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LAY ABSTRACT

Obesity is associated with insulin resistance, which is the primary predictor
of type 2 diabetes. This research aims to understand the relationship
between obesity, insulin, and diabetes by investigating the immune system.
Inflammation contributes to insulin resistance during obesity. Inflammation
is controlled by the immune system, which normally protects the body
against disease. Good bacteria living inside the gut are beneficial because
they aid digestion and increase nutrient absorption. Studying how bacteria
interact with the immune system is important because microbes activate
inflammatory responses. Therefore, different bacteria might be critical in
preventing or promoting insulin resistance and diabetes during obesity. This
research investigates the therapeutic effects of small compounds found in
certain types of bacteria that interact with the immune system. These
compounds activate specific immune responses and might be used as a
new type of drug based on a "probiotic" health strategy. Bacterial
compounds may reduce the amount of inflammation during obesity, thereby
reducing the rates of type 2 diabetes.
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ABSTRACT

Intestinal dysbiosis contributes to obesity and insulin resistance, but
intervening with antibiotics, prebiotics, or probiotics can be limited by
specificity or sustained changes in microbial composition. Postbiotics
include bacterial components such as lipopolysaccharides, which have
been shown to promote insulin resistance during metabolic endotoxemia.
The data presented in this thesis demonstrates that bacterial cell wall-
derived muramyl dipeptide (MDP) is an insulin-sensitizing postbiotic that
requires the nucleotide oligomerization domain 2 (NODZ2) protein. Injecting
MDP lowered adipose inflammation and reduced glucose intolerance in
obese mice without causing weight loss. MDP reduced hepatic insulin
resistance during obesity and low-level endotoxemia. NOD1-activating
peptidoglycan worsened glucose tolerance. The transcription factor
interferon regulatory factor 4 (IRF4) distinguished opposing glycemic
responses to different types of peptidoglycan. IRF4 was dispensable for
exacerbated glucose intolerance via NOD1, but was required for
MDP/NOD2-induced insulin sensitization and lower metabolic tissue
inflammation during obesity and endotoxemia.
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CHAPTER ONE: Introduction
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1.1 Obesity and metabolic disease

Obesity is a worldwide health concern, with nearly one-third of the
global population defined as overweight (body mass index between 25.0 to
< 30 body weight/height®) or obese (body mass index = 30.0) (1). Obesity
rates are projected to increase (2) and obesity status or even being
overweight is a significant risk factor for all-cause mortality (3). Beyond
reducing the quality of life and average life expectancy for affected
individuals, the healthcare-associated monetary impacts of obesity are
increasingly burdensome (4). Therefore, the rising prevalence of obesity
has prompted intense research into limiting the disease and its detrimental

complications.

1.1.1 Etiology and health consequences of obesity

Although genetic components are known to contribute to obesity
(5,6), environmental factors such as those linked to industrialization also
influence the prevalence of obesity. Food availability, variety, and increased
palatability can influence weight gain (7). Foods are now commonly
engineered with additional fat and sugar to make them more palatable, a
practice that takes advantage of neuronal reward circuits to encourage
these eating habits (8). Aside from energy intake, sedentary lifestyles also
contribute to obesity by reducing energy expenditure. For example, modern

improvements to manufacturing, technology, and automation have seen the
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requirement for physical human labour diminish. These high-energy output
jobs have been largely replaced by low-activity work (9,10). The increased
energy content of modern human dietary habits combined with decreased
energy expenditure ultimately tip the energy balance scales towards excess
energy storage, and eventually obesity.

Beyond energy balance, other factors contribute to the rising
occurrence of obesity. Maternal nutrient excess during pregnancy is
associated with long-term health impacts on offspring, including increased
risk of obesity and metabolic complications (11-13). The gut microbiota is
another factor with considerable impacts on energy utilization. While this
concept is discussed in more detail below, recent advances in our
understanding of how obesity status impacts gut bacterial communities (and
the inverse) reveal a unique symbiotic relationship with important
implications for metabolic health (14). Thus, the incidence of obesity can be
influenced by host genetics, individual behavior, inherited multigenerational
factors, and specific communities of commensal microorganisms.

Obesity is now recognized as a disease (15). The most important
health consequence of obesity is the increased risk of developing diseases
such as sleep apnea/breathing complications, non-alcoholic fatty liver
disease, cardiovascular diseases (such as stroke, heart attack, and
hypertension), type 2 diabetes, and some obesity-related cancers (1). Thus,

obesity is a major contributor to the leading causes of mortality worldwide.
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The findings presented in this thesis will focus on the relationship between

obesity and the development of type 2 diabetes.

1.2 Type 2 diabetes

Diabetes mellitus (DM) is a disease characterized by chronically
elevated blood glucose levels and an insufficiency in insulin production by
the beta (B)-cells of the pancreas. The two main types of DM are described
as insulin-dependent (type 1 diabetes (T1D)) and noninsulin-dependent
(type 2 diabetes (T2D)). T1D occurs when the pancreas cannot produce
insulin due to autoimmune-mediated destruction of pancreatic (3-cells, and
patients rely on exogenous insulin to control blood glucose. T1D is more
likely to occur in genetically predisposed individuals exposed to as of yet
uncharacterized environmental triggers (16). T2D develops as the cells and
tissues of the body become increasingly resistant to the actions of insulin.
The pancreas is able to compensate for this resistance by increasing insulin
production, but [(-cells eventually become exhausted and fail.
Environmental factors such as diet and lifestyle are major contributors to the
development of T2D. For example, diet and exercise alter insulin sensitivity,
though a role for genetics in T2D has been described (17). T2D is the more
common form of DM, and occurrence of this disease is concomitant with the

rise in obesity worldwide (18).
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Consequences of chronically elevated blood glucose levels include
nerve, kidney, retina, and blood vessel/cardiovascular damage, as well as
increased susceptibility to infection (19). As a result of these complications,
there are approximately 1.5 million deaths from DM every year (20). Given
that T2D is a large contributor to DM-associated mortality, it is important to
understand how obesity influences the development of insulin resistance

that precedes T2D.

1.2.1 Insulin

Canine pancreatic extracts were the first effective treatment of DM in
humans (21). The hormone insulin has since been characterized as the
molecule responsible for mediating the body’s energy supply and
macronutrient balance after feeding (22). Insulin promotes the uptake of
glucose from blood into tissue and also initiates the synthesis and storage
of glucose as glycogen (glycogenesis) within the liver and muscle, as well
as smaller amounts in other tissues. Endogenous production of glucose in
the liver from gluconeogenic substrates (hepatic gluconeogenesis) and from
the release of glucose from stored glycogen (glycogenolysis) is inhibited by
insulin.

The anabolic effects of insulin are not limited to the control of
glucose/glycogen. Lipid metabolism is also regulated by the hormone, via

inhibition of lipolysis and stimulation of lipogenesis. Insulin activates
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lipoprotein lipase in adipocytes and inhibits the enzyme in muscle, with the
cumulative effect of these actions favouring triglyceride storage in adipose
tissue and preventing oxidation of fatty acids in skeletal muscle (23). Genes
involved in production of fatty acid synthase, which plays a key role in de
novo lipogenesis by converting excess carbohydrate into fatty acids for lipid
storage, are regulated by insulin (24-27). Insulin also inhibits hormone-
sensitive lipase responsible for releasing fatty acids from triglycerides
stored in adipose tissue (28). In muscle, insulin promotes protein synthesis
(29,30).

The primary endogenous mechanism driving insulin secretion
involves the detection of elevated blood glucose through glucose uptake via
glucose transporters on B-cells (31-33). This uptake triggers a biphasic
release of insulin-containing vesicles from pancreatic 3-cells. Following the
initial rapid (approximately 10 minutes) secretion, there is a slower and
steady release of the hormone that lasts for hours (34,35). Interestingly, loss
of the initial phase of insulin secretion is a common precursor to DM (36,37).
Other nutrients have been identified as triggers for insulin release, such as
fatty acids and amino acids (38,39). Hormones produced by the body such
as melatonin, estrogen, leptin, and glucagon-like peptide-1 (among others)
also control insulin secretion (40—45). Some classes of drugs function as

insulin secretagogues and are used for the treatment of T2D. As they
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increase insulin secretion, these drugs carry a risk of inducing hypoglycemia

(46).

1.2.2 Insulin signaling and clearance

Insulin achieves its effects by an intricate signal transduction
cascade that can be simplified into three main “nodes”: insulin receptor
substrate (IRS), phosphatidylinositol 3-kinase (PI3K), and Akt/protein
kinase B (PKB) (47). Binding of insulin to the insulin receptor causes
dimerization of the receptor and autophosphorylation of tyrosine residues.
The phosphorylated receptor recruits and phosphorylates many proteins, of
which IRS proteins activate PI3K. Phosphorylated PI3K mediates several
phosphorylation events that ultimately result in phosphorylated (activated)
Akt/PKB (48,49). Tissue-specific glucose actions of insulin involve divergent
signaling events downstream of the IRS/PI3K/Akt pathway. In adipose and
muscle, activated Akt/PKB phosphorylates Akt substrate of 160 kDa
(AS160/TBC1D4) to mediate release of glucose transporter 4 (GLUT4)-
containing vesicles to the cell surface, thus initiating insulin-stimulated
glucose uptake (50). In liver, activated Akt/PKB phosphorylates glycogen
synthase kinase 3 (GSK3) resulting in the activation of glycogen synthase,
concomitantly  stimulating  glycogen  production  (47).  Finally,

phosphorylation of the transcription factor forkhead box protein O1
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(FOXO1) by Akt/PKB causes the exclusion of this protein from the nucleus,
thereby inhibiting gluconeogenic gene transcription in the liver (51,52).
Following initiation of the insulin signaling cascade there is a
requirement to mitigate the pathway in order to prevent aberrant metabolic
events such as hypoglycemia from prolonged insulin signaling. A key
mechanism that the body uses to regulate blood glucose and prevent
hypoglycemia is clearance of insulin (53). While all insulin-sensitive cells
are capable of removing and degrading the hormone, this role is largely
mediated by the liver, followed by the kidneys and muscle (53-595).
Degradation of insulin is achieved by insulin-degrading enzyme after
internalization of the hormone/insulin receptor complex within a cell (56,57).
Interestingly, insulin clearance rate is inversely associated with insulin
resistance and hepatic insulin clearance is impaired in obesity, illustrating

the importance of this mechanism to the development of T2D (58-60).

1.2.3 Insulin resistance

As briefly discussed above, the onset of T2D is preceded by period
of insensitivity to insulin where metabolic tissues such as adipose, liver, and
muscle require increasing amounts of the hormone to maintain glucose
homeostasis (61,62). This insulin resistance can last for many years in
humans, which is often coincident with compensatory hyperinsulinemia. In

fact, hyperinsulinemia contributes to obesity and insulin resistance during



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

prediabetes progression (63,64), but ultimately elevated blood glucose to a
level deemed to be T2D can develop based on insulin insufficiency relative
to sensitivity (65). There are many causes of insulin resistance and the
condition is a field of intense research, chiefly because it represents a
therapeutic window where the progression to T2D can be halted or
reversed.

The regulation of insulin signaling is a delicate balance that is tightly
controlled. Another key inhibitory mechanism that the body uses to regulate
blood glucose after insulin signaling is via serine/threonine phosphorylation
of proteins such as the insulin receptor, IRS, and Akt/PKB (among others)
within the insulin signaling pathway (48,66,67). For example, serine
phosphorylation of IRS1 attenuates tyrosine phosphorylation of IRS1 and
mitigates signal propagation required for the metabolic and anabolic actions
of insulin (68). Known mediators of serine/threonine phosphorylation of
insulin  signaling components include fatty acids, hyperglycemia,
mitochondrial dysfunction, endoplasmic reticulum stress, and inflammation
that activate serine/threonine kinases such as c-Jun N-terminal kinases
(UJNK) (69-75). These stress responses can sufficiently disrupt insulin
signaling leading to tissue insulin resistance and whole body dysglycemia.
For example, serine/threonine phosphorylation of the insulin receptor has
been observed in insulin resistant rats and humans (76-79). Serine

phosphorylation of IRS is increased in obese and diabetic mice, thus linking
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alternative phosphorylation of insulin signaling molecules with obesity that
is associated with insulin resistance (80—82).

Genetics can also predispose individuals to insulin resistance. For
example, mutations of the insulin receptor leading to reduced insulin
binding/signal transduction are established genetic causes of insulin
resistance (83,84). Similar associations have been made for proteins in the
insulin signaling pathway, such as IRS-1, PI3K, and Akt/PKB (85—-87). Loss
of B-cell function also varies between individuals and is an inherited
characteristic, with some individuals able to compensate with sufficient
amounts of insulin and never progress to T2D (65,88). Although there is a
role for genetics in the progression to T2D, environmental factors are the

predominant cause of insulin resistance.

1.3 Obesity and inflammation alter tissues involved in glucose control

Obesity induces several physiological and molecular changes,
including chronic low-level inflammation that can influence insulin
sensitivity. This section will discuss the origins of inflammation during
obesity and how different tissues are impacted. Understanding the links
between immune and metabolic systems is an important consideration to

combat obesity-driven disease development.
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1.3.1 Obesity, inflammation, and insulin resistance

The etiology of insulin resistance is multifaceted and incompletely
understood. It is known that fat-laden diets and obesity cause chronic, low-
grade inflammation, which is a key component that can promote glucose
intolerance and insulin resistance (89-93). For example, obesity is
associated with excess circulating fatty acids, immunogenic bacterial
molecules, and endogenous host damage signals such as reactive oxygen
species (ROS), among other molecules, that can engage pathways that
increase inflammatory cytokine production (94-97). As discussed above,
inflammatory cytokines can decrease insulin sensitivity by engaging
serine/threonine kinases that alter phosphorylation status of key proteins in
the insulin signal transduction pathway (47,81,98-101).

An example of one key inflammatory factor involved in insulin
resistance is highlighted by the fact that neutralization of tumor necrosis
factor (TNF) alleviates insulin resistance during high-fat diet (HFD)-induced
obesity in rodent models. There are still many ill-defined aspects of
immunometabolism during obesity and insulin resistance. It is not yet clear
if TNF neutralization strategies alter insulin action or glucose homeostasis
in humans (102,103). The links between inflammatory cytokines and insulin
resistance is unclear and remains a complex and important area of
research. For example, cytokines such as interleukin (IL)6 are increased

during obesity and can also stimulate insulin resistance upon acute
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administration in mice (104—107). Conversely, IL6 has also been shown to
have anti-inflammatory and insulin-sensitizing actions during obesity (108—
111). Thus, there remains an incomplete understanding of how the immune
system regulates inflammation during an obese state. One key concept
appears to be compartmentalized immune and metabolic response, which

is discussed below.

1.3.2 Obesity and circulating factors

The systemic circulation is often the route between distant tissues
and cells that can mediate molecular crosstalk. Obesity is a source of
increased circulating fatty acids, which can have detrimental inflammatory
effects via ectopic accumulation in metabolic tissues (discussed below).
The state of insulin resistance often coincides with elevated blood glucose
and even clinical hyperglycemia. Elevated blood glucose is associated with
oxidative stress that can precipitate inflammation (112). Hyperglycemia can
also induce insulin resistance independently of oxidative stress, via
advanced glycation end products that promote serine phosphorylation of
IRS (113). Additionally, high-fat feeding leads to acute increases in
circulating endotoxin that engage innate immune signaling pathways that
lead to metabolic inflammation (discussed below) (114).

The circulation also carries endocrine factors that have importance

during obesity. For example, leptin is a hormone produced by adipose tissue
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that mediates a satiety signal to regulate feeding (115). Adiposity status is
linked with higher circulating leptin, and mutations in the leptin receptor and
resultant leptin insensitivity have been associated with obesity (116,117).
These concepts suggest that resistance to leptin may be a factor in obesity.
Leptin is a known mediator of pro-inflammatory responses during obesity
that contribute to the chronic condition (118).

Although chronic, low-level, circulating inflammation is a hallmark of
obesity, the amount of inflammation is small compared to overt infection or
sepsis (which also promotes insulin resistance/hyperglycemia (119-121)).
Also, the relative inflammatory contribution of each metabolic tissue during
obesity is poorly represented by a snapshot analysis of low-level circulating
inflammation. An emerging concept is that of compartmentalized immune
responses during obesity (122,123). Metabolic tissues are the sites of
insulin action and resistance that have whole-body impacts on glucose
homeostasis. Therefore, scrutiny of individual tissues for their specific
inflammatory status during obesity may be a more useful strategy in
understanding the etiology and possible targeted treatment of metabolic

disease.

1.3.3 Obesity and adipose

Adipose tissue is a key site for energy storage. The tissue is a

mixture of adipocytes, immune cells, and vasculature that provides access
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to the rest of the body and delivers nutrients via circulation (124). The
anabolic effects of insulin on adipose tissue include stimulation of glucose
uptake and lipogenesis, and inhibition of lipolysis.

As a storage depot for excess energy and fat that expands during
obesity, adipose tissue is an obvious source of metabolic inflammation
(125). Adipocyte hypertrophy due to excessive energy storage raises fatty
acid concentrations in the circulation, priming the body for ectopic lipid
deposition in other metabolic tissues (94,126). Similarly, endoplasmic
reticulum stress, a source of chronic cellular inflammation, is increased in
adipose tissue during obesity and has been shown to augment lipolysis,
further contributing to elevated blood lipids (127,128).

Expansion of adipose tissue during obesity is associated with
macrophage infiltration and upregulation of pro-inflammatory genes that
parallels the development of insulin resistance (129-131). Immune cells
recruited to adipose tissue during obesity can become polarized, shifting the
inflammatory tone of the tissue to a pro-inflammatory state (132). Indeed,
obese adipose tissue in experimental rodent models and humans is
characterized by an increased secretion of pro-inflammatory cytokines such
as TNF that activates JNK (and others) to mediate alternative
phosphorylation of components within the insulin signaling pathway
(80,132-134). Other key inflammatory proteins produced by adipose tissue

that contribute to insulin resistance during obesity include IL1[3, IL6, and C-
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C motif chemokine ligand 2/monocyte chemoattractant protein-1
(CCL2/MCP1; involved in immune cell recruitment) (135-140).

The pro-inflammatory state of obese adipose tissue, combined with
the recruitment of immune cells in response to an inflammatory stimulus,
sets the stage for an inflammatory cycle that exacerbates metabolic
deficiencies. The key consequences for impaired insulin action in adipose
tissue during obesity include impaired glucose uptake that contributes to
hyperglycemia, and enhanced lipolysis that contributes to ectopic lipid
accumulation. The importance of adipose to energy homeostasis highlights
the need to understand how inflammation contributes to metabolic

impairments in this tissue during obesity.

1.3.4 Obesity and muscle

Skeletal muscle is the largest site of glucose deposition in the body,
accounting for approximately 80% of insulin-stimulated glucose uptake
(141,142). This tissue is also an important site for free fatty acid utilization,
which sustains energy needs during fasting (143). Insulin normally functions
to augment glucose uptake, oxidation, and glycogen synthesis, and
suppress fatty acid oxidation in muscle, in addition to promoting protein
synthesis (30,144).

During obesity, impaired lipogenesis and increased lipolysis

contributes to increased circulating fatty acids. In muscle, this increased
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lipid content accumulates and leads to enlargement of intramuscular lipid
(IMCL) stores that correlates with insulin sensitivity (145,146). While
increased IMCL is associated with obesity and insulin resistance, trained
athletes also contain an elevated muscular lipid content. However, their
tissues are more insulin sensitive and have a higher lipid oxidation capacity
(147,148). Therefore, IMCL can be a marker of insulin resistance during
obesity, but the metabolic capability of muscle must also be considered
(149).

A particularly important characteristic of IMCL during obesity is as a
source of lipid metabolites that interfere with insulin signaling. Elevated
lipids equate with higher amounts of fatty acid intermediates (for example,
lipids that have not been oxidized or stored as triacylglycerol (TAG)) (73).
These lipid species include diacylglycerol (DAG) and ceramide that
contribute to insulin resistance in humans and animals (126,150). DAGs can
activate (among other kinases) protein kinase C (PKC) that inhibits tyrosine
phosphorylation of IRS proteins (73,150,151). Ceramide-activated protein
phosphatase inhibits Akt/PKB to interfere with insulin signaling (152—155).

The precise role of cytokine-driven muscle inflammation on insulin
sensitivity is unclear. Inflammatory cytokines may promote oxidative stress
which correlates with insulin insensitivity (156). Consequences of high-fat
feeding and obesity are known to include macrophage infiltration in muscle

and subsequent cytokine production (157,158). The origin of macrophage
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inflammation (e.g. bacterial versus dietary lipid) may be an important factor
that determines the effect on insulin sensitivity in muscle cells (159). In
addition, the role of some inflammatory cytokines within muscle and their
contribution to insulin resistance during obesity remains unsolved
(160,161). For example, acute administration of both TNF and IL6
mechanistically induce insulin resistance in muscle cell models and in
skeletal muscle in humans, and IL6 is elevated in adipose tissue, liver, and
circulation during obesity (105,162—-166). But IL6 signaling also suppresses
hepatic and systemic inflammation and insulin resistance during obesity
(109-111). Combined with the fact that exercise is associated with skeletal
muscle release of IL6 illustrates that context is important (167,168). This
apparent disparity can be viewed as an example of the
compartmentalization of immune responses in different tissues during

obesity.

1.3.5 Obesity and liver

The liver is a key regulator of glucose metabolism, and maintains a
large supply of glucose as glycogen for use throughout the body. The
metabolic cell of the liver is the hepatocyte, which responds to insulin by
suppressing glucose production via inhibition of gluconeogenesis and
glycogenolysis. This insulin-dependent effect is an important determinant of

glycemia status in the body.
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The resident immune cell population of the liver is the Kupffer cell, or
hepatic macrophage, that can rapidly polarize depending on the local
metabolic and inflammatory status of the liver (169). Interestingly, activated
(inflammatory) Kupffer cells inhibit insulin sensitivity in obese mice, but
ablation of Kupffer cells during diet-induced obesity worsens insulin
signaling (170,171). Thus, there appears to be an immunoregulatory or
protective role mediated by resident hepatic macrophages, in response to
the progression of liver inflammation during obesity. Indeed, alternative
activation of Kupffer cells during obesity reduces insulin resistance (172).

Dysregulated lipid handling and ectopic lipids from expanding
adipose during obesity can promote non-alcoholic fatty liver disease
(NAFLD) (173). Aside from causing inflammation and exacerbating insulin
desensitization, excess lipid stores promote the accumulation of lipid
intermediates such as DAGs and ceramide that interfere with hepatic insulin
signaling (126,174—177). Inhibition of PKC (activated by DAGs) can prevent
hepatic insulin resistance during NAFLD (178).

The liver is uniquely positioned, in that it is connected with the
intestinal system via the hepatic portal circulation. Thus, the liver, a key
metabolic tissue, directly interfaces with bacterial and nutrient content from
the gut. A recent appreciation for this relationship between the gut and

metabolic tissues has given rise to an expansive amount of research with
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important implications for our understanding of obesity and its associated

metabolic defects.

1.3.6 Obesity and the gastrointestinal tract

The gastrointestinal tract represents one of the largest mucosal
barrier systems in the body and processes ingested nutrients. The gut is
exposed to components of the external environment and maintains a barrier
between these external environmental components and the internal organs
of the host. This barrier is essential to protect the internal environment from
penetration by pathogenic bacteria. Gastrointestinal immunity, such as T
helper 17 (Th17) responses, mediates antimicrobial defences that are
important for maintaining a suitably or nearly sterile internal environment
compared to the plethora of microbes in the external environment (179—
181).

Obesity is associated with elevated splenic and systemic Th17
immunity (182,183). In the ileum, HFD-feeding has been shown to impair
Th17 immunity in mice (123,184). Obesity may therefore promote a
permissive gut immune barrier environment that promotes other factors
(such as specific bacteria or nutrients) to contribute to metabolic tissue
inflammation and insulin resistance (implications discussed below). In line
with this concept, HFD-feeding in mice depletes resident intestinal

eosinophils that promote epithelial repair and barrier maintenance (185).
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Intestinal permeability is increased during obesity in mice (186-188), and
bacterial taxa associated with HFD-feeding promote intestinal inflammation
that precedes and correlates with obesity and insulin resistance (189,190).
Treatment of mice with gut anti-inflammatory agents reduces obesity-
related insulin resistance (191).

Another consequence of obesity and altered diets is perturbations to
the composition of symbiotic gut microbial communities. As discussed in the
upcoming sections, specific gut bacteria (and their immunogenic
components) can have significant and potentially exploitable characteristics

for host metabolic health.

1.4 Bacteria and obesity

1.4.1 Metabolic implications of gut bacterial colonization

Recent advances in measuring the composition and predicted
function of the intestinal microbiota have provided evidence for commensal
microbes as a new environmental factor involved in metabolic disease.
Trillions of bacteria make up the diverse microbial communities in different
anatomical locations in humans. The intestine harbours most of these
bacteria, and recent estimates place the number of bacteria at a 1-to-1 ratio
with host cells in humans (192). These commensal bacteria are often
symbionts that influence the metabolism of the host though macro- and

micronutrient processing and the production of metabolites that cannot be
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made by the host. Bacterial colonization has long been known to be critical
for the education and development of the immune system (193). Therefore,
the role of the gut microbiota, and bacterial components and metabolites in
immunometabolism during metabolic disease should be assessed.
Germ-free animals have been used to characterize and test
relationships between obesity-related dysbiosis (for example, deleterious
changes in the composition of the gut microbiota) and host energy balance.
Initial experiments that compared germ-free mice to conventional
counterparts, and later colonization of mice born germ-free showed that
bacteria regulate energy extraction that is sufficient to change body mass,
body composition, and insulin sensitivity. These changes occurred in spite
of decreased food intake in germ-free mice and it was found that host
extraction and retention of dietary components and energy content is a key
mechanism by which bacteria influence energy balance (194). Further
experiments demonstrated that mice lacking colonizing bacteria are
resistant to HFD-induced obesity and insulin resistance, and exhibit
increased fat metabolism and excretion that ultimately prevents weight gain
(195,196). It was also found that the change in the composition of the gut
microbiota during obesity was sufficient to increase energy extraction from
food (197). Interestingly, leanness, adiposity, and aspects of metabolic

dysfunction are transmissible via the microbiota (198,199). Thus, dysbiosis
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during obesity is a strong factor regulating body composition and glucose

metabolism.

1.4.2 Antibiotics and host metabolic consequences

If diet and obesity-induced changes to gut microbiota composition
have significant effects on the host, can intentional and directed changes to
gut bacterial communities also have effects on host metabolism? Indeed,
drugs that are designed to target microbes and disrupt microbial
communities, such as antibiotics, have been reported to alter host energy
balance and metabolism (200). For example, it has been known for a long
time that low-dose antibiotics promote growth in farm animals (201). It was
hypothesized that antibiotics reduced energy requirements of constantly
providing immune tolerance to colonizing bacteria, but it was not clear why
antibiotics were effective in promoting growth when only given during a
therapeutic window in early life. Cho et al. (202) have reported that low-dose
antibiotics given early in life caused increased obesity and lipid storage later
in life in mice. Sub-therapeutic antibiotic treatment given to mice in early life
increased adiposity, gut short chain fatty acid (SCFA) production (resulting
in increased acetate, butyrate, and propionate), and hepatic expression of
genes related to lipogenesis and triglyceride synthesis. The antibiotic
treatment combined with HFD-feeding in mice caused additional weight

gain and adiposity, increased hallmarks of non-alcoholic fatty liver disease,
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and also adversely affected glucose metabolism (203). Studies in humans
have not yet generated results that are as clear. While it has been
demonstrated that acute antibiotic use in adult humans reduces gut
microbial diversity and impacts metabolite production, significant changes
in host insulin sensitivity or markers of inflammation were unremarkable
(204,205). Thus, while antibiotic use can affect human gut microbiota
composition, physiology, and bacterial metabolism in the short term, it is not
yet possible to ascertain the host changes in metabolism relevant to
metabolic disease. Further, it is not clear if widespread antibiotic-induced
changes in the microbiota can be tailored to combat metabolic disease. The
long-term impact to host metabolism after discontinuing antibiotic use is
also unclear. Broad-spectrum antibiotics are therefore not positioned as an

ideal candidate treatment to limit metabolic disease.

1.4.3 Pre- and probiotics

The fact that antibiotic-dependent and independent changes to gut
microbial communities can potentiate metabolic changes in mice, albeit
temporarily, demonstrates that components of the gut microbiota are at
least tangentially interacting with host metabolism. Therefore, it is
worthwhile to explore the concept of bacterial-host metabolic interactions
further. Indeed, there is evidence to support the notion that specific bacteria

or bacterial components can add to the drug repertoire to combat metabolic
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disease. Two examples of this concept include “probiotics” (specific known
strains of live bacteria that are associated with intestinal health in the host)
and “prebiotics” (digestible compounds that encourage the growth of certain
bacterial species).

Probiotics containing a single strain of Lactobacillus rhamnosus,
Bifidobacterium animalis, or Propionibacterium freudenreichii have been
reported to possess anti-inflammatory activity when administered to normal
healthy adults (206). These effects are often bacterial strain specific. Similar
work has demonstrated that probiotic supplementation with a cocktail
containing multiple Lactobacillus, Streptococcus, and Bifidobacterium
species opposed increases in body and fat mass in humans when
challenged with a HFD (207). Similarly, Lactobacillus casei has also been
shown to prevent high-fat overfeeding-induced insulin resistance (208).
Mechanistically, some probiotic species such as Lactobacillus reuteri may
function to improve incretin and insulin secretion, allowing for possible
improvements in glucose homeostasis in insulin-resistant individuals (209).

The bacterial species Akkermansia muciniphila has been
continuously implicated in beneficial metabolic profiles. The presence of
intestinal or fecal Akkermansia muciniphila is inversely associated with
fasting glucose, adipocyte size, body fat distribution, and microbiome gene
richness following dietary intervention in humans (210). In mice, the

administration of Akkermansia muciniphila has been shown to mitigate
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metabolic inflammation, insulin resistance, and preserve gut barrier integrity
during diet-induced obesity (211). Bacteria that may help to combat
metabolic disease, such as Akkermansia muciniphila, appear to be
modifiable with prebiotics/dietary constituents such as oligofructose (211—
215) or grape polyphenols that concomitantly reduce aspects of HFD-
induced metabolic syndrome (216). Interestingly, non-bacterial
microorganisms can also have similar “prebiotic” effects on gut microbiota
composition and improvements in host metabolism. An extract of the fungal
species Ganoderma lucidum prevented obesity, reduced liver and adipose
tissue inflammation, and increased the Bacteroidetes to Firmicutes ratio in

mice fed a HFD (217).

1.4.4 Postbiotics

Pre- and probiotics aim to modify the composition of gut bacterial
communities as their primary intended mechanism. It may be difficult to
maintain these changes, as the gut bacteria is rapidly changed with diet
(218). This finding is supported by long-term studies in humans (219).
Additionally, oral probiotics must survive ingestion and transit within the
upper gastrointestinal tract for several hours to have any meaningful effect
on the host (220,221). Prebiotics are limited by specificity and the difficulty
in shaping the microbial community in a tailored way that provides a net

benefit to host metabolism (222). Indeed, it is a daunting task to understand
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how a change in the composition of trillions of resident bacteria relates to
obesity-related inflammation and insulin resistance.

Conversely, a simple concept is that components of bacteria are
positioned to alter host metabolism. In fact, live bacteria are not always
required to induce host responses. Unique endogenous or secreted factors
from bacteria warrant investigation in metabolic disease. For example, the
bacterial protein Amuc_1100 from Akkermansia muciniphila, has been
identified as a factor that is sufficient to improve aspects of obesity-related
metabolic disease (223,224). Therefore, an alternate approach to
combatting metabolic disease may be to test the secreted factors, cellular
components, and metabolites of bacteria that, upon delivery to a host, can
have biological effects on it. We and others define these molecules as
“postbiotics” (225,226).

Examples of metabolite-postbiotics such as microbial-derived
SCFAs or flavonoids can directly influence host feeding behaviour, energy
metabolism, insulin secretion, and insulin sensitivity (227-230). The
mechanisms driving the metabolic effects of these bacterial-derived
molecules are diverse. For example, microbial-derived metabolites can be
epigenetic factors that induce host responses relevant to the susceptibility
to metabolic disease (231,232). It has been demonstrated that bacterial
colonization of mice regulates epigenetic programming in host tissues, and

that a Western-style diet, high in fat and sugar, affects histone modifications
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in liver, colon, and adipose tissues (233). Interestingly, a Western-style diet
reduced production of the SCFAs acetate, propionate, and butyrate in the
murine gut, and supplementing these SCFAs had similar effects on the
epigenetic state of mouse tissues to that of bacterial colonization. This
raises an important concept, since bacterial derived metabolites (such as
SCFAs) have now been found to alter epigenetic control of host metabolism.
Microbial-sourced SCFAs in the gut have been shown to suppress insulin
signaling in adipose tissue in mice, consequently preventing fat
accumulation during HFD-feeding (228). Additionally, acetate produced by
bacteria links the microbiota, brain, and pancreatic B-cells to promote
metabolic syndrome during obesity by driving increased appetite and insulin
secretion in the host (229).

Another source of postbiotics that can propagate metabolic effects,
such as inflammation and insulin resistance, is microbial components from
live or dead bacteria (234). Host detection of bacterial cell wall fragments is
sufficient to promote innate and adaptive immune responses and promote
metabolic inflammation, lipolysis, and insulin resistance (235-238). But
microbiota-derived factors can also protect against insulin resistance. For
example, “immunization” with proximal gut microbiota-derived extracts from
HFD-diabetic mice promotes immunological tolerance and decreases HFD-
induced insulin resistance in mice (239). However, the identity of the

microbial factor responsible for tolerization and reduced insulin resistance
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is not known. In fact, very little is known about specific bacterial components
that can elicit insulin-sensitizing or anti-inflammatory effects in metabolic
tissues. Therefore, the identification and characterization of novel bacterial
postbiotic molecules from bacteria represents an underutilized avenue of
potential drug alternatives to combat obesity-associated metabolic disease.
A greater understanding of the mechanisms involved and how bacterial

components interact with host immune and metabolic systems is required.

1.5 Immunometabolism: bacteria-host interactions

1.5.1 Host immunity and metabolic disease

An “obese” microbiota skews certain aspects of intestinal immunity
to a more inflammatory state that may impact metabolic tissues and
precipitate aspects of metabolic disease such as insulin resistance (189).
Conversely, diet-induced obesity and/or the related dysbiosis can also
compromise other aspects of immunity in the gut important for maintaining
mucosal barrier integrity. For example, Th17 immune responses are
decreased in the ileum and colon but increased in the liver during obesity,
which represents a key example of compartmentalized immunity during
obesity (123,184). Thus, obesity allows for a permissive gut environment
whereby bacteria, their metabolites, or their components can evade
detection and may be able to penetrate into metabolic tissues and promote

microbial inflammation-related insulin resistance (95,187,188,240,241).
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To limit damage to host tissues from invading pathogens, pattern
recognition receptors (PRRs) of the innate immune system serve as one of
the first lines of detection and defense. PRRs respond to a variety of
conserved molecular structures unique to non-host cells, referred to as
pathogen-associated molecular patterns, in order to mount a rapid response
to threats. It has been established that pathogen-sensing systems
contribute to inflammation that can precipitate metabolic defects such as
insulin resistance during obesity. For example, feeding mice a diet
containing excessive lipids can produce a chronic, low-level increase in
circulating bacterial lipopolysaccharide (LPS), which can promote toll-like
receptor (TLR)4/CD14-mediated inflammation and insulin resistance
(95,242,243). Tir4 expression is elevated during obesity (244,245).
Interestingly, dietary components such as fatty acids can engage TLR4-
linked responses to initiate inflammation and insulin resistance (244,246—
250).

PRRs can also be engaged by endogenous host molecules. Low
levels of damage-associated molecular patterns (DAMPs) are indicators of
dead cells or injured tissue and initiate TLR signaling cascades to initiate
repair (251). During obesity there is an increased quantity of DAMPs, such
as ROS (96). Excessive DAMPs can cause chronic inflammation and can

interfere with insulin signaling.
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Despite the known role of PRRs in contributing to and exacerbating
inflammation and metabolic perturbations during obesity (252),
immunoregulatory systems exist to control and limit inflammatory
responses. The potential for PRRs to provide protection from metabolic

disease characteristics has been poorly described.

1.5.2 NOD1 and NOD2

The nucleotide oligomerization domain- or NOD-like receptors
(NLRs) are another family of PRRs that respond to a variety of bacterial
molecules and endogenous danger signals (253). Two key members of this
family are the intracellular NOD proteins, which are composed of an N-
terminal single- (NOD1) or dual- (NOD2) caspase-activation and
recruitment domain (CARD), a central NOD, and a C-terminal leucine-rich
repeat (LRR) domain that is critical for ligand recognition and binding
(Figure 1.1) (254-258). NOD1 and NOD2 proteins initiate inflammatory
responses after recognizing bacterial cell wall (peptidoglycan) fragments
consisting of sugars and amino acids (259). NOD1 recognizes meso-
diaminopimelic acid (meso-DAP)-containing muropeptides, found more
often in Gram-negative strains (Figure 1.2) (260-263). NOD2 detects
muramyl dipeptide (MDP)-containing peptidoglycan found in all bacteria
(Figure 1.2) (263), but is more abundant in Gram-positive strains that

possess a 2- to 10-fold thicker cell wall, thus positioning NOD2 as a general
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NOD1

NOD2

Figure 1.1
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Oligomerization
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Domain structures of NOD1 and NOD2.

NOD1 contains a single N-terminal caspase-activation and recruitment
domain (CARD) domain, while NOD2 contains dual-CARD domains that
are important for interaction with RIPK2. The central domain of both
proteins is important for nucleotide (ATP) binding and protein self-
oligomerization. The C-terminal leucine-rich repeat (LRR) region
mediates ligand binding. Adapted from Philpott et al. 2014 (256).
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Figure 1.2 Peptidoglycan motifs recognized by NOD1 and NOD2.

Chemical structures of Gram-negative and Gram-positive peptidoglycan.

NOD1 recognizes

meso-DAP-containing  peptidoglycan.

NOD2

recognizes MDP-containing peptidoglycan. Adapted from Antosz et al.

2013 (263).
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sensor of peptidoglycan (260,264,265). Upon activation of either protein,
NOD1 or NOD2 self-oligomerize and interact with receptor-interacting
serine/threonine-protein kinase 2 (RIPK2) which propagates the signal and
ultimately activates nuclear factor kappa-B (NF-kB) and mitogen-activated
protein kinase (MAPK) pathways (Figure 1.3) (266—-270). The resultant
inflammatory response involves the production of cytokines, chemokines,
and antimicrobial peptides to mediate host defense (271). Mutations in
either the Nod1 or Nod2 genes are associated with aberrant innate immune
responses and consequences for infection and inflammatory disease
susceptibility, highlighting the importance of these proteins in health

(272,273).

1.5.3 NOD1 in inflammatory and metabolic diseases

Detection of bacterial peptidoglycan by NOD1 primes the innate
immune system and enhances neutrophil-mediated bacterial killing during
infection (274-277). NOD1 has been linked with intestinal mucosal
adherence and translocation of commensal bacteria in the early stages of
type 2 diabetes (278). NOD1-null mice were found to have reduced bacterial
translocation to metabolic tissues and improved protection from HFD-
induced insulin resistance. There is evidence showing increased NOD1 (but
not NOD2) inflammatory activity in subcutaneous adipose depots in humans

with metabolic syndrome (279). Activation of NOD1 in vivo worsens diet-

33



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

Gram-negative Gram-positive

NOD2

I‘[

ATF ] fos J[_jun ]

Figure 1.3 NOD signaling pathway.

Upon binding their respective peptidoglycan motifs, NOD1 and NOD2
self-oligomerize, bind to RIPK2, and initiate a signaling cascade that
results in the activation of inflammatory pathways to mediate host
defence against pathogens. Adapted from Correa et al 2012 (270).
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induced inflammation and insulin resistance (237), and induces vascular
inflammation and accelerates the development of atherosclerosis in a
mouse model of the disease (280,281). In addition, we and others have
shown that NOD1 activation induces lipolysis, suppresses adipocyte
differentiation, and augments adipose inflammation (235,237,282).
Inhibition of NOD1 limits NF-kB activation (283). Thus, NOD1 signaling is
associated with pro-inflammatory activity and susceptibility to a worsened

metabolic state during obesity.

1.5.4 NOD2 in inflammatory disease

Similar to NOD1, NOD2 plays a major role in regulating innate and
adaptive immunity in mice, as well as controlling gut bacterial composition,
proliferation, and pathogenicity (269,284-288). Nod2 expression is
increased in the ileum and colon of patients with Crohn’s disease (289). It
is not clear if this association represents a protective response to the
inflammatory environment during Crohn’s disease. This is possible since
Nod2 mutations that result in a defective NOD2 protein, and mutations that
result in defective downstream actions in the NOD2-signaling pathway,
have been identified as a major genetic contributor to an increased risk of
Crohn’s disease in humans, or susceptibility to experimental colitis in mice
(290-293). The origin of inflammation instigated by defective NOD2

signaling is not fully known, but augmented inflammation can be linked to
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defects in NOD2-mediated gut bacterial control and cellular immunity. For
example, mutations in the Nod2 gene are associated with increased gut
permeability in mice and affect the composition of the microbiota (294).
Additionally, functional NOD2 signaling can negatively regulate TLR-
mediated pro-inflammatory T helper type 1 (Th1) immune responses that
typify Crohn’s disease patients with mutated NOD2 (295,296), and
positively regulate immunomodulatory T helper type 2 (Th2) immune
responses (297,298). Suppression of TLR inflammation via NOD2 signaling
has been linked with protection from colitis-associated colorectal
tumorigenesis in mice (299,300). Thus, these studies implicate NOD2 as a
key regulator of innate immunity responsible for both preventing increased
gut bacteria translocation and also preventing excessive microbial-driven
inflammation and disease.

It is paradoxical that NOD2, an activator of immunity, can have anti-
inflammatory effects in certain disease states. It is possible that NOD2 helps
to control a specific community of intestinal bacteria that provides protection
from deleterious host responses, but there is limited evidence for this to
date. In addition to antibacterial or initial immune responses induced by
NOD2, this PRR may help to limit inflammation during or after the mounting
of an immune response, which would be positioned to mitigate chronic
inflammation and damage to host tissues (301). This is an attractive feature

of NOD2 signalling because it may be particularly relevant to chronic
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inflammation of low magnitude indicative of obesity, where NOD2 may
dampen repeated, excessive, but low-level inflammatory stressors. For
example, NOD2 pre-activation of macrophages decreases the production
of pro-inflammatory cytokines upon subsequent challenge with TLR ligands
(302). This immune tolerance mechanism appears to require NOD2-
mediated secretion of anti-inflammatory mediators (303,304). Thus, there
seems to be an anti-inflammatory component of chronic NOD2 signaling
that can potentially be used to treat inflammatory diseases in vivo. Indeed,
activation of NOD2 with its peptidoglycan ligand MDP elicits protective anti-
inflammatory effects in mouse models of colitis (305,306). MDP treatment
also prevented the loss of body mass and preserved colonic crypt
architecture in this model of inflammatory bowel disease (305,306).

It was reported that NOD2 mediates its protective effects during
experimental colitis via interferon regulatory factor 4 (IRF4) (305,306).
Specifically, NOD2 was reported to downregulate colonic inflammation via
IRF4-mediated inhibition of NF-kB signaling. IRF4 is a transcription factor
that supresses inflammation induced from multiple TLRs (307-309). With
respect to metabolism, Irf4 deletion within mouse adipose tissue
macrophages promotes metabolic inflammation during obesity (310), and
Irf4 deletion within adipocytes dysregulates lipid handling and causes
increased adiposity during HFD-feeding in mice (311). This transcription

factor can also bind directly to the promoters of i/4 and il10 (312,313), which
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are Th2 cytokines with anti-inflammatory and insulin-sensitizing properties
(314,315). Thus, IRF4 appears to be a potential key link between NOD2

immunity and metabolism.

1.5.5 NODs in immunometabolism

The immunometabolic contribution of the peptidoglycan-sensing
NOD proteins in obesity and metabolic disease is not fully known. Acute
activation of NOD1 causes whole-body and hepatic insulin resistance (237)
and deletion of Nod1 can protect against diet-induced insulin resistance in
mice (278). This is consistent with the fact that microbiota-derived
muropeptides acting on NOD1, but not NOD2, augment systemic immunity
(276,277). In contrast, NOD2 activation attenuates inflammation induced by
other bacterial products and protects against inflammatory colitis (302,305).
Deletion of Nod2 in mice worsens insulin resistance during obesity
(316,317). The mechanisms by which both NOD1 and NOD2 elicit their

differential effects on inflammation and glucose metabolism are not known.

1.6 Objectives and hypothesis

Our lab recently discovered that deletion of Nod2 exacerbated
metabolic tissue inflammation and insulin resistance when mice were fed
an obesity-causing HFD (316). These findings demonstrate that intact

NOD2 signaling is beneficial during metabolic stress. This data, combined
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with the protective role of NOD2 activation during chronic inflammatory
states such as experimental colitis, positions NOD2 as an attractive
therapeutic postbiotic target for mitigating metabolic inflammatory disorders.
The recent discoveries that activation of an immunity protein (such as
NOD2) can be protective during chronic inflammation represent an
additional layer of complexity in understanding how immune responses
interact with endocrine control of metabolism during metabolic diseases

such as obesity.

We hypothesized that NOD2 activation would result in anti-
inflammatory and insulin-sensitizing effects directly in metabolic tissues in
mice fed an obesity-causing HFD. We also hypothesized that the protective
inflammatory and metabolic effects of NOD2 activation would require the
transcription factor IRF4. The objective of this thesis is to characterize the
inflammatory and metabolic effects of NOD2 signaling in animal models of

obesity and bacterial inflammation.
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CHAPTER TWO: Materials and methods
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21 Mice

All animal procedures for this study were approved by the McMaster
University Animal Research Ethics Board in accordance with the guidelines
of the Canadian Council of Animal Care. For all studies, mice were 8-10
weeks old before dietary intervention or experiment initiation. Animals were
maintained on a 12-hour light/dark cycle, and experiments were performed
on multiple cohorts of mice born from different parents at different times of
the year. Except where indicated, male mice were used for experiments.
Wild type (WT) C57BL/6J mice were obtained from The Jackson Laboratory
(strain 000664) or from our in-house colony established from C57BL/6J
mice received from The Jackson Laboratory. The majority of experiments
were conducted on C57BL/6J mice born under specific-pathogen-free
conditions at McMaster University. For certain experiments, where
indicated, results were confirmed in C57BL/6J mice ordered from The
Jackson Laboratory. Leptin-deficient ob/ob mice (B6.Cg-Lep®/J; strain
000632), TLR4-mutant mice (C3H/HeJ; strain 000659), CD45.1-expressing
C57BL/6 mice (B6.SJL-Ptprc?® Pepc’/BoydJ; strain 002014), and albumin-cre
transgenic mice (B6.Cg-Tg(Alb-cre)21Mgn/J; strain 003574) were obtained
from The Jackson Laboratory. Nod1”, Nod2”, and Nirp3” mice have each
been backcrossed to C57BL/6J to at least the 12" generation as described
in our lab’s previous publications (237,316,318). Irf4” mice, derived from

129J mice and backcrossed to C57BL/6, were kindly provided by Dr. Tak

41



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

Mak (University Health Network) (319). Nod2°*"*" mice were kindly
provided Dr. Philip Rosenstiel (University of Kiel) and were backcrossed to
the C57BL/6J background for at least 10 generations by Dr. Dana Philpott
(University of Toronto) who also kindly provided the mice for these

experiments. Age-matched mice were used for all in vivo experiments.

2.2 Hematopoietic knockout mice

C57BL/6J CD45.1-expressing mice (B6.SJL-Ptprc® Pepc’/BoyJ)
were treated with sulfamethoxazole and trimethoprim antibiotics in drinking
water for 10 days before being subjected to lethal irradiation with 1100 Gy,
delivered in 2 doses of 550 Gy, separated by 3 hours using a Gammacell
3000 irradiator. Immune cell progenitors were isolated from the bone
marrow of CD45.2-expressing C57BL/6J WT or Nod2” mice and subjected
to T-cell depletion. Briefly, bone marrow was treated with anti-CD4 (GK1.5;
Bio X Cell), anti-CD8 (2.43; Bio X Cell), anti-Thy1.2 (30-H12; BD
Biosciences), and low-tox guinea pig complement (Cedarlane) as described
(320). Bone marrow treatments were performed by Dr. Nicole Barra and Dr.
Amanda Lee. Donor cells (10 million cells per recipient mouse) were then
injected into the tail vein of irradiated C57BL/6J WT CD45.1-expressing
mice to reconstitute hematopoietic systems. Donor cell injections were
performed by Dr. Nicole Barra. After 8 weeks of recovery, reconstitution of

immune cell populations was confirmed via flow cytometry on
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submandibular blood samples obtained from recipient mice. Flow cytometry
was performed by Dr. Nicole Barra and Dr. Amanda Lee. Briefly, CD45.1
versus CD45.2 cell populations were quantified using cell surface detection
with PE-Cy7 anti-mouse CD45.1 antibody and APC anti-mouse CD45.2
antibody (Figure 3.4; figure order was dictated by results section) as

described (320).

2.3 Hepatocyte knockout mice

Hepatocyte-specific Nod2” animals (Nod2” )

were created by
crossing albumin-cre transgenic mice (B6.Cg-Tg(Alb-cre)21Mgn/J)
(321,322) with Nod2°"°*F mice to create the knockout alb-
Crepositive/NOd2loxP/loxP (Nod2-/-HKO) and alb-CI'enegative/NOd2IOXP/IOXP (WT) mice

(Figure 3.8; figure order was dictated by results section).

Hepatocyte Nod2 deletion was confirmed by tail deoxyribonucleic acid
(DNA) genotyping. Mouse tail clippings were digested in 500 pl of tail lysis
buffer (100 mM Tris-HCI, 5 mM Ethylenediaminetetraacetic acid, 200 mM
NaCl, 0.2% w/v SDS) containing 1.5 units of proteinase K at 37 °C overnight.
The next morning, tubes containing digested tails were mixed by inverting
several times, and centrifuged at 15 871 x g for 20 minutes at room
temperature. Supernatant was added to 500 ul of isopropanol, mixed by

inversion, incubated for 20 minutes at room temperature, and centrifuged at
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15 871 x g for 10 minutes at room temperature. Precipitated DNA pellets
were washed twice with a 75% ethanol:ultrapure water solution, and

suspended in ultrapure water.

The presence of the albumin-cre transgene was confirmed by polymerase
chain reaction (PCR) amplification of isolated DNA. Primers for the albumin-
cre transgene (5" primer ATG AAA TGC GAG GTA AGT ATG G, 3’ primer
CGC CGC ATA ACC AGT GAA AC; amplifies only when albumin-cre is
present) and a PCR internal control amplification band (5’ primer CAA ATG
TTG CTT GTC TGG TG, 3 primer GTC AGT CGA GTG CAC AGT TT;
amplifies for all reactions) were used in a single reaction. The denaturing
step was performed for 1 minute at 94 °C, the annealing step was performed
for 30 seconds at 60 °C, and the extension step was performed for 1 minute

at 72 °C.

The presence of loxP-flanked Nod2 was also confirmed by PCR
amplification of isolated DNA (5’ primer CGG TTG GTG GGA TTT CCT
GTG C, 3 primer GCA GCC AGG GGT GAT GAT AAC AGG). The
denaturing step was performed for 30 seconds at 94 °C, the annealing step
was performed for 30 seconds at 65 °C, and the extension step was
performed for 1 minute at 72 °C. All PCR steps were performed using a

SimpliAmp thermal cycler (Thermo Fisher Scientific). A standard genotyping
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result for these mice is provided in (Figure 3.9; figure order was dictated by

results section).

24 Dietary and inflammatory mouse models

For all studies, mice were 8-10 weeks old prior to dietary intervention
or experiment initiation. Animals were fed a control diet (17% kcal from fat,
29% kcal from protein, 54% kcal from carbohydrate; cat# 8640 Teklad 22/5,

Envigo) or one of two obesity-promoting HFD models, described below.

For chronic NOD2 activation experiments (HFD model #1 using a
“‘prevention” approach), multiple, separate cohorts of male mice born from
different parents were switched from a control diet to a HFD (60% kcal from
fat, 20% kcal from protein, 20% kcal from carbohydrate; cat# D12492,
Research Diets) when mice were 8-10 weeks old. HFD-fed mice were fed
ad libitum for 5 weeks and NOD2 ligands were administered

intraperitoneally 4 days/week during the 5-week period.

For “intervention” style experiments in mice with diet-induced obesity (HFD
model #2), multiple, separate cohorts of male mice 8-10 weeks old were fed
HFD (45% kcal from fat, 20% kcal from protein, 35% kcal from

carbohydrate; cat# D12451, Research Diets) for 10-12 weeks and then
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these obese mice were injected once per day with NOD1 or NOD2 ligands

intraperitoneally for 3 days prior to experimentation.

For acute endotoxemia experiments, ultrapure LPS from Escherichia coli
O111:B4 (Cat# tIrl-3pelps, InvivoGen) was injected intraperitoneally at a
dose of 0.1-0.2 mg/kg 2-6 hours prior to experiments in control diet-fed

mice.

For NOD2 activation experiments, MDP (Cat# tlrl-mdp, InvivoGen) was
used at 100 pg/injection and mifamurtide (Cat# SML0195, Sigma-Aldrich)
was used at 50 ug/injection, except for dose-response experiments. For
NOD1 activation experiments, iE-DAP (Cat# tIrl-dap, InvivoGen) was used
at 100 pgl/injection and FK565 was used at 10 pg/injection (Astellas
Pharma). All ligands used for intraperitoneal injection were diluted in saline
and frozen at -20 °C. The volume used for all NOD ligand injections was

200 pL; control mice received equal volumes of saline as a vehicle.

2.5 Glucose, insulin, and pyruvate tolerance tests

Intraperitoneal glucose tolerance tests (GTTs) and insulin tolerance tests
(ITTs; a measure of insulin activity/response) were performed in 6-hour
fasted, conscious mice. The dose of D-glucose (Sigma-Aldrich) and insulin

aspart (NovoRapid, Novo Nordisk) used is indicated in each figure caption.
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Intraperitoneal pyruvate tolerance tests (PTTs) were performed in 16-hour
fasted, conscious mice with 2 g/kg sodium pyruvate (Sigma-Aldrich). Blood
glucose was determined by tail vein blood sampling using a handheld
glucometer (Roche Accu-Check Performa). Area under the curve of blood
glucose versus time (with baseline Y set to 0) for each experiment was

calculated using GraphPad Prism 6 software.

2.6 Hyperinsulinemic-euglycemic Clamps

Control diet-fed and 60% kcal HFD-fed C57BL/6J mice were
acclimated to the experimental environment, restrainer, and handling for 3
weeks prior to clamp experiment. Mice were anesthetized with isoflurane
and an indwelling catheter was inserted into the right jugular vein 5-7 days
before the clamp experiment by Dr. Morgan Fullerton. MDP injections prior
to clamp experiments were performed intraperitoneally in isoflurane-
anesthetized mice. For clamp experiments (performed with Dr. Morgan
Fullerton), 5-hour fasted animals were placed into restrainers and basal
tracer containing D-[3-°H]glucose was infused at a rate of 7.5 uCi/h to
determine the basal rate of glucose turnover. After 1 hour elapsed, blood
glucose was measured and “basal” blood samples were collected. Insulin
solution (containing 7.5 uCi/h D-[3-*H]glucose) was then infused at a rate of
10 mU/kg/minute. Blood glucose was monitored via tail vein sampling, and

non-radioactive glucose was infused at a variable rate to maintain
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euglycemia (5-7 mmol/L). Upon achieving euglycemia, “clamped” blood
samples were collected to determine the insulin-stimulated rate of glucose
turnover. Collected blood samples were subjected to deproteinization with
0.3 N each of Ba(OH), and ZnSQ4, and analyzed for radioactivity via liquid
scintillation counting to determine the glucose disposal rate (GDR) and
hepatic glucose production rate (HGP) for each animal. These parameters
were calculated using the following equations (323):

GDR = clamp [°H]-glucose infusion rate / specific activity of glucose

HGP = GDR - glucose infusion rate

2.7 2DG uptake

In some experiments, 2-[1,2->°H (N)]-Deoxy-D-glucose (2DG) uptake
was determined in mice that did not undergo hyperinsulinemic-euglycemic
clamps. These experiments were focused on assessing adipose tissue
insulin sensitivity, which was determined in mice that were fasted 5 hours
and administered insulin (2 1U/kg i.p. for HFD-fed animals, 4 |U/kg for ob/ob
animals) and 5 minutes later injected via tail vein with 2DG. Dr. Brennan
Smith assisted in these experiments. Blood samples were taken at 5, 10,
and 15 minutes post-2DG injection, subjected to deproteinization with 0.3 N
each of Ba(OH); and ZnSQ4, and analyzed for 2DG radioactivity via liquid
scintillation counting. Tissue-specific glucose uptake was calculated by

determining 2DG radioactivity in weighed gonadal white adipose tissue
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samples and dividing this value by a function of blood 2DG radioactivity and

blood glucose values over the duration of the assay.

2.8 MDP localization

In vivo localization of 100 pg intraperitoneally-injected MDP-
rhodamine (Cat# tirl-rmdp, InvivoGen) in isoflurane-anaesthetized mice was
determined using the IVIS Spectrum in vivo imaging system (PerkinElmer)
at an excitation wavelength of 535 nm and an emission wavelength of 580

nm.

29 CTimaging

Adiposity was determined via computed tomography (CT) scanning
using the X-SPECT System (Gamma Medica) in isoflurane-anaesthetized
mice at the McMaster Centre for Pre-Clinical and Translational Imaging. The
voxel volume of adipose tissue for each mouse was calculated from the sum
of all CT images using AMIRA v5.6 software with display/masking intensity
of -450 to -125 Hounsfield units (radiodensity range for adipose tissue)

(324).

2.10 NF-kB activity

For determination of NF-kB activity, previously liquid nitrogen flash-

frozen mouse liver and gonadal white adipose tissue were removed from -
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80 °C storage and mechanically homogenized at 4.5 meters/second for 30
seconds using a FastPrep-24 tissue homogenizer (MP Biomedicals) and
ceramic beads. Tissue lysates were quantified using BCA protein assay
(Thermo Fisher Scientific). Samples were standardized to 40 pg total
protein. Liver and white adipose tissue NF-kB p65 activity was quantified
according to kit manufacturer’s protocols (Cat# 40096, Active Motif). This
kit allows for the assessment of relative levels of NF-kB p65 activity via
enzyme-linked immunosorbent assay (ELISA)-based detection of
transcription factor binding to immobilized oligonucleotide sequences

containing an NF-kB consensus site.

2.11 Gene expression analyses

Total ribonucleic acid (RNA) was obtained from approximately 50 mg
of indicated mouse tissues via mechanical homogenization in TRIzol
reagent (Cat# 15596018, Thermo Fisher Scientific) at 4.5 meters/second
for 30 seconds using a FastPrep-24 tissue homogenizer (MP Biomedicals)
and glass beads, followed by phenol-chloroform extraction. Homogenate
was centrifuged at 12 000 x g for 10 minutes at 4 °C, the supernatant was
added to a new tube containing chloroform at half the volume of
supernatant, and the solution was mixed and centrifuged at 12 000 x g for
10 minutes at 4 °C. The aqueous upper phase was then added to an equal

volume of isopropanol, mixed, incubated at room temperature for 20
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minutes, and centrifuged at 12 000 x g for 10 minutes at 4 °C. Precipitated
RNA pellets were washed twice with a 75% ethanol/ultrapure water solution.
RNA pellets were suspended in ultrapure water and incubated at 55 °C for

15 minutes.

Subsequently, cDNA was prepared using 1000 ng total RNA. Briefly, RNA
was treated with DNAse | (Cat# 18068015, Thermo Fisher Scientific) and
incubated at room temperature for 15 minutes. Random hexamer primers
and dNTPs were added to RNA. Solutions were incubated at 95 °C for 10
minutes to inactivate DNAse, followed by incubation at 55 °C for 10 minutes
to allow primers to anneal RNA strands. cDNA was prepared by adding
SuperScript 1l Reverse Transcriptase (Cat# 18080044, Thermo Fisher
Scientific) to RNA-primer solutions, followed by incubation at 55 °C for 50
minutes, and 70 °C for 15 minutes. cDNA was diluted 1/25 with ultrapure

water.

Transcript expression was measured using TagMan Gene Expression
Assays (Thermo Fisher Scientific) with AmpliTaq Gold DNA polymerase
(Cat# 4311818, Thermo Fisher Scientific). Briefly, cONA was incubated with
polymerase and TagMan assays and placed in a Rotor-Gene Q real-time

PCR cycler (QIAGEN). Samples completed 45 cycles of: incubation at 95
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°C for 5 seconds, and incubation at 58 °C for 10 seconds. Target genes

were compared to Rplp0 housekeeping gene using the AACr method.

212 Cytokine quantification

Mouse serum cytokines were quantified using a Bio-Plex Pro mouse
cytokine 23-plex assay kit (Cat# M60009RDPD, Bio-Rad Laboratories)
according to manufacturer’s protocols. Briefly, magnetic beads coupled with
cytokine-specific capture antibodies were added to a 96-well microplate.
Mouse serum samples obtained from terminal cardiac blood were diluted to
a final volume of 50 pL (1/4 dilution) with kit sample diluent. Prepared
standards, blanks, and samples were then added to the assay plate.
Unbound protein was washed from the plate, and biotinylated detection
antibodies were added. Bound protein/bead/antibody “sandwiches” were
detected using a streptavidin-phycoerythrin fluorescent reporter and
measured with a BioPlex-200 instrument (Bio-Rad Laboratories). Cytokines
were quantified based on a standard curve generated from prepared

standards.

2.13 Endotoxin quantification
Mouse serum endotoxin levels were quantified using a Pierce
Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin Quantitation Kit

(Cat# 88282, Thermo Fisher Scientific) according to manufacturer's

52



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

protocols. This kit takes advantage of the reactivity of horseshoe crab blood
cell lysate (i.e. LAL) to bacterial endotoxin, thus allowing for the
quantification of LPS in biological samples. Briefly, mouse serum samples
obtained from terminal cardiac blood were diluted to a final volume of 50 yL
(1/80 dilution) with endotoxin-free water and heat-shocked at 70 °C for 15
minutes. Prepared standards, blanks, and samples were vigorously mixed
and added to a 96-well assay plate maintained at 37 °C. LAL was added to
each well, followed by chromogenic substrate solution, and stop solution
with 37 °C incubations between all reagent additions. Absorbance was
measured with a Synergy H4 Hybrid reader (BioTek Instruments) and
quantification of endotoxin in samples was calculated via interpolation from
an endotoxin standard curve generated using the provided LPS sourced

from Escherichia coli O111:B4.

2.14 NEFA quantification

Mouse serum non-esterified fatty acids (NEFA) were quantified using
a NEFA-HR(2) kit (Cat# 999-34691; Cat# 995-34791; Cat# 991-34891;
Cat# 993-35191, Wako Diagnostics) according to manufacturer’s protocols.
Triglycerides were measured by quantification of glycerol using the free
glycerol reagent calibrated with glycerol standard solution (Sigma-Aldrich)

and measured with a Synergy H4 Hybrid reader (BioTek Instruments).
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Quantification of samples was calculated via interpolation from a glycerol

standard curve.

2.15 Serum insulin quantification and HOMA-IR calculation

For determination of serum insulin after glucose injection, mice were
fasted for 6 hours and injected intraperitoneally with 2 g/kg glucose. Tail
blood samples (50 pL) were obtained at 0 (basal), 5, and 20 minutes post-
injection. To quantify insulin, mouse serum was used with a rat/mouse
insulin  ELISA kit (Cat# EZRMI-13K, EMD Millipore) according to
manufacturer’s protocols and measured with a Synergy H4 Hybrid reader
(BioTek Instruments). The homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated by multiplying blood glucose values
determined in 6-hour fasted mice via tail vein blood sampling using a
handheld glucometer (in mmol/L), by insulin values (in pU/mL), and dividing

this value by 22.5 (325).

2.16 Tissue lipid analysis

Mouse skeletal muscle and liver that were previously liquid nitrogen
flash-frozen were removed from -80 °C storage and lipids were extracted
using a Bligh and Dyer chloroform/methanol extraction method.
Approximately 50 mg of tissue was weighed and mechanically

homogenized at 4.5 meters/second for 30 seconds using a FastPrep-24
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tissue homogenizer (MP Biomedicals) and ceramic beads. Homogenate
was vigorously mixed with a 1:2 mixture of chloroform:methanol, followed
by addition of chloroform and deionized water, with more vigorous mixing.
Samples were centrifuged and the bottom chloroform phase was
transferred to a fresh tube and freeze dried overnight. Samples were
resuspended in a 5:95 mixture of 85% KOH:95% EtOH, heated at 60 °C for
1 hour, mixed with 0.15M MgSO,4, and centrifuged to pellet debris.
Triglycerides were measured by quantification of glycerol using the free
glycerol reagent calibrated with glycerol standard solution (Sigma-Aldrich)
and measured with a Synergy H4 Hybrid reader (BioTek Instruments).
Quantification of samples was calculated via interpolation from a glycerol

standard curve.

2.17 Quantification and statistical analysis

Values presented in figures are mean + SEM. Data was assessed
for normal distribution using the D'Agostino-Pearson normality test. For
normally distributed data sets, statistical significance was determined by
unpaired two-tailed t-test, one-way ANOVA with Tukey post hoc multiple
comparison analyses, or two-way ANOVA with Sidak post hoc multiple
comparison analyses. For non-normally distributed data sets, statistical
significance was determined by Mann-Whitney U test or Kruskal-Wallis test.

P < 0.05 was considered statistically significant. Statistical analyses and the

95



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

values of n for each experiment are reported in the figures and figure
legends. Statistical analyses were calculated using GraphPad Prism 6

software.
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CHAPTER THREE: Results
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3.1 Nod2 deletion in mice and obesity

3.1.1 Deletion of whole-body Nod2 worsens glucose and insulin

tolerance during diet-induced obesity

Defective NODZ2 is associated with chronic inflammation and
inflammatory diseases (269,291,326). Our lab sought to characterize the
role of NOD2 during dietary stress and its contribution to obesity and
metabolic disease in mice. In Denou et al., WT (Nod2**) and Nod2”" mice
were fed an obesity-causing HFD for 16 weeks (316). While there was no
difference in body mass (Figure 3.1A), Nod2” mice were insulin intolerant
compared to WT mice (Figure 3.1B). Hyperinsulinemic-euglycemic clamps
revealed that functional NOD2 is required to preserve whole-body insulin
sensitivity during obesity. Specifically, Nod2” mice required a lower glucose
infusion rate (GINF) to maintain euglycemia during a hyperinsulinemic state
(Figure 3.1C). The clamp also revealed that Nod2” mice had significantly
worsened liver insulin resistance, as insulin was less effective at
suppressing hepatic glucose output (HGO) compared to WT mice (Figure
3.1D). Nod2” mice also experienced increased pyruvate intolerance, further
suggesting that hepatic glucose control is impaired in these mice during
obesity (Figure 3.1E). In addition, liver (Figure 3.2A) and adipose (Figure
3.2B) inflammatory transcripts were higher in obese Nod2” mice compared

to obese WT mice. Together the results from Denou et al. demonstrate that
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Figure 3.1 Nod2 deletion in mice exacerbates diet-induced insulin
resistance and impairs insulin action in the liver.

Body mass (A), insulin tolerance test (1 IU/kg; B), glucose infusion rate
(GINF; C), suppression of hepatic glucose output (HGO; D), and pyruvate
tolerance test (2 g/kg; E) of HFD-fed WT/NOD2** and NOD2" mice.
Adapted from Denou et al 2015 (316).
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Figure 3.2 Nod2 deletion promotes diet-induced metabolic tissue
inflammation.

Liver (A) and adipose (B) inflammatory gene expression of control-diet
and HFD-fed WT and NOD2" mice. Adapted from Denou et al 2015
(316).
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whole-body deletion of Nod2 results in increased metabolic tissue

inflammation and insulin resistance during diet-induced obesity (316).

3.1.2 Deletion of hematopoietic cell Nod2 does not alter glucose

tolerance during HFD-induced obesity

Nod2 is highly expressed in immune cells, and its binding to the
minimally bioactive peptidoglycan motif MDP prompts an innate immune
response (255). The potential immunometabolism mechanisms
underpinning dysglycemia during obesity-associated metabolic disease can
involve many different cell types. Therefore, it was important for this thesis
to build on our lab’s discovery of increased insulin resistance in whole-body
NOD2 knockout mice that were fed a HFD. Hence, it was determined if the
contribution of NOD2 signaling within immune cells during HFD-induced
obesity altered glucose control. Chimeric mice lacking immune cell NOD2
(Nod2”BMTy as well as an isogenic control strain (WT?MT) were generated
using lethal irradiation of CD45.1-expressing C57BL/6J WT mice (Figure
3.3). After irradiation and recovery, the depletion of CD45.1-expressing cells
and adoption of donor CD45.2-expressing cells in recipient mice was
confirmed (Figure 3.4) (the experiment in Figure 3.4 was performed by Dr.
Nicole Barra and Dr. Amanda Lee). WTP™T and Nod2”2M" animals were fed
an obesity-causing HFD (Figure 3.5). Baseline metabolic parameters were

established using an i.p. GTT in animals fed a control diet (Figure 3.6).
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Figure 3.3 Generation schematic for hematopoietic-Nod2” mice.
Mice deficient in immune cell NOD2 were created by lethal irradiation of

WT recipient mice, followed by reconstitution with immune cell
progenitors from donor mice.
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Figure 3.4 Confirmation of hematopoietic-Nod2” mice.

Following recovery from lethal irradiation, blood from recipient mice
(originally CD45.1+) was assessed for CD45.1+ vs CD45.2+ cell
populations. Adoption of donor cell genotype was confirmed as the major
immune cell populations of WT- and NOD2-recipient mice were CD45.2+.
This experiment was performed by Dr. Nicole Barra and Dr. Amanda Lee.
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Figure 3.5 Experimental strategy for hematopoietic-Nod2-/- mice.

WTEMT and Nod2”#M™ mice fed a control diet were subjected to a GTT
after recovery. Mice were then fed an obesity-causing HFD and glucose
tolerance was assessed after 14 weeks.

64



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

40; 2 10
_ S
2 30 28
(7)) —
g _ T = 6
..... (o Mo
£ 20 S E
-§‘ ..... SE 4
m 101 B S ]
s 2
(1}
L 3 "
/3,\» '\g,\» @‘\
AN N
‘\0
g 25
5 -
£ 20/ 2500
£ o 2000
o 15
S - =< 1500,
] -
2 10/ Control diet = 1000;
©
o 5| = WTBMT 500-
2 | < Nod2’BMT .
SRS SIS
Time (min) éﬂ

Figure 3.6 Pre-diet glucose tolerance assessment of
hematopoietic-Nod2” mice.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of

control diet-fed WTMT and Nod2”2M™ mice. n = 24-30 mice for each
group. Values are mean + SEM.
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Following 14 weeks of HFD-feeding, these animals were subjectedtoa GTT
and no significant differences in glucose tolerance were observed between
WTEMT and Nod2”BM" animals (Figure 3.7). This result, combined with our
previous findings that whole-body Nod2” animals are metabolically
impaired during obesity (316), indicates that hematopoietic NOD2 is not

required for metabolic protection during HFD-induced obesity.

3.1.3 Deletion of hepatocyte Nod2 does not alter glucose

tolerance during HFD-induced obesity

We previously found that whole-body deletion of Nod2 in mice
increased inflammation and impaired insulin action in the liver during
obesity-causing HFD feeding, and that Nod2 expression was significantly
increased in hepatocytes compared to non-hepatocytes during HFD-
feeding (316). Therefore, we next sought to directly test the protective
effects of intact NOD2 signaling within hepatocytes. Mice lacking
hepatocyte NOD2 (Nod2”*°) as well as an isogenic control strain (WT")
were generated by crossing albumin-cre transgenic mice with mice that had
their Nod2 genes flanked by loxP sequences (Nod2°**"**F) (Figure 3.8).
Following a standard breeding approach for tissue specific deletion in mice
involving breeding for 3 generations, suitable cohorts of mice were
established and the presence or absence of the albumin-cre transgene in

Nod2*F"**F mice was confirmed (Figure 3.9).
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Figure 3.7 Post-diet glucose tolerance assessment of
hematopoietic-Nod2” mice.

Body mass, fasting blood glucose, and glucose tolerance test (1.75 g/kg)
P

of HFD-fed WT™" and Nod2”#"" mice. n = 12-15 mice for each group.
Values are mean + SEM.
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Figure 3.8 Breeding strategy for creation of hepatocyte-Nod2”
mice.

Mice deficient in hepatocyte NOD2 were created by crossing albumin-cre
transgenic mice with mice containing a Nod2 gene flanked by loxP
sequences. Excision of Nod2 was achieved by genotyping and directed
breeding for multiple generations.
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Figure 3.9 Genotyping result for hepatocyte-Nod2” mice.

Mice deficient in hepatocyte NOD2 (Nod2”"*°) and isogenic control mice
(WT"™) were genetically confirmed by tail DNA genotyping via PCR
amplification of albumin-cre and Nod2 sequences. Mice containing both
the albumin-cre transgene and loxP-flanked Nod2 were identified as
hepatocyte NOD2™" (Nod2”"®). Mice containing loxP-flanked Nod2 but
no albumin-cre transgene were identified as isogenic controls (WT™F).
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We sought to directly test the role of hepatocyte NOD2 in obesity-
associated metabolic disease. Hence, WT* and Nod2”*° animals were
fed an obesity-causing HFD (Figure 3.10). Baseline metabolic parameters
were established using an i.p. GTT in animals fed a control diet (Figure
3.11). Following 8 weeks of HFD-feeding, these animals were subjected to
a GTT and no significant differences in glucose tolerance were observed
between WT* and Nod2”*%° animals (Figure 3.12). This result, combined
with our previous findings that whole-body Nod2” animals are metabolically
impaired during obesity (316), indicates that hepatocyte NOD2 is not

required for metabolic protection during HFD-induced obesity.

3.1.4 Summary

Although the results in this thesis do not solve which cell type is
responsible for mediating protection via NOD2 during obesity, they reveal
that hematopoietic cells (i.e. the majority of immune cells) and hepatocytes
(key metabolic cell in liver) are not responsible for cell-autonomous NOD2-
mediated responses that mitigate dysglycemia during obesity. This
dissertation did not attempt to solve the cell type responsible for worsened
dysglycemia upon deletion of Nod2. Rather, these results and mouse
models informed analysis and direction of future experiments regarding the
mechanisms of action after NOD2 activation. For example, if NOD2

stimulation with MDP caused adipose tissue-specific effects, a plausible
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Figure 3.10 Experimental strategy for hepatocyte-Nod2” mice.
WT* and Nod2”*%° mice fed a control diet were subjected to a GTT.

Mice were then fed an obesity-causing HFD and glucose tolerance was
tested after 8 weeks.
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Figure 3.11 Pre-diet glucose tolerance assessment of hepatocyte-
Nod2” mice.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of

control diet-fed WT" and Nod2”"%° mice. n = 14-15 mice for each
group. Values are mean + SEM.
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Figure 3.12 Post-diet glucose tolerance assessment of hepatocyte-
Nod2” mice.

Body mass, fasting blood glucose, and glucose tolerance test (1 g/kg) of
HFD-fed WT" and Nod2”"*° mice. n = 10-14 mice for each group.
Values are mean + SEM.
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conclusion would be that the effects were primarily adipocyte driven (versus
adipose tissue macrophage). Thus, these studies were important for
designing subsequent experiments to test if and how NOD2 activation could
potentially improve glucose metabolism and limit metabolic inflammation

during obesity.

3.2 NOD2 activation in mice and obesity status

3.2.1 Chronic NOD2 activation does not alter indices of obesity

during HFD feeding in mice

We first determined the biological retention time and any possible
tissue localization properties of NOD2 ligands. Rhodamine-labelled MDP
was i.p. injected into anaesthetized mice and animals were visualized using
a fluorescence imaging platform. The rhodamine-labelled MDP molecule
did not accumulate in a specific organ, but rather quickly dispersed
systemically throughout mice, and was undetectable 2 hours after injection
(Figure 3.13).

The NOD2-activating ligand MDP can attenuate experimental colitis
in mice (305), but the effects of MDP on obesity and insulin resistance, to
this date, were not known. To investigate the physiological effects of NOD2
activation with MDP during developing metabolic disease, a “prevention-
style” in vivo experimental HFD model was established where 100 ug MDP

was administered via i.p. injection into mice 4 days per week for 5 weeks
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Figure 3.13 Localization of MDP-rhodamine in vivo.

Fluorescence of intraperitoneally injected rhodamine-labelled MDP in
anaesthetized WT mice.
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(Figure 3.14). Results were confirmed in multiple cohorts of mice from
different parents. Body mass for WT mice that received saline or MDP was
assessed in both diet groups (Figure 3.15). MDP treatment did not affect
whole-body adipose tissue volume as determined by CT scanning of
anaesthetized mice (Figure 3.16). Quantities of hepatic and muscle
triglycerides, masses of various metabolic tissues and spleen, and
circulating levels of bacterial endotoxin were unaffected by this MDP

treatment regime (Figures 3.17-3.19).

3.2.2 Chronic NOD2 activation improves indices of glucose

metabolism during HFD-induced obesity

To investigate the metabolic effects of NOD2 activation with MDP
during the onset of diet-induced metabolic disease, the “prevention-style” in
vivo experimental HFD model was used (Figure 3.14). In control diet-fed
animals, NOD2 activation with MDP (100 ug/day, 4 days per week for 4-5
weeks) did not alter glucose tolerance (Figure 3.20). In HFD-fed animals,
this MDP treatment protocol improved glucose and insulin tolerance
(Figures 3.21-3.22).

Subsequently, tissue-specific responses that could explain the
insulin-sensitizing effects of MDP were tested using several in vivo

experimental approaches. In order to model the response to a bolus of
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Figure 3.14 Experimental design for chronic MDP administration at
the inception of HFD.

Mice were fed an obesity-causing HFD and received saline or 100 pg
MDP i.p. 4 days/week, for a total of 5 weeks.
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Figure 3.15 Body mass of WT mice chronically treated with MDP.

Body mass over time of control diet- or HFD-fed WT mice that received
saline or MDP for 4 weeks. n = 10 mice for each group. Values are mean

+ SEM.
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Figure 3.16 Adiposity of WT mice chronically treated with MDP.
Computed tomography representative images and quantified adiposity of

HFD-fed WT mice that received saline or MDP for 4 weeks. n = 6 mice
for each group. Values are mean + SEM.
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Figure 3.17 Tissue lipid content of WT mice chronically treated
with MDP.

Liver and muscle triglyceride content of HFD-fed WT mice that received
saline or MDP for 5 weeks. n = 8-10 mice for each group. Values are
mean + SEM.
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Figure 3.18 Tissue mass of WT mice chronically treated with MDP.
Liver, white adipose, tibialis anterior, and spleen masses of HFD-fed WT

mice that received saline or MDP for 5 weeks. n = 5-6 mice for each
group. Values are mean £ SEM.
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Figure 3.19 Endotoxemia of WT mice chronically treated with MDP.
Serum endotoxin content of control diet- or HFD-fed WT mice that

received saline or MDP for 5 weeks. n = 10 mice for each group. Values
are mean = SEM.
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Figure 3.20 Glucose metabolism of WT mice chronically treated
with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed WT mice that received saline or MDP for 4 weeks. n = 9-
10 mice for each group. Values are mean + SEM.
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Figure 3.21 Glucose metabolism of WT mice chronically treated
with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
HFD-fed WT mice that received saline or MDP for 4 weeks. n = 8-9 mice
for each group. Values are mean + SEM. * indicates a significant
difference between groups, as determined by two-way ANOVA (line
graph) or unpaired two-tailed t-test (AUC graph) on normally distributed
data.
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Figure 3.22 Insulin tolerance of WT mice chronically treated with
MDP.

Body mass, fasting blood glucose, and insulin tolerance test (1 1U/kg) of
HFD-fed WT mice that received saline or MDP for 4 weeks. n =9-10 mice
for each group. Values are mean + SEM. * indicates a significant
difference between groups, as determined by two-way ANOVA (line
graph) or unpaired two-tailed t-test (AUC graph) on normally distributed
data.
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elevated insulin, 2 IU/kg of insulin was injected and uptake of 2DG in
gonadal white adipose tissue 20 minutes after insulin injection was tested.
MDP treatment did not alter insulin-stimulated 2DG uptake during HFD-
feeding in WT mice (Figure 3.23). Hyperinsulinemic-euglycemic clamps
revealed that MDP treatment during HFD-feeding improved liver insulin
sensitivity as demonstrated by the increased insulin-suppression of HGP in
MDP-treated WT mice (Figure 3.24). The glucose infusion rate required to
maintain euglycemia during a hyperinsulinemic state (GINF), the GDR into
peripheral tissues, and fasted and clamped serum levels of NEFA were not
significantly altered by MDP treatment (Figure 3.24).

To probe the pathway specificity of MDP treatment, multiple
knockout mouse strains were treated according to the “prevention-style”
HFD-feeding model (Figure 3.14). In both Nod2” and Ripk2” animals, MDP
treatment did not alter glucose tolerance (Figures 3.25-3.26). MDP did not
improve glucose tolerance in mice with a mutant form of the TLR4 LPS
receptor. In fact, these C3H/Hed mice treated with MDP had increased
fasting blood glucose and glucose intolerance (Figure 3.27). This result
prompted us to test the relationship between MDP and LPS in later sections

of this thesis.
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Body mass, fasting blood glucose, insulin tolerance (2 1U/kg) and 2-[1,2-
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each group. Values are mean + SEM.
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Figure 3.24 Whole-body and liver insulin sensitivity in WT mice
chronically treated with MDP.

Body mass, blood glucose, glucose infusion rate (GINF), glucose
disposal rate (GDR), hepatic glucose production (HGP), insulin-mediated
suppression of HGP, and serum non-esterified fatty acids (NEFA) during
the hyperinsulinemic-euglycemic clamp experiment of HFD-fed WT mice
that received saline or MDP for 4 weeks. n = 5 mice for each group.
Values are mean + SEM. * indicates a significant difference between
groups, as determined by Mann-Whitney U test on non-normally
distributed data.
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Figure 3.25 Glucose metabolism of Nod2” mice chronically treated
with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
HFD-fed Nod2” mice that received saline or MDP for 4 weeks. n = 7-9
mice for each group. Values are mean + SEM.
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Figure 3.26 Glucose metabolism of Ripk2” mice chronically treated
with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of

HFD-fed Ripk2” mice that received saline or MDP for 4 weeks. n = 10-
11 mice for each group. Values are mean + SEM.
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Figure 3.27 Glucose metabolism of C3H/HeJ mice chronically
treated with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
HFD-fed C3H/Hed (LPS-receptor mutant) mice that received saline or
MDP for 4 weeks. n = 12-13 mice for each group. Values are mean *
SEM. * indicates a significant difference between groups, as determined
by two-way ANOVA (line graph) or unpaired two-tailed t-test (fasting
blood glucose and AUC graphs) on normally distributed data.
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3.2.3 Chronic NOD2 activation lowers liver and adipose tissue

inflammation, but increases muscle inflammation during HFD-

induced obesity

NOD?2 is an innate immune protein that contributes to inflammatory
responses upon activation. Acute stimulation of NOD2 activates the
transcription factor NF-kB, which transports to the cell nucleus to mediate
the upregulation of pro-inflammatory genes (327). In contrast, chronic
activation of NOD2 prior to another inflammatory insult is known to dampen
the magnitude of the subsequent inflammatory response (302,305,328).
The dampened second immune response is often referred to as immune
tolerance. The opposite of “immune tolerance” is immune synergy, where
simultaneous or combined stimulation of immune signaling pathways and
receptors results in an enhanced inflammatory response (329,330). To
further investigate the role of NOD2 as an immunomodulator, the tolerance
versus synergistic aspects of MDP treatment were tested during the
additional stress of diet-induced obesity (or low-level endotoxin in later
sections of this thesis). It was not known how NOD2 activation would
interact with chronic low-level inflammation during diet-induced obesity, but
our previous work supported the hypothesis that NOD2 would have a
protective role (316). Our data shows that chronic NOD2 activation with
MDP injections during the development diet-induced obesity in mice (a

source of additional inflammation) (Figure 3.14) promoted immune
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tolerance primarily in the adipose tissue. NF-«kB activity in MDP treated mice
was unchanged in liver, but significantly lower in gonadal white adipose
tissue of HFD-fed mice (Figure 3.28). We next evaluated the downstream
effects of chronic NOD2 activation beyond NF-kB-mediated inflammation.

In the livers of HFD-fed mice, chronic MDP treatment decreased the
expression of genes classically categorized as pro-inflammatory such as
Ccl2 (coding for monocyte chemoattractant protein 1), Cxc/10, Nos2, and
Tnf, while genes classically categorized as anti-inflammatory were not
affected (Figure 3.29). Hepatic expression of immune cell markers was
largely unchanged by chronic NOD2 activation, except for an increased
expression of the monocyte marker ltgam (coding integrin alpha M,;
important in immune cell migration and adhesion factor (331)) (Figure 3.30,
top). Hepatic expression of the gene encoding the pattern recognition
receptor TLR4 was significantly increased by NOD2 activation (Figure 3.30,
bottom-left). Chronic MDP treatment during obesity did not alter hepatic
expression of selected metabolic transcripts (Figure 3.30, bottom-right).

In gonadal white adipose tissue, chronic MDP treatment decreased
the expression of pro-inflammatory genes such as Ccl2, Cxcl9, Cxcl10, lI1b,
and Tnf, (Figure 3.31). Anti-inflammatory genes, such as Arg1, /4, and /110,
were also decreased by chronic NOD2 activation (Figure 3.31). The
expression of several genes coding for immune cell markers was decreased

in adipose tissue after chronic MDP treatment, including Ccr7, Cd3e, Cd4,
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Figure 3.28 Tissue NF-xB activity of WT mice chronically treated
with MDP.

Liver and white adipose NF-«B activity of HFD-fed WT mice that received
saline or MDP for 5 weeks. n = 9-10 mice for each group. Values are
mean = SEM. * indicates a significant difference between groups, as
determined by unpaired two-tailed t-test on normally distributed data.
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Figure 3.29 Liver inflammation of WT mice chronically treated with
MDP.

Liver inflammatory gene expression of HFD-fed WT mice that received
saline or MDP for 5 weeks. n = 9-10 mice for each group. Values are
mean = SEM. * indicates a significant difference between groups, as
determined by unpaired two-tailed t-test on normally distributed data or
by Mann-Whitney U test on non-normally distributed data.
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Figure 3.30 Liver inflammation of WT mice chronically treated with
MDP.

Liver inflammatory and select metabolic gene expression of HFD-fed WT
mice that received saline or MDP for 5 weeks. n = 9-10 mice for each
group. Values are mean + SEM. * indicates a significant difference
between groups, as determined by unpaired two-tailed t-test on normally
distributed data.
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Cd8, and Emr1 (Figure 3.32, top). In addition, genes coding for pattern
recognition receptors NOD1, nucleotide oligomerization domain-like
receptor, pyrin domain-containing 3 (NLRP3), and TLR4 were significantly
decreased in adipose tissue by NOD2 activation (Figure 3.32, bottom-left).
Chronic MDP treatment during obesity did not alter gonadal white adipose
tissue expression of selected metabolic transcripts (Figure 3.32, bottom-
right).

In contrast to effects in liver and fat, chronic MDP treatment
increased muscle expression of pro-inflammatory genes such as Ccl2,
Cxcl9, and Cxcl10 (Figure 3.33, top). The expression of several genes
coding for immune cell markers was also increased in response to chronic
MDP treatment, including Ccr7, Cd4, Cd8, and Emr1 (Figure 3.33, bottom).
In addition, Nod2 expression was significantly increased by NOD2
activation (Figure 3.33, bottom). These results are consistent with previous
findings from our previous publications showing that MDP-induced muscle
cell-autonomous inflammatory responses (332).

To determine if chronic MDP treatment had significant effects beyond
metabolic tissues, mouse spleens were assessed for changes in
inflammatory gene expression. Only minor decreases in gene expression
were observed, where MDP-treated mice had lower levels of splenic Cxcl1
and /I1b (Figure 3.34). As a further control to quantify the systemic effects

of NOD2 activation, mouse serum was analyzed for the presence of
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Figure 3.31 Adipose inflammation of WT mice chronically treated
with MDP.

White adipose inflammatory gene expression of HFD-fed WT mice that
received saline or MDP for 5 weeks. n = 9-10 mice for each group. Values
are mean = SEM. * indicates a significant difference between groups, as
determined by unpaired two-tailed t-test on normally distributed data or
by Mann-Whitney U test on non-normally distributed data.
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Figure 3.32 Adipose inflammation of WT mice chronically treated
with MDP.

White adipose inflammatory and select metabolic gene expression of
HFD-fed WT mice that received saline or MDP for 5 weeks. n = 9-10 mice
for each group. Values are mean + SEM. * indicates a significant
difference between groups, as determined by unpaired two-tailed t-test
on normally distributed data.
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Figure 3.33 Muscle inflammation of WT mice chronically treated
with MDP.

Tibialis anterior inflammatory gene expression of HFD-fed WT mice that

received

saline or MDP for 5 weeks. n = 8-10 mice for each group. Values

are mean = SEM. * indicates a significant difference between groups, as
determined by unpaired two-tailed t-test on normally distributed data or
by Mann-Whitney U test on non-normally distributed data.
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Figure 3.34 Spleen inflammation of WT mice chronically treated
with MDP.

Spleen inflammatory gene expression of HFD-fed WT mice that received
saline or MDP for 5 weeks. n = 9-10 mice for each group. Values are

mean =

SEM. * indicates a significant difference between groups, as

determined by unpaired two-tailed t-test on normally distributed data.
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circulating cytokines and no significant changes between control and

treated animals were observed (Figure 3.35).

3.2.4 Chronic NOD2 activation improves glucose metabolism in

genetic obesity

To determine whether the insulin-sensitizing effects of NOD2
activation were dependent on dietary fat content or some other effect related
to HFD-feeding, hyperphagic leptin-deficient (ob/ob) mice were fed a
control-diet and treated with a similar “prevention-style” MDP model (Figure
3.36). After 2 weeks of MDP treatment (8 total injections), NOD2-activation
in ob/ob mice resulted in improved glucose tolerance compared to vehicle-
injected (control) ob/ob animals (Figure 3.37). Insulin (4 1U/kg)-stimulated
uptake of 2DG in gonadal white adipose tissue was not affected by MDP
treatment in ob/ob mice (Figure 3.38). These data demonstrating improved
glucose tolerance in hyperphagic ob/ob mice, along with similar results in
HFD-fed WT mice, but not control diet-fed WT mice, suggest that chronic
MDP treatment improves glucose homeostasis in mice during obesity,

regardless of the source (diet or genetic) of obesity.
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Figure 3.35 Systemic inflammation of WT mice chronically treated
with MDP.

Serum cytokines of HFD-fed WT mice that received saline or MDP for 5
weeks. n = 8-10 mice for each group. Values are mean + SEM.
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Figure 3.36 Experimental design for MDP administration in
genetically obese (ob/ob) mice.

Leptin-deficient ob/ob mice were fed a control-diet and received saline or
100 pg MDP i.p. 4 days/week, for a total of 4 weeks.
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Figure 3.37 Glucose metabolism of genetically obese (ob/ob) mice
chronically treated with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (0.75 g/kg)
of control diet-fed leptin-deficient ob/ob mice that received saline or MDP
for 2 weeks. n = 10-11 mice for each group. Values are mean + SEM. *
indicates a significant difference between groups, as determined by two-
way ANOVA (line graph) or unpaired two-tailed t-test (AUC graph) on
normally distributed data.
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Figure 3.38 Adipose tissue insulin sensitivity in genetically obese
(ob/ob) mice chronically treated with MDP.

Body mass, fasting blood glucose, insulin tolerance (4 1U/kg) and 2-[1,2-
*H (N)]-Deoxy-D-glucose (2DG) uptake in white adipose tissue of control
diet-fed leptin-deficient ob/ob mice that received saline or MDP for 2
weeks. n = 7-8 mice for each group. Values are mean £ SEM.
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3.2.5 Acute “intervention-style” activation of NOD2, but not

NOD1, improves glucose tolerance during HFD-induced obesity

The data gathered from “prevention-style” studies of NOD2 activation
demonstrated that chronic MDP treatment can improve glucose metabolism
during the onset or early stages of metabolic disease in mice. We next
tested if acute MDP treatment could alter glycemia after obesity had been
established for an extended duration of time. To determine whether the
effects of NOD2 activation extend to an acute setting during metabolic
disease, we developed an “intervention-style” animal model where mice
were fed a HFD for 10 weeks, then acutely injected with MDP (i.p.) for 3
days (Figure 3.39). In this model, both WT mice and mice lacking NOD2 in
hepatocytes (Nod2”"*°) that received MDP were more glucose tolerant
than control-treated mice (Figures 3.40-3.41) (the experiment in Figure 3.40
was performed by Dr. Emmanuel Denou). Equimolar treatment with the
minimal peptidoglycan motif that activates NOD1, iE-DAP, had no effect on
glucose tolerance in this HFD model (Figure 3.42). These data suggest that
the beneficial effects of NOD2 activation on glucose tolerance also occur in
an acute manner, after obesity has been established for an extended

duration of time.
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Figure 3.39 Experimental design for acute MDP administration
after long-term HFD-feeding.

Mice received saline or 100 ug MDP i.p. for 3 days after 10 weeks of
HFD-feeding.
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Figure 3.40 Glucose metabolism of WT mice acutely treated with
MDP.

Body mass, fasting blood glucose, and glucose tolerance test (1 g/kg) of
HFD-fed WT mice that received saline or MDP for 3 days. n = 8 mice for
each group. Values are mean + SEM. * indicates a significant difference
between groups, as determined by two-way ANOVA (line graph) or
unpaired two-tailed t-test (AUC graph) on normally distributed data. This
experiment was performed by Dr. Emmanuel Denou.
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Figure 3.41 Glucose metabolism of hepatocyte-Nod2” mice
acutely treated with MDP.

Body mass, fasting blood glucose, and glucose tolerance test (1 g/kg) of
HFD-fed WT mice that received saline or MDP for 3 days. n = 7 mice for
each group. Values are mean + SEM. * indicates a significant difference
between groups, as determined by two-way ANOVA (line graph) or Mann-
Whitney U test (AUC graph) on non-normally distributed data.
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Figure 3.42 Glucose metabolism of WT mice acutely treated with
iE-DAP.

Body mass, fasting blood glucose, and glucose tolerance test (1.75 g/kg)

of HFD-fed WT mice that received saline or iE-DAP for 3 days. n = 11-13
mice for each group. Values are mean + SEM.
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3.3 NOD activation in mice and endotoxemia

3.3.1 NOD2 activation improves glucose metabolism during

acute endotoxemia

The origins of metabolic and inflammatory outcomes during obesity
are complex, and we wanted to assess potential mechanisms underpinning
NOD2-mediated effects on glucose metabolism. Obesity is associated with
an increased circulating level of bacterial LPS, and this metabolic
endotoxemia is sufficient to promote inflammation and insulin resistance
(95). Obesity also upregulates TLR signaling in mice (333). Chronic NOD2
stimulation reduces additional TLR-induced inflammation (302,305,306). In
our characterization of the specificity of NOD2 activation effects during
developing obesity, we observed that mice defective in functional LPS-
sensing (i.e. TLR4 mutant mice) treated with MDP did not demonstrate
improved glucose tolerance (Figure 3.27). This data suggests that the
suppression of TLR4-mediated inflammation during obesity is at least one
mechanism of the anti-inflammatory and insulin-sensitizing effects of MDP
during obesity. We therefore next used a reductionist approach and
assessed the metabolic and inflammatory effects of NOD2 activation during
acute low-level endotoxemia in control diet-fed mice.

To investigate the metabolic effects of NOD2 activation during acute
low-level endotoxemia, an “endotoxin-stress” in vivo experimental model

was established. In this model, MDP was injected i.p. into mice for 3 days,
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followed 18 hours later by a low-dose of LPS (Figure 3.43). An ultra-pure
preparation of LPS was used for these experiments because it was a
specific TLR4 agonist (i.e. not contaminated with other TLR-activating
ligands) and thus limited variables within our experimental design. As a
control, 3 injections of MDP alone (in the absence of LPS) had no effect on
glucose tolerance (Figure 3.44). Three injections of MDP prior to LPS
challenge increased glucose tolerance in male and female mice (Figures
3.45-3.46), and MDP-injected mice secreted less insulin in response to
glucose (Figure 3.47). Acute LPS treatment, like severe sepsis, causes
hypoglycemia and reduces fasting blood glucose (334,335), therefore,
insulin tolerance tests were not feasible in this model. MDP treatment prior
to LPS also reduced the HOMA-IR index (Figure 3.48) (325).

To more closely examine the relationship between NOD2 activation
and glucose metabolism during acute low-level endotoxemia, MDP-treated
mice were subjected to a pyruvate tolerance test (an indicator of hepatic
gluconeogenesis). Following a 16-hour fast (to deplete liver glycogen) and
6-hour challenge with LPS, MDP-treated animals experienced lower
glucose levels during the pyruvate challenge (Figure 3.49). To further
assess NOD2 activation effects on liver glucose metabolism,
hyperinsulinemic-euglycemic clamps were performed in animals subjected
to the “endotoxin-stress” in vivo experimental model (Figure 3.43). The

clamp experiment revealed that MDP treatment during endotoxemia
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Figure 3.43 Experimental design for MDP administration prior to
acute endotoxemia.

Control diet-fed mice received saline or 100 ug MDP i.p. for 3 days prior
to induced acute endotoxemia.
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Figure 3.44 Glucose metabolism of WT mice treated with MDP.
Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of

control diet-fed WT mice that received saline or MDP for 3 days. n = 8
mice for each group. Values are mean + SEM.
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Figure 3.45 Glucose metabolism of WT mice treated with MDP prior
to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed WT mice that received saline or MDP for 3 days prior to
acute endotoxemia. n = 8-11 mice for each group. Values are mean =
SEM. * indicates a significant difference between groups, as determined
by two-way ANOVA (line graph) or Mann-Whitney U test (fasting blood
glucose and AUC graphs) on non-normally distributed data.
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Figure 3.46 Glucose metabolism of female WT mice treated with
MDP prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed female WT mice that received saline or MDP for 3 days
prior to acute endotoxemia. n = 8-9 mice for each group. Values are mean
+ SEM. * indicates a significant difference between groups, as
determined by two-way ANOVA (line graph) or Mann-Whitney U test
(fasting blood glucose and AUC graphs) on non-normally distributed
data.
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Figure 3.47 Insulin secretion of glucose-challenged WT mice
treated with MDP prior to acute endotoxemia.

Serum insulin following glucose administration (2 g/kg) in control diet-fed
WT mice that received saline or MDP for 3 days prior to acute
endotoxemia. n = 9 mice for each group. Values are mean + SEM. *
indicates a significant difference between groups, as determined by two-
way ANOVA. # indicates a significant difference compared to the zero-
minute time point (saline), as determined by two-way ANOVA.
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Figure 3.48 Insulin resistance index of WT mice treated with MDP
prior to acute endotoxemia.

Homeostatic model assessment of insulin resistance (HOMA-IR) of
control diet-fed WT mice that received saline or MDP for 3 days prior to
acute endotoxemia. n = 8-9 mice for each group. Values are mean =
SEM. * indicates a significant difference between groups, as determined
by unpaired two-tailed t-test on normally distributed data.
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Figure 3.49 Pyruvate metabolism of WT mice treated with MDP
prior to acute endotoxemia.

Body mass, fasting blood glucose, and pyruvate tolerance test (2 g/kg)
of control diet-fed WT mice that received saline or MDP for 3 days prior
to acute endotoxemia. n = 10 mice for each group. Values are mean =
SEM. * indicates a significant difference between groups, as determined
by two-way ANOVA (line graph) or unpaired two-tailed t-test (fasting
blood glucose and AUC graphs) on normally distributed data.
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improved liver insulin sensitivity as demonstrated by the increased insulin-
suppression of HGP in MDP-treated animals (Figure 3.50). To determine if
the liver-centric metabolic outcomes of MDP were due to direct effects

within hepatocytes, mice lacking hepatocyte NOD2 (Nod2”"*°)

were
treated with MDP and LPS and assessed for glucose tolerance. MDP-
treated animals had improved glucose tolerance similar to WT animals
(Figure 3.51), suggesting that NODZ2 activation improves hepatic glucose
metabolism during low-level endotoxemia in a hepatocyte-independent
manner.

To probe the pathway specificity of MDP treatment, multiple
knockout mouse strains were also treated according to the “endotoxin-
stress” in vivo experimental model (Figure 3.43). In whole-body Nod2”" and
Ripk2” mice, MDP treatment had no effect on glucose tolerance during the
endotoxin stress after LPS injection (Figures 3.52-3.53). However, Nod2™”
BMT and Nirp3” mice responded to MDP and these mice were more glucose
tolerant during endotoxin stress (Figures 3.54-3.55). These data suggest
that NOD2 signaling within immune cells, and NLRP3, are not involved in

mediating the insulin-sensitizing effects of MDP during acute low-level

endotoxemia.
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Figure 3.50 Whole-body and liver insulin sensitivity WT mice
treated with MDP prior to acute endotoxemia.

Body mass, glucose infusion rate (GINF), glucose disposal rate (GDR),
hepatic glucose production (HGP), and insulin-mediated suppression of
HGP during the hyperinsulinemic-euglycemic clamp experiment of
control diet-fed WT mice that received saline or MDP for 3 days prior to
acute endotoxemia. n = 3-4 mice for each group. Values are mean =
SEM.
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Figure 3.51 Glucose metabolism of hepatocyte-Nod2”
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mice

treated with MDP prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed hepatocyte-Nod2” mice that received saline or MDP for
3 days prior to acute endotoxemia. n = 5-6 mice for each group. Values
are mean = SEM. * indicates a significant difference between groups, as
determined by two-way ANOVA (line graph) or Mann-Whitney U test
(fasting blood glucose and AUC graphs) on non-normally distributed

data.
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Figure 3.52 Glucose metabolism of Nod2” mice treated with MDP
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Nod2” mice that received saline or MDP for 3 days prior
to acute endotoxemia. n = 9-11 mice for each group. Values are mean
SEM.
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Figure 3.53 Glucose metabolism of Ripk2” mice treated with MDP
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Ripk2” mice that received saline or MDP for 3 days prior
to acute endotoxemia. n = 9 mice for each group. Values are mean +
SEM.
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Figure 3.54 Glucose metabolism of Nirp3” mice treated with MDP
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Nirp3” mice that received saline or MDP for 3 days prior
to acute endotoxemia. n = 8-9 mice for each group. Values are mean
SEM. * indicates a significant difference between groups, as determined
by two-way ANOVA (line graph) or unpaired two-tailed t-test (fasting
blood glucose and AUC graphs) on normally distributed data.
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Figure 3.55 Glucose metabolism of hematopoietic-Nod2” mice
treated with MDP prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed hematopoietic-Nod2” mice that received saline or MDP
for 3 days prior to acute endotoxemia. n = 5-6 mice for each group.
Values are mean + SEM. * indicates a significant difference between
groups, as determined by two-way ANOVA (line graph) or Mann-Whitney
U test (fasting blood glucose and AUC graphs) on non-normally
distributed data.
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3.3.2 NOD1 activation worsens glucose metabolism during

acute endotoxemia

To determine if the beneficial metabolic effects of MDP were unique
to NOD2, we also investigated the metabolic phenotype imparted by NOD1
activation during acute low-level endotoxemia using a modified “endotoxin-
stress” in vivo experimental model (Figure 3.56). Three injections of the
NOD1-activating ligand FK565 (heptanoyl-y-d-Glu-meso-DAP-Ala) prior to
LPS challenge increased glucose intolerance (Figure 3.57), in stark contrast
to the effects of MDP (Figure 3.45). Both Nod1” and Ripk2” mice were
insensitive to FK565 (Figures 3.58-3.59), where glucose tolerance was not
altered by FK565 injection. Collectively, these results confirmed ligand

specificity for the NOD1/RIPK2 signaling pathway related to glucose control.

3.4 Role of IRF4 in NOD-mediated metabolic and inflammatory
changes during HFD-induced obesity and acute endotoxemia
3.4.1 NOD2-mediated improvements in glucose metabolism and
adipose tissue inflammation during HFD-induced obesity
require IRF4
The protective effect of MDP on inflammatory colitis is known to be
dependent on NOD2 and IRF4, with the key mechanism being a NOD2-
IRF4-driven inhibition of NF-kB signaling (305,306). /rf4 deletion promotes

metabolic inflammation during obesity (310,311), thus positioning IRF4 as
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Figure 3.56 Experimental design for FK565 administration prior to
acute endotoxemia.

Control diet-fed mice received saline or 10 ug FK565 i.p. for 3 days prior
to induced acute endotoxemia.
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Figure 3.57 Glucose metabolism of WT mice treated with FK565
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed WT mice that received saline or FK565 for 3 days prior to
acute endotoxemia. n = 9-10 mice for each group. Values are mean =
SEM. * indicates a significant difference between groups, as determined
by two-way ANOVA (line graph) or Mann-Whitney U test (fasting blood
glucose and AUC graphs) on non-normally distributed data.
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Figure 3.58 Glucose metabolism of Nod7” mice treated with FK565
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Nod1” mice that received saline or FK565 for 3 days prior
to acute endotoxemia. n = 8 mice for each group. Values are mean +
SEM.
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Figure 3.59 Glucose metabolism of Ripk2” mice treated with
FK565 prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Ripk2” mice that received saline or FK565 for 3 days
prior to acute endotoxemia. n = 7-8 mice for each group. Values are mean
+ SEM.
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a possible mediator of the effects of MDP on insulin sensitivity and
inflammation in our diet-induced obesity model. IRF4 may also explain the
divergent effects of NOD1 versus NOD2 activation on glucose metabolism
during acute low-level endotoxemia.

We first assessed metabolic tissues for altered /rf4 expression.
Chronic MDP treatment increased adipose and liver /rf4 expression in
C57BL6/J WT, but not Nod2” mice (Figure 3.60). MDP did not alter /rf4
expression levels in spleen (non-metabolic tissue) (Figure 3.34). In contrast
to the insulin sensitizing effects of MDP in HFD-fed C57BL/6J WT mice
(Figures 3.21 and 3.28), MDP did not alter glucose tolerance in Irf4” mice
fed an obesity-causing HFD (Figure 3.61). Furthermore, MDP did not
decrease gonadal adipose NF-kB activity in Irf4” mice (Figure 3.62).
Chronic MDP treatment in /rf4” mice decreased hepatic gene expression of
Cxcl10 and Nos2 (Figure 3.63), similar to the changes observed in WT
animals (Figure 3.29). The widespread decrease in inflammatory markers
in adipose induced by chronic MDP treatment in WT mice did not occur in
the adipose tissue of MDP-treated /rf4” mice (Figures 3.31-3.32, and 3.64).
Analysis of Irf4” muscle gene expressions revealed similar changes as WT
mice (Figures 3.33 and 3.65). These results suggest that adipose tissue is

the key site of anti-inflammatory action of MDP via IRF4.
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Figure 3.60 Tissue Irf4 expression of WT and Nod2” mice
chronically treated with MDP.

Liver and white adipose Irf4 gene expression of HFD-fed WT mice that
received saline or MDP for 5 weeks. n = 9-10 mice for each group. Values
are mean = SEM. * indicates a significant difference between groups, as
determined by unpaired two-tailed t-test on normally distributed data or
by Mann-Whitney U test on non-normally distributed data.
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Figure 3.61 Glucose metabolism of Irf4” mice chronically treated
with MDP.
Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of

HFD-fed Irf4”" mice that received saline or MDP for 4 weeks. n = 6 mice
for each group. Values are mean + SEM.
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Figure 3.62 Tissue NF-xB activity of Irf4” mice chronically treated
with MDP.

White adipose NF-xB activity of HFD-fed /rf4”" mice that received saline
or MDP for 5 weeks. n = 6 mice for each group. Values are mean £+ SEM.
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Figure 3.63 Liver inflammation of Irf4” mice chronically treated
with MDP.

Liver inflammatory gene expression of HFD-fed /rf4” mice that received
saline or MDP for 5 weeks. n = 6 mice for each group. Values are mean
+ SEM. * indicates a significant difference between groups, as
determined by Mann-Whitney U test on non-normally distributed data.
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Figure 3.64 Adipose inflammation of Irf4” mice chronically treated
with MDP.

White adipose tissue inflammatory gene expression of HFD-fed Irf4”

mice that received saline or MDP for 5 weeks. n = 6 mice for each group.
Values are mean + SEM.
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Figure 3.65 Muscle inflammation of /rf4” mice chronically treated

with MDP.

Tibialis anterior inflammatory gene expression of HFD-fed /rf4” mice that
received saline or MDP for 5 weeks. n = 6 mice for each group. Values
are mean = SEM. * indicates a significant difference between groups, as
determined by Mann-Whitney U test on non-normally distributed data.
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3.4.2 NOD2-mediated changes in glucose metabolism and

inflammation during acute endotoxemia require IRF4

To establish if activating NOD2 also engages IRF4 in the “endotoxin-
stress” in vivo experimental model (Figure 3.43), we first assessed
metabolic tissues for altered /rf4 expression. Three days of MDP treatment
(without LPS) increased liver and adipose Irf4 expression in WT mice
(Figure 3.66). Irf4 expression was higher in liver of MDP-treated animals at
2 and 6 hours after LPS injection in WT mice. Adipose tissue Irf4 expression
was lower at 2 and 6 hours post LPS injection irrespective of MDP treatment
(Figure 3.66). In contrast to improved glucose tolerance in WT mice when
MDP treatment preceded endotoxin challenge (Figures 3.45 and 3.48), Irf4
" mice treated for 3 days with MDP and acutely challenged with endotoxin
experienced no improvement in glucose tolerance (Figure 3.67) or changes
in the HOMA-IR index (Figure 3.68) (the experiment in Figure 3.68 was
performed by Dr. Kevin Foley). Intriguingly, treating mice with the NOD1-
activating ligand FK565 in this endotoxin model increased glucose
intolerance in both Irf4” mice (Figure 3.69) and WT mice (Figure 3.57). This
result suggests that IRF4 specifically mediates NOD2-induced, but not
NOD1-induced effects on glucose metabolism during acute endotoxemia.

Given the role of IRF4 in governing transcription, we assessed the
contribution of this transcription factor on gene expression in metabolic

tissues. In the liver, /110 was higher at both 2 and 6 hours post-endotoxin

140



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

c i c %
'g 2.0 * * '% 15 = Saline
h - Ny = MDP
E g 1.5 é\t/{ QE g 1.0-
3 é 1.0‘ i\i\—i E 5
= 9 S 2 0.5
= .2 0.5 2
© = Saline - MDP <
2ool——— 2 o0l——m———
0 2 6 0 2 6
Time after LPS (hours) Time after LPS (hours)

Figure 3.66 Tissue Irf4 expression of WT mice treated with MDP
prior to acute endotoxemia.

Liver and white adipose /rf4 gene expression of control diet-fed WT mice
that received saline or MDP for 3 days prior to acute endotoxemia. n = 9-
10 mice for each group. Values are mean + SEM. * indicates a significant
difference between groups, as determined by two-way ANOVA.
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Figure 3.67 Glucose metabolism of Irf4” mice treated with MDP
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Irf4”" mice that received saline or MDP for 3 days prior to
acute endotoxemia. n = 12-16 mice for each group. Values are mean
SEM.
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Figure 3.68 Insulin resistance index of Irf4” mice treated with MDP
prior to acute endotoxemia.

Homeostatic model assessment of insulin resistance (HOMA-IR) of
control diet-fed WT mice that received saline or MDP for 3 days prior to
acute endotoxemia. n = 10-11 mice for each group. Values are mean
SEM. This experiment was performed by Dr. Kevin Foley.
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Figure 3.69 Glucose metabolism of Irf4” mice treated with FK565
prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed /rf4” mice that received saline or FK565 for 3 days prior
to acute endotoxemia. n = 14-15 mice for each group. Values are mean
+ SEM. * indicates a significant difference between groups, as
determined by two-way ANOVA (line graph) or Mann-Whitney U test
(body mass, fasting blood glucose, and AUC graphs) on non-normally

distributed data.
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challenge in MDP-treated WT mice compared to /rf4” mice (Figure 3.70).
This finding is consistent with the fact that IRF4 binds to the promoter of //10
to regulate expression of this anti-inflammatory cytokine (312). Hepatic //1b
expression was significantly lower at 2 hours post-LPS in WT mice treated
with MDP compared to Irf4” mice (Figure 3.70), further suggesting that
MDP treatment contributes to IRF4-dependent suppression of certain
inflammatory responses in the liver during acute endotoxin challenge.
However, injecting MDP prior to LPS resulted in higher liver expression of
some pro-inflammatory cytokines such as Tnf and //6 in WT compared to
Irf4” mice (Figure 3.70). These data suggest that IRF4 controls an MDP-
induced inflammatory gene program in the liver. MDP did not have
widespread effects on inflammatory markers in adipose tissue during acute

endotoxemia (Figure 3.71).
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Figure 3.70 Liver inflammation of WT and Irf4” mice treated with
MDP prior to acute endotoxemia.

Liver inflammatory gene expression of control diet-fed WT and Irf4” mice
that received saline or MDP for 3 days prior to acute endotoxemia. n = 6-
10 mice for each group. Values are mean + SEM. * indicates a significant
difference between groups, as determined by one-way ANOVA.
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Figure 3.71 Adipose inflammation of WT mice treated with MDP
prior to acute endotoxemia.

White adipose inflammatory gene expression of control diet-fed WT mice

that received saline or MDP for 3 days prior to acute endotoxemia. n = 5-
6 mice for each group. Values are mean + SEM.
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CHAPTER FOUR: Discussion and future directions
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4.1 Introduction

The prevalence of obesity is increasing worldwide. Obesity is a risk
factor for developing type 2 diabetes, which is often preceded by insulin
resistance. Obesity is also associated with increased chronic inflammation
that can contribute to insulin resistance in metabolic tissues. The
burgeoning field of inmunometabolism explores the link between immunity
and metabolism and is relevant to many aspects of metabolic disease.
Bacterial-sensing systems of the innate immune system are a potential link
between host metabolism and immunity. It is known that the intracellular
innate immune bacterial peptidoglycan-sensing NOD proteins contribute to
metabolic inflammation and insulin resistance. The objective of this thesis
is to characterize the immunometabolic effects of NOD signaling during
obesity and metabolic disease, and the potential physiological relevance to
blood glucose control and cellular mechanisms underpinning immune

responses compartmentalized in metabolic tissues.

4.2 Deletion of Nod2 and HFD-induced obesity
4.2.1 Whole-body NOD?2 is required for maintenance of insulin
sensitivity during diet-induced obesity
The contribution of innate immune system components to specific
aspects of metabolic disease have recently been described. Many pattern

recognition receptors of the innate immune system have been linked to
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changes in glucose control. For example, a role for TLRs, including TLR2,
4,5 and 9, in altering insulin sensitivity and blood glucose control has been
described (243,333,336-342). In addition, NOD proteins have been
implicated as a link between innate immunity and insulin sensitivity. Deletion
of Nod1 protected mice from glucose intolerance during diabetogenic diet-
feeding (278). Furthermore, deletion of both Nod71 and Nod2 in HFD-fed,
obese mice reduced insulin intolerance and inflammation, and acute
activation of NOD1 exacerbated metabolic tissue inflammation and insulin
resistance (237). Thus, NOD1 appeared to be deleterious during metabolic
disease. A clearly defined role for NOD2 was not identified in these studies.
The abundance of studies on the role of NODZ2 in inflammatory diseases
describe this bacterial-sensing protein as a dampener of chronic
inflammation (295,302-306,343—-347). In Denou et al., we expanded on this
knowledge gap and found that whole body deletion of Nod2 exacerbated
insulin resistance in obese mice (316). Thus, we found that NOD2 is a
critical protective immune response that helps to maintain insulin sensitivity
and limits metabolic tissue inflammation during HFD-induced obesity in
mice. The findings from this thesis highlighted a key role for NOD2 in
adipose, liver, and intestinal tissues. However, conclusions drawn from
whole-body deletion studies of Nod2 limited analyses of the contributions of

specific cell populations in different tissues.
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4.2.2 Immune cell NOD2 is not required for metabolic protection

during HFD-induced obesity

In this thesis, we performed targeted Nod2 deletions in different cell
populations in mice. This prompted the investigation of the cell types and
pathways that were engaged upon NOD2 activation. We first deleted Nod2
from immune cells by lethally irradiating WT recipient mice, killing most
immune stem cells derived from bone marrow. We then reconstituted their
immune cell progenitors using bone marrow from donor WT and Nod2”
mice. We replicated the experimental conditions described in Denou et al.
in order to test if glycemic control was altered in mice that lack immune cell
NOD2 (NOD2 chimera mice). We already knew that whole-body deletion of
Nod2 worsened dysglycemia in HFD-fed mice (316). Here, we found that
HFD-fed immune cell Nod2-deleted mice had similar glycemic control
compared to mice that were irradiated and repopulated with WT bone
marrow (control counterparts). Thus, our results suggested that radio-
sensitive immune cell NOD2 was dispensable for maintaining insulin
sensitivity during diet-induced obesity. If immune cell NOD2 was important
for metabolic protection, we would hypothesize that deleting it from the
hematopoietic system would have resulted in increased insulin resistance.
This result was interesting, as hematopoietic NOD1 has been demonstrated
to contribute to metabolic inflammation and insulin resistance (348). Thus,

the divergent effects of NOD1 versus NOD2 signaling appear to also
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engage responses that are derived from different cellular sources during
metabolic disease.

It should be noted that a small subset of original immune stem cells
in recipient mice were resistant to the two rounds of irradiation. The
presence of these “radio-resistant” cells is a common occurrence in the
creation of chimeric mice. In addition, liver resident macrophages (Kupffer
cells) with functional NOD2 were likely present in these NOD2 chimera
mice. This is because Kupffer cells have a long turnover time before they
are replenished from the hematopoietic compartment (349). To prevent this
from occurring in future chimeric mouse studies, treatment of animals with
clodronate liposomes has been shown to effectively deplete resident
hepatic macrophages (350). Although it can be suggested that these
persistent immune cell populations could mediate the protective effects of
NOD2, experiments completed in parallel by collaborating investigators aid
in explaining why this is unlikely. In addition to creating WT mice with Nod2
~ immune cells, as presented in this thesis, the Rémy Burcelin lab also
generated “inverse” chimera mice (i.e. WT immune cells into Nod2”
recipients). These Nod2” mice with an immune system derived from WT
hematopoietic cells were more glucose intolerant and more insulin resistant
than WT control mice. Thus, mice that lack NODZ2 in non-hematopoietic cells
have poorer glucose control during obesity. This result is similar to the

response in obese mice that lack whole-body NOD2 (316). Together, these
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studies indicated that the protective effects of NOD2 were mediated by non-
immune cell populations during HFD-induced obesity.

We next tested if NOD2 activation with MDP required immune cells
to promote improved glucose control. These experiments provided
additional confirmation that NOD2 in immune cells was dispensable for the

27 BMT mice

effects of NOD2 signaling on glycemia. Control diet-fed NOD
subjected to our acute low-level endotoxemia model responded to MDP
treatment and had increased glucose tolerance, which mirrored the
improved glycemic control in MDP-injected WT mice. Altogether, our data,
and our collaborator’s inverse chimera experiments, demonstrated that the
consequences of both Nod2 deletion and activation did not require NOD2
signaling within hematopoietic-derived immune cells. These findings were
interesting because the purported function of NOD2 is to mediate an innate
immune response to invading pathogens, where defense to external
bacterial stimuli are commonly derived from immune cells (253,351).
However, it should also be considered that there is a benefit, and possibly
a requirement, for detection of bacterial danger signals within all cells of a
host in order to limit infection and potentially modify other critical cell
functions, including metabolism. Thus, our results here were in agreement

with other studies showing that, while Nod2 is expressed and can have

direct effects within immune cells, hematopoietic NOD2 can be dispensable
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for inflammatory disease pathology. These results were consistent with

previous findings in colitis experiments (352).

4.2.3 Hepatocyte NOD2 is not required for metabolic protection

during HFD-induced obesity

Both Nod7 and Nod2 are expressed in hepatocytes, but there is
evidence that only NOD1 is capable of initiating direct inflammation in this
cell type in the absence of other stimuli, such as LPS, highlighting a key
difference between NOD1 and NOD2 signaling within the liver (353).
Experiments from our lab demonstrated that HFD-feeding in mice increased
expression of Nod2 transcript in hepatocytes (versus non-hepatocyte liver
cells) compared to control diet-fed animals. These findings highlighted a
possible role for NOD2 in driving metabolic effects in a key metabolic tissue
(316). Indeed, deletion of whole-body Nod2 in obese mice revealed
extensive liver phenotypes, including increased inflammation, lipid
deposition, and insulin resistance (316), thus demonstrating a protective
role for NOD2 signaling during metabolic disease. Not all experimental
models are equivalent because there is evidence showing that hepatic
NOD2 signaling has been implicated in exacerbating experimental hepatitis
in mice (354). Therefore, clarifying the contribution of NODZ2 in hepatocytes
during the stress of diet-induced obesity in aspects of metabolic disease

and metabolic inflammation was our next goal.
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Based on available evidence, hepatocyte NOD2 was a logical next
step to investigate to determine the cell type responsible for whole-body
NOD2 metabolic phenotypes during obesity. Using a genetic approach, we
deleted the Nod2 gene from hepatocytes specifically by crossing an
albumin-cre transgenic mouse with a mouse possessing loxP sequence-
flanked Nod2. In this system, cre-lox recombination would occur only in
hepatocytes due to the hepatocyte-specific expression of albumin-cre
recombinase (321). The advantage of this approach (versus adenovirus-
targeted deletion) was that the gene deletion is established within the germ
cells of the offspring during development, thus preventing small populations
of genetically unmodified (WT) cells from persisting and thus limiting
experimental findings. After confirming the genetics of hepatocyte NOD2
knockout (Nod2”*°) and control mice, we replicated the experimental
conditions described in Denou et al. that probed whole-body Nod2 deletion
(316). We found that HFD-fed hepatocyte NODZ2 knockout mice were
metabolically indistinguishable to littermate WT control mice. Therefore, our
results showed that hepatocyte NOD2 was not required for maintaining
insulin sensitivity during obesity.

We next tested if hepatocyte NOD2 was required for improvements
in glycemia induced by NOD2 activation with MDP. Our results confirmed
that NOD2 in hepatocytes was dispensable for the effects of MDP-induced

activation of NOD2 signaling during acute low-level stress of a model of
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metabolic endotoxemia. Control diet-fed NOD2"°

mice subjected to acute
low-level endotoxemia had increased glucose tolerance after MDP
treatment, mirroring the improved glycemia caused by MDP in WT mice.
Thus, our results with hepatocyte NOD2 knockout mice demonstrated that
the consequences of both Nod2 deletion and activation did not require
NOD?2 signaling within hepatocyte cells of the liver.

These findings were somewhat surprising because many liver-
centric phenotypes were observed in whole-body Nod2”~ mice and NOD2
activation experiments using MDP. For example, whole-body deletion of
Nod?2 caused increased immune cell infiltration, inflammation, and
triglyceride deposition within the liver (316). Additionally, whole-body Nod2
deletion caused increased HGO (from liver insulin insensitivity) and
pyruvate intolerance. When NOD2 was activated in WT mice, liver-centric
improvements in glucose control and inflammation were observed.
Specifically, MDP treatment decreased hepatic inflammation, increased
insulin-mediated suppression of HGO in obesity and endotoxemia models,
and increased pyruvate tolerance. Therefore, whole-body deletion of Nod2
facilitated effects within the liver despite both hepatocyte and immune cell
(essentially the entire liver) NOD2 not being necessary for these
phenotypes.

It is not yet clear how to reconcile these liver-centric effects of NOD2,

despite NodZ2 being dispensable within hepatocytes. It was possible that the
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effects on the liver were downstream of the primary NOD2 signaling event
in another tissue, thus eliminating the need for functional NOD2 within
hepatocytes. Although not directly supported by the evidence presented in
this thesis, this speculation can be explained by the nature of recently
described extracellular vesicles that can communicate between metabolic
tissues. In particular, extracellular vesicles from adipose tissue have been
shown to greatly expand the immunoregulatory crosstalk of adipose
resident immune cells with distant tissues of the body including skeletal
muscle and the liver (355-360). As the majority of NOD2 activation effects
on inflammation occurred in mouse adipose tissue in our obesity model, it
is possible that extracellular vesicles from adipose relayed signals such as
cytokines, metabolites, or microRNAs to the liver, thus circumventing the
need for intact hepatocyte Nod2. Regardless of the mechanism, the effects
observed in this study and others from our lab contributed to the concept of
compartmentalization of immune responses induced by NOD2, and also

demonstrated the interconnectedness of metabolic tissues during obesity.

4.3 NOD activation and obesity

The previous sections in this thesis discussed various consequences
associated with Nod2 deletion in mice. The conclusions drawn from those
studies aided the remainder of experiments that characterized the

consequences of activating NOD2 in multiple inflammatory animal models.
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The benefits of such experiments were twofold: understanding the
mechanisms that link the innate immune system with metabolic health, and
informing the potential development of novel therapeutics to combat
metabolic disease. Activation of innate immune receptors that are known
inflammatory factors, such as NOD1 or TLRs, is associated with increased
inflammation and insulin resistance
(95,235,237,244,276,280,282,348,361-364). However, NOD2 is uniquely
positioned as a mediator of immune tolerance to inflammation in cell models
and in vivo studies of inflammatory bowel disease (295,302-306,343—
346,365-367). The contribution of chronic NOD2 activation to metabolic
inflammation and glucose homeostasis during obesity, at this time, was not

known.

4.3.1 Physiological effects of NOD2 activation during obesity

We built upon the known immune-regulating capabilities of NOD2
signaling and probed the inflammatory effects of chronic NOD2 activation
during HFD-induced obesity in mice. Our initial experiments involved
characterizing the physiological effects of intraperitoneal injections of MDP.
When studying obesity-related metabolic disease characteristics in mice, it
is important to consider potential changes in body mass that directly
correlate with glucose control (368). Ligand activation of immune receptors

such as TLR4 and NOD1 can cause weight loss in mice (369). Therefore, it
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was important to first determine whether chronic NOD2 activation would
induce changes in body weight or adiposity in mice that could confound
interpretation of metabolic results. In contrast to other PRRs, activating
NOD2 with MDP for 5 weeks had no significant impacts on body mass,
metabolic and non-metabolic tissue mass, adiposity, or lipid deposition in
liver or muscle. However, acute activation of NOD1 with its ligand FK565
induced significant weight loss and relative glucose intolerance in mice
(Figure 4.1), which precluded us from assessing the chronic effects of

NOD1 activation during HFD-induced obesity.

4.3.2 Metabolic effects of NOD2 activation during obesity

It was known that NOD1 ligands can induce acute insulin resistance
in control diet-fed mice (237). Actually, NOD2 ligands, including certain
MDP derivatives, can induce acute, transient insulin resistance in control
diet-fed mice. This effect was observed to be much smaller compared to
NOD1 activation, lasted for less than 24 hours, and was limited to reduced
peripheral glucose disposal (237). The effect of chronic treatment with MDP
on both glucose and insulin tolerance in HFD-fed mice was not known and
was tested in this thesis. It was discovered that MDP improved glucose and
insulin tolerance and improved hepatic insulin sensitivity during obesity in
mice. The glucose-lowering effects of chronic MDP treatment were

dependent on both NOD2 and RIPK2, confirming the receptor-ligand and
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Figure 4.1 Glucose metabolism of WT mice treated with FK565.

Body mass and glucose tolerance test (2 g/kg) of control diet-fed WT
mice that received saline or FK565 for 3 days. n = 10 mice for each group.
Values are mean + SEM. * indicates a significant difference between
groups, as determined by two-way ANOVA (line graph) or unpaired two-
tailed t-test (body mass and AUC graphs) on normally distributed data.

160



Ph.D. Thesis — J.F. Cavallari; McMaster University — Biochemistry and Biomedical Sciences

pathway specificity (327). Results using knockout mouse strains also
demonstrated that the ligand solutions were not contaminated with other
PRR activators, such as LPS.

The improved glycemic control and metabolic effects of MDP
treatment were dependent on the stress of obesity (or low-level
endotoxemia), but independent of dietary fat content. This is best evinced
by the fact that control diet-fed leptin-deficient (ob/ob) mice that are obese
due to hyperphagia were more glucose tolerant during MDP treatment. In
contrast, glucose tolerance was unchanged in control diet-fed lean WT
mice.

Experiments aimed at determining the key tissues responsible for
mediating the metabolic effects of MDP revealed an important role for the
liver in altered blood glucose control. Hyperinsulinemic-euglycemic clamp
results demonstrated that MDP treatment increased the sensitivity of mouse
livers to the suppressive effect of insulin on hepatic glucose production. In
contrast, adipose-targeted experiments, such as insulin-mediated uptake of
radioactive 2DG, showed that MDP did not have adipose-specific effects on
insulin sensitivity in either model of murine obesity, including control diet-
fed ob/ob mice or HFD-fed WT mice. This result was in agreement with data
from the hyperinsulinemic-euglycemic clamp, which showed no change in

tissue glucose disposal rate induced by MDP, also suggesting a limited role
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for the contribution of MDP-induced effects on skeletal muscle to changes
in glucose control.

The metabolic improvements of NOD2 activation were also effective
in an acute setting despite the establishment of obesity. After obesity had
manifested for 10 weeks by long-term HFD-feeding in untreated mice, 3
days of MDP ligand injections significantly increased glucose tolerance
compared with control animals. Similar treatment with the minimal bioactive
motif that activates NOD1, iE-DAP, had no effect on glucose tolerance in
this acute model, reinforcing the fact that NOD1 and NOD2 have divergent
effects on glucose metabolism. This protocol was a significant departure
from the one used above, as it reduced the amount of treatments from 20
to 3. These results were interesting because they extended our findings with
chronic MDP administration and demonstrated that similar results on
glucose metabolism are possible when using a treatment model of obesity
that is relatable to humans with established obesity (such as in an

intervention approach to improve insulin action in obese individuals).

4.3.3 Inflammatory effects of NOD2 activation during obesity

Deletion of NodZ2 increases susceptibility to inflammatory pathologies
including colorectal tumorigenesis in mice (299,300). Activation of NOD2
has well-established intestinal immunomodulatory effects in inflammatory

bowel disease and experimental models of inflammation (305,306).
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Expanding on these concepts, we next sought to assess whether chronic
NOD2 activation could have similar inflammation-dampening effects during
obesity.

In liver, chronic MDP treatment during HFD-feeding moderately
decreased expression of classical pro-inflammatory genes, while not
affecting expression of anti-inflammatory or immune cell genes. Hepatic
Tlr4 expression was significantly increased in MDP-treated mice. This
finding was interesting because activation of hepatocyte TLR4 has been
shown to contribute to obesity-induced inflammation and insulin resistance
(243). However, our data was derived from whole-liver homogenates
containing various cell types, therefore it could not be concluded that
hepatocytes were responsible for this increased TIr4 expression.
Additionally, despite this increased TIr4 expression, overall hepatic
inflammation (both NF-kB activity and inflammatory transcript expression)
was not increased, and the liver was also the main tissue in which MDP
increased insulin sensitivity during the hyperinsulinemic-euglycemic clamp.
Therefore, this increase in hepatic TIr4 expression appeared to have
minimal consequences in terms of glucose control. It is also plausible that
TLR4 signaling did indeed contribute to inflammation, and the effect was
masking the true potential of NOD2 activation in liver. If this scenario were

true, then inhibiting TLR4 signaling (already known to protect against HFD-
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induced inflammation and insulin resistance (341,370,371)) in addition to
activating NOD2 may lead to enhanced anti-inflammatory effects.

In white adipose tissue, chronic NOD2 activation had widespread
anti-inflammatory effects. First, NF-kB activity was reduced by
approximately 40% compared to control-treated animals. Expression of
many pro-inflammatory cytokines and immune cell markers was
significantly decreased by MDP treatment. Pattern recognition receptor
gene expression of Nod1, NIrp3, and Tir4 (but not Nod2) was also
significantly, yet more moderately, decreased in adipose tissue after MDP
treatment. We analyzed the whole adipose tissue in these experiments and
changes in gene expression could have been derived from both adipocytes
and the extent of pro-inflammatory polarization of adipose tissue resident
immune or stromal cells. Interestingly, expression of some classical anti-
inflammatory markers was also decreased by MDP, suggesting that chronic
NOD2 activation was so potent in this tissue that immunomodulating
cytokines such as IL4 and IL10 were unnecessary in this setting to combat
the inflammation induced by HFD-feeding and obesity. Together these data
suggested that the adipose tissue of NOD2-activated animals had fewer
inflammatory immune cells and the overall inflammatory state in the adipose
tissue was lower compared to vehicle-treated mice, which was consistent
with NOD2 activation providing immune tolerance during an additional

stress (302-304).
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Interestingly, MDP did not have anti-inflammatory effects across
different metabolic tissues. Analysis of tibialis anterior muscle revealed that
MDP treatment moderately increased expression of pro-inflammatory
genes and immune cell markers, indicating that muscle was in a heightened
state of inflammation under NOD2-stimualted conditions. This result was in
agreement with in vitro observations from our lab showing that MDP
stimulation caused muscle cell-autonomous pro-inflammatory responses
(332). This result also provides an additional example of the
compartmentalization of innate immune responses: the immunomodulatory
effects of NOD2 activation lead to decreased inflammation in adipose and
liver, but increased inflammation in skeletal muscle. While the MDP-
dependent increases in muscle inflammation could have conceivably
impacted whole-body or muscle-specific glucose metabolism, as
comparatively shown in cell culture models (332,372), there was no
measurable change on peripheral tissue glucose disposal during
hyperinsulinemic-euglycemic clamp experiments. This conclusion could be
supported by further/direct testing of insulin action in vivo in mice treated
chronically with MDP (e.g. 2DG-uptake).

Beyond the metabolic tissues discussed above, MDP treatment had
only minor effects. The spleen is a major reservoir of monocytes that the
body can use to regulate systemic inflammation, and therefore any large

skewing of splenic immunity would have indicated a possible change in
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systemic immunity (373). In the spleen, chronic NOD2 activation had only a
minor impact on markers of inflammation.

Studies on the inflammatory effects of MDP have the potential to
inform future human treatments using NOD2 activation therapy. Therefore,
it was important to consider whether chronic NOD2 activation, given its
known immunomodulatory capability and significant anti-inflammatory
activity in adipose tissue (374), would have a quantifiable impact on host
ability to resist infection. Therefore, we assessed the systemic effects of
NOD2 activation on host immunity. Through analysis of serum cytokine
levels, we observed that chronic MDP treatment did not induce changes in
systemic cytokine levels in mice. Additionally, NOD2-activated mice were
not more susceptible to death throughout all studies compared with saline-
treated animals, and chronic MDP treatment has been demonstrated to be
protective against infection (375).

The findings from this section described the inflammatory-modulating
effects of NOD2 activation. Chronic MDP treatment was anti-inflammatory
in adipose and liver, but pro-inflammatory in muscle. There was no whole-
body inflammatory theme of NODZ2 activation, but rather compartmentalized
effects in different tissues. Despite the inflammatory variance in different

tissues, MDP treatment was insulin-sensitizing during HFD-induced obesity.
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4.4 NOD activation and endotoxemia

Certain models of obesity are associated with an increased quantity
of circulating bacterial LPS that can contribute to metabolic inflammation
and insulin resistance. Experimentally raising circulating LPS is sufficient to
promote inflammation and insulin resistance (95). Obesity also upregulates
adipose tissue TLR signaling in mice (333). NOD2 signaling negatively
regulates inflammation from TLR ligands (302,304-306), therefore we
hypothesized that mice deficient in the ability to sense LPS would not
engage in the stress during endotoxemia that is required for MDP to
potentiate its effects on blood glucose. Results from these experiments
would help to decipher the mechanism of action of chronic NOD2 activation.

Chronic MDP treatment in LPS-receptor mutant C3H/Hed mice fed a
HFD caused more glucose intolerance, in contrast to the improved glucose
tolerance during MDP treatment in WT mice. This result suggested that
inhibition of TLR4 signaling was at least one mechanism of action of MDP
treatment during obesity. Given the known contribution of TLR signaling to
obesity, metabolism, and inflammation (95,333), we developed an in vivo
model of acute endotoxemia in control diet-fed WT mice using a TLR4-
specific ligand in order to directly and specifically investigate the interactions

between NOD2 and TLR signaling.
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4.4.1 Metabolic effects of NOD2 activation during acute
endotoxemia

MDP treatment alone had no discernable effect on glucose
metabolism when tested 24 hours after the last injection in control diet-fed
mice. However, MDP treatment prior to an acute dose of endotoxin
increased glucose tolerance. Thus, in the absence of any other stressor
such as HFD or LPS, MDP alone did not affect glucose metabolism in our
models. These results were consistent with studies demonstrating that
acute MDP pre-stimulation alone, approximately 24 hours before
experimental measurement, did not affect inflammatory cytokine production
(302,304). However, acute treatment with MDP can also precipitate minor
metabolic defects depending on the timing of treatment. For example,
insulin-stimulated glucose disposal was decreased in mice 6 hours after
MDP treatment but these effects were small compared to the more potent
effects of NOD1 activation (237). Thus, there appears to be a priming period
where NOD2 activation stimulates a small pro-inflammatory response
characterized by inflammatory cytokines and anti-microbial peptides (271),
but is followed by a tolerizing period where NODZ2 signaling shifts to an
immunomodulatory state to dampen the inflammatory response.

Acute endotoxemia creates a highly insulin resistant state (376). As
a result, this model of insulin resistance was particularly useful in revealing

the insulin-sensitizing capability of MDP treatment. For example, we
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analyzed the insulin secretion of mice during a GTT. We found that MDP-
treated and LPS-challenged mice, in addition to being significantly more
glucose tolerant, secreted significantly less insulin during glucose challenge
compared to LPS-challenged control mice. Together these data suggested
that mice primed with MDP were so sensitive to insulin that they did not
require additional insulin release to manage the glucose load. An additional
metric of insulin resistance, HOMA-IR (325), was significantly lower in
NOD2-activated animals acutely challenged with endotoxemia.
Hyperinsulinemic-euglycemic clamps revealed a hepatic insulin-
sensitizing phenotype in MDP-treated mice challenged with LPS. Further
testing of the liver by pyruvate challenge in this model confirmed an effect
of MDP on hepatic glucose production. This phenotype was consistent with
the effects of MDP observed in our model of diet-induced obesity, strongly
supporting a role for NOD2 activation as an insulin-sensitizer in the liver.
Interestingly, treatment of hepatocyte NOD2 knockout mice with MDP in our
acute endotoxemia model increased glucose tolerance similar to WT mice.
This finding was also consistent with effects in our diet-induced obesity
model where just 3 injections of MDP was sufficient to improve glucose
tolerance, identical to WT mice. Thus, in endotoxemia and obesity models,
NOD2 activation sensitized the livers of mice to insulin in a hepatocyte-

NOD2-independent manner.
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The effects of MDP in this model were dependent on NOD2 and
RIPK2, consistent with observations in our obesity model. Hematopoietic
NOD2 was dispensable for improved glucose tolerance, supporting the
conclusion that immune cells were not the primary location of NOD2
signaling effects. This result was interesting because studies comparing the
roles of non-hematopoietic and hematopoietic NOD2 in the context of
Crohn’s disease pathogenesis have shown that non-hematopoietic cells

were the key responsive population to the effects of MDP (377,378).

4.4.2 Metabolic effects of NOD1 activation during acute
endotoxemia

As a comparison for the metabolic effects of pattern recognition
receptor activation, we wanted to assess the metabolic consequences of
NOD1 ligand injection in vivo. As mentioned above, testing NOD1 activation
in our long-term obesity model was not feasible as this chronic treatment
caused significant weight loss in mice. Activating NOD1 in an acute setting,
such as in our endotoxemia model, would better allow for comparing the
effects of NOD1 versus NODZ2 signaling on glucose metabolism. Compared
to mice treated with MDP prior to endotoxemia, mice treated with the NOD1-
activating ligand FK565 were markedly glucose intolerant in a NOD1- and
RIPK2-dependent manner. This result highlighted the striking difference

between NOD1 and NOD2 signaling in the context of metabolism, and built
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upon previous descriptions of the divergent functions of these PRRs

(235,237,278,282,348).

4.5 Role of IRF4 in NOD-mediated metabolic and inflammatory
changes during obesity and acute endotoxemia

The tolerance effect mediated by NOD2 in many studies has been
reported to be a product of the transcription factor IRF4. IRF4 controls Th2
inflammation to limit aberrant immune responses (312,313,379,380), and
controls TLR-induced inflammation (307,308,343). This transcription factor
has also been implicated in obesity-induced inflammation and has a direct
role in insulin sensitivity (310,311,381,382).

Our study with TLR4 (LPS receptor) mutant mice supported the role
of IRF4 in regulating inflammation during obesity that can manifest in
perturbed glucose metabolism. Mice lacking functional TLR4 treated with
MDP displayed decreased glucose tolerance, suggesting that suppressing
the LPS-sensing pathway in mice was at least one mechanism driving the
metabolic effects of MDP during obesity. Expression of Tir4 in WAT was
decreased by MDP treatment and this effect was found to be dependent on
IRF4 (Figure 3.32 versus 3.64). Our finding was consistent with the known
effects of IRF4 driving negative regulation of TLR-mediated inflammation

(307,308). This result prompted further testing to determine whether IRF4
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was involved in our obesity and acute endotoxemia phenotypes of NOD2

activation.

4.5.1 HFD-induced obesity: IRF4 and MDP

In our obesity model, WT mice treated with MDP had higher [rf4
expression in liver and white adipose tissue, and this result was dependent
on NOD2. This result was our first link connecting chronic NOD2 signaling
during obesity with IRF4. Strikingly, MDP did not improve glucose tolerance
in Irf4”" mice. This result demonstrated that the glucose-tolerizing effects of
MDP were wholly dependent on the transcription factor IRF4 during obesity.
Our results on glucose control are in agreement with studies showing that
the inflammatory effects of NOD2 during colitis and colorectal tumorigenesis
were dependent on IRF4 (300,305,306).

We next sought to understand the NODZ2/IRF4 signaling axis by
investigating whether our NOD2-mediated effects on inflammation required
IRF4. Consistent with other groups that established a direct link between
NOD2, IRF4, and TLR-mediated NF-kB activity (300), chronic NOD2
activation with MDP decreased NF-kB activity in white adipose tissue of WT,
but not Irf4”" mice. We next assessed gene expression profiles of metabolic
tissues from WT and /rf4” mice chronically treated with MDP during obesity.
Consistent with the NF-kB results, the widespread anti-inflammatory effect

of MDP treatment observed in adipose tissue of WT mice did not occur in
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Irf4” mice. Inflammatory responses in the liver and muscle of Irf4”" mice
changed in the same direction as WT mice treated with MDP, suggesting
that NOD2 effects on inflammation in these tissues did not require IRF4.
Interestingly, while the changes were in the same direction, the magnitude
of changes in muscle tissue was greatly increased in /rf4” mice. This result
was consistent with the loss of IRF4 being linked with exaggerated
inflammatory responses (383). The result in adipose tissue was consistent
with findings reported previously, showing that IRF4 can alter adipose tissue

inflammation during obesity (310).

4.5.2 Acute endotoxemia: IRF4 and MDP

In our endotoxemia model, WT mice treated with MDP had higher
Irf4 expression in the liver, but not white adipose tissue, throughout
endotoxin challenge compared with saline-treated control mice. Similar to
the results using knockout animals in our obesity model above, Irf4” mice
treated with MDP prior to acute endotoxemia did not display increased
glucose tolerance compared to controls, unlike what was observed in WT
mice. Irf4”" mice also did not show improved HOMA-IR in response to MDP
during endotoxemia. Overall, these results showed that MDP engages a
NOD2- and IRF4-dependent response to promote better glucose control

during the stress of endotoxemia.
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We next tested if the NOD2 and IRF4 response was separate from
NOD1. We contrasted the effects of NOD1 versus NOD2 using specific
NOD1 ligands and knockout mice for Nod7, Nod2 and Irf4. Our results
revealed that /rf4” mice were responsive to the NOD1 ligand, FK565, but
not the NOD2 ligand, MDP. This finding was particularly interesting, as
NOD1 or NOD2 can both synergize with multiple TLRs to increase
inflammation (329,330,384—386). Our results reinforce the concept that only
NOD2 engages IRF4 to tolerize and regulate TLR inflammation, which may
have been part of the reason why NOD1 and NOD2 had such divergent
effects on glucose metabolism.

In agreement with the results showing that NOD2 increased [rf4
expression specifically in the liver in our endotoxemia model, NOD2
activation induced several hepatic changes in gene expression. We found
that //70 was higher after LPS injection in MDP-treated WT mice compared
to Irf4” mice, consistent with the fact that IRF4 binds to the promoter of //70
to regulate expression of this anti-inflammatory cytokine (312). Hepatic //7b
expression was significantly lower after LPS challenge in WT mice treated
with MDP compared to /rf4”" mice, which further suggested that MDP pre-
treatment contributes to IRF4-dependent suppression of certain
inflammatory responses in the liver during endotoxin challenge. However,
injecting MDP prior to LPS equated to higher hepatic expression of some

pro-inflammatory cytokines such as //6 and Tnf in WT compared to /rf4”
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mice. These data showed that IRF4 controlled an MDP-induced
inflammatory gene program in the liver.

Comparatively, inflammatory changes induced by MDP were not
observed in the adipose tissue of WT mice during endotoxemia and it was
unclear why the endotoxemia model was different from the obesity model
regarding adipose tissue inflammation. Given the widespread adipose
tissue-specific IRF4-dependent effects observed in our obesity model, it is
plausible that adipose-specific immunoregulation by NOD2/IRF4 is unique
to a chronic, low-level inflammatory setting such as obesity as
demonstrated by prior studies (310,311,381,382). In contrast with these
obesity studies, acute inflammatory insults such as LPS challenge have
been shown to be regulated by NODZ2/IRF4 within the liver (343).
Regardless of these compartmentalized inflammatory changes, NOD2
activation had whole-body insulin-sensitizing effects in WT, but not Irf4”

mice.

4.6 Research limitations and future directions

4.6.1 Limitations

The data presented in this thesis was collected from living mice or
their tissues, and thus a scrutiny of our animal models, especially potential
health issues or known phenotypes of knockout strains, is warranted. For

example, we had previously shown that Nod2” mice were insulin resistant
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during obesity. A common control we utilized in studies to mitigate strain-
specific phenotypes was the use of treatment and vehicle groups within a
genotype. Some of the /rf4” mice developed health issues as they aged.
The most obvious phenotype of this knockout strain was occasional rectal
prolapse, which could be attributed to the lack of mature B and T cells (319).
Mice that had this issue occur during a study were monitored, and
incidences were distributed evenly between treatment groups. There
appeared to be no metabolic or inflammatory effect of prolapse in the
tissues we analyzed, and MDP treatment did not affect the occurrence of
rectal prolapses.

Another issue in Irf4” mice was lower body mass compared to WT
mice, which could have confounded obesity studies of NOD2 activation.
However, this phenotype did not appear to have any effect on inflammation,
as MDP-induced changes in liver and muscle inflammatory gene expression
were similar to WT mice. It cannot be overlooked that the reduced body
masses of /rf4” mice may have limited metabolic studies during HFD-
feeding. However, NOD2 activation in /rf4” mice had no effect on glucose
control in our endotoxemia model, which was not dependent on body mass
for its phenotype. Therefore, it was unlikely that the lack of glucose
tolerance changes by MDP treatment during obesity studies was due to
lower weight gain in HFD-fed /rf4” mice. The more likely explanation for this

phenotype was that NOD2 activation required IRF4 for metabolic effects.
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To avoid whole-body health issues, such as those in Irf4” mice, cell
and tissue-specific deletion strains are a good alternative. The downside of
these studies is that they are time-consuming and often require prior
knowledge about which cell or tissue type is likely mediating the phenotype
of interest. Even with prior knowledge aiding their creation, our
hematopoietic and hepatocyte NOD2 knockout strains did not solve which
cell type mediated the known protective effects of NOD2 signaling.
Regardless, these studies were still useful as the results obtained from
these mice eliminated both the liver and all immune cells as possible
primary targets of MDP. These results, and our data from WT mice treated
with MDP, and the literature showing that IRF4 controls lipid handling within
adipocytes (311), position white adipocytes as a good candidate cell for
Nod2/Irf4 deletion during MDP treatment during obesity.

Targeted knockout strains are also useful because they may inform
future targeted therapies that take advantage of the now-characterized
compartmentalization effects of potential drugs. For example, MDP had
widespread anti-inflammatory effects in adipose tissue, moderate effects in
liver and spleen, but pro-inflammatory effects in muscle. This tissue-
dependent variability would be an undesirable side effect of a drug.
Targeted activation of NOD2 within adipose could avoid the known
problems associated with whole-body activation. Blocking NOD2 signaling

within muscle could also achieve the intended effects of targeted delivery,
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and may even improve the metabolic effects of MDP by preventing pro-
inflammatory and insulin-desensitizing effects in muscle. Inhibiting NOD1
may also prove beneficial. While NOD1 and NOD2 inhibitors exist, targeted
delivery of these inhibitors remains an unsolved parameter that would limit
their effectiveness (283,387-391).

The majority of experiments in this thesis were performed in adult-
aged male mice, which prevents the results from being generalized to a
standard human population with insulin resistance. We attempted to
address this limitation by showing that MDP also improved glucose
tolerance in female mice in our endotoxemia model. We observed a
significant increase in glucose tolerance in female mice treated with MDP,
but the blood glucose response was qualitatively different compared to male
mice. While this result is in line with literature showing that female mice
exhibit a differential inflammatory response to LPS compared with male
mice (392,393), further testing in female mice, especially in obesity models,
is required to confirm that MDP is beneficial for glucose metabolism

regardless of sex.

4.6.2 Future applications of this work
A possible outcome of the data presented in this thesis is the
development of novel therapeutics based on NOD2 activation. With respect

to drug design, two future directions based on our data may help to make
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MDP a better drug for treating insulin resistance: a more optimal delivery
method instead of intraperitoneal injection, and a more potent NOD2
activator that is longer lasting.

The beneficial metabolic and inflammatory effects of MDP treatment
during obesity and acute endotoxemia were investigated by utilizing
intraperitoneal delivery of the ligand to animals. To explore the potential of
MDP as a practical agent to mitigate metabolic disease, we investigated the
oral efficacy of this molecule in our models of obesity and acute
endotoxemia. Chronic dosing for the obesity study was based on daily water
consumption and designed to be equivalent to the total amount of MDP
delivered i.p. over the course of the “prevention-style” HFD/MDP protocol
described above. During obesity, chronic dosing of 25 yM MDP in drinking
water provided ad libitum did not affect glucose tolerance after 5 weeks
(Figure 4.2). Similarly, oral gavage of 100 yg MDP one day prior to acute
endotoxin challenge did not improve glucose tolerance (Figure 4.3).
Together these data suggest that oral delivery of NOD2-activating ligands
is ineffective at improving glucose metabolism during obesity and acute
endotoxemia. The results observed while testing oral delivery of MDP were
not entirely surprising for multiple reasons. The intestinal environment is a
barrier to the body, preventing bacteria and debris from escaping and
multiplying in internal tissues. Additionally, the gut is already replete with

MDP-producing bacteria (200 g bacteria in a 70-kg human; (192)). Thus,
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Figure 4.2 Glucose metabolism of WT mice chronically treated
with MDP in drinking water.

Body mass, fasting blood glucose, and glucose tolerance test (1.5 g/kg)

of HFD-fed WT mice that received water or water containing MDP daily
for 5 weeks. n = 15 mice for each group. Values are mean + SEM.
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Figure 4.3 Glucose metabolism of WT mice treated with orally
administered MDP prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed WT mice that received water or MDP via oral gavage for
3 days prior to acute endotoxemia. n = 15 mice for each group. Values
are mean = SEM.
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successful oral delivery of NOD2-activating compounds would require a
compound that can survive ingestion and be absorbed through the gut
barrier. Bacterial vesicles have been shown to deliver microbial compounds
and activate inflammatory pathways in host cells and tissues, and also
translocate through the murine gut and have effects within metabolic tissues
(394-399). Additionally, it has even been demonstrated that Gram-negative
bacteria deliver peptidoglycan to NOD1 in epithelial cells via outer
membrane vesicles (363,400). Endogenous host-derived vesicles are also
a promising vehicle, as they can target metabolic tissues such as liver
(356,359).

In our assessment of MDP as an insulin-sensitizer, we also tested
the effects of other NOD2 agonists based on MDP that have been reported
in the literature (365,401). Most of these ligands had similar effects as MDP
in our models (data not shown). However, when we searched for pre-
approved drugs derived from MDP, the orphan drug mifamurtide (muramyl
tripeptide phosphatidylethanolamine) was identified as a more promising
candidate. Mifamurtide is a synthetic NOD2-activating adjuvant used during
chemotherapy of juvenile and adolescent osteosarcoma (402). The
lipophilic nature of mifamurtide has been demonstrated to confer a more
potent activity compared to MDP (403,404). We first tested mifamurtide at
an equivalent dose of MDP (mifamurtide molecular weight: 1237.5 g/mol;

MDP molecular weight: 492.5 g/mol) in our endotoxemia model. When
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directly compared to a dose of MDP that did not alter glycemia (20 ug), an
equimolar dose of mifamurtide (50 ug) improved glucose tolerance during
acute endotoxemia in mice (Figure 4.4). Mifamurtide did not alter glucose
tolerance in Nod2”" mice, demonstrating the specificity of this orphan drug
(Figure 4.5). In the “prevention-style” in vivo experimental HFD model, it
was observed that injections of 50 pg of mifamurtide improved glucose
tolerance during diet-induced obesity in WT mice (Figure 4.6). Mifamurtide
was a more potent NOD2 activator compared with MDP in both of our
models of insulin resistance, positioning this orphan drug as a tantalizing
NOD2-activating drug candidate. Future studies that build upon the data
presented in this thesis may lead to postbiotic drugs for improved glucose

control during type 2 diabetes.

4.7 Summary

The advancing obesity pandemic has prompted novel approaches to
combating metabolic disease and, in particular, the associated
dysregulation of glucose control. In the current study, we found that the
transcription factor IRF4 dictated divergent blood glucose effects of specific
bacterial cell wall-derived peptidoglycan molecules in two independent
models of inflammation and insulin resistance in mice. During both obesity
and acute low-level endotoxemia we described a NOD2/MDP-based

postbiotic phenotype that limited metabolic inflammation and increased
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Figure 4.4 Glucose metabolism of WT mice treated with MDP or
mifamurtide prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed WT mice that received saline, a low-dose of MDP, or an
equimolar dose of mifamurtide for 3 days prior to acute endotoxemia. n
= 9-10 mice for each group. Values are mean + SEM. * indicates a
significant difference between groups, as determined by two-way ANOVA
(vs mifamurtide; line graph) or Kruskal-Wallis test (fasting blood glucose
and AUC graphs) on non-normally distributed data.
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Figure 4.5 Glucose metabolism of Nod2” mice treated with
mifamurtide prior to acute endotoxemia.

Body mass, fasting blood glucose, and glucose tolerance test (2 g/kg) of
control diet-fed Nod2” mice that received saline or mifamurtide for 3 days
prior to acute endotoxemia. n = 5 mice for each group. Values are mean
+ SEM.
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Figure 4.6 Glucose metabolism of WT mice chronically treated
with mifamurtide.

Body mass, fasting blood glucose, and glucose tolerance test (1.5 g/kg)
of HFD-fed WT mice that received saline or mifamurtide for 4 weeks. n =
12 mice for each group. Values are mean + SEM. * indicates a significant
difference between groups, as determined by two-way ANOVA.
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insulin  sensitivity  (Figure 4.7) (405). Exploiting endogenous
immunoregulatory programs via the repurposing of microbial-derived
natural products should be considered in obesity-related metabolic disease.
Postbiotics may represent an underutilized avenue of potential drug

alternatives.
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Figure 4.7 The immunometabolism of NOD protein signaling.

Muramyl dipeptide (and mifamurtide) reduces fat inflammation and liver
insulin resistance via NOD2. NOD1-activating peptidoglycan ligands
exacerbate glucose intolerance. IRF4 dictates insulin-sensitizing effects
of NODZ2, but not NOD1, peptidoglycan ligands. Adapted from Cavallari
et al. 2017 (401).
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