely, excess energy storage
results in obesity. Obesity is associated with expansion of adipose tissue, infiltration of
inflammatory immune cells, increases in systemic circulating markers, insulin resistance
and is a risk factor for cardiovascular complications and certain types of cancer (114).
Therefore, understanding the contributing factors that influence energy storage may
elucidate new therapeutics for battling pathologies of adipose tissue.

There has been no previous work examining a role for FAT10 in adipose tissue
biology and energy metabolism. Prior work has revealed FAT10 expression in large gene
array screens to be related to weight loss and lipodystrophy; however, the role for FAT10
in these processes was not investigated. In this study, we demonstrate that FAT10 gene
expression increases with normal adipose tissue growth. AT is known to be composed of
a highly heterogeneous population of cells that include adipocytes and SVCs. Because
the expression of FAT10 was originally described in hematopoietic immune cells (81,

108), the increase in AT FAT10 expression could be due in part to increased expression
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in immune cells. Interestingly, FAT10 gene expression was ~3-fold higher in adipocytes
compared to the SVCs suggesting that the increase in FAT10 expression is contributed by
the adipocytes rather than immune cells. These findings prompted our group to
investigate the potential role FAT10 plays in AT tissue growth and metabolism as well as
body composition by metabolically phenotyping FAT10 KO mice.

Work first describing the FAT10 KO phenotype did not evaluate body
composition or energy metabolism (80). This current study demonstrates that in the
absence of FAT10, mice on a normal diet exhibit changes in body composition, whole
body energy expenditure and adipose tissue metabolism. At 12 weeks of age, KO mice
had ~50% decreased adipose tissue mass compared to WT mice and this difference was
due in part to a smaller proportion of adipocytes. Several knockout mouse models that
exhibit decreased adiposity also had substantial increases in energy expenditure and food
intake (95, 109-111). The reduced fat mass in FAT10 KO mice were associated with
increases in energy expenditure; however, food intake adjusted for body weight showed a
modest 10% increase. Furthermore, KO mice did not exhibit increased locomotor activity
indicating that enhanced energy expenditure is due to an intrinsic mechanism of substrate
utilization.

These data suggest that if there were a mutation in the FAT10 gene the result may
be increased metabolism and decreased adipose mass. It would be interesting to
determine whether single nucleotide polymorphisms (SNPs) in the human FAT10 gene
are related to insulin homeostasis and adiposity. There are current rodent gene-wide
association studies (GWAS) that indicate FAT10 is associated with increased risk for

Type I diabetes . The decreased insulin secretion and islet area data from this study
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suggest that FAT10 KO mice may later in life develop Type I diabetes. Longevity studies
are needed to evaluate the role of FAT10 ablation in the possible development of Type I
diabetes.

FATI10 KO mice appear to deal with perturbations in adipose tissue’s response to
low insulin by increasing substrate utilization. These data are evident when examining
when FAT10 KO mice have significantly lower RQ values indicating a preference for
metabolizing fatty acids. This can be achieved by increasing adipocyte lipolysis and
burning fatty acids within the adipose tissue or in peripheral metabolic tissues such as
muscle and liver (102). Both basal and stimulated lipolysis was increased in KO mice
suggesting enhanced lipid flux. Additionally, fasting circulating NEFA concentrations
were slightly elevated supporting a role for increased lipid release from adipocytes.

Adipocytes from KO mice up-regulated genes involved in B-oxidation and had an
increased proportion of phosphorylated ACC1 suggesting a proportion of the lipid
released from lipolysis was being oxidized within adipocytes. With reduced adipose
tissue, FA can be shunted to peripheral metabolic tissues and stored as ectopic lipid
interfering with insulin sensitivity (112). Inspection of skeletal muscle and liver
triglyceride reveal no signs of ectopic lipid deposition and moreover suggest that muscle
may also be involved in fatty acid utilization in this model.

In respect to insulin sensitivity, KO mice exhibited enhanced insulin sensitivity.
Glucose tolerance was improved in KO mice. Paradoxically, insulin concentrations
during the first and second phase insulin release during the GTT indicate that KO mice
clear glucose with significantly lower insulin. To test insulin release under physiological

conditions, mice were re-fed for 4 hours and circulating insulin concentrations were
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measured. Re-fed KO mice exhibited lower insulin concentrations as well as decreased
blood glucose. These data suggest that KO mice maintain glycaemia with reduced
insulin. The GLUT4 transgenic (113) mice both exhibit improved glycemic control,
decreased insulin concentrations and increased lipolysis resulting in high circulating fatty
acids during fasting. Therefore, other KO models provide evidence where low insulin
concentrations result in increased lipolysis.

Due to constitutively low insulin levels, we investigated whether Islets from KO
mice were altered. We began by measuring total pancreatic insulin concentrations
demonstrating that KO pancreata had slight but significant decreases in insulin. . We next
examined pancreatic Islet area and discovered that KO mice have 27% reduced total islet
area. Islet number between genotypes was not different.

As FAT10 is an ubiquitin-like molecule, it is of great importance to determine
substrates that FAT10 covalently modifies. Recent work has demonstrated FAT10
modifies p53 and increases its transcriptional activity (83). P53 is known to affect energy
sensing and cell growth pathways and is a viable target to investigate the biochemical
function of FAT10. Additional work has demonstrated FAT10 is involved upstream of
NF«B activation; however, no substrates were identified in this study (88). NF«B has
been demonstrated to be necessary for glucose-stimulated insulin secretion from B-cells.
Therefore, the primary site of FAT10 activity in normal, physiological processes may
facilitate normal B-cell insulin release via promoting activation of the NFxB pathway.

FATI10 was demonstrated to be induced by double-stranded DNA,
lipopolysaccharide as well as poly I:C, all known components of either viruses or bacteria

(108). These findings suggest that FAT10 plays a role in pathogen sensing in the immune
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system. Work in the obesity field has shown that adipocytes utilize ‘infection’ sensing
pathways as a response to sterile inflammation (128) that occurs in obesity. Furthermore,
infection results in systemic alterations such as fever and inflammation that promotes the
use of energy storage in demand of high immune cell proliferation to ward off the
infectious agent. In the absence of infection and inflammation, FAT10 may be playing a
role in homeostatic nutrient flux. When challenged an infectious agent that promotes
inflammation, FAT10 may be limiting the nutrient flux from adipose tissue to peripheral
cells in the body that require increased substrate needs as FAT10 null animals have
increased lipid release from adipocytes.

4.2.  Summary of the High Fat Diet Fed FAT10 KO mice

Work first describing the FAT10 KO phenotype did not evaluate body
composition or energy metabolism (80). Previous work from our lab investigating the
lean phenotype of the FAT10 KO mice indicated that FAT10 KO mice are hyper-
metabolic with alterations in both adipose tissue and muscle metabolism. This current
study demonstrates that in the absence of FAT10, mice on a high fat diet are not
completely resistant to obesity; however, mice are metabolically protected against insulin
resistance.

As immune cell infiltrate increased, increased pro-inflammatory cytokine
production and adipocyte death are associated with the onset of insulin resistance (49,
121). We investigated these criteria by histological analysis and gene expression. Both
genotypes exhibited similar frequency of cell death and pro-inflammatory cytokine gene
expression. However, to determine if there was similar expression of anti-inflammatory

gene markers, FAT10 KO mice were revealed to have increased expression of IL4 and
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IL3. These cytokines have been demonstrated to be protected against metabolic
perturbations associated with obesity. It is interesting to speculate that FAT10 may
influence not the production of pro-inflammatory cytokines but the response to balance
the pro-inflammatory response in obesity. As FAT10 has been shown to be involved in B
cell, dendritic cell and T cell activation (81, 108), FAT10 may be a candidate gene for
modulating the inflammatory response in obese adipose tissue.

After 12 weeks on a high fat diet, FAT10 KO mice had ~16% decreased total
adiposity compared to WT mice. This observation is in stark contrast to the 50%
difference in adiposity observed in lean FAT10 KO mice. Several knockout mouse
models that exhibit decreased adiposity also had substantial increases in energy
expenditure and food intake (95, 109-111). The marginally reduced fat mass in FAT10
KO mice from the current study was associated with small but significant increases in
energy expenditure. Furthermore, KO mice did not exhibit increased locomotor activity
(data not shown) indicating that enhanced energy expenditure is due to an intrinsic
mechanism of substrate utilization. Compared to the lean FAT10 KO mouse, the high fat
diet fed KO mouse did not retain all the metabolic benefits the lean mouse exhibited.

Most interestingly, the FAT10 KO mouse retained complete insulin sensitivity on
a high fat diet. Recently, FAT10 has been shown to interact with p53, enhancing p53’s
transcriptional activity (83). It is also well known that p53 heterozygous mice fed a high
fat diet become obese but remain insulin sensitive (122). Therefore, it is tempting to
suggest that FAT10 may exert its affects on insulin sensitivity in the obese state through
modulation of p53 activity. However, this was not assessed in this study. Additionally,

FAT10 has been shown to be involved in activation of NFxB (88). However, there were
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no differences in pro-inflammatory gene expression of NFkB dependent genes analyzed
in this study. On the other hand, STAT6 dependent genes 1L4 and IL13 were significantly
up-regulated in obese adipose tissue from FAT10 KO mice. Therefore, FAT10 may exert
its influence in a tissue specific and cell signaling specific manner through modulation of
anti-inflammatory mediators.

This work opens up many questions for the biological relevance of FAT10. It will
be necessary to test whether FAT10 is mediating its affects primarily through p53, NFxB
or an as-of-yet identified target protein. Additionally, tissue specific KO models of
FATI10 are needed to determine the specific site of biological actions on insulin
sensitivity in the high fat fed model.

4.3.  Study Limitations

There are several limitations concerning the current study. The most obvious
limitation was the lack of an antibody to detect FAT10 protein. Several human antibodies
exist that are able to detect FAT10 in human cells; however, no suitable mouse antibody
exists. In order to visualize changes in FAT10 protein levels a mouse antibody needs to
be generated. The current targets for FAT10 conjugation have yet to be identified. P53
was recently shown to be covalently modified by FAT10. Investigation of the role of p53
and FAT10 in basal metabolic conditions is necessary to see if FAT10 modulates p53’s
role in metabolism. The role of p53 in insulin resistance related to diet induced obesity
has been established (122); however, there are is no current data for the role of p53 in
maintaining insulin sensitivity in a lean phenotype.

Another limitation of the study was the central nervous system and the brain was

not evaluated. FAT10 may be regulating body temperature where elevated core
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temperature induces a hyper-metabolic phenotype mimicking a fever. This would account
for the increases in energy metabolism observed in these mice. Isolating the
hypothalamus in WT and FAT10 KO mice will be important to determine a role for
FATI10 in central regulation of energy metabolism.
4.4.  Conclusions

In conclusion, genetic deletion of the FAT10 gene results in mice that have
reduced adiposity and enhanced energy expenditure. Adipocytes from KO mice exhibit
increased lipolysis, prefer FAs during the day as a metabolic substrate, up-regulate genes
involved in B-oxidation and have increased phospho-ACC1 protein in AT. Taken together
these data suggest that FAs released from lipolysis are oxidized within AT and possibly
skeletal muscle. Decreased Islet area in KO mice in conjunction with slightly reduced
total pancreatic insulin may result in constitutively low circulating insulin concentrations.
This low circulating insulin may be the primary cause of enhanced lipolysis while
peripheral metabolic tissues adapt by increases substrate utilization. When subjected to
high fat diet feeding FAT10 KO mice exhibited small but statistically significant
increases in energy expenditure during the day without changes in food intake. Therefore,
in both normal and high fat diet feeding there appears to be a metabolic switch that
increases energy metabolism when caloric intake is reduced as occurs with mice during
the day. Additionally, modulation of dietary lipid from predominately polyunsaturated
fatty acids (normal diet) to a predominately saturated fat diet (high fat diet) alters the
magnitude of energy expenditure in the FAT10 KO mice.

This thesis work indicates that FAT10 is a novel gene involved in the regulation

of systemic energy metabolism that may be dependent on the fatty acid composition of
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the diet. Because the FAT10 gene was absent from all tissues, it is not possible to identify
the tissue influencing the increased energy metabolism. This point warrants further
dissection by tissue specific ablation of the FAT10 gene to identify how FAT10 affects
systemic energy metabolism. Additionally, since FAT10 is associated with increased risk
for chronic disease (diabetes, cancer, HIV associated nephropathy) and is interactive with
key cellular regulators (p53 and NF«kB), this research opens new avenues for further
investigation of the tissue-specific biological function of FAT10.

4.5. Future Directions

Many questions remained concerning the role of FAT10 and controlling energy
metabolism. The main site of FAT10’s effects on metabolism was not specifically
identified. This will require tissue specific dissection of energy metabolism in the
absence and presence of the FAT10 gene. Also, in vitro knock down and rescue models
in different cell lines will help elucidate the functional role of FAT10 in cell specific
energy metabolism.

Because the FAT10 gene is interactive with important regulators of cellular
survival and metabolism (p53, NFkB), this model may serve to understand the etiology of
diet and cancer interactions. Additionally, FAT10 may bridge the gap between poor or
over-nutrition and the susceptibility of certain forms of cancer. In order to understand the
function of FAT10, the post-translational targets must be accurately identified.
Additionally, FAT10’s interactions with p53 and NFkB may mediate very specific effects
in those signaling pathways and therefore future work needs to be aware that canonical,
well established signaling mechanisms may not be the primary target for the FAT10’s

effect on these signaling cascades.
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Adipose tissue (AT) inflammation promotes insulin resistance (IR) and other obesity
complications. AT inflammation and IR are associated with oxidative stress, adipocyte
death, and the scavenging of dead adipocytes by pro-inflammatory CD11c+ AT
macrophages (ATM®). We tested the hypothesis that supplementation of an
obesitogenic (high fat) diet with whole blueberry (BB) powder protects against AT
inflammation and IR. Male C57Bl1/6j mice were maintained for 8 wk on one of three
diets: low (10% of energy) fat diet (LFD), high (60% of energy) fat diet (HFD) or HFD
containing 4% (w:w) whole BB powder (1:1 V. ashei and V. corymbosum) (HFD+B).
BB supplementation (2.7% of total energy) had no effect on HFD-associated alterations
in energy intake, metabolic rate, body weight or adiposity. We observed an emerging
pattern of gene expression in AT of HFD mice indicating a shift towards global up-
regulation of inflammatory genes (tumor necrosis factor a, interleukin-6, monocyte
chemoattractant protein 1, inducible nitiric oxide synthase), increased M 1-polarized
ATM® (CD11c+) and increased oxidative stress (reduced glutathione peroxidase 3).
This shift was attenuated or non-existent in HFD+B- fed mice. Furthermore, mice fed
HFD+B were protected from IR and hyperglycemia coincident with reductions in
adipocyte death. Salutary effects of BB on adipocyte physiology and ATM® gene
expression may reflect the ability of BB anthocyanins to alter mitogen-activated protein
kinase and nuclear factor kB stress signaling pathways, which regulate cell fate and
inflammatory genes. These results suggest that cytoprotective and anti-inflammatory
actions of dietary BB can provide metabolic benefits to combat obesity-associated
pathology.

Introduction
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The accumulation of bone marrow-derived inflammatory macrophages (M®) in adipose
tissue (AT) is causally implicated in the pathogenesis of insulin resistance (IR) and other
obesity complications (129, 130). In obese mice these recruited ATM® can be
distinguished from resident ATM® by the absence of the cell surface marker macrophage
galactose N-acetyl-galactosamine specific lectin 1 (MGL1), up-regulation of the dendritic
cell marker CD11¢, and polarization toward a classical pro-inflammatory (M1)
phenotype (131-133). This phenotype is characterized by up-regulated expression of
tumor necrosis factor o (TNFa), inducible nitric oxide synthase (iNOS) and other pro-
inflammatory mediators that promote IR (130). Notably, ablation of CD11c+ cells or
genetic abrogation of M® inflammatory signaling protects obese mice from IR (61, 134).
Macrophage infiltration and resulting AT inflammation are mechanistically linked to
adipocyte death, which increases in obese mice and humans (132, 133, 135, 136). Dead
adipocytes are foci of CD11c+ ATM® recruitment, aggregation in crown-like structures,
scavenging activity and pro-inflammatory gene expression (132, 133, 135). Obesity-
associated adipocyte death is believed to reflect one or more cytotoxic stresses that are
elevated in the AT of obese mice and humans, in particular oxidative and endoplasmic
reticulum (ER) stress (137, 138) .

Dietary strategies for alleviating the metabolic complications of obesity are being
pursued as alternatives to pharmaceutical interventions (e.g., (139)). The association of
obesity with AT stress, adipocyte death, M® recruitment and inflammatory gene
expression suggested that edible berries might provide an effective alternative or
supplementary intervention to attenuate obesity- associated inflammation and IR. Berries

such as blueberry (BB) (Vaccinium sp) are enriched in anthocyanins, polyphenolics
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recognized for their ability to provide and activate cellular antioxidant protection, inhibit
inflammatory gene expression and to consequently protect against oxidant-induced and
inflammatory cell damage and cytotoxicity (140-142). BB-supplemented diets and
preparations are also reported to inhibit M® infiltration (143) and to attenuate bacterial
translocation to extra-intestinal sites (144), a phenomenon implicated in the inflammatory
and metabolic pathology associated with diets high in fat (145). Considered together,
these observations suggested that BB could attenuate or delay the adipocyte death,
ATMO recruitment and pro-inflammatory gene expression that promote obesity-
associated IR.

In the present study, mice fed HFD or HFD+B for 8 wk gained identical amounts
of weight and were comparably obese. However, mice fed HFD+B were protected from
adipocyte death, AT inflammatory gene expression and whole body IR. These
observations suggest that the cytoprotective and anti-inflammatory actions of ‘whole’ BB

can provide metabolic benefits to combat obesity-associated pathology.

Experimental Procedures

Animals and diets. Male C57BL/6 mice were obtained from Jackson Labs at 5 wk of age
and housed individually at the JMUSDA-HNRCA as previously described (133). Ethical
treatment of animals was assured by the Tufts University Institutional Animal Care and
Use Committee. After several days of acclimation, mice were assigned to cohorts (n = 8
mice per cohort) that received one of three pelleted diets for 8 wk (Research Diets, Inc.,
New Brunswick, NJ). These were a low fat (LFD) diet containing 10% of energy from fat

(# D12450B), a high fat diet (HFD) containing 60% of energy from fat (# D12492 ) and a
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modified HFD supplemented with 4% (w:w) freeze-dried whole blueberry powder
(HFD+B) (Table 1). The powder was provided in aluminum cans under nitrogen by the
U.S. Highbush Blueberry Council and consisted of a 1:1 blend of Vaccinium ashei
(Tifblue) and Vaccinium corymbosum (Rubel). Energy from sucrose and total
carbohydrates were adjusted in the HFD to be equivalent to energy from sucrose and total
carbohydrates in the HFD+B. BB powder (14,537 kl/kg ) constituted 2.7% of total
energy in the HFD+B diet. Diets were irradiated, packed under inert gas in individual 2.5
kg foil bags and maintained at -20°C until use. Fresh diet was provided at least twice per

wk to minimize oxidization of the fats and deterioration of the anthocyanins.

Anthocyanin analysis of blueberry powder. BB powder was dissolved in 5% acetonitrile
in water containing 1% formic acid to produce a 100 mg/L extract. Anthocyanin content
of the extract (Table 2) was determined by LC-MS/MS using a modification of the

method of Kalt et al (146).!

Metabolic variables. Energy intake and indirect calorimetry were obtained for subsets of
mice (n = 5-8 per group) between study days 45 and 52 using metabolic chambers (TSE
Calorimetry Systems). The TSE system simultaneously and continuously monitors food
intake, oxygen consumption and CO; production. Data were collected for 72 h during
which time mice had free access to food and water. The first 24 h were considered an

acclimation period and excluded from analyses.
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Insulin resistance. Intraperitoneal insulin tolerance tests (ITT) were performed on food-
deprived (6 h), non-anesthetized mice. Glucose measures were obtained from whole tail
vein blood using an automated glucometer at baseline and at 30, 45, 60 and 90 min
following intraperitoneal (IP) injection of human insulin (0.75 mU/kg). Glucose values
following insulin injection were calculated as a proportion of the value at baseline.
Glucose area under the curve (AUC) was calculated using these values and analyzed by
ANOVA. Plasma insulin concentrations of food-deprived were measured using ELISA

(133).

Histology and immunohistochemistry. Mice were euthanized by cervical dislocation
following CO; narcosis. Epididymal AT (eAT) and inguinal subcutaneous AT (scAT)
were dissected, fixed, embedded in paraffin and sectioned (135). Digital images were
acquired with an Olympus DX51 light microscope. For each mouse, morphometric data
were obtained from digitized tracings of > 500 adipocytes from 3 or more sections cut at

least 50 um apart. Adipocyte size was calculated as described (133).

Adipocyte death. To quantify the frequency of dead adipocytes in individual mice, high
resolution images of at least two histological sections of epididymal adipose tissue (eAT)
at least 50 um apart were scored for crown-like structures (CLS) (133). A minimum of
600 adipocytes were counted for each mouse. Each tissue section was scored for CLS by
three observers who were unaware of the study objectives or dietary treatments. Percent
CLS ([number dead adipocytes/number total adipocytes] x 100) for each mouse was

calculated as the average of the three values.
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Quantitative-PCR. Adipose tissues were dissected, snap frozen in liquid nitrogen and
stored at -80 °C. Total RNA was extracted, quantified and analyzed by SYBR® Green
real-time PCR on an Applied Biosystems 7300 Real-time PCR System (133). Fold
expression relative to an endogenous control gene (cyclophilin B) was calculated as 274
using using mice fed the LFD as the “comparer.” Primers used were: F'4/80 (5'-
CTTTGGCTATGGGCTTCCAGTC-3',5-GCAAGGAGGACAGAGTTTATCGTG-3"),
CDlIc (5°-CTGGATAGCCTTTCTTCTGCTG-3’, 5’-GCACACTGTGTCCGAACTC-
3’), Galectin-3 (5’-CAACAGGAGAGTCATTGTGTGTAAC-3’, 5°-
TTCAACCAGGACTTGTATTTTGAAT-3’), MGLI1 (5°-
TCTCTGAAAGTGGATGTGGAGG-3’, 5’-CACTACCCAGGTCAAACACAATCC-
3), IL-6 (5-CCAGTTGCCTTCTTGGGACT-3’, 5’-GGTCTGTTGGGAGTGGTATCC-
3°), iNOS (5’-CAGAGGACCCAGAGACAAGC-3’, 5’-TGCTGAAACATTTCCTGTGC
-3), IL-10 (5’-CCAGGGAGATCCTTTGATGA-3’, 5°-
CATTCCCAGAGGAATTGCAT-3"), TNFo (5-AATGGAAGGTTGGACGAAAA-3',
5'-GAGGCAACCTGACCACTCTC-3"), MCP-1 (5'-
ACTGAAGCCAGCTCTCTCTTCCTC-3,' 5'-TTCCTTCTTGGGGTCAGCACAGAC-
3"), GRP78 (5’-GGCCAAATTTGAAGAGCTGA-3’, 5°-
GCTCCTTGCCATTGAAGAAC-3’), CHOP/GADDI153 (5°-
TCTTGACCCTGCGTCCCTAG-3", 5’-TGGGCACTGACCACTCTGTTT-3"),
Glutathione Peroxidase 3 (5’-ATGGTACCACTCATACCGCC-3’, 5’-
CATCCTGCCTTCTGTCCCT-3"), Adiponectin (5-GAATCATTATGACGGCAGCA-

3’, 5’-TCATGTACACCGTGATGTGGTA-3), Leptin (5°-
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TTCACACACGCAGTCGGTAT-3’, 5’- TGGTCCATCTTGGACAAACTC-3),
Arginase (5~-AGGAACTGGCTGAAGTGGTTA-3, 5'-
GATGAGAAAGGAAAGTGGCTG-3"), Ym! (5-AGAAGGGAGTTTCAAACCTGG-3',
5-GTCTTGCTCATGTGTGTAAGT-3"), Cyclophilin B (5'-

ATGTGGTTTTCGGCAAAGTT-3', 5'-TGACATCCTTCAGTGGCTTG-3").

Statistics. Data are expressed as mean = SEM. Data were analyzed using SYSTAT v10.
ANOVA or GLM procedures were used in conjunction with protected post-hoc tests
(Tukey’s HSD). Association between two variables is reported as the Pearson correlation
coefficient. Frequency data of adipocyte death were transformed as arcsin\x prior to

statistical analysis. An attained significance level of a = 0.05 was deemed significant.

Results

Effects of BB on HF D-induced weight gain, adiposity and metabolic parameters. As
expected, mice fed the HFD for 8 wk gained significantly more weight (~3 g) than mice
fed the LFD (p < 0.005; Fig. 1). However, the addition of BB to the HF diet did not
protect against HFD-induced weight gain, as the mean body weights of mice fed the HFD
(31.2g=+0.8 g) or HFD+B (31.1 g + 0.8 g) did not differ (Fig. 1 ). Similar to changes in
body weight, eAT mass of mice fed HFD or HFD+B was significantly greater than eAT
mass of mice fed LFD (p = 0.03), but did not differ between HFD and HFD+B-fed mice
(Table 3). In addition, mean adipocyte size in eAT of HFD- and HFD+B-fed mice was
significantly greater than in LFD-fed mice (p < 0.001), but did not differ between HFD

and HFD+B cohorts (Table 3). Similarly, scAT depots in HFD- and HFD+B-fed mice
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tended to be heavier than scAT of mice fed the LFD (p = 0.06 and 0.07, respectively), but
did not differ from each other (Table 3). Collectively, these results indicate that addition
of BB to HFD did not have protective effects on body weight, adiposity or adipocyte
hypertrophy. Consistent with these data, HFD and HFD+B similarly altered gene
expression of adiponectin, which was lower in these groups than in the LFD-fed mice (p
= .02, data not shown) and of leptin which was higher than in the LFD group (p = .04,
data not shown).

As expected, energy intakes in mice fed the HFD or HFD+B were significantly
greater than in LFD-fed mice (p = 0.02, Table 3). Moreover, as compared with LFD
mice, HFD and HFD+B mice exhibited significantly lower respiratory exchange ratios
(RER) (p <0.001), oxygen consumption (p = 0.03) and heat production (p = 0.01) (Table
3). Importantly, we detected no significant differences between HFD and HFD+B
cohorts in any of these measures (Table 3). These data indicate that greater energy intake,
altered substrate utilization favoring fat over carbohydrate and lower metabolic rate
contribute to increased body weight and adiposity in mice fed HFD and HFD+B as
compared with LFD. Together, these results suggest that BB supplementation did not
significantly alter HFD-associated changes in energy intake or metabolic rate, consistent

with observed increases in body weight and adiposity (Fig. 1 and Table 3).

BB protects against HF D-induced insulin resistance. 1TT were performed after 8 wk of
dietary treatment to assess the effects of BB on HFD-induced peripheral IR (assessed as
ITT[aucy). IR was greater in mice fed the HFD (AUC = 5,292.6 + 1,105.6) as compared

with those fed LFD (AUC = 2,489.5 + 612.3, p = 0.005, Fig. 2), consistent with prior
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studies from our laboratory (133). Notably, mice fed the HFD+B were significantly less
insulin resistant than mice fed the HFD (AUC = 2,545.7 + 627.1, p = 0.03, Fig. 2). In
fact, ITT;auc; was not significantly different between the LFD and HFD+B cohorts (Fig.
2). Consistent with the observed improvement in insulin sensitivity, fasting blood glucose
levels tended (p = 0.07) to be lower in food-deprived HFD+B mice (7.34 £+ 0.58 mmol/L)
when compared to HFD mice (8.57 + 0.51 mmol/L) but not to LFD mice (5.80 + 0.35
mmol/L). Together, these results demonstrate that mice fed the HFD+B for 8 wk were
less insulin resistant and had a mild improvement in glucose homeostasis as compared
with mice fed the HFD. However, fasting insulin levels in mice fed HFD (148.01 + 37.01
pmol/L) or HFD+B (148.07 + 45.02 pmol/L) tended to be approximately one-fold greater
than fasting insulin levels in LFD-fed mice (70.59 + 13.67 pmol/L). Thus, HFD+B did
not ameliorate the modest hyperinsulinemia observed in mice fed the HFD.

BB protects against HFD-induced adipocyte death. The frequency of dead adipocytes
was 5- fold greater in mice fed the HFD (0.64% = 0.08) as compared with mice fed the
LFD (0.10% £ 0.05) (» < 0.001; Fig. 3A,B). Supplementation of the HFD with BB was
associated with a ~50% lower frequency of dead adipocytes (0.33% =+ 0.03) as compared
with the HFD (p = 0.02, Fig. 3B,C), coincident with significantly lower IR (Fig. 2). The
frequency of dead adipocytes was correlated with IR (ITTjauc;)) when data from mice fed
all three diets were included (r = 0.46, p = 0.06). Together these results confirm the
positive association of obesity-induced IR and adipocyte death (133) and demonstrate
that the beneficial effects of BB on whole body IR are coincident with BB-mediated

attenuation of adipocyte death.
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BB attenuates the HFD-associated change in gene hallmarks of recruited (M1) vs.
resident (M2) ATM®. CDI1c and macrophage galactose N-acetyl-galactosamine specific
lectin 1 (MGLI1) gene expression provide useful measures of the numbers of recruited
(M1-polarized) ATM® (CD11¢+/MGL1-) and resident (M2-polarized) ATM® (CD11c-
/MGLI1+) (131, 147). Employing real-time PCR, we determined gene expression levels
of markers of total eAT monocytes/ MO (galectin-3), differentiated M® (F4/80),
recruited ATM® (CD11c) and resident ATM® (MGL1), respectively. The HFD was
associated with significantly greater galectin-3 (p = 0.04) and CD11c gene expression (p
=0.02; Table 4). These results are consistent with HFD-induced recruitment of
monocytes (galectin-3+) into eAT and their subsequent maturation into M1-polarized
(CDI11ct+) ATM® (F4/80+). As CDI11c+ ATM® preferentially localize to dead
adipocytes (132), these results are also in agreement with the greater frequency of dead
adipocytes in eAT of HFD-fed mice (Fig. 3) (133, 135).

In contrast, expression of MGL1 and Ym1, hallmarks of resident (M2-polarized)
ATM® (131, 148) were not significantly altered in response to HFD (Table 4). Thus the
ratio of CD11c gene expression to MGL1 gene expression was significantly greater in
mice fed HFD as compared with those fed LFD (p = 0.02; Table 4). Remarkably, this
index of the relative numbers of M1 and M2 ATM® was significantly reduced in mice
fed HFD+B as compared with mice fed HFD (p = 0.05) and did not differ from mice fed
LFD (Table 4). Similar results were obtained when gene expression of Ym1 was
considered (data not shown). Together these results suggest that BB selectively effects
the recruitment and/or maturation of M 1-polarized (CD11c+/MGLI1-) ATM® in mice

made obese by HFD.
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BB protects against HFD-induced ATM® inflammatory gene expression in eAT. TNFa
and iNOS, which are produced predominantly by M1-polarized ATM®, and IL-6 and
MCP-1 which are produced by ATM® and other AT cells, have each been implicated as
disrupters of insulin signaling and/or promoters of obesity-associated IR in vivo (130).
Consistent with the role of CD11c+ ATM® in obesity-associated AT inflammation,
CDl1c gene expression was significantly correlated with gene expression of TNFa (r =
0.73, p <0.001), iNOS (r = 0.54, p = 0.009), interleukin 6 (IL-6, r = 0.53, p = 0.02), and
MCP-1 (monocyte chemoattractant protein 1, r = 0.49, p = 0.04; Table 4). Feeding the
HFD resulted in significantly greater expression of TNFa (p = 0.005) and MCP-1 (p =
0.05; Table 4). Notably, supplementing the HFD with BB was associated with
significantly reduced expression of TNFa (p = 0.01; Table 4). Considered together, these
results indicate that BB can reduce mRNA levels of ATM®-derived pro-inflammatory
genes that promote obesity-associated IR.

Interleukin 10 (IL-10) is an immunosuppressive cytokine that limits the
inflammatory response to pathogens and injury, thereby preventing or minimizing tissue
damage. IL-10 is up-regulated by resident M2-polarized ATM® during the course of HF
diet-induced AT inflammation, ostensibly as a counter-regulatory mechanism (131, 133,
148). In the present study, IL-10 gene expression in eAT was significantly greater in mice
fed HFD compared to those fed LFD (p = 0.003; Table 4). Surprisingly, BB
supplementation of the HFD was associated with a 50% lower IL-10 gene expression as
compared with HFD alone (p = 0.02; Table 4) coincident with attenuated ATM®

expression of pro-inflammatory genes (Table 4). These results suggest that the biological
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action(s) of BB result in down-regulation of HFD-induced inflammatory gene expression
in both M1-polarized and M2-polarized ATM®.

Effects of Blueberry on HF D-induced oxidative stress in eAT. Obesity promotes oxidative
and ER stress in adipose tissue, and these stresses are mechanistically linked to adipose
tissue inflammation and the metabolic complications of obesity (137, 138, 149). To
assess the effect of BB supplementation on oxidative stress in AT, we quantified gene
expression of glutathione peroxidase 3 (GPx3), a sensitive index of oxidative stress in AT
(149). GPx3 gene expression was significantly greater in mice fed HFD+B as compared
with mice fed HFD (p = 0.05) and tended (p = 0.11) to be greater than in mice fed LFD
(Table 4). These data suggest that protection from HFD-induced adipocyte death (Fig. 3)
and AT inflammation (Table 4) is coincident with attenuated oxidative stress in AT of
mice fed the HFD+B diet. Surprisingly, neither HFD nor HFD+B had any effect on
adipose ER stress, assessed as gene expression of glucose regulated protein 78 (GRP78)
and C/EBP-homologous protein (CHOP/GADD153) ((150); data not shown). These
results suggest that oxidative stress precedes ER stress during the development of obesity

and AT inflammation in this model.

Discussion

The genus Vaccinium (e.g., blueberry, bilberry, cranberry) has been used
traditionally as a source of folk remedies for established diabetic symptoms, primarily as
leaf or stem infusions or decoctions (151). Here we demonstrate that supplementing a
HFD with Vaccinium berry powder inhibits the early inflammatory events in AT that

promote obesity-associated IR. Consistent with these observations, mice fed the HFD+B
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diet for 8 wk were substantially protected from IR based on significant improvements in
the ITT [auc)compared to those fed HFD. The ITT measures whole body glucose
disposal in response to an insulin bolus and reflects both increased skeletal muscle
glucose uptake and decreased liver glucose production. BB also improved HFD-induced
fasting hyperglycemia, although this improvement was modest and was not coincident
with attenuated fasting hyperinsulinemia. As fasting glucose levels largely reflect hepatic
glucose output (which is normally suppressed by insulin), these observations suggest that
supplementing the HFD with BB did not significantly reverse HFD-induced hepatic IR.
Hyperinsulinemic-euglycemic ‘clamp’ studies will be required to verify this conclusion.
Overall, however, these results demonstrate for the first time that dietary BB can protect
against whole body IR and can improve glycemia in a model of obesity-induced IR.

A prior study of BB effects on diet-induced obesity and obesity complications
reported no protection from IR in mice fed a BB-supplemented high fat diet (HFD) for 12
wk (152). However, these results were confounded by significantly greater food intake
and adiposity in mice fed the BB-supplemented HFD. Similarly in our studies, mice fed
HFD+B for 12 wk were (~3 g) heavier and (30%) more obese than HFD mice (p = 0.03,
data not shown), reflecting higher energy intake and somewhat reduced energy
expenditure after wk 8 (data not shown). Intriguingly however, despite the significantly
greater adiposity of HFD+B mice, ITTauc) values were essentially identical between
HFD and HFD+B mice (p = 0.92, data not shown), suggesting that BB supplementation
may have continued to provide metabolic benefit after wk eight.

Peripheral insulin resistance is thought to be caused by increased circulating
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levels of free fatty acids and lipids (7, 130). One mechanism contributing to elevated
circulating free fatty acids in obesity is adipocyte lipolysis (7, 138). Inflammatory
mediators up-regulated in AT in obesity (e.g., TNFa, iNOS, IL-6) exacerbate lipolysis by
antagonizing the anti-lipolytic effects of insulin on adipocytes and/or by directly
stimulating lipolysis (7, 138). Accordingly, the insulin-sensitizing effects of BB in the
present study were associated with attenuated AT inflammation, manifest as 1) lower
frequency of dead adipocytes and 2) lower gene expression indices of ATM® infiltration
and inflammatory activation. Studies from our laboratory and others indicate that
adipocyte death and ATM® infiltration are mechanistically intertwined in the
pathogenesis of AT inflammation. Specifically, the infiltration, accumulation and pro-
inflammatory activation of M1-polarized ATM® in obesity are functionally linked to the
selective recruitment of CD11c+ ATMO to scavenge dead adipocytes and their remnant
lipid (132, 133, 135). Thus, a decrease in the proportion of ATM® expressing CD11c+
and coincident reductions in inflammatory cytokines in eAT of mice fed the HFD+B diet
is consistent with the lower frequency of dead adipocytes in these mice.

It is noteworthy that whereas HFD+B was associated with frequencies of
adipocyte death and levels of CD11c gene expression intermediate between those of mice
fed LFD and HFD, AT gene expression of TNFa did not differ between mice fed
HFD+B as compared with those fed LFD. This observation suggests that, in addition to
reducing adipocyte death and ATM® infiltration, BB blocks HFD-induced AT
inflammation by inhibiting inflammatory gene expression in ATM® (and presumably
other AT cells). Prior studies of BB protective actions in contexts other than obesity (142,

143, 153) suggest that one potential mechanism of this inflammatory gene down-
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regulation is through inhibition of stress-induced mitogen-activated protein kinase
(MAPK) and nuclear factor kB (NFkB) signaling pathways, which modulate
inflammatory gene expression in M® (154). Future studies employing alternative
sampling methods (e.g., flow cytometry) will be required to determine the extent to
which the salutary effect of BB on HFD-induced ATM® inflammation reflects reduced
ATMO infiltration or alternatively, reduced ATM® inflammatory gene expression. In
addition, our data do not exclude the possibility that the anti-inflammatory effects of the
HFD+B diet also reflect the previously-reported actions of BB to inhibit bacterial
translocation to extra-intestinal sites (144). Extra-intestinal bacterial translocation and
resulting low grade endotoxemia are associated with chronic HFD regimes and are
implicated in the development of AT inflammation and IR (145). Irrespective of the
mechanism(s) of action we suggest that the ability of BB to inhibit inflammatory gene
expression in AT plays a critical role in preventing obesity-associated IR in the present
study. However, a limitation of our study is the absence of ELISA data confirming that
BB-associated patterns of gene expression are manifest as functionally-significant
alterations in expressed inflammatory proteins.

Increased adipocyte death in obesity is suggested (135) to reflect the elevated
levels of cytotoxic stressors reported for obese AT (137, 138, 149). In the present study,
higher frequencies of dead adipocytes in mice fed HFD were coincident with lower gene
expression of GPx3, an oxidative stress-sensitive gene in AT (155). Notably, feeding the
HFD+B diet was not associated with lower GPx3 gene expression coincident with lower
frequency of dead adipocytes. Together these observations provide an empirical

association between AT oxidative stress and obesity-associated adipocyte death. As with
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the inflammation-suppressive effects of BB on ATM® the cytoprotective effects of BB
on adipocytes are in theory consistent with the demonstrated ability of BB to modulate
MAPK and NF«B signaling pathways (143, 153, 156), as these two pathways
coordinately regulate cell fate (157). BB-enhanced adipocyte survival may also indirectly
reflect the effects of BB on ATM®, specifically the attenuation of ATM® TNFa, as this
inflammatory mediator promotes oxidative stress and apoptosis (158, 159). Consistent
with the notion that the actions of BB to prevent adipocyte apoptosis reflect the salutary
effects of BB on ATM® are recent observations (134, 160) suggesting that inflammatory
CDl11ct+ ATM® participate in adipocyte execution as well as clearance (see also (135)).

Our data demonstrating comparable weight and adiposity in mice fed either HFD
or HFD+B distinguish the protective effects of whole BB extract on AT inflammation
and IR in the present study from the actions of flavonoids and other polyphenolics that
achieve similar protection by blocking adiposity per se (152, 161). In particular, despite
its presence in the we observed none of the reported actions (161, 162) of the anthocyanin
cyanidin-3 glucoside (C3G) to block HFD-induced obesity or to promote insulin
sensitivity by altering retinol binding protein-4 (RBP-4) and glucose transporter 4
(GLUT-4) gene expression (data not shown). The study of Prior and colleagues (152)
similarly failed to detect anti-obesity effects of a BB extract containing >2-fold higher
concentrations of C3G than that (0.2% of diet) reported to robustly inhibit HF diet-
induced obesity (161). However, Prior et al reported that a purified preparation of BB
anthocyanins partially inhibited HF diet-induced increases in adiposity (152), suggesting
that the ‘whole’ BB matrix may restrict the bioavailability or bioactivity of C3G and

potentially other BB polyphenolics.
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We find it additionally encouraging that in humans, 2.7% of total energy from BB (as in
the present study) could be achieved with 20 g of BB powder or 140 g of whole BB per
day (based on a daily energy intake of 14,500 kJ). Thus, the metabolic benefits of BB are
in theory attainable with feasible levels of dietary intervention. These benefits are likely
to reflect, at least in part, the biological activities of BB anthocyanins. Although
anthocyanin bioavailability is generally considered to be low (163), recent in vivo studies
suggest that even low levels of anthocyanins can be highly bioavailable and well-retained
in tissues (146). Although our data strongly suggest that adipose tissue is an important
site of BB actions to ameliorate obesity complications, it is plausible that the protective
effects of BB in the present study reflect retention and direct action of BB components in
non-adipose tissues, including skeletal muscle, liver, pancreas and circulating immune
cells. Studies elucidating the tissue distribution of BB anthocyanins and anthocyanin
metabolites in mice fed HFD+B will help clarify the cell targets and molecular
mechanism(s) by which dietary BB protects against obesity-induced AT inflammation

and IR.

! Detailed methods for the LC-MS/MS analysis of blueberry anthocyanins are available

as Online Supporting Material.



TABLE 1 Composition of low fat, high fat, and high fat plus blueberry diets
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LFD HFD HFD+B
k
g g/ g/ J
Ingre kJ/ kJ/
k k k /
dient kg kg
g g g k
8
Casei 4
n 1 2 2 2
8 5 5 8
9. 31 8. 43 5. 2
6 74. 4 28. 7
7 2 9
L- 6
cysti 2. 3. 3. 4
ne 8 47. 9 64. 8
6 9 2
Corn 5
starc 4 91 0. 0. 0
h 5. 27. 0 0
0 2 0.0 0
Malt 1 19 1 27 1 2
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odext 84. 05. 6
rin 2 2 7
10 6
8
Sucr 1
ose 0
7
14 0
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0.0 9 7
Cellu 0

lose

0.0 0.0 0
Lard 1
1
8
0
11 4

71 92
4.3 9.8 7
Soyb 89 12 1
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ean 3. 2.9 2. 17. 2. 2
oil 7 3 3 0 0
4
6
Mine 8
1 1
ral 9. 5
2. 2
Mix! 5 63. 86.
9 8
5 2 6
DiCa
lcium 1 1 1 0
phos 2. 6. 6.
phate 3 0.0 8 0.0 6 0
Calci
um 0
carb 5. 7. 7.
onate 2 0.0 1 0.0 0 0
Potas
sium
citrat 1 2 2 0
e'1H, 5. 1. 1.
0 6 0.0 3 0.0 1 0
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Vita 2
min 0
mixt 9
ure’ 15 21

5.7 14 7
Choli
ne 0
bitar
trate 0.0 0.0 0
Blue 4
berry 0
powd
er 0.0 0.0 9
FD&
C
blue 0
dye
#1 0.0 0.0 0
FD&
C 0
red
dye 0.0 0.0 0
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#40
FD&
C
yello 0. 0. 0.
w 0 0 0 0
dye 0 0 0
#5 0 0.0 0 0.0 0 0
Total 2
1
1 1 1
4
0 0 0
4
0 0 0
16 22 0
0 0 0
16 03
0.0 2.0 2

!Containing the following (g/kg mineral mix): sodium chloride, 259; magnesium oxide,
41.9; magnesium sulfate.7H,0, 257.6; chromium KSO4.12H,0, 1.925; cupric carbonate,
1.05; sodium fluoride, 0.2; potassium iodate, 0.035; ferric citrate, 21.0; manganous
carbonate, 12.25; ammonium molybdate.4H,0, 0.3; sodium selenite, 0.035; zinc
carbonate, 5.6; sucrose, 399.105. Sucrose in the mineral mix provided 63.5 kJ energy/kg
diet.

*Containing the following (g/kg vitamin mix): all-trans retinol acetate, 0.8;
Cholecalciferol, 1.0; dl-a-tocopheryl acetate, 10.0; menadione sodium bisulfate, 0.08;

biotin (1.0%), 2.0; cyanocobalamin (0.1%), 1.0; folic acid, 0.2; nicotinic acid, 3.0;



calcium pantothenate, 1.6; pyridoxine-HCI, 0.7; riboflavin, 0.6; thiamin-HCI, 0.6;

sucrose, 978.42. Sucrose in the vitamin mix provided 163.9 kJ energy/kg diet.

TABLE 2 Relative anthocyanin composition in freeze-dried blueberry (BB) powder

incorporated into the high fat diet as determined by LC-MS/MS'

g/kg dry

weight
delphinidin-3-

1.383
galactoside
delphinidin-3-glucoside 0.467
cyanidin-3-galactoside 0.493
cyanidin-3-glucoside 0.333
cyanidin-3-arabinoside 0.673
peonidin-3-galactoside 0.538
peonidin-3-glucoside 13.915
peonidin-3-arabinoside 4.378
malvidin-3-galactoside 0.156
malvidin-3-arabinoside 9.104
Total 31.44
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! Detailed methods for the LC-MS/MS analysis of blueberry anthocyanins are available

as Online Supporting Material.
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TABLE 3 Adiposity, energy intake, substrate utilization and indices of metabolic rate in

mice fed the LED, HFD or HFD+B for 8 wk'

LFD HFD HFD+B
Adiposity
eAT 0.80 + 0.06 1.49 +0.22° 135+
Weight (g) 0.12°
scat Weight 0.54 +0.03" 0.86 +0.13° 0.84 +
® 0.09°
Adipocyte 2,210+ 5,150 £ 5,090 £
Size (um’) 90.00° 320.00° 670.00°
Metabolic
Variables
Energy 50.55 + 56.06 +
Intake (kJ-d”) 4.30° 55.99 + 2.64° 5.65"
RER
(arbitrary 0.73 +
units) 0.83 +0.02° 0.72 +0.01° 0.01
VO, 1458.71 + 1288.37 + 1333.73
(mgkg'-n?) 41.58" 29.02° +
53.42°
Heat (kJ-h" 29.74 + 25.57 + 0.60° 26.53 +
kg 0.95° 1.07*
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'Values are means + SEM, n=5-8. Means in a row with superscripts without a common

letter differ, p < 0.05.

Table 4 Gene expression (real-time PCR) in whole eAT for gene markers of ATM®

and ATM® polarization, inflammatory mediators and oxidative stress in mice fed the

LFD, HED or HFD+B for 8 wk'

LFD HFD HFD+B
ATMO®
markers
Galectin 3 1.00 + 1.78 + 1.52 +
0.10° 0.28" 0.24°
F4/80 1.00 + 1.34 + 1.13+
0.17 0.19 0.13
CDllc 1.00 + 3.66 + 255+
0.26" 1.10° 0.66°
MGLI1 1.00 £ 091+ 1.15+
0.12 0.08 0.09
Yml 1.00 1.21 + 1.42 +
0.16 0.28 0.23
CDllc/ 1.00 £ 6.17 + 142 +
MGL1 0.17° 1.50° 0.47*
Inflammatory
mediators




TNFa 1.00 + 2.60 £ 1.19 +
0.14° 0.41° 0.24°
MCP-1 1.00 + 432+ 2.95+
0.26" 1.06° 0.88"
IL-6 1.00 + 1.35+ 111+
0.12 0.19 0.14
iNOS 1.00 + 1.55+ 1.03 +
0.17 0.24 0.17
IL-10 1.00 + 229+ 1.46 +
0.21° 0.40° 0.29°
Oxidative
stress
GPx3 1.00 + 0.62 + 124+
0.42% 0.16° 0.31°

'Values are mean + SEM, n=8.

Literature Cited
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Means at wk 8 without a common letter differ, p < 0.05.
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FIGURE LEGENDS

FIGURE 1 Body weight of mice fed the LFD, HFD or HFD+B for 8 wk. Values are
means =+

SEM, n=8. Means at wk 8 without a common letter differ (» < 0.05).

FIGURE 2 Insulin tolerance tests in mice fed the LFD, HFD or HFD+B for 8 wk. Data
represent the clearance of blood glucose in response to an insulin bolus in food-deprived
mice. Glucose values at 30, 45, 60 and 90 minutes after IP insulin injection were
expressed for each mouse as a proportion of the value at baseline (100%). Values are
means + SEM, n=8. ITT [auc for lines identified by different letters are significantly

different (p < 0.05).

FIGURE 3 The frequency of dead adipocytes in mice fed the LFD, HFD or HFD+B for 8
wk.

Representative H & E-stained histological sections of eAT from mice (n = 8) maintained
on (A) LFD, (B) HFD, and (C) HFD+B. Dead adipocytes are indicated by crown-like

structures of ATM® surrounding remnant lipid droplets (arrows). Scale Bar = 200 pm.
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Online Supporting Material - DeFuria et al.
DeFuria et al., Supplemental Methods

Analysis of Blueberry Anthocyanins by LC / MS
Sample Preparation.

A freeze dried blueberry powder was obtained from the U.S. High bush Blueberry
Council (USHBC) which was comprised of a 50/50 blend of the blueberry varieties
Vaccinium ashei (Tifblue) and Vaccinium corymbosum (Rubel) designated 10506. Dried
powder was stored at -80 °C until analysis.

Powder was dissolved to a concentration of 1 g dry powder/L of either 5%
acetonitrile (Fisher Co., Fair Lawn, NJ) in water containing 1% formic acid (HFO)
(Sigma Chemical Co., St. Louis, MO) or in methanol containing 1% formic acid. This
solution was diluted in 5% acetonitrile in water containing 1% formic acid to produce a
0.1 g/L berry extract for injection on HPLC-MS/MS with a diode array detector (DAD)

in line.
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LC-MS Analysis.

LC/MS analysis was accomplished by modification of a previously reported
method (146). Chromatographic separation of extracted anthocyanins was conducted
using an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA) fitted with a
Phenomenex Synergy Max-RP C18 analytical columns, 250 x 4.6 mm, 4 um particle
size. The columns were protected with a Phenomenex Max-RP cartridge. Anthocyanin
separation was achieved using a gradient between 4.5% HFO in water (mobile phase A)
to 4.5% HFO in 100% acetonitrile (mobile phase B) over an 80 min analytical run at a
flow rate of 0.0003 L/min. The gradient profile was as follows: mobile phase B, 5% at 0
min, 12% at 12 min, 24% at 40 min, 40% between 45 and 50 min, 100% from 55 to 70
min, and then 5% from 75 to 80 min. Using a six-port valve, the eluent flowing from the
analytical column was directed to waste until just before anthocyanins began to elute at
18 min. The flow was then redirected to an Agilent UV G1315A DAD, where absorbance
was monitored between 250 and 700 nm. Once through the DAD, the eluent was
directed to a Bruker Esquire ion trap MS/MS (Bruker Daltonics Inc., Billerica, MA). This
MS unit was fitted with an electrospray interface and was operated in the positive ion
mode with alternating MS and MS/MS scans from m/z 150 to1000.

MS/MS scans of anthocyanins were compared with authentic anthocyanin
standards that were obtained from either Polyphenols AS (Sandnes, Norway) or
Extrasynthase (Genay, France). Eight pure anthocyanins standards were used including
cyanidin 3-glucoside (Cyn glu), cyanidin 3-galactoside (Cyn gal), cyanidin 3-arabinoside
(Cyn ara), delphinidin 3-glucoside (Del glu), peonidin 3-glucoside (Peo glu), peonidin 3-

galactoside (Peo gal), peonidin 3-arabinoside (Peo ara), and malvidin 3-glucoside (Mal
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glu). MS data were handled using Bruker Daltronics Esquire LC 4.5 software for
collection (Build 21)and analysis (Build 49). Compounds were identified by matching
their HPLC retention time, UV absorption profile, m/z of their molecular ions, and their
MS/MS fragmentation pattern with standards. Area counts of the intensity scans for the
individual anthocyanin aglycone fragment obtained by MS/MS were collected for
anthocyanins in the blueberry powder and standards. An equation for the standard curves
was calculated by fitting a linear line using the least squares method. The resulting

equation was used to calculate the value of anthocyanins in the blueberry powder.
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ABSTRACT

The role of adaptive immunity in obesity-associated adipose tissue (AT)
inflammation and insulin resistance (IR) is controversial. We employed flow
cytometry and quantitative PCR to assess T-cell recruitment and activation in
epididymal AT (eAT) of C57BL/6 mice during 4-22 weeks of a high (60% energy)
fat diet (HFD). By week 6, eAT mass and stromal vascular cell (SVC) number
increased 3-fold in mice fed HFD, coincident with onset of IR. We observed no
increase in the proportion of CD3+ SVCs or in gene expression of CD3, IFNy, or
regulated upon activation, normal T-cell expressed and secreted (RANTES) during
the first 16 weeks of HFD. In contrast, CD11c+ macrophages (M®) were enriched 6-
fold by week 8 (p <0.01). SVC enrichment for T cells (predominantly CD4+ and
CD8+) and elevated IFNy and RANTES gene expression were detected by 20-22
weeks of HFD (p < 0.01), coincident with the resolution of eAT remodeling. HFD-
induced T cell priming earlier in the obesity time course is suggested by (1) elevated
(5-fold) IL-12p40 gene expression in eAT by week 12 (p <0.01) and (2) greater IFNy
secretion from PMA/ionophore-stimulated eAT explants at week 6 (1 fold, p = 0.08)
and week 12 (5 fold, p <0.001). In summary, T cell enrichment and IFNy gene
induction occur subsequent to ATM® recruitment, onset of IR and resolution of eAT
remodeling. However, enhanced priming for [FNy production suggests the
contribution of CD4+ and/or CD8+ effectors to cell-mediated immune responses

promoting HFD-induced AT inflammation and IR.



INTRODUCTION

Visceral obesity is characterized by a state of low-grade chronic
inflammation, which is now recognized as an important contributor to the
pathogenesis of obesity complications, in particular insulin resistance (IR) (164, 165).
A significant advance in our understanding of obesity-associated adipose tissue (AT)
inflammation has been the recognition of the important role of innate immunity,
specifically the recruitment, localization and functional heterogeneity of AT
macrophages (M®) during the development of obesity (129). Initial studies
documenting robust ATM® recruitment in obese mice noted few if any coincident
changes in numbers of other immune cells, including lymphocytes (166, 167).
However, T cell and NK cell-derived cytokines are important modulators of M®
response patterns and functions within tissues, in particular as regards the M1/M2
polarization paradigm (168, 169). In this paradigm pro-inflammatory M® activation
directed against intracellular pathogens (M1) is driven by the canonical T helper cell
type-1 (Th-1) cytokine interferon-gamma (IFNy) (170). A variety of ‘alternative’
(M2) M® activation states driven by T helper cell type-2 (Th2) cytokines IL-4 and
IL-13 and functionally modulated by IL-10 (171) mediate anti-parasite defense,
wound healing, tissue remodeling and the resolution of acute inflammation. AT
expansion involves extensive tissue remodeling (172) and thus the regulated actions
of M2-polarized ATM®s. However, in mice, chronic obesity is associated with the
accumulation of M1-polarized, CD11c+ ATM®s in intra-abdominal fat (132,
{Strissel, 2007 #83, 133, 173). This “phenotype switch” (173) in ATM® polarization

from M2 to M1 made it plausible that T cells and Th1/2 cytokines act as orchestrators
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of ATM® responses during the development of obesity-associated AT inflammation

and IR.

Flow cytometry studies by Penicaud and colleagues (174, 175) initially
characterized lymphocyte cell populations in mouse AT, reporting depot-specific
profiles and positive associations of obesity and/or mass of epididymal AT (eAT)
with the percentage of lymphocytes that were T cells. Subsequent studies have
reported obesity-associated increases in AT T cells in mice and extended these
observations to obese humans (176-179). In obese humans, visceral fat is
distinguished by greater numbers of T and NK cells and elevated gene expression of
both IFNy and the Th1 chemokine, regulated upon activation, normal T-cell
expressed and secreted [RANTES] as compared with subcutaneous fat (176, 180).
Notably, obese IFNy null mice fed high fat/high cholesterol, choline-deficient diet
exhibited reduced accumulation of ATM® as well as attenuated pro-inflammatory
cytokine expression in epididymal AT (eAT), coincident with improved glucose
tolerance relative to wild-type mice (177). These results provide empirical support for
the hypothesis that T cells accumulate in AT in obesity and that Th1-polarized T cells

regulate AT inflammation and impact systemic glucose homeostasis.

Expanding this notion, Kintscher and coworkers (179) proposed that T cell
recruitment was a primary event in the development of AT inflammation and IR.
They reported that mRNA of the pan-T cell marker CD3 was significantly elevated in
eAT during the initial stages of high fat diet (HFD)-induced obesity (week 5),

coincident with IR, yet weeks before increased mRNA levels of the M® marker
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F4/80. Additional evidence supporting a role for activated T cells in ATM®
recruitment and AT inflammation comes from studies in lean, atherosclerotic
CD4dnTGFDbR mice (181). T cells in these mice are constitutively activated due to
reduced TGF-P signaling. This constitutive T cell activation was associated with
increased recruitment of CD4+ T cells and ATM® as well as elevated MCP-1, TNF-a
and IFNy gene expression in AT (181). However, as these mice remained insulin
sensitive, the role of activated T cells and IFNy in the development of IR was
questioned (181). An additional challenge to the notion that activated T cells are an
underlying cause of AT inflammation and IR comes from data (182) suggesting that
T cells are selectively depleted from eAT to facilitate ATMO® recruitment and AT
expansion while dampening inflammation. Consistent with this idea, the absence of T
cells in RAG2-/- mice was associated with larger AT depots and more ATM® in

response to a HFD (182).

In the present study we investigate T cell recruitment and activation within
eAT of C57BL/6 mice during a 22 week time course of HFD-induced obesity.
Previously-established metabolic hallmarks of this obesity time course include the
development of glucose intolerance by week 1, doubling of eAT weight and
hyperinsulinemia by week 4, and IR (assessed by intraperitoneal insulin tolerance
tests) by week 6, progressively increasing to maximal levels by week 16 (133).
Accompanying these metabolic changes are progressive increases in CD11c+ ATM®
recruitment and inflammatory gene expression, adipocyte death, and tissue
remodeling, with eAT mass reduced by ~50% at week 16 and then partially restored

(regrowth) by new adipogenesis by week 20 (133). Our objective was to determine
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the temporal pattern and magnitude of T cell responses during the progression of

these hallmark events.

METHODS and PROCEDURES

Animals, Diets. Studies were approved and monitored by the Institutional Animal
Care & Use Committee of the IMUSDA-HNRCA at Tufts University. All studies
used male C57BL/6 mice (Jackson Labs, Bar Harbor, Maine) that were fed ad
libitum. Three sets of mouse studies were completed: (1) Gene expression studies of
T cell markers and T cell-associated cytokines were conducted with archived frozen
epididymal adipose tissue (eAT) from male mice that were divided into two weight-
matched groups and fed either a low fat diet (LFD, 10% energy from fat, Research
Diets #D12450B1), or a high fat diet (HFD, 60% energy from fat, Research Diets
#D124921) for 1, 4, 8, 12, 16, or 20 weeks beginning at 5 weeks of age.
Morphometric, metabolic and macrophage-mediated inflammatory profiles of eAT
from these mice have been previously reported (133); (2) For flow cytometry and
associated gene expression studies 5 week-old male mice were fed either the LFD or
HFD for 6, 8, 12, 16 and 22 weeks while housed at the Jackson Laboratory. Mice
were shipped to the HNRCA where they were maintained on the same diet for 2-3 d
before use. (3) Gene expression studies of short-term HFD-induced T cell and
macrophage recruitment mice were conducted with fourteen week-old mice that were

divided into two weight-matched groups and fed either a LFD or HFD for 5 weeks.

Metabolic measures. Glucose measurements were obtained from whole tail vein

blood of fasted (6 h), non-anesthetized mice using an automated glucometer. Fasting



(overnight) serum insulin was measured by ELISA using mouse insulin as a standard

(Crystal Chem., Downers Grove, IL).

Quantitative PCR. Procedures for epididymal adipose tissue RNA extraction, first
strand cDNA synthesis and SYBR® Green real-time PCR reactions were as
previously described (133). RNA from sorted ATM®s was amplified using the WT-
Ovation amplification system (NuGEN, San Carlos, CA). Determination of relative
gene expression levels was based on the comparative critical threshold (Ct) method.
Target gene expression was normalized to the average expression of an endogenous

control gene (cyclophilin A), and fold difference was calculated by 2744

(corrected
for primer efficiency [E]). Primer sequences are provided in online Supplementary

Material.

Stromal Vascular Cell isolation, cell labeling. Stromal vascular cells (SVCs) were
isolated from eAT using Liberase Blenzyme 3 for cell sorting experiments (Roche,
Indianapolis, IN) or collagenase (for FACS) and centrifugation as previously
described (33) with minor modifications. The samples were incubated at 37 °C with
shaking until digestion was complete (30-40 min). The digested tissue was passed
through a 100 micron mesh filter and the flow through centrifuged to obtain the final
SVC pellet. The SVC pellet was re-suspended with 1 ml red blood cell lysis buffer
(Sigma, St. Louis, MO), followed by the addition of chilled FACS labeling buffer
(1xPBS with 1% fatty acid-free BSA, ImM EDTA, 25mM HEPES). For ATM®
sorting, FACS buffer contained RNAse inhibitor. SVC numbers were determined and

the cells re-suspended in fresh FACS labeling buffer (~1x10° cells/100011). Prior to
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labeling, cells were incubated in Fc block for 10 min, washed with FACS buffer and
re-pelleted. Cells (5x10° cells/100[11) were labeled in FACS buffer for 40 min on ice
with desired primary fluorophore-conjugated antibodies or appropriate isotype
controls. Labeled cells were then washed and re-suspended three times before flow

cytometric analysis.

The following antibodies were used to label SVCs: anti-CD3e-488, (#53-0031),
anti-CD8b-PE-Cys5, (#53-0083), anti-CD25-488 (#53-0251), anti-F4/80-PE-CyS5 (#15-
4801) and anti-CD69-FITC (#11-0691) from eBiosciences (San Diego, CA); anti-NK1.1-
RPE (#MCA1266PE) from Serotec (Raleigh, NC); anti-CD44-FITC (#553133), anti-
CD4-PE, (#553730), anti-CD8a-PE-Cy5 (#553034), anti-CD11c-PE (#557401) and Fc-
block (#553142) from BD Pharmingen (San Jose, CA); goat anti-mouse MGL1/2
(#AF4292), R&D Systems (Minneapolis, MN); and anti-goat-A488 (#705-486-147),

Jackson ImmunoResearch (West Grove, PA).

Flow Cytometry. Labeled cells were quantified by fluorescence activated cell sorting
(FACS) using the FACSCalibur 2 laser 4 color analytical flow cytometer (Becton
Dickinson, San Jose, CA) with CellQuest software for data capture at the Tufts Laser
Cytometry Core facility. Collected data were analyzed using Summit software
(Beckman Coulter, Fullerton, CA). Autofluorescence was identified and excluded
using Isotype controls. Lymphocytes were quantified in the R1 gate, defined by
forward and side scatter properties and CD3 positive events. ATM®s were sorted on

a MoFlo Multi-laser system (MLS) sorter (Beckman Coulter) using Summit software.



Sorted cells were stored in sorting buffer at -80C until RNA extraction and real-time

PCR (see above).

Adipose tissue explant culture, T cell priming assay. Explant cultures of eAT were
established essentially as described by Thalmann (183). Briefly, eAT (100 mg/well)
was dissected, weighed, minced and placed into 6 well tissue culture dishes with
either T cell activation medium (DMEM Gibco #11995 containing 10% FBS, 1%
penicillin/streptomycin, 5 ng/ml PMA and 1ng/ml ionomycin) or control medium
(complete DMEM with vehicle). Conditioned medium was collected after 4 and 24 h

and analyzed by IFNy ELISA (BD Pharmingen).

Statistics. 2-way ANOVA or GLM procedures were used in conjunction with
Tukey’s ‘Honestly Significant Difference’ Test (SAS v9.1). Frequency data were

transformed as arcsinVx prior to statistical analysis. Significance was set at P < 0.05
RESULTS

Stromal Vascular Cell and Lymphocyte dynamics in eAT during the HFD Time

course.

eAT was obtained for FACS analysis from mice fed either a LFD or HFD for 6, 8, 12,

16 or 22 weeks. By week 6, mice fed HFD were significantly heavier (p < 0.01;
Figure 1a), had significantly heavier eAT (p < 0.001; Figure 1b), and were more
insulin resistant (p < 0.01, Figure 1c) than mice fed the LFD. eAT weight declined
between weeks 8 and 16 (p < 0.01) (Fig. 1B), reflecting increased adipocyte death

during this period (133). eAT weight was partially re-established at week 22 (Figure
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1b), reflecting new adipogenesis and reconstitution of the depot with small adipocytes
(133). Overall, total SVCs per gram eAT were significantly greater in mice fed HFD
as compared with LFD (p for diet < 0.001), although differences between diets at any

one time point were statistically significant only at week 12 (p = 0.03) (Figure 1d).

T cells, T cell subsets and NK cells were identified and quantified by FACS
using R1 gating and specific cell surface markers (see Supplementary Material,
Figure S1). FACS analysis indicated that T (CD3+) cells comprise ~4-5% of the SVC
fraction of eAT in mice fed the LFD (Figure 2a). As compared with mice fed LFD,
the proportion of T cells in the SVC fraction was not significantly different in mice
fed the HFD during the first 16 weeks of the time course (p = 0.26), although values
for HFD-fed mice tended to be slightly (10%) greater through week 12 (Figure 2a,b).
These results indicate that HFD-induced obesity was not associated with significant T
cell enrichment in the SVC of eAT during the first 4 months of HFD feeding.
However, because the number of SVCs per gram eAT is modestly elevated in mice
fed HFD (Figure 1d) the number of T cells per gram eAT is consequently increased

as well.

FACS analysis of T cell subsets indicated no significant HFD-associated
change during the first 16 weeks of HFD in the proportion of CD3+ cells expressing
either CD4 (p = 0.26, Fig. 2b ), CDS8 (p = 0.75, Fig. 2¢ ) or NK1.1 (p = 0.35, data not
shown ). However, mice fed HFD had modestly (< 30%) greater SVC enrichment of
CD4+ and CD8+ T cells and NK (CD3-/CD4+) cells at week 6, which were not

observed by week 12 (Figure 2b-d). These results suggest that subtle increases in the
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proportion of CD4+ and CD8+ T cells and NK cells may occur in eAT during the

initial & weeks of HFD.

Significant increases in the proportion of T cells in the SVC fraction were
observed at week 22 of HFD (Fig. 2a,e). At this time the percentage of CD3+ SVCs
in eAT increased by 2-fold (to 11%) as compared with mice fed the LFD (p = 0.02) or
as compared to mice fed the HFD for 6, 8, 12 or 16 weeks (p < 0.01) (Figure 2a,e).
This increase reflected elevated (although nonsignificant) levels of CD4+ (Figure
2b,e), CD8+ (Figure 2c¢,e) cells and an additional T cell population presumably
expressing the yo T cell receptor (174) (Figure 2e). These results indicate that

multiple T cell populations are enriched in eAT between weeks 16 and 22 of HFD.

FACS was next employed to quantify recruitment of CD11c+ ATM®s to eAT
using additional cohorts of mice fed either LFD or HFD for 8 and 12 weeks. By week
8, CD11ct+ ATM®s were enriched ~6-fold in the SVC fraction of mice fed HFD
(8.7% = 1.4% of ATM®s, n = 6) as compared with mice fed LFD (1.3% =+ 0.4% of
ATM®s, n=6) (p <0.01). By week 12 CD11c+ ATM®s were enriched ~12-fold in
eAT of mice fed HFD (13.9% + 1.1% of ATM®s, n = 10) as compared with mice fed
LFD (1.1% = 0.1% of ATM®s, n=6) (p < 0.001). These results indicate that, in
contrast to T or NK cells, CD11c+ ATM®s were significantly enriched in the SVC
fraction of eAT by week 8 of HFD and continued to increase at least through week

12.

To confirm these observations obtained with mice fed HFD during the period

of adipose tissue growth and maturation, we additionally assessed T cell and ATM®
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recruitment to eAT of adult mice fed either the LFD or HFD for 5 weeks beginning at
14 weeks of age. Mice fed the HFD were heavier (40.03g + 1.92g, n = 6) than mice
fed the LFD (32.31g £ 0.97, n=4) (p = 0.02) and were more insulin resistant
(HOMA-IR: HFD = 5.82 + 0.81 ng/ml; LFD = 2.10 + 0.43 ng/ml, p <0.01). Notably,
5 weeks of feeding the HFD resulted in no significant increase in CD3 mRNA (fold
increase relative to LFD = 1.11 + 0.15; p = 0.60). Similar results for CD3 gene
expression were obtained when either cyclophilin A, GAPDH or 18s RNA were used
as ‘housekeeping’ genes (data not shown). In contrast, CD11c mRNA levels were
5.98 £+ 1.29-fold greater in mice fed HFD as compared with LFD (p < 0.01). These
results confirm that CD11c+ ATM® recruitment and dysregulated glucose

homeostasis occur in the absence of T cell enrichment in eAT.

Effect of HFD on Th1 and Th2 cytokines in eAT. We next investigated the effect
of HFD on mRNA levels of Th1 and Th2 cytokines and other modulators of T cell-
mediated inflammation using eAT from mice fed either the LFD or HFD for 4, 8, 12,
16 and 20 weeks (133). Maximal whole body IR and levels of CD11c¢+ and TNF-a
mRNA were observed in these mice at week 16, and loss of eAT mass and
subsequent regrowth were observed at weeks 16 and 20, respectively (133).
Consistent with FACS data (Figure 2a) mRNA for the pan T cell marker CD3 was
not elevated relative to levels in mice fed LFD through the first 16 weeks (Figure
3a). However, CD3 mRNA levels at week 20 were on average 5-6-fold greater in
mice fed HFD (p < 0.05) (Figure 3a). Similarly, mRNA levels of IFNy and the Th1
chemokine RANTES were not significantly elevated until week 20 of HFD (p <0.05)

although trends for increases were observed beginning at week 12 (Figure 3b). In
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contrast to RANTES, gene expression of the CXC chemokines IFN-gamma-inducible
protein 10 (IP-10) and monokine induced by IFN-gamma (Mig) declined significantly
after week 4 (Supplementary Material, Figure 2Sa,b). These results in conjunction
with FACS analysis (Figure 2a,e) implicate RANTES in the recruitment of Th1-

polarized T cells to eAT at weeks 20-22 of HFD (184).

IL-18 and IL-12 are Th1 cytokines produced primarily by macrophages and
dendritic cells that induce IFNy production by T cells. IL-18 mRNA was elevated
1.5-fold at week 4 in eAT of mice fed HFD as compared with LFD-fed controls, but
was subsequently down regulated (p = 0.05, Supplementary Material, Figure S2c¢). In
contrast, mRNA for the p40 subunit of IL-12 (IL-12p40/p35) tended to be higher in
mice fed HFD by week 6 (1.8-fold as compared with LFD) and increased at week 12
(6 fold, p = 0.01) and week 22 (15-fold, p <0.001) (Figure 3d). Real-time PCR of
ATM®Os sorted for both CD11c¢ and the M2 marker MGL1 (132) indicate that 8
weeks of HFD feeding upregulated IL-12p40 gene expression 4-fold in resident
(MGL1+CD11c-) ATM®s and ~ 40-fold in recruited (MGL1-/CD11c+) ATM®s
(Figure 3e). Thus HFD-associated increase in IL-12p40 mRNA in eAT between
weeks 6 and 12 reflect both ATM® recruitment and upregulated ATM® IL-12 p40
gene expression. Constitutive levels of mRNA coding for the IL-12p35 subunit were
not significantly different between the two ATM® subtypes and did not change

significantly in response to HFD (data not shown).

Coincident with the increase in IL-12p40 gene expression, gene expression of

the canonical Th2 cytokine IL-4 was reduced ~4-fold between weeks 4 and 12 in eAT
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of mice fed the HFD and remained attenuated through week 20 (p = 0.02) (Figure
3f). Similar (nonsignificant) reductions were also detected in IL-13 gene expression
between weeks 8 and 12 of HFD (online Supplemental Material, Figure S2d).
Overall, gene expression data for IL-12p40, IL-4 and IL-13 suggest the development

of'a more Thl-polarizing cytokine milieu in eAT between weeks 8 and 12 of HFD.

T cell priming in response to HFD. Elevated IFNy synthesis in response to combined
stimulation by PMA/ionophore provides an established measure of T cell priming by IL-
12 and other Th1-polarizing stimuli (185, 186). To assess diet-associated differences in T
cell priming eAT explants from mice fed LFD or HFD for 6, 12 and 20 weeks were
challenged with a sub-maximal dose of PMA/ionophore for 4 and 24 h (Figure 4). In the
absence of PMA/ionophore stimulation, IFNy protein was undetectable in conditioned
medium of eAT explants independent of diet (limit of detection = 5 pg/ml) (data not
shown). Within 4 h of stimulation with PMA/ionophore, IFNy mRNA levels in eAT
explants increased up to 75-fold on average (data not shown) and explants from both
LFD and HFD cohorts secreted measurable levels of [FNy into the medium (Figure 4).
Notably, levels of IFNy produced by eAT of mice fed HFD were 2-fold greater after 6
weeks of HFD (trend, p = 0.08) and 5-fold greater after 12 weeks of HFD (p < 0.001)
than levels secreted by explants from mice fed LFD (Figure 4). These observations
suggest that there are more T cells primed for INF production per gram eAT in mice fed
HFD as compared with mice fed LFD. This difference may reflect both a higher
proportion of primed T cells in the SVC, as well as a higher proportion of SVCs per gram

eAT in mice fed HFD (Figure 1d). Evidence for enhanced T cell priming in response to



HFD is consistent with gene expression data (Figure 3d and Figure 4) suggesting

elevated IL-12 protein levels in eAT of mice fed HFD (Figure 3d).

DISCUSSION

Activation of innate immunity in AT is now recognized as a contributing factor in the
development of obesity, obesity-associated inflammation and IR (129, 164-166, 187).
Less is known concerning the role of adaptive immunity in these events. Recent
reports (177, 179) have promoted the view that T cell recruitment and the actions of
IFNy in eAT are important to the development of AT inflammation and IR during
diet-induced obesity. In contrast, other studies have questioned the importance of Thl
cytokines to the development of IR (181) and have suggested that the presence of T
cells in AT in fact constrains AT expansion and ATM® accumulation induced by a
HFD (182). In an effort to address this controversy the present study quantified T
cells and Th1/Th2 cytokine mRNA expression in eAT of mice during 20-22 weeks of
HFD-induced obesity. Our objective was to document the temporal pattern and
magnitude of T cell responses during hallmark events in this model (133), in

particular eAT expansion, CD11c+ ATM® infiltration and the onset of IR.

A key result of our study is that neither T cell recruitment (i.e., enrichment in
the SVC) nor significant up-regulated IFNy and RANTES gene expression were
observed until 20 weeks of HFD- i.e., months after increases in eAT mass (Figure
1b), CD11c+ ATM® recruitment and onset of IR (Figure 1c¢), and one month after
maximal IR is observed in this model (133). These results were confirmed by a 5

week HFD time course in adult mice, in which significant increases in CD11c+ gene
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expression in eAT and IR were observed in mice fed the HFD in the absence of
increased CD3 gene expression. Therefore, while our data support prior reports of T
cell recruitment and up regulated RANTES gene expression in obese mice and
humans (176-179), the timing of these increases in the present study calls into
question the extent to which they contribute to the onset of AT inflammation and IR.
In particular the present study fails to support the observation (179) of robust (3-fold)
increases in CD3 mRNA in eAT after 5 weeks of feeding a 60% HFD or the
conclusion based in large part on this observation that T cell recruitment is a primary
event that precedes ATM® recruitment, AT inflammation and IR in response to HFD.
Similarly, despite an overall attenuation of Th1 chemokine gene expression after
week 6 (online supplemental material, Figure S2) our FACS data do not support the
view (182).that total T cells in eAT are selectively ‘depleted’ from AT after the initial
stages of HFD (6 weeks in the present study) in order to facilitate increases in

ATM®

Although we found no evidence of enhanced T cell recruitment until weeks 20-22
of HFD, the number of SVCs (and thus T cells) per gram eAT increased ~40% in
response to HFD as early as week 6 (Figure 1d). We cannot rule out that this modest
‘non-selective’ increase in the density of T cells in eAT, contributes to early
inflammatory and metabolic pathology in our model. Supporting this concept are our
observations of IL-12p40 and IL-18 gene expression in eAT. These cytokines, in
combination with antigen(s) or synergistically in an antigen-independent manner (188)
promote CD4+ T cell differentiation along the Th1 pathway and induce IFNy production

(185). CD4+T cells ‘primed’ by IL-12 up regulate IFNy synthesis independent of IL-12
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stimulation upon re-encounter with antigen (189) or in response to exogenous stimulation
with PMA and ionophore (186). Our data (Figure 4) suggest that T cells in eAT of mice
fed the HFD are primed for IFNy production in response to PMA/ionophore stimulation
by week 6 of HFD. Moreover, the magnitude of IFNy release increased between weeks 6
and 12, (Figure 3d) coincident with recruitment of CD11c+ ATM® robustly expressing
IL-12p40 mRNA (Figure 3e). These M1-polarized ATM® localize to crown-like
structures surrounding dead adipocytes (132, 133, 167), and it is therefore likely that T
cells proximal to such structures will be preferentially primed by IL-12. Intriguingly,
increases in IL-12p40 mRNA and Th1 priming are coincident with the reported
progression of AT inflammation and IR in this model (133), suggesting a potential
mechanistic association between lymphocyte activation and AT inflammation and IR.
Overall, our results strongly suggest a biphasic adaptive immune response in eAT in
which the first phase performs a priming function and the second stage (post week 16) is

more grossly proinflammatory.

Despite this evidence for Th-1 priming, levels of IFNy mRNA or protein were not
significantly elevated during the first 16 weeks of HFD in the absence of exogenous
stimulation (PMA/ionophore). This suggests either the absence of relevant antigenic re-
stimulation and/or the inhibition of Th1 effector cell maturation and IFNy production
(185). A potential mediator of such inhibition is IL-10, an inflammation-suppressive
cytokine that constrainsTh1 responses in lymphocytes (190). IL-10 mRNA levels
increase in eAT during the HFD time course, becoming maximally (15-fold) elevated at
week 16 (133). These increases are due at least in part to up-regulated IL-10 gene

expression by M2-polarized resident (MGL1+/ CD11c-) ATM®s in response to HFD
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(our unpublished data). Importantly, IL-10 gene expression in eAT is subsequently down
regulated by ~50% at week 20 of HFD (133), presumably reflecting the progression of
the ATM® ‘phenotype switch’ from M2 to M1 polarization (132). This down regulation
of IL-10 gene expression in combination with attenuation of IL-4 and IL-13 gene
expression in eAT (Figure 3f and Supplementary Material, Figure S2d) coincides with T
cell enrichment and up regulated expression of IFNy and RANTES at weeks 20-22

(Figure 3b, ¢).

These observations suggest a shift in the cytokine/chemokine environment of
eAT from one favoring Th2 responses toward one favoring Th1 responses, including
IFNy production. Additional factors may also promote the T cell enrichment and Th-
1 cytokine/chemokine expression observed in eAT after week 16. One intriguing
possibility is reductions or loss of the inhibitory actions of regulatory T cells (Tregs),
which maintain immune homeostasis by secreting IL-10 and TGF- (191). Whether
this loss occurs and whether it is coincident with differentiation of proinflammatory
Th17 cells (191) is currently unknown. Other factors that could promote Th1
responses in eAT include HFD-associated systemic endotoxemia (145) as well as
endogenous signals released from dying adipocytes and surrounding matrix (damage-
associated molecular patterns [DAMPS]) that can act as immune adjuvants and favor

Th1 polarization (reviewed in (192)).

In conclusion, the development of obesity and the onset of obesity-associated
AT inflammation and IR occurred in the absence of T cell enrichment or significant

increases in [FNy or RANTES gene expression in eAT. The absence of robust Thl
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responses during the initial 16 weeks of HFD in the present study are consistent with
the depot-wide tissue remodeling observed during this period (133). Tissue
remodeling is integral to AT expansion and thus to energy metabolism homeostasis
(133, 193, 194). 1t is therefore not unexpected that the cytokine/chemokine milieu of
AT would favor repair and tolerance over inflammation and immunogenicity during
the development of obesity. However, given that T cell priming for INFy production
was detected relatively early in the obesity-time course, it is reasonable to expect that
Thl-polarized T cells present in eAT (and perhaps intra-abdominal fat in general)
contribute to the progression of obesity-associated inflammation and IR. The
challenge before us is to determine the pathophysiologic impact(s) of T cell-mediated

inflammatory responses in AT of chronically obese mice and humans.

Supplement Summary

Primer sequences used for real time quantitative PCR are included within Table 1. Figure
S1 specifies the gating procedures used for FACS analyses. Figure S2 presents
quantitative PCR results consistent with generalized down-regulation of Th1-associated

genes after 4 to 8 weeks of high fat diet.
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FIGURE LEGENDS

Figure 1. Weight, adiposity, stromal vascular cells and HOMA-IR in mice fed HFD
or LFD for up to 22 weeks starting at 6 weeks of age. (a) body weight (b) epididymal
adipose tissue (¢AT) weight (n = 5-12 mice for wk 6, 8 and 12; n = 4-7 for wk 16;
n=3 for wk 22). (¢) HOMA-IR determined at week 6 (n = 4-5). (d) number of stromal
vascular cells per gram eAT (n =4-8, for wk 6, 8, 12 and 16; n =3 for wk 22). *, P <
0.05 for comparison between diets at the indicated time point. #, significantly
different from HFD wk 8 (P <0.05). Bars designated by different letters are

significantly different (P < 0.05).

Figure 2. T cells, T cell subsets and NK cells in eAT of mice fed HFD or LFD.
Stromal vascular cell fractions of eAT were isolated and analyzed by FACS. (a)
numbers of CD3+ cells, (b) CD4+ cells, (¢) CD8+ cells and (d) NK (CD3-NK1.1+)
cells within the lymphocyte gate per 10,000 total cells (n =4-12 for 6 to 16 wks; n =
3 for 22 wks) (e) representative FACS histograms showing SVC enrichment for
CD3+CD4+ and CD3+CD8+ cells at 22 weeks of HFD as compared with LFD . *, P
< 0.05 for comparison between diets at the indicated time point; *, P < 0.01 for effect

of HFD over the time course.
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Figure 3. T cell (CD3+) and Th1/2-associated gene expression in eAT during 20 weeks
of HFD or LFD. Shown are mRNA levels of (a) CD3 (b) IFNy, (¢) RANTES, (d) IL-
12p40, and (f) IL-4 in eAT of HFD-fed mice relative to LFD controls. (¢) mRNA levels
of IL-12p40 in resident (MGL1+/CD11c-) ATM®s and recruited (MGL1-/CD11c+)
ATM®s from mice fed HFD for 8 weeks. Data are expressed as fold-difference relative
to LFD controls (designated as “1” and indicated by the horizontal line) (n = 4-6 at each
time point) *, P < 0.05 for comparison between diets at the indicated time point; *, P <

0.01 for effect of HFD over the time course.

Figure 4. Effects of HFD on T cell priming for IFNy production. Whole eAT explant
cultures from mice fed LFD or HFD for 6, 12 or 22 weeks were stimulated with a
submaximal dose of PMA/ionophore for 24 hours. IFNy secreted into the medium was
quantified by ELISA (n= 2-3 for LFD and 3-4 for HFD). *, P <0.05 for comparison
between diets at the indicated time point. Bars designated by different letters are

significantly different (P < 0.05).
Table 1. Primer sequences used for real time PCR (3’ to 57)

Gene Forward Reverse
target

Cyclophilin  GTGGTCTTTGGGAAGGTGAA TTACAGGACATTGCGAGCAG
A

Cdllc CTGGATAGCCTTTCTTCTGCT GCACACTGTGTCCGAACTC
G

IL-12p40 GGAGACACCAGCAAAACGAT GATTCAGACTCCAGGGGACA

IFN-[] TCTGGAGGAACTGGCAAAAG TTCAAGACTTCAAAGAGTCTGA



IL-4

IL-18
IL-13

RANTES

CD3

IP-
10/CXCL1
0

MIG/CXC
L9

TCAACCCCCAGCTAGTTGTC

CAGTGAACCCCAGACCAGAC

CCAGGTCCACACTCCATACC

CAGGAGCAAGTGCTCCAATC
TT

AGGCACTGTAGCCCAGACAA
ATA

GCTGCCGTCATTTTCTGC

CTTTTCCTTTTGGGCATCAT

GTGGTGCTGATGGTGCTG

Supplement Figure Legends.

140

GG

TGTTCTTCGTTGCTGTGAGG

GGCAAGCAAGAAAGTGTCCT
TGCCAAGATCTGTGTCTCTCC

TTCTTGAACCCACTTCTTCTCTG
G

AGCCACTTGATAGTCTTGTCAG
TCA

TCTCACTGGCCCGTCATC

CGATCGTGCATTCCTTATCA

CCATGAACTGGTACACGAAAT
G

Figure S1. Gating procedures used for FACS analyses. (a) Ungated and uncompensated

plots showing forward and side scatter properties and (b) positive CD3-staining were

used to define the lymphocyte (R1) gate for each SVC sample. For each experiment,

matched isotype-conjugated controls were used to define non-specific background

fluorescence events, which were excluded (not shown). (¢) Colored gating [red for anti-

CD4-PE(FL2), and blue for anti-CD8-PECy5(FL3)] indicates the positive events counted

within the SVC population of the lymphocyte gate for cell surface markers of interest.
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Dot plots showing how single fluorescence channels were used to quantify positive
events of double-and triple-stained samples. (d) CD4, (e) CDS, and (f) CD3-positive

events.

Figure S2. Temporal dynamics of mRNA levels of Thl-associated genes and IL-13 in
whole eAT through 20 weeks of high fat diet (HFD). (a) IP-10, (b) Mig, (¢) IL-18, and
(d) IL-13. Data are expressed as fold change (mean + sem) relative to low fat diet (LFD).
Bars identified by different letters are significantly different (P < 0.05). *, P <0.05 for

effect of time; ~, P < 0.05 for comparison between diets at the indicated time point.
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