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Abstract
Glucagon-like peptide-1 (GLP-1) is an insulin-stimulating hormone released from
enteroendocrine cells. Muramyl dipeptide (MDP) is a peptidoglycan motif which has insulinsensitizing effects in obesogenic mice by acting through the nucleotide oligomerization domain 2
(NOD2) receptor. We hypothesized that MDP enhances glucose tolerance by inducing intestinal
GLP-1 secretion through NOD2 activation. We observed a significant increase in GLP-1
secretion when L-cells were treated with a fatty acid MDP derivative (L18-MDP). Additionally,
we demonstrated NOD2 expression in mouse intestine and in L-cells. Two intraperitoneal
injections of MDP (5mg/kg) significantly increased fasting total GLP-1 in chow-fed mice; an
effect that was lost during the onset of hyperglycemia during a high-fat diet. No improvement in
oral glucose tolerance was observed in MDP-treated mice. Finally, we demonstrated in L-cells
that hyperglycemic conditions reduce NOD2 and GLP-1 mRNA expression. Together these
findings suggest MDP may play a role in enhancing GLP-1 during euglycemia but loses its
ability to do so in hyperglycemia.
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1 Introduction
1.1

Type 2 Diabetes in Canada

Type 2 Diabetes (T2D) continues to be a major health problem worldwide, burdening local
economies and health care systems globally (World Health Organization, 2016). Individuals who
are overweight or obese, physically inactive, of certain ethnic origins, or who have a family
history of T2D are more likely to develop this disease (Bonora et al., 2004). With widespread
rising levels of obesity, unhealthy diets, and physical inactivity, the International Diabetes
Federation estimates that there are currently 463 million people (20-79 years of age) living with
this disease - a number expected to reach more than 578 million adults by 2030 (Saeedi et al.,
2019).
Importantly, North America has proportionally the highest prevalence of T2D globally and in
Canada, more than 3.2 million Canadians live with diagnosed diabetes (Public Health Agency of
Canada, 2019; Shaw et al., 2010). Generally the prevalence of this disease increases with age and
is higher in males than among females (Public Health Agency of Canada, 2019). However, these
nation-wide trends may not reflect diabetes prevalence at the regional or provincial levels. A
2015 study reported that Newfoundland and Labrador, New Brunswick, Ontario, and Manitoba
had the highest prevalence of diabetes, while the Yukon and Quebec ranked lowest however, the
current national average among Canadian adults is about 11% (Public Health Agency of
Canada, 2019) (Fig. 1).
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Figure 1. The prevalence of diagnosed diabetes (≥1 year old) in 2019 in Canada. Results account
for differences in age distribution between provinces and territories. Adapted from Public Health
Agency of Canada, 2019.

There is also a stark difference in diabetes prevalence between Canada’s Indigenous populations
and non-Indigenous peoples (Dyck et al., 2010; Public Health Agency of Canada, 2011). In
Alberta, a large cohort study determined that the lifetime risk of developing diabetes after 20
years of age was 75.6% among men and 87.3% among women in the First Nations group, as
compared with 55.6% among men and 46.5% among women in the non–First Nations group
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(Turin et al., 2016). Furthermore, T2D in Indigenous youth is the fastest growing pediatric
chronic disease worldwide, with childhood obesity as the major risk factor (Amed et al., 2010;
Harris et al., 1996).

1.1.1 Type 2 Diabetes
T2D, or non-insulin-dependent diabetes, is a metabolic disorder characterized by elevated levels
of blood glucose. During T2D the pancreas either does not produce sufficient insulin to meet the
body’s needs, or the body does not effectively use the insulin it produces (DeFronzo, 1988).
Without appropriate insulin action, glucose is unable to be taken up by tissues for storage as
glycogen in the liver and disposal by muscle and adipose tissues (reviewed in DeFronzo,
2009).This leads to elevated circulating blood glucose, or hyperglycemia. In addition,
hyperglycemia in T2D may be exacerbated by the impaired suppression of hepatic glucose
production after a meal (Ferrannini et al., 1988), increased glucose reabsorption by the kidneys
(Rahmoune et al., 2005), increased glucagon secretion by pancreatic α-cells (Unger et al., 1970),
and a reduction in insulin-stimulating hormones (reviewed in Baggio and Drucker, 2007).

1.1.2 Current Treatment Options
The lack of insulin or insulin resistance impairs blood glucose uptake by tissues for storage or
metabolism, ultimately resulting in hyperglycemia. It is important to manage this disease because
without intervention(s), more serious microvascular complications such as retinopathy,
neuropathy, nephropathy, and macrovascular complications including cardiovascular diseases
will develop (Fowler, 2008). However, pre-diabetes and T2D can often be managed with
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lifestyle changes including eating a healthy diet and doing exercise to keep a healthy weight,
although, this is not always sufficient (Hays et al., 2008). Other factors such as the efficacy of
fermentation by an individual’s gut microbiome may contribute to the effectiveness of exercise
as a method for diabetes prevention (Liu et al., 2020). Therefore, glucose-lowering
pharmaceutical interventions are also an important part of T2D management (Ried Larsen et al.,
2018).
Many antidiabetic drugs with various mechanisms of actions are currently available to treat T2D.
Metformin remains the primary therapeutic option for individuals with T2D. This drug reduces
hepatic glucose output, enhances peripheral tissue insulin sensitivity, and stimulates the
enteroendocrine hormone, glucagon-like peptide-1 (GLP-1) (DeFronzo et al., 2016). Another
popular class of drugs are the sulfonylureas which act on insulin-secreting β cells to promote
insulin secretion (Sola et al., 2015). Other second-line therapies include sodium-glucose
transporter-2 (SGLT-2) inhibitors, and gut hormone-related drugs such as dipeptidyl peptidase-4
(DPP4) inhibitors, and GLP-1 receptor (GLP-1R) agonists (Chatterjee et al., 2017). The latter not
only contributes to improving glycemic control, but also slows gastrointestinal motility, reduces
food intake, and promotes satiety (reviewed in Derosa and Maffioli, 2012).

1.2

Gastrointestinal Hormones and Metabolism

The intestinal tract is a large organ home to various enteroendocrine cells (EEC) that secrete
metabolic hormones. Although the endocrine activity of this tissue (duodenal extracts) was first
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described over a century ago, scientists continue to unveil the novel physiological actions of
these hormones (Moore et al., 1906).
All EECs are derived from neurogenin-3 (Ngn3) positive stem cells (Jenny et al., 2002;
Schonhoff et al., 2004a). These Ngn3+ progenitor cells are located throughout the small and
large intestines in the proliferative zone near the resident stem cell population (Bjerknes and
Cheng, 2006; Jenny et al., 2002). These cells differentiate into various EECs based on the proendocrine transcription factors activated by Ngn3 (Schonhoff et al., 2004b). Importantly,
different types of EECs may secrete hormones in specific locations, while others including
serotonin (5-HT) are produced along larger regions or the whole length of the gut (Mawe and
Hoffman, 2013). Moreover, cells in the upper small intestine have a rapid turnover, with EECs in
the duodenum and jejunum having a lifespan of only 3-10 days while EECs in the ileum and
colon may have longer lifespans of up to 60 days (Cheng and Leblond, 1974; Thompson et al.,
1990; Tsubouchi and Leblond, 1979).
Most EECs release hormones at low rates in the fasted state and increase secretion in response to
nutrient-related stimuli. Many EECs are in direct contact with the luminal contents through their
microvilli-covered apical surfaces allowing them to sense the presence of micronutrients
(Gribble and Reimann, 2016). However, somatostatin, ghrelin, and insulin-like peptide-5 (Insl5)
are three orexigenic hormones released in larger quantities during the fasting state (Grosse et al.,
2014; Nakazato et al., 2001; Stengel et al., 2010). Once EECs are stimulated, the hormonecontaining granules release their contents via exocytosis locally to act on surrounding cells
(paracrine action) or enter the blood stream through the network of intestinal capillaries
(endocrine action) (Strader and Woods, 2005). The latter may act directly on distant tissues or
can bind to their receptors on neurons and relay metabolic information through the central
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nervous system to the hypothalamus or through the peripheral nervous system to specific cells or
tissues (Strader and Woods, 2005). These hormones contribute to the regulation of many bodily
functions including digestion, gut motility, nutrient absorption, satiety, and blood glucose levels
(Table 1).
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Table 1. Key gastrointestinal hormones and their mechanisms of action. Adapted from Beckman
et al., 2010; Gribble and Reimann, 2016.
Gastrointestinal
hormone

Main gut
localization
(EEC type)

Primary mechanisms of action

Ghrelin

Stomach,
duodenum
(P/D1 cell)

The secretion of ghrelin stimulates appetite by:
 Increasing gastrointestinal motility
 Promoting gastric acid secretion

Gastrin

Stomach,
duodenum (Gcell)

The secretion of gastrin promotes digestion by:
 Stimulating the secretion of gastric acid by parietal cells
 Promoting pepsin activation
 Inducing pancreatic enzyme secretion and gallbladder contraction

Somatostatin

Duodenum (δcell)

The secretion of somatostatin suppresses gastric acid secretion by:
 Inhibiting acid-secreting oxyntic cells
 Indirectly inhibiting the release of gastrin

Glucose-dependent
insulinotropic
polypeptide (GIP)

Duodenum (Kcell)

The secretion of GIP regulates stomach acid and improves glucose
metabolism by:
 Inhibiting gastric acid secretion and motility
 Promoting insulin release (incretin effect)

Secretin

Duodenum (Scell)

The secretion of secretin regulates the pH of the duodenum by:
 Inhibiting gastrin release and gastric acid secretion
 Stimulating the pancreatic secretion of bicarbonate

Serotonin (5-HT)

Duodenum,
jejunum, ileum,
colon (EC-cell)

The secretion of 5-HT contributes to intestinal motility by:
 Functioning as sensory transducers that respond to chemical and
mechanical stimuli
 Stimulating small intestine and colonic motility

Cholecystokinin (CCK)

Duodenum,
jejunum (I-cell)

The secretion of CCK stimulates the digestion of fats and lipids by:
 Stimulating gallbladder contraction
 Promoting pancreatic enzyme secretion

Glucagon-like peptide-1
(GLP-1)

Ileum, colon
(L-cell)

The secretion of GLP-1 reduces hunger and improves glucose metabolism
by:
 Slowing gastric emptying
 Acting on the central nervous system
 Promoting insulin release (incretin effect)

Glucagon-like peptide-2
(GLP-2)

Ileum, colon
(L-cell)

The secretion of GLP-2 reduces mucosal injury by:
 Regulating intestinal motility
 Increasing the barrier function of the mucosal epithelium

Peptide YY (PYY)

Ileum, colon
(L-cell)

The secretion of PYY reduces hunger and imparts satiety by:
 Inhibiting gastric acid secretion
 Delaying gastric emptying

Insulin-like peptide-5
(Insl5)

Colon, rectum
(L-cell)

The secretion of Insl5 stimulates appetite by:
 Acting as an orexigenic hormone through RXFP4
 Activating colonic motility
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1.3

Glucagon-Like Peptide-1

GLP-1 is the most potent insulin-stimulating hormone in humans (Holst and Gromada, 2004).
This hormone lowers postprandial blood glucose by increasing glucose-dependent insulin release
from pancreatic β-cells, inhibiting glucagon secretion from pancreatic α-cells, and inducing
satiety by delaying gastric emptying (GE) (Drucker et al., 1987; Drucker, 2018; Mojsov et al.,
1987). Furthermore, GLP-1 potentiates pancreatic β-cell growth by promoting proliferation and
reducing apoptosis; an effect that might be predominantly mediated locally via α-cell produced
GLP-1 (Heller and Aponte, 1995; Whalley et al., 2011).
Based on the important actions of GLP-1 on glucose regulation, this hormone has been readily
studied as a potential therapeutic approach for the treatment of T2D. Supplementing the body
with GLP-1R agonists or by inhibiting the GLP-1 degrading enzyme DPP4, are two strategies
that have been proven successful therapeutic options (Dalle et al., 2013; Drucker, 2018).

1.3.1 GLP-1 Synthesis and Secretion
The GLP-1 peptide is produced from the proglucagon gene in three distinct regions of the body:
L-cells of the intestines, α-cells of the pancreas, and certain neurons in the brain stem (Kauth and
Metz, 1987; Mojsov et al., 1986). However, the majority of circulating GLP-1 is produced from
the intestinal L-cells (Holst, 2007). Despite all these cells containing identical proglucagon
mRNA, the differences in the types of proglucagon products in these tissues is due to the varying
posttranslational processing of proglucagon protein (Mojsov et al., 1986) (Fig. 2).
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Figure 2. The posttranslational processing of proglucagon is different between tissues. The
numbers refer to the amino acid location on the proglucagon sequence. GRPP, glicentin-related
pancreatic polypeptide; IP-1, intervening peptide-1; IP-2, intervening peptide-2; GLP-1,
glucagon-like peptide-1; GLP-2, glucagon-like peptide-2. Adapted from Holst, 2007.

In intestinal L-cells, the transcription factors pax6, β-catenin, and transcription factor-4 (TCF-4)
are essential for activating the transcription of the proglucagon gene (gcg) (Jin, 2008; Trinh et
al., 2003; Yi et al., 2005). The major products after the processing of proglucagon in L-cells
include glicentin (residues 1-69) which may be cleaved further to oxyntomodulin (residues 3369), active GLP-1 (residues 78-107), intervening peptide-2 (residues 111-123), and glucagonlike peptide-2 (GLP-2) (residues 126-158) (Buhl et al., 1988; Hartmann et al., 2000; Holst et al.,
1987; Ørskov et al., 1986). The processing of this pro-protein into smaller peptides are the results
of the actions by prohormone convertase 1/3 (PC1/3) and endopeptidases (Ugleholdt et al.,
2004). On the contrary, in α-cells proglucagon is processed by prohormone convertase 2 (PC2),
primarily yielding glucagon (Fig. 2). However, a certain “plasticity” of these endocrine cells
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exists and α-cells may synthesize some GLP-1 under pathophysiological conditions contributing
to the intra-islet paracrine actions of this hormone (Nadkarni et al., 2014).
Following posttranslational processing, GLP-1 is packaged into secretory granules which await
an elevation of cytosolic Ca2+ and cyclic adenosine monophosphate (cAMP) to trigger exocytosis
(Li et al., 2014). GLP-1 is secreted from the L-cell’s basal membrane into the lamina propria and
can act on surrounding cells or is taken up by capillaries into circulation for more distant action.
In addition to GLP-1’s endocrine action on pancreatic cells, GLP-1 can also bind to enteric
neurons and the vagus nerve, potentiating meal-related satiety in appetite centres of the brain
(Grasset et al., 2017). GLP-1 is readily degraded by the exopeptidase, DPP4. DPP4 is found in
its soluble form in circulation, and in its membrane-bound form along the endothelium,
fibroblasts, or on certain white blood cells (Röhrborn et al., 2015). This exopeptidase works by
truncating the GLP-1 (7-36)amide peptide into its inactive form of (9-36)amide by cleaving the
N-terminal dipeptide (Hansen et al., 1999). Moreover, the degradation of GLP-1 also occurs in
the liver so it is suggested that only about 10-15% of active GLP-1 reaches systemic circulation
(Deacon et al., 1996). Thus, the half-life of this hormone in circulation is only around 2 minutes
(Vilsbøll et al., 2003a).

1.3.2 Nutrient-Based GLP-1 Stimulation
GLP-1 secretion is meal and nutrient-intake dependant. Although, there is constant basal
(fasting) hormone secretion, meal consumption causes a rapid increase in L-cell secretion
(Ørskov et al., 1996). One of the key functions of L-cells are their ability to sense luminal
contents in the intestine which in turn regulates hormone secretion (reviewed in Spreckley and
Murphy, 2015). This nutrient sensing ability is possible due to the location of these cells within
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the crypts of the villi in the intestinal epithelium (Eissele et al., 1992). Although L-cells can be
found throughout the small and large intestines, the majority of GLP-1 secreting L-cells are
found in the ileum (Eissele et al., 1992; Suzuki et al., 2018). The apical region of these cells
contains microvilli which are in direct contact with macro and micronutrients. There are many
types of chemosensors, receptors, and transporters expressed on this area which once activated
result in GLP-1 secretion. As previously mentioned, the secretion of GLP-1 by L-cells is
preceded by elevated intracellular Ca2+ and cAMP levels. This can be triggered by glucose, fatty
acids, and proteins/amino acids (reviewed in Spreckley and Murphy, 2015). However, as glucose
and fatty acids seem to trigger the most prominent GLP-1 responses in vitro, in vivo, and in
humans, they will be briefly further discussed below (Elliott et al., 1993; Lim and Brubaker,
2006).
Glucose is one of the most potent stimulators of GLP-1. As glucose enters L-cells via sodiumglucose transporters (SGLT1), this causes an increase in intracellular adenosine triphosphate
(ATP) which results in potassium-ATP (KATP) channel closure (Röder et al., 2014; Sun et al.,
2017). This results in cell membrane depolarization and the change in this potential leads to the
opening of L-cell type voltage-gated calcium channels. As the intracellular increase in Ca2+
potentiates the downstream action of cAMP, this ultimately results in the exocytosis of GLP-1
(Lim and Brubaker, 2006). Although treating L-cells and ileum tissue samples with glucose does
elicit elevated GLP-1 secretion, it is unlikely that very much glucose from the luminal contents
actually reaches the ileal L-cells as glucose is readily absorbed in the proximal region of the
intestine. Likely, the early phase of the GLP-1 response is potentiated by the smaller population
of L-cells in the duodenum (Theodorakis et al., 2006) while prolonged GLP-1 secretion is
attributed to neuronal and circulating glucose (via glucose transporter-2 [GLUT2]) activation of
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L-cells (Müller et al., 2019). As a result, larger, more complex macronutrients which transit
through the ileum such as fats are proposed to be more physiologically relevant as long-term
regulators of GLP-1 release (Lim and Brubaker, 2006).
Dietary lipids are broken down into free fatty acids in the digestive tract. Fatty acid induction of
GLP-1 secretion has shown that unsaturated fatty acids (FAs) are slightly more effective in
eliciting a GLP-1 response than saturated FAs (Hirasawa et al., 2005; Thomsen et al., 1999).
Long chain FAs (C14-C18 for saturated FAs; C16-C22 for unsaturated FAs) were found to
evoke a rise in intracellular Ca2+ in L-cells through free fatty acid receptors (FFAR) 1 and 4
(FFAR1/GPR40, FFAR4/GPR120) (Hirasawa et al., 2005). Moreover, the other main metabolite
from dietary triglycerides, 2-monoglyceride (2-MAG), is also a potent GLP-1 secretagogue
which acts through GPR119 (Ekberg et al., 2016). The activation of this particular receptor
induces adenylyl cyclase (AC) stimulation followed by cAMP activation, which contributes
synergistically with FFAR1- and FFAR4-incuded Ca2+ increase to provide a robust GLP-1
secretory response as outlined above (Ekberg et al., 2016).
Although the intracellular Ca2+ activation pathway is the most studied GLP-1 stimulation
pathway, other signaling molecules have also been demonstrated to induce GLP-1 secretion. The
p38 mitogen activated protein kinase (MAPK) and extracellular signal-regulated kinase
(ERK1/2) have both been shown to be activated during GLP-1 secretion (Pichette et al., 2017;
Reimer, 2006).

1.3.3 The Incretin Effect
The incretin effect is defined as the ability of enteroendocrine hormones to increase insulin
secretion during nutrient intake (Holst, 2007). Currently, the two widely accepted incretins are
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GLP-1 and glucose-dependent insulinotropic polypeptide (or gastric inhibitory peptide, GIP)
(Dupre et al., 1973; Holst and Gromada, 2004). These hormones are released upon food intake
and play an important role in enhancing glucose-induced insulin secretion (Drucker et al., 1987).
Importantly, the insulinotropic potential of these intestinal hormones is dependent on acute
elevated blood glucose levels, particularly for a proper GLP-1 response (Vilsbøll et al., 2003b).
Despite GIP being released at ten times the amount of GLP-1, GLP-1 is a more potent β-cell
activator, therefore the insulinotropic effects of these hormones are said to be additive (Nauck et
al., 1993a; Ørskov et al., 1996).
GLP-1 elicits its actions through binding to the GLP-1 receptor (GLP-1R), a G-protein coupled
receptor. This receptor is expressed on various types of cells including other enteroendocrine
cells, tissues (muscle, liver, and heart), certain neurons of the central nervous system, and on βcells of the pancreas (Mayo et al., 2003). Although GLP-1 does more than aid in glucose
homeostasis, my thesis will focus on GLP-1’s role in glucose metabolism as this incretin effect is
believed to be the most important function of GLP-1.
Upon activation of the GLP-1R on pancreatic β-cells, this causes the activation of AC and cAMP
(Thorens, 1992). As the intracellular concentration of cAMP increases, this results in the
activation of protein kinase A (PKA) and cAMP-regulated guanine nucleotide exchange factor 2
(cAMP-GEF2 or Epac2) (Ozaki et al., 2000; Renström et al., 1997). From here, these two
activated molecules contribute to several events.


PKA and Epac2 act synergistically with glucose to close KATP channels to facilitate
membrane depolarization (Holz et al., 1993; Light et al., 2002).
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Once electrical activity is initiated, this causes Ca2+ channels to open resulting in an
influx of Ca2+ (Gromada et al., 1998).



Elevated intracellular Ca2+ stimulates mitochondrial ATP synthesis, exacerbating
membrane depolarization (Tsuboi et al., 2003; Holz, 2004).



Together, elevated cAMP, intracellular Ca2+, and ATP trigger the exocytosis of the
insulin-containing granules (Holst, 2007).

Thus, a proper GLP-1 response is imperative for appropriate insulin secretion and ultimately,
glucose homeostasis.

1.3.4 GLP-1 Response in T2D
In the case of individuals with T2D, the incretin effect is greatly reduced as the GLP-1 response
after an oral glucose challenge and mixed meal test is markedly subdued (Knop et al., 2012;
Muscelli et al., 2008; Toft-Nielsen et al., 2001; Vilsbøll et al., 2001). Without appropriate GLP-1
action on the insulin secreting β-cells, this exacerbates the inadequate insulin response, resulting
in hyperglycemia. However, when GLP-1 is supplemented, the insulinotropic effect is retained in
individuals with T2D which is why GLP-1 agonist drugs have become important components of
diabetes management (Meier, 2012; Nauck et al., 1993b). Although synthetic antihyperglycemic
medications are effective primary treatment options, individuals may develop adverse effects or
tolerance to these drugs (Hinnen, 2017). As a result, developing novel approaches for the
stimulation of endogenous GLP-1 using intestinal luminal contents such as bacterial metabolites,
have become increasingly popular in the last decade.
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1.4

Bacterial Metabolites which Stimulate GLP-1

The intestinal epithelium is under continuous exposure to trillions of commensal microorganisms
and their products. These bacteria and bacterial metabolites are key contributors to host
metabolism and are considered potential sources for novel therapeutics (Cani, 2018).
Bacterial density increases through the length of the small intestine with the largest number of
microbes residing in the distal ileum and colon (Berg, 1996). More than 99% of these organisms
originate from the four main bacterial divisions: Bacteroides, Firmicutes, Proteobacteria, and
Actinobacteria (Eckburg et al., 2005). However, several studies describe differences between the
composition, diversity, and/or the activity of the intestinal microbiota of lean individuals and
those with metabolic disorders such as obesity or T2D (Cani et al., 2008; Thingholm et al.,
2019a; Turnbaugh et al., 2009). Although these studies remain controversial, they provide
interesting links between bacteria phyla, class, or species with the ability for energy harvest and
the development of metabolic disorders through the shift of the functional ability and
composition of the intestinal microbiota (Sze and Schloss, 2016; Thingholm et al., 2019a;
Turnbaugh et al., 2006).
Exploring the effects of supplementing bacteria (in the form of probiotics) as a regulator of
metabolism has gained attention in the last few years as the intestinal microbiota was found to
impact the metabolic functionality of cells and tissues and thereby modulate lipid and glucose
homeostasis (Delzenne et al., 2011a). Recently, it was demonstrated that oral administration of
pasteurized Akkermansia muciniphila led to improvements in metabolic parameters in humans
(Depommier et al., 2019). As pasteurized bacteria are unable to replicate, this suggests that the
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elements of bacteria (cell-wall components or membrane proteins) were sufficient and perhaps
superior than live bacteria in promoting metabolic benefits in the host (Depommier et al., 2019).
Bacterial metabolites are small bioactive molecules derived from intestinal microorganism which
have regulatory effects on their environments. These molecules participate in various
physiological processes including energy metabolism, cell-to-cell communication, and host
immunity (Li et al., 2018; Vogt et al., 2015). Furthermore, certain metabolites have shown to
have stimulatory effects on intestinal L-cells resulting in GLP-1 secretion. These include the
fermentation of non-digestible carbohydrates into short-chain fatty acids, the metabolism of
tryptophan into indole, the conversion of primary bile acids into secondary bile acids, the release
of lipopolysaccharide (LPS) by Gram-negative bacteria, and the release of hydrogen sulfide
(H2S) by sulfate-reducing bacteria (Table 2).
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Table 2. Mechanism of action of bacterial metabolites that stimulate GLP-1 release.
Metabolite
Short chain fatty
acids (SCFA)

Origin
Non-digestible
carbohydrates

Mechanism of GLP-1 stimulation
SCFAs act through FFAR2 (GRP43) and
FFAR3 (GPR43) receptors coupling to the Gq
signaling pathway.
 Triggers elevation of intracellular
Ca2+ thereby stimulating GLP-1
release

Reference
(Tolhurst et al.,
2012)

Indole

Tryptophan

Short exposures to indole:
 Inhibits voltage-gated K+ channels
 Prolongs duration of the action
potentials
 Results in enhanced Ca2+ entry
thereby acutely stimulating GLP-1
secretion
Long-term exposures to indole:
 Slows ATP production by blocking
NADH dehydrogenase
 Leads to a prolonged reduction in
GLP-1 secretion
 Receptor/binding site of indole is
unknown

(Chimerel et al.,
2014)

Secondary bile
acids

Bile acid

Activation of TGR5 receptor by secondary
bile acids results in:
 Receptor internalization
 Increases ATP/ADP ratio, AC, and
cAMP activation
 Results in Ca2+ entry ultimately
leading to GLP-1 release

(Katsuma et al.,
2005; Thomas
et al., 2009)

Lipopolysaccharide Gram-negative
(LPS)
bacteria

LPS induces GLP-1 secretion by:
 Activation of TLR-4
 Mediating IL-6 production which
may increase proglucagon
transcription and PC1/3 expression

(Ellingsgaard et
al., 2011;
Lebrun et al.,
2017; Nguyen
et al., 2014)

Hydrogen sulfide

The p38 MAPK pathway is upregulated in
H2S-stimulated GLP-1 secretion
 Receptor/binding site of H2S is
unknown

(Pichette et al.,
2017)

Produced by
sulfate-reducing
bacteria
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1.5

Muramyl Dipeptide

Discovered in 1974, muramyl dipeptide (MDP) is the smallest bioactive constituent of the
bacterial cell wall (Ellouz et al., 1974). MDP is composed of an N-acetylmuramic acid
covalently bound to L-alanine and D-isoglutamine, and is the minimal structure required for
adjuvant activity (Ellouz et al., 1974). As exposure to this molecule results in antibody
stimulation, MDP has been heavily studied and used as an adjuvant in vaccine development
(Skountzou et al., 2017; Yoo et al., 1998). However, recent research has suggested that this
molecule may also be involved in improving glucose metabolism in diet-induced hyperglycemic
mice (Cavallari et al., 2017).

1.5.1 Structure of Peptidoglycan
The primary functions of the cell wall are to preserve cell integrity and maintain cell shape by
withstanding external pressures (Schleifer and Kandler, 1972). The peptidoglycan is found as a
thin layer in Gram-negative bacteria and as a thick layer in Gram-positive bacterial cell walls.
This heteropolymeric lattice structure consists of strands of alternating repeats of glycans
composed of N-acetlyglucosamine (NAG or GlcNAc) and N-acetylmuramic acid (NAM or
MurNAc) residues linked by β‐14 bonds. Each NAM residue is covalently bound to the amino
terminal of a short chain of amino acids (reviewed in Vollmer et al., 2008). This peptide is
typically composed of four to five amino acids starting with L-alanine and D-isoglutamine as the
first and second amino acids, respectively (reviewed in Stewart-Tull, 1980) (Fig. 3). The crosslinking of the glycan strands occurs between the peptide subunits through an interpeptide bridge.
This region can be highly variable in bacteria due to the chemical nature of the amino acids in
positions 3 to 5 making up the peptide (Schleifer and Kandler, 1972).
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Figure 3. MDP is a component of the peptidoglycan. Adapted from Ogawa et al., 2011.

1.5.2 Liberation of MDP
The bacterial cell wall is not a static structure as it undergoes cycles of assembly and
disassembly due to the remodeling of the peptidoglycan during cell growth and division (Liang
et al., 2017; Park, 1995). Muramyl dipeptides are generated during the renewal of this structure
(peptidoglycan turnover), some MDP can be recycled to construct new peptidoglycan
(peptidoglycan recycling), or released during bacterial proliferation (Mengin-Lecreulx and
Lemaitre, 2005; Park and Uehara, 2008). Liberated MDP can also be generated when bacterial
cells die lysed by phages or host phagocytes or due to the action of antibiotics.
A variety of enzymes are required for the degradation of the peptidoglycan. These include
lysozymes (muramidases) which are responsible for the hydrolysis of the β‐14 bonds,
endopeptidases which are proteolytic enzymes involved in breaking non-terminal peptide bonds,
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and carboxypeptidases which are responsible for hydrolyzing the peptide bond at the C-terminal
of the peptide (Wolf and Underhill, 2018).
The bacterial flora density increases throughout the intestines ranging from 103 bacteria/ml in the
duodenum to 1010-11 bacteria/ml in the colon (Berg, 1996). Therefore, the amount of free MDP
varies along the intestinal tract. In a small study using four healthy participants, the concentration
of MDP in stool samples ranged from 20-87 μmol/L but was undetectable in duodenal fluid
samples (Vavricka et al., 2004).

1.5.3 Cellular Internalization of MDP
Several mechanisms have been suggested for the internalization of MDP in eukaryotic cells.
MDP can be internalized during the phagocytosis of whole bacteria, clathrin- and dynamindependent mediated endocytosis, or by up-taking peptidoglycan fragments via outer membrane
vesicles (Caruso et al., 2014; Lee et al., 2009; Salem et al., 2013). Furthermore, endo-lysosomes
play an important role in releasing MDP into the cytosol though endo-lysosomal peptide
transporters, SLC15A3 and SLC15A4 (Nakamura et al., 2014). In addition to these mechanisms,
transmembrane channels are also involved in the internalization of extracellular MDP.
The intestinal di/tripeptide peptide transporter 1 (PepT1) and pannexin-1 are two membrane
protein transporters which can uptake extracellular MDP (Ma et al., 2015; Marina-García et al.,
2008; Vavricka et al., 2004). PepT1 has been localized in many cells including human enterocyte
cell lines such as HT-29 cells and in mouse intestinal tissue (Wang et al., 2017; Wiśniewski et
al., 2015). In Caco-2/bbe cells it was determined that MDP has an affinity of 4.3 mmol/L for
PepT1 (Vavricka et al., 2004). Additionally, it is important to note that PepT1 transports MDP
but not any other NOD2 or NOD1 ligands (Ismair et al., 2006). Moreover, the specific amino
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acids making up MDP and their stereochemical arrangements are necessary for activating the
NOD2 receptor and eliciting any sort of immune response (Chedid et al., 1976; Girardin et al.,
2003).

1.5.4 NOD2 Activation
The nucleotide-binding oligomerization domain 2 (NOD2/CARD15) is a member of the NODlike receptor (NLR) family of proteins which play an important role in the recognition of
pathogens and extracellular danger signals. NOD2 is characterized as the cytoplasmic receptor
recognizing MDP and is composed of three distinct regions (Girardin et al., 2003). The Nterminus contains two caspase recruitment domains (CARDs), the center contains an ATPdependant nucleotide binding domain (NBD), and the C-terminus is composed of ten leucinerich repeats (LRR) (Ogura et al., 2001a). MDP binds to the LRR region while the CARDs are
responsible for protein-protein interactions (Girardin et al., 2003). However, when MDP has not
associated with NOD2 (NOD2 is inactive), NOD2 is auto-inhibited by regions of the NBD and
proximal LRRs (Tanabe et al., 2004). In addition, the presence of adenosine diphosphate (ADP)
bound to the centre region of the NBD allows the subdomains of the protein to be tightly packed
making this molecule a critical component for maintaining NOD2 inactivity (Maekawa et al.,
2016).
This protein has been localized in Paneth cells (responsible for secreting anti-microbial
compounds) in the terminal ileum, with the majority of NOD2 mRNA expressed in the crypts
compared with the villi of this tissue (Kobayashi et al., 2005; Lala et al., 2003). NOD2 has also
been localized in immune cells including monocytes and dendritic cells within the lamina propria
of inflamed intestinal tissue and in colorectal Caco-2 cells (Lala et al., 2003; Tada et al., 2005).
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1.5.5 NOD2 Signaling Cascade
NOD2 signaling is a complex process as many cellular proteins interact directly with this protein
and regulate its functional activity positively or negatively (Warner et al., 2013). However, due
to the scope of this thesis, only three pathways will be briefly discussed.
Firstly, once activated by MDP, NOD2 oligomerizes leading to the interaction of the CARDCARD domains with receptor-interacting protein 2 (RIP2/RICK/RIPK2) (Chin et al., 2002; Park
et al., 2007). The activation of RIP2 leads to the polyubiquitination of the nuclear factor-κB [NFκB]- essential modifier (IKKγ) which in turn results in the phosphorylation of IKKβ (Abbott et
al., 2004). Activated IKKβ phosphorylates IκB (the inhibitor of NF-κB) releasing NF-κB and
allowing it to translocate into the nucleus where it promotes the transcription of a variety of proand anti-inflammatory cytokines. These include interleukins IL-1β, IL-2, IL-6, IL-8, and IL-12
as well as tumor necrosis factor-α (TNF-α) (Salem et al., 2013; Vavricka et al., 2004). Moreover,
activation of this pathway by the jejunal perfusion of MDP has been shown to contribute to
intestinal injury (Ma et al., 2015). However, it has also been suggested that NOD2 may be a
negative regulator of the toll-like receptor (TLR)-2 NF-κB response meaning that NOD2’s
function likely depends on what factors led to its activation (Watanabe et al., 2004).
Next, the mitogen associated protein kinase (MAPK) signaling pathway is also activated by RIP2
through the activation of transforming growth factor-β-activated kinase-1 (TAK1) (Chin et al.,
2002). This pathway has been shown to be involved in MDP-induced IL-1β, and TNF-α in blood
mononuclear cells and during the intestinal immune response in grass carp (Ctenopharyngodon
idella) (Sun et al., 2020; Windheim et al., 2007). However, the exact mechanism for MAPK
activation and subsequent action on triggering an immune response has not yet been determined.
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Finally, it has also been demonstrated that NOD2 activation results in increased interferon
regulatory factor-4 (IRF4) expression and binding to TNF receptor associated factor 6 (TRAF6)
and RIP2 (Watanabe et al., 2014). This leads to IRF4-mediated inhibition of Lys63-linked
polyubiquitination of TRAF6 and RIP2 and actually reducing NF-κB activation. Ultimately,
activation of this signaling pathway by MDP and/or IRF4 led to the protection of trinitrobenzene
sulfonic acid (TNBS)-induced colonic inflammation in mice (Watanabe et al., 2014). More
recently, Cavallari et al. (2017) suggested that IRF4 is only required for MDP/NOD2
improvements in glucose control during endotoxemia, although a full mechanism has yet to be
elucidated.

1.5.6 Actions in Intestinal Inflammation
It has been demonstrated that the NOD2-RIP2 pathway plays a critical role in regulating
homeostasis between bacterial flora and innate immunity and that the expression of these genes
is regulated by the presence of commensal microorganisms and their products (Petnicki-Ocwieja
et al., 2009). This feedback loop where commensal bacteria positively regulate NOD2 and
subsequent signaling molecules, which in turn negatively regulates the overgrowth of intestinal
bacteria is an important regulator of a healthy gut. Since NOD2 is an intracellular microbial
sensor, mutations or deficiency of this protein can contribute to the modification of the intestinal
microbial composition and to the development of chronic inflammatory disease (Negroni et al.,
2018).
Polymorphisms in the NOD2 gene are the strongest known genetic risk factors in the
development of Crohn’s disease (CD) (Hugot et al., 2001). This disease is characterized by an
inflamed intestinal tract as the result of the continuous stimulation of the pathogenic immune
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responses. This is likely due to host genetic defects where the frameshift mutation such as
NOD23020insC and variants including R702W and G908R in the NOD2 gene lead to reduced
function (Hugot et al., 2007; Ogura et al., 2001b). This loss of function has been linked with a
significant decrease in α-defensin expression in Paneth cells (Wehkamp et al., 2004). NOD2
deficient ileal intestinal epithelia are unable to regulate and kill bacteria effectively. It is
therefore likely that mutations in the NOD2 gene in CD may contribute to increased intestinal
disease susceptibility (Biswas et al., 2012). Mucosal barrier defects as a result of defective host
containment of commensal bacteria, leads to the developments of chronic inflammation in the
small and large intestines due to the constant activation of innate and adaptive immune responses
(Sartor, 2008). Therefore, normal functionality of NOD2 and the innate immune system
throughout the intestines is imperative to maintain a healthy endosymbiotic relationship with the
microflora.

1.5.7 Actions in Glucose Regulation
MDP has been shown to improve insulin resistance and metabolic tissue inflammation in dietinduced obese mice (Cavallari et al., 2017). Mice fed a 60%-fat high fat diet (HFD) and treated
three-times per week with MDP for a four-week period saw significant improvements in their
glucose tolerance. Moreover, similar results in mice fed a 45%-fat HFD for an eight-week period
followed by three consecutive days of daily MDP injections were also observed. Furthermore,
MDP lowered diet-induced insulin resistance by acting as a hepatic insulin sensitizer during
obesity (Cavallari et al., 2017). Interestingly, the actions of MDP were independent of weight
loss or changes in the composition of the intestinal microflora during obesity (Cavallari et al.,
2017). As NOD2 activation improved glucose tolerance and decreased adipose tissue
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inflammation in hematopoietic RIP2-KO but not in whole-body RIP2-KO mice, RIP2 in nonimmune cells must contribute to the improved glucose tolerance (Cavallari et al., 2020).
The presence and appropriate function of NOD2 is also imperative for proper glucose
metabolism. Research using high-fat diet-fed NOD2-KO mice showed increased diet-induced
adipose and liver inflammation as well as exacerbated insulin resistance in these animals (Denou
et al., 2015). A more recent study revealed that GLP-1-induced insulin secretion is dramatically
reduced in NOD2-KO mice (Grasset et al., 2017). Thus, NOD2 detection of bacterial
peptidoglycan is an important regulator of metabolic inflammation and insulin sensitivity.

1.6

Hypothesis and Specific Aims

The secretion of GLP-1 from the intestinal L-cell facilitates the control of metabolic homeostasis
through the stimulation of glucose-dependent insulin secretion (Drucker et al., 1987). The
antidiabetic effects of GLP-1 have led to great interest in the use of this peptide for the treatment
of T2D (Lim and Brubaker, 2006). As L-cells are found along the intestinal tract, endogenous
GLP-1 release has been shown to be enhanced upon exposure to certain macro and
micronutrients (Spreckley and Murphy, 2015). In addition to the presence of nutrients,
colonizing the intestines are trillions of bacteria and their products which also interact with the
intestinal mucosa (Berg, 1996) however, little is known about the roles of bacterial metabolites
in GLP-1 regulation. Recently, the peptidoglycan-derived MDP component has shown promising
effects on improving glucose regulation and reducing insulin resistance in obesogenic and
hyperglycemic mice (Cavallari et al., 2017). However, there is a limited understanding of the

26
exact mechanism of action resulting in improved glycemia. Therefore, the hypothesis of this
thesis is that MDP stimulates GLP-1 secretion due to L-cell NOD2 activation resulting in
enhanced insulin secretion and improved glycemia.
To address this hypothesis, the specific aims were to:
1. Determine the effects of MDP and an MDP derivative (L18-MDP) on GLP-1 secretion in
GLUTag cells.
2. Establish the presence of NOD2 in murine intestinal L-cells and GLUTag cells.
3. Examine GLP-1, insulin, and glucose tolerance in MDP-treated chow-fed euglycemic
mice and in diet-induced hyperglycemic mice.
4. Examine glucose tolerance in mifamurtide-treated diet-induced hyperglycemic mice.
5. Assess the effects of a high glucose environment on NOD2 and GCG mRNA expression
in GLUTag cells.
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2.1 Abstract
The host’s intestinal microbiota contributes to endocrine and metabolic responses, but a
dysbiosis in this environment can lead to obesity and insulin resistance. Recent work has
demonstrated a role for microbial metabolites in the regulation of gut hormones, including the
metabolic hormone, glucagon-like peptide-1 (GLP-1). Muramyl dipeptide (MDP) is a bacterial
cell wall component which has been shown to improve insulin sensitivity and glucose tolerance
in diet-induced obese mice by acting through the nucleotide oligomerization domain 2 (NOD2)
receptor. The purpose of this study was to understand the effects of MDP on GLP-1 secretion
and glucose regulation. We hypothesized that MDP enhances glucose tolerance by inducing
intestinal GLP-1 secretion through NOD2 activation. First, we observed a significant increase in
GLP-1 secretion when murine and human L-cells were treated with a fatty acid MDP derivative
(L18-MDP). Importantly, we demonstrated the expression of the NOD2 receptor in mouse
intestine and in L-cells. In mice, two intraperitoneal injections of MDP (5 mg/kg body weight)
caused a significant increase in fasting total GLP-1 in chow-fed mice, however this did not lead
to an improvement in oral glucose tolerance. When mice were exposed to a high-fat diet, they
eventually lost this MDP-induced GLP-1 release. Finally, we demonstrated in L-cells that
hyperglycemic conditions reduce the mRNA expression of NOD2 and GLP-1. Together these
findings suggest MDP may play a role in enhancing GLP-1 during normal glycemic conditions
but loses its ability to do so in hyperglycemia.
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2.2

Introduction

Glucagon-like peptide-1 (GLP-1) is a gastrointestinal hormone secreted from the
enteroendocrine L-cell upon food consumption (Herrmann et al., 1995; Spreckley and Murphy,
2015). Although GLP-1 has numerous metabolic and protective properties, this hormone is best
known for its action on pancreatic β-cells as it enhances glucose-dependent insulin secretion
(Baggio and Drucker, 2007; Rondas et al., 2013). As a result, GLP-1-based therapeutics
including GLP-1R agonists, have become an important part of improving glycemia for
individuals with chronic metabolic diseases such as obesity and Type 2 Diabetes (T2D)
(Drucker, 2018).
In humans, L-cells are primarily found in the intestinal crypts of the ileum and colon (Eissele et
al., 1992). Due to the proximity of these cells in relation to the intestinal microbiota, research has
sought to define the impacts of the intestinal bacterial community on the development of
metabolic diseases through GLP-1 (Brial et al., 2018; Valdes et al., 2018). Changes in diversity
and richness of the microbial community are associated with the development of obesity and
T2D (Thingholm et al., 2019b; Turnbaugh et al., 2009). As a consequence, bacterial metabolite
production is likely altered and may contribute to host metabolism (Martin et al., 2019;
Turnbaugh et al., 2006). Therefore, manipulating the intestinal microbial makeup (probiotics and
prebiotics) or administering microbial metabolites (postbiotics) in order to regulate host
metabolism via gut hormone release is an attractive therapeutic approach (Delzenne et al.,
2011b; Martin et al., 2019).
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Bacterial metabolites including short chain fatty acids (SCFAs), indole, hydrogen sulfide, and
secondary bile acids have all been shown to stimulate GLP-1 secretion in vitro and/or in vivo
(Chimerel et al., 2014; Morimoto et al., 2016; Pichette et al., 2017; Tolhurst et al., 2012).
Furthermore, a 3-month intervention in humans with pasteurized Akkermansia muciniphila
improved several metabolic parameters including insulin sensitivity and a reduction in the GLP-1
degrading enzyme, dipeptidyl peptidase 4 (DPP4) (Depommier et al., 2019). This suggests that
gut microbial components are contributing to improved metabolic health.
Although elevated concentrations of bacterial lipopolysaccharide is closely associated with
obesity and insulin resistance, peptidoglycan motifs have shown the opposite effects (Cani et al.,
2008). All bacteria contain a cell wall comprised of peptidoglycan; alternating repeats and crosslinkages of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) bound to a short
chain of amino acids which provides the structural strength for the bacterium (Schleifer and
Kandler, 1972). Peptidoglycan motifs can be sensed in the host by nucleotide-binding
oligomerization domain-like receptors (NLRs) (Kawai and Akira, 2009). Nucleotide-binding
oligomerization domain-containing protein 2 (NOD2) is the cytoplasmic receptor for muramyl
dipeptide (MDP). In immune cells, NOD2 activation causes pro-inflammatory cytokine release
through MAPK and NF-κB activation, thus contributing to host defense (Kobayashi et al., 2005;
Negroni et al., 2018). Although MDP stimulated NOD2 activation has been primarily examined
in the innate immune system, Cavallari et al. (2017) have demonstrated that MDP acts through
NOD2 to improve insulin resistance and metabolic tissue inflammation in diet-induced obese
mice. While it has been suggested that the transcription factor, interferon regulatory factor 4
(IRF4), is involved in the MDP-NOD2-induced insulin sensitizing effects during obesity, the
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precise mechanism of MDP’s beneficial effects has yet to be elucidated. We hypothesize that
MDP improves glycaemia through the regulation of GLP-1 secretion and action.
This study aims to understand the direct effects of MDP on GLP-1 secretion and glucose
tolerance and how these effects are altered under hyperglycemic conditions.

2.3

Results

2.3.1 L18-MDP stimulates GLP-1 in vitro
In order to determine the effects of MDP on GLP-1 secretion, we incubated GLUTag cells with
MDP (dosing ranging from 0.001-100 μg/ml) or control for a two-hour period (Fig. 4A). While a
slight increase at the 0.1 μg/ml dose was observed, there was no significance in the effect of
MDP on GLP-1 secretion. To assist with cell uptake of MDP, we tested the fatty acid modified
L18-MDP. GLUTag cells treated with both 5 and 10 μg/ml concentrations of L18-MDP showed
a significant increase in GLP-1 secretion (P < 0.0001 in post hoc analysis) with the higher
concentration leading to a 3.29 ± 0.29-fold increase (from a basal secretion of 125 pg/ml) (Fig.
4B). Conversely, the fatty acid modified NOD1 agonist iE-DAP had no effect on GLP-1 (Fig.
4C). To make certain that the effects of L18-MDP were not limited to murine L-cells, we treated
the human NCI-H716 cells with this compound. In NCI-H716 cells, L18-MDP caused a similar
GLP-1 fold-increase (3.85 ± 0.06 compared to control) at the 10 μg/ml concentration (P < 0.0001
in post hoc analysis, Fig. 4D). Cell viability/toxicity of murine and human cells were examined
using the neutral red absorbance assay and were not affected by L18-MDP (Fig. 4E, F).
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Figure 4. L18-MDP stimulates GLP-1 secretion from L-cells. Percent active GLP-1 secretion
relative to control was examined in GLUTag cells after 2-h treatments with MDP, n = 3-9 (A),
L18-MDP, n = 3-18 (B), and C12-iE-DAP, n = 6 (C). Percent active GLP-1 secretion relative to
control was examined in NCI-H716 cells after 2-h treatments with L18-MDP, n = 4 (D). Cell
viability was measured by neutral red absorbance in GLUTag (E) and NCI-H716 (F) cells, n = 4.
Results analyzed by one-way ANOVA and Dunnett’s post-hoc test. *P < 0.05, ****P < 0.0001
versus control cells. Values shown as mean ± SEM.
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2.3.2 NOD2 is expressed in L-cells
As MDP is the ligand for the NOD2 cytoplasmic receptor, we examined NOD2 expression in
mouse ileum and in the L-cell lines. NOD2 and GLP-1 protein expression and distribution were
detected in intestinal L-cells by performing double fluorescent immunohistochemistry in paraffin
embedded mouse ileum sections (Fig. 5A). The number of cells expressing NOD2, GLP-1, or
both were counted using four different tissue samples where 3.6 ± 1.14 per 100 cells were
positive for NOD2, 2 ± 0.37 per 100 cells were positive for GLP-1 and 1.6 ± 0.31 per 100 cells
were positive for both NOD2 and GLP-1 proteins (Fig. 5B). Moreover, NOD2 mRNA
expression was detected in GLUTag cells (Fig. 5C). Finally, we demonstrated the protein
expression of NOD2 in NCI-H716 cells by western blot (Fig. 5D). Western blotting for NOD2 in
GLUTag cells did not yield a band of predicted size (data not shown).
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Figure 5. NOD2 is expressed in L-cells. Ileum tissue was examined by fluorescent
immunohistochemistry for NOD2 (green), GLP-1 (red) and nuclei (blue, in merge) (A). Cells
expressing NOD2, GLP-1 or both were counted using 100 cells from four images to determine
abundance within the ileum (B). mRNA expression of NOD2 and RLP13a was examined in
GLUTag cells via RT-PCR (C). Protein expression of NOD2 in NCI-H716 cells via western blot
(predicted size 97kDa) (D).
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2.3.3 L18-MDP causes a slight increase in p38 MAPK phosphorylation
As previous studies have implicated the p38 MAPK signaling pathway (separately) in GLP-1
secretion (Lim and Brubaker, 2006) and in NOD2 signaling (Windheim et al., 2007), we
examined p38 MAPK phosphorylation in MDP-treated GLUTag cells. A modest but statistically
significant increase in p38 MAPK phosphorylation was observed after the 10-minute treatment.
No increase in p38 MAPK phosphorylation was observed after the 20-minute L18-MDP
treatment (Fig. 6).

Figure 6. L18-MDP activates the MAPK signaling pathway in GLUTag cells after a 10-minute
exposure to L18-MDP. GLUTag cells were treated with 5 µg/ml L18-MDP for 10 or 20 minutes
and phospho-p38 and total p38 MAPK were examined by western blot (A). Densitometry for Pp38/p38 was calculated (B), n = 3. Results were analyzed by two-way ANOVA and Sidak’s
post-hoc test. *P < 0.05. Values shown as mean ± SEM.
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2.3.4 The in vivo effects of MDP on GLP-1 secretion in chow-fed mice
To determine the effects of exogenous MDP on GLP-1 secretion in vivo, fasted chow-fed male
and female mice were injected with MDP (5 mg/kg) or saline 30-minutes prior to blood
sampling. Male and female results were combined as no statistically significant differences in the
parameters measured were observed between sexes. After a single intraperitoneal (IP) injection
of MDP, there was no significant difference in GLP-1 levels between MDP or saline-treated
animals (Fig. 7A). We then administered MDP (5 mg/kg) or saline, at the time of fasting (-16
hours) as well as at the end of the overnight fast (-30 minutes). Here, MDP treatment lead to a
1.57 ± 0.13-fold increase in GLP-1 compared to control (from a basal secretion of 52.6 ± 6.44
pM) (P < 0.001, unpaired t-test) (Fig. 7B). However, there were no improvements in glucose
tolerance (Fig. 7C) or insulin secretion (Fig. 7D). Since we were interested in the role of MDP
and GLP-1 mediating restored glucose tolerance, we repeated the experiment in high-fat diet-fed
mice.
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Figure 7. Two injections of MDP stimulates fasting GLP-1 in chow-fed mice. Fasting GLP-1
was measured after mice received one IP injection of MDP (5 mg/kg) or saline, n = 2 mice per
group (A). Fasting GLP-1 was measured after mice received two IP injections of MDP (5 mg/kg)
or saline, n = 16-19 mice per group (B). Oral glucose tolerance test (2 g/kg) of mice treated with
two IP injections of MDP (5 mg/kg) or saline (C) and insulin analysis (D). n = 7-10 for each
group. Bar graphs were analyzed by unpaired t-test and line graphs were analyzed by one-way
ANOVA. ***P < 0.001. Values shown as mean ± SEM.
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2.3.5 The in vivo effects of MDP on glucose tolerance in obesogenic-fed
mice
Mice were fed a 45% (calories from fat) high-fat diet (HFD) to drive hyperglycemic phenotypes
in the animals. An oral glucose tolerance test (OGTT) was performed after two IP injections of
MDP (5 mg/kg) or saline. No significant effect of MDP was detected on glucose tolerance (Fig.
8A-C). Additionally, no effect was observed for GLP-1 and insulin secretion responses (data not
shown). While mice had elevated fasting glucose levels relative to baseline as the HFD
continued (8.79 ± 0.50 mmol/L at 100 days, Fig. 8D), the levels did not reach the level of
marked hyperglycemia previously reported (Cavallari et al., 2017). To induce pronounced levels
of hyperglycemia, we treated a new cohort of mice with the high sugar and high fat Western diet
(WD). After 70 days mice did exhibit a greater degree of fasting blood glucose levels (9.35 ±
0.42 mmol/L). Nevertheless, we did not observe any improvements in glucose tolerance in these
animals when treated with the similar 2-injection MDP protocol (Fig. 8E). Next, we altered the
MDP injection schedule to provide three, once-daily IP injection of MDP (100 μg/mouse) or
saline to hyperglycemic (10.47 ± 0.85 mmol/L) WD-fed mice. Again, no significant differences
in glucose tolerance from MDP injections were observed in these animals (Fig. 8F). Finally, we
tested the NOD2 agonist, mifamurtide (50 µg/mouse), under the 2-injection protocol and found
no improvements in glucose tolerance (data not shown).
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Figure 8. MDP has no effect on glucose clearance in mice fed obesogenic diets. Oral glucose
tolerance test (2 g/kg) (A-C) and fasting blood glucose (D) were measured after 30 days (A), 60
days (B) and 100 days (C) on a 45% HFD after mice received two IP injections of MDP (5
mg/kg) or saline. n = 7-10 mice per group. Oral glucose tolerance test (2 g/kg) after 70 days on
Western Diet with two IP injections of MDP (5 mg/kg) or saline, n = 8-12 per group (E). OGTT
in male mice after 110 days on Western Diet with three IP injections of MDP (100 μg) or saline,
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n = 4-6 per group (F). Bar graphs were analyzed by unpaired t-test and line graphs were
analyzed by one-way ANOVA. Values shown as mean ± SEM.

2.3.6 The effects of MDP on fasting GLP-1 levels
As no effects of MDP on glucose tolerance were observed in both obesogenic models, we
compared the effect of MDP injection on fasting GLP-1 and insulin levels in mice at different
time points on the HFD. The initial significant increase in GLP-1 (P < 0.001 in post hoc
analysis) in MDP treated mice was no longer observed even as soon as after 30 days on the
obesogenic diet (Fig. 9A). MDP had no effects on fasting insulin levels (Fig. 9B).

Figure 9. Elevated fasting GLP-1 is lost with the development of hyperglycemia. Fasting GLP-1
(A) and insulin (B) were measured after mice received two IP injections of MDP (5 mg/kg) or
saline, n =7-19. Results were analyzed by two-way ANOVA with Sidak post-hoc test. ***P <
0.001. Values shown as mean ± SEM.
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2.3.7 The effect of a hyperglycemic environment on NOD2 and GCG
mRNA expression
Since the in vivo experiments demonstrated a loss of GLP-1 response to MDP during the HFD
(which occurs alongside elevated blood glucose), we examined the effects of a high glucose
environment on NOD2 and GCG (GLP-1 gene) mRNA expression in GLUTag cells. Cells were
incubated in low glucose media (5 mmol/L) or high glucose media (25 mmol/L) for 24 or 48
hours. We determined that NOD2 expression was significantly reduced in the high glucose
environment after the 48-hour incubation (P < 0.05, in post-hoc analysis) (Fig. 10A). In addition,
the overall GCG expression was significantly reduced due to the high glucose treatment (P <
0.05, two-way ANOVA) (Fig. 10B).

Figure 10. NOD2 and GCG expression are reduced under high glucose conditions. GLUTag
cells were incubated for 24 or 48 hours in low (5mM) or high (25mM) glucose media.
Expression for NOD2 (A) and GCG (B) were examined by RT-qPCR and analyzed using a twoway ANOVA and Sidak post-hoc test. *P<0.05, **P<0.01, n = 6.
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2.4

Discussion

In this study we examined the effects of MDP on GLP-1 secretion and glucose tolerance. This
was accomplished using a combination of in vitro and in vivo models.
First, we demonstrated that in order to stimulate GLP-1 secretion in vitro, the saturated stearoyl
fatty acid derivative of MDP (L18-MDP) was required. This was not unexpected as several
protocols rely on the artificial permeabilization of the cell membrane or the use of a fatty acid to
facilitate the uptake of MDP (Salem et al., 2013). We also demonstrated that a fatty acidmodified NOD1 agonist (C12-iE-DAP) had no effect on GLP-1 secretion. This is important as
long chain fatty acids are known ligands for the free fatty acid receptors on GLUTag cells. As no
GLP-1 stimulation was observed with the NOD1 agonist, we can confirm that lipid modification,
as well as NOD1 activation does not alter GLP-1 release. Our findings are in agreement with
previous work demonstrating that injections of iE-DAP did not influence glucose tolerance in
diet-induced obese mice (Cavallari et al., 2017). L18-MDP’s stimulatory ability was further
confirmed by our experiments on NCI-H716 cells which do not express Gpr40 and Gpr120 but
exhibited a similar GLP-1 response to GLUTag cells (Hirasawa et al., 2005; Iakoubov et al.,
2007; Sidhu et al., 2000). The concentration of L18-MDP used in our cell studies is slightly
below the amount of colonic luminal MDP recorded from a small healthy-human study (reported
as 20-87 µM; Vavricka et al., 2004). It has also been suggested that under conditions of intestinal
mucosal inflammation, MDP concentrations are likely to be much higher due to the rapid
degradation of the peptidoglycan by phagocytic cells in the inflamed mucosa (Ismair et al.,
2006). Nevertheless, the amount of luminal MDP that traverses the protective mucous layer and
reaches the intestinal brush border as well as the mechanism by which MDP enters the L-cells
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has yet to be elucidated (Wells et al., 2011). Future work with radiolabeled MDP may resolve
this.
Next, we established the presence of MDP’s receptor, NOD2 in L-cells. Previous studies have
localized NOD2 in the intestinal crypts and Paneth cells however, this is the first time NOD2 has
been shown to be present in enteroendocrine cells (Kobayashi et al., 2005; Lala et al., 2003).
While there were NOD2 positive cells outside of the L-cell population, nearly all of the GLP-1
positive cells were co-localized with NOD2. As the MAPK signaling pathway has been
associated with both NOD2 activation (Windheim et al., 2007) and GLP-1 secretion (Lim and
Brubaker, 2006), we explored p38 MAPK phosphorylation during L18-MDP treatments. We
observed a slight, but significant increase in p38 MAPK phosphorylation after 10-minute L18MDP treatments but this increase was lost at the 20-minute timepoint. Although this provides
some indication of mechanism, additional experiments are required to elucidate the full signaling
cascade activated by L18-MDP. Future work should explore other NOD2 signaling cascades
including extracellular regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) (Hedl and
Abraham, 2012).
In chow-fed animals, we found that MDP stimulated fasting GLP-1 levels only after two IP
injections. This could be due to the clearance rate of this molecule as it takes about two hours for
MDP to be almost completely excreted (Cavallari et al., 2017; Parant et al., 1979). Therefore, the
first injection may be priming the L-cells while the second injection results in significant GLP-1
release. In our experiments, even with the increase in GLP-1, we did not observe any
improvements in insulin secretion or glucose tolerance. The inability of MDP to improve glucose
clearance in chow-fed mice is in agreement with results previously described in MDP-treated
euglycemic mice (Cavallari et al., 2017).
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While our goal was to evaluate the mechanism of MDP-improved glucose tolerance, we were
unable to reproduce those previous findings (Cavallari et al., 2017). Although we used the same
strain of mice on the same 45% HFD and were injecting very similar or the same amounts of
MDP, we could neither reach the same level of hyperglycemia even after a longer time period on
the diet nor record any changes in glucose tolerance. This led us to repeat the experiment on
mice fed a WD (which incorporates high sucrose in addition to high fat) to reach comparable
fasting glucose levels. However, no improvements in MDP-induced glucose tolerance were
observed. This could have occurred due to variation in blood collection technique, time of
fasting, time of year the study was conducted, animal handling, and facility factors. Nevertheless,
we did observe a potential explanation for this loss in MDP sensitivity in the animals.
In L-cells, we determined that high glucose contributes to the down regulation of NOD2 and
GCG mRNA expression. A reduction in NOD2 in L-cells during hyperglycemia may explain the
loss of effect of MDP on GLP-1 in the obese mice. Consistent with our experiments, Grasset et
al., (2017) showed that the control of GLP-1 action on insulin secretion and gastric emptying
was dramatically impaired in NOD2 knock-out (KO) mice. Furthermore, the deletion of NOD2
exacerbates diet-induced insulin resistance as NOD2 sensing of bacterial peptidoglycan provides
protection from metabolic defects (Denou et al., 2015). Thus, the peptidoglycan-NOD2 signaling
pathway plays an important role in the control of GLP-1-induced insulin secretion and the
inhibition of gastric emptying.
In conclusion, MDP was only able to stimulate GLP-1 secretion in vitro when it was in its fatty
acid modified form. The exact mechanism for L18-MDP stimulated GLP-1 release remains to be
investigated but may act through the p38 MAPK signaling pathway. In vivo we demonstrated
that MDP stimulates fasting GLP-1 however, this effect is lost during the onset of
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hyperglycemia. Finally, we suggested that this loss of function is due to the down regulation of
NOD2 and GCG genes in hyperglycemic environments.

2.5

Methods

2.5.1 Animals
Animal protocols were approved by the Laurentian University Animal Care Committee and
experiments were performed following the guidelines outlined by the Canadian Council on
Animal Care. Male and female C57BL/6 mice aged 6-7 weeks were purchased from Charles
River Laboratories (St. Constant, Quebec). Mice were all co-housed in standard cages
maintained on a 12 h light/dark cycle in the Paul Field Animal Care Facility at Laurentian
University. All mice had food and water available ad libitum unless otherwise noted.

2.5.2 45% High Fat Diet and Study Design
Mice were fed chow diet (8640, Envigo Teklad, Indianapolis, USA) until 17 weeks in age when
they were randomly divided into treatment and control groups. Mice received two intraperitoneal
injections of MDP (5mg/kg body weight; InvivoGen, San Diego, USA) or PBS at time of fasting
(16 hours prior to oral glucose tolerance test [OGTT]) and 30 minutes prior to the OGTT. Dosing
was chosen based off previous research (Cavallari et al., 2017; Parant et al., 1979). After the
initial experiment, mice were placed on a 45% High Fat Diet (D12451, Research Diets Inc., New
Brunswick, New Jersey). An OGTT was performed, and blood was collected and at 30, 60, and
100 days on the diet for glucose, insulin, and GLP-1 measurements.

46

2.5.3 Western Diet and Study Design
Male and female mice, 6-7 weeks old were placed on the Western Diet (D12079B, Research
Diets Inc., New Brunswick, New Jersey) for 10 weeks. Mice received two intraperitoneal
injections of MDP (5mg/kg body weight; InvivoGen, San Diego, USA) or PBS at time of fasting
(16 hours prior to OGTT) and 30 minutes prior to OGTT. For 3-day injections, mice received a
once-daily intraperitoneal injection of MDP (100µg/mouse) or PBS for three consecutive days
and fasted 16 hours prior to OGTT (Cavallari et al. 2017). Blood glucose was measured at 0, 5,
30, 60, and 90 minutes as described.

2.5.4 Oral Glucose Tolerance Test (OGTT)
Mice were fasted overnight for 16 hours in order to measure fasting glucose, GLP-1, and insulin.
After fasting, animals received an oral glucose gavage (2g/kg body weight in PBS). Ninety
microliters of blood was collected into EDTA coated tubes (Starstedt Inc, Germany) from the
saphenous vein of the animal at 0, 15, and 60 minutes after the oral glucose challenge. An
inhibitor cocktail (10% v/v) of Aprotinin (5000 KIU/ml; MilliporeSigma, Oakville, Canada) and
Diprotin A (0.1mM; MilliporeSigma, Oakville, Canada) was added to the blood sample prior to
placing it on ice. Blood glucose was measured using a handheld glucometer (OneTouch Verio
Flex, USA) to assess glucose tolerance. Blood samples were stored on ice and centrifuged at
5000 x g, 4oC, for 5 minutes. Plasma was collected and stored at -20oC (short-term) or -70oC
(long-term) for insulin and GLP-1 enzyme-linked immunosorbent assays (ELISA).
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2.5.5 Evaluation of GLP-1 and Insulin Hormone Levels
Total GLP-1 and insulin levels in plasma samples were determined using mouse-specific ELISA
kits (Crystal Chem, USA) as per the manufacturer’s guidelines. For the GLP-1 ELISA, 10µl of
plasma diluted 1:5 in buffer solution was used for the assay. For the insulin ELISA, 5µl of
plasma was used per sample. Results are presented as absolute values for GLP-1 and change
(delta) in insulin compared to 0-minute timepoint for insulin.

2.5.6 In vitro GLP-1 Secretion Experiments
Mouse GLP-1 secreting GLUTag cells (passage 10 to 30; contribution from Dr. Drucker,
Lunenfeld-Tanenbaum Research Institute, Toronto, ON, Canada) and human GLP-1 secreting
NCI-H716 (ATCC, USA) were used for these experiments. Unless otherwise stated, all cell
culture media and reagents were obtained from MilliporeSigma (Oakville, Canada). GLUTag
cells were grown (37oC, 5% CO2) in six-well plates (1,000,000 cells per well) or in 24-well
plates (250,000 cells per well) in low glucose DMEM (10% fetal bovine serum [FBS], 1%
penicillin/streptomycin [P/S]). NCI-H716 cells were grown (37oC, 5% CO2) in 24-well plates
(200,000 cells per well) coated with Matrigel (Corning Life Science, USA) in RPMI-1640 (10%
FBS, 1% P/S). Once the cells reached 80% confluency, growth media was replaced with
secretion media (FBS reduced to 0.5%) containing vehicle or a range of doses (0.001-100 μg/ml)
of NOD2 agonists, muramyl dipeptide (MDP) or 6-O-stearoyl-N-acetyl-muramyl-L-alanine-Disoglutamine (L18-MDP) (InvivoGen, San Diego, CA, USA) for a 2-h incubation period (37oC,
5% CO2). Media was collected and acidified using trifluoroacetic acid (TFA) to a final
concentration of 0.1% and stored at -20oC until GLP-1 content was analyzed. GLP-1 was
quantified using a multi-species enzyme-linked immunosorbent assay (ELISA) (BMS2194,
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Invitrogen, Thermo Fisher Scientific, Whitby, ON) as per the manufacturer’s guidelines. Briefly,
GLUTag media samples were diluted 1:5 and NCI-H716 media samples were diluted 1:100 in
assay buffer. Results for various treatments are presented as percent secretion relative to vehicle
control. Cell viability was determined under similar experimental conditions using the neutral
red uptake assay as described in (Repetto et al., 2008) where hydrogen peroxide (30%) was used
as a positive control.

2.5.7 Gene Expression Analyses
GLUTag cells were grown in six-well plates at a density of 500,000 cells/mL for 24 or 48 hours
in low glucose (5mM) or high glucose (25mM) DMEM media (10% FBS, 1% P/S) at 37oC, 5%
CO2. After the incubation period, RNA was extracted from the cells with the BioRad (Ontario,
Canada) total RNA kit following the manufacturer’s direction. The RNA was quantified with a
UV spectrophotometer. cDNA was prepared using SensiFast cDNA synthesis kit (Bioline,
Ontario, Canada) with 1 µg of RNA.
Primers were designed for the NOD2 gene, GCG proglucagon gene, and the RPL13a reference
gene and purchased from Integrated DNA Technologies (Ontario, Canada) (Table 3).
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Table 3. Primer sequences used for gene analysis in murine GLUTag cells.
Gene

Forward 5’-3’

Reverse 5’-3’

NOD2

5’-GTCCAACAATGGCATCACCT-3’

5’-TGTGTTCCCTCGAAGCCAAA-3’

GCG

5’-TTGAGAGGCATGCTGAAGGG-3’

5’-TCTTCTGGGAAGTCTCGCCT-3’

RPL13a

5’-GAAGCAGATCTTGAGGTTACGGA-3’

5’-AGGCATGAGGCAAACAGTCT-3’

Quantitative real-time PCR reactions (20 µl) contained 0.8 µl of forward primer (10 µM stock),
0.8 µl of reverse primer (10 µM stock), 6.4 µl of RNase/DNase free water, 10 µl of 2X SensiFast
SYBR No-ROX supermix (Bioline Inc., Taunton, MA) and 2 µl of template cDNA that had been
diluted in 20 µl of RNase/DNase free water. For NOD2 mRNA expression, the thermocycler had
an initial denaturation step of 95
63

for 10 seconds and 72

for 2 minutes, followed by 40 cycles of 95

for 5 seconds,

for 20 seconds. For the GCG mRNA expression, the annealing

temperature was 55oC. PCR controls included a no-template control (NTC) reaction, replacing
the cDNA with PCR grade water. Samples were run in triplicates and CT values were averaged.
Results are shown as a ratio to RLP13a and normalized to control samples.

2.5.8 Fluorescent Immunohistochemistry
Formalin-fixed paraffinized mouse ileum tissue sections of C57BL/6 mice were prepared on
microscope slides. The tissue sections were deparaffinized as previously described in (Gagnon et
al., 2009) excluding the microwave antigen retrieval. Briefly, tissues were blocked with TBS (20
mM Tris base, 150 mM NaCl) + 5% Normal Donkey Serum (NDS) (Abcam, Toronto, Canada)
(blocking buffer) for 20 minutes at room temperature (RT). Immediately after blocking, sections
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were incubated with primary antibodies 1:200 NOD2 (Novus Biologicals, Colorado, USA)
and/or 1:250 GLP-1 (Abcam, Toronto, Canada) and/or only blocking buffer overnight at 4oC.
After 3 x 5-minute washes with TBS, the tissue samples were incubated for 45 minutes at RT
with secondary antibodies 1:200 Donkey-anti-mouse 488nm (Abcam, Toronto, Canada) and
1:150 Goat-anti-rabbit 594nm (Abcam, Toronto, Canada) in blocking buffer. After 3 x 5 minute
washes with TBS, the samples were coated with Fluoroshield Mounting Medium with DAPI
(Abcam, Toronto, Canada) and a coverslip was fixed using clear nail polish. The tissues were
observed in a dark room using an inverted Zeiss Axioplan fluorescent microscope and images
were taken using Zeiss AxioVison software (Zeiss, Oberkochen, Germany). Semiquantitative
analysis of NOD2 and GLP-1 expression was done using 4 images of different tissue sections
(on the same microscope slide) at 20X magnification. All cells in the field of view were counted
and results were presented as positive cells per 100 cells.

2.5.9 Western Blot
GLUTag cells were seeded into 6-well plates (1,000,000 cells per well) and grown for 48h as
indicated above. On the day of the treatment, cells were rinsed with secretion media and then
treated for 10 or 20 minutes with secretion media alone or secretion media containing 5 µg/mL
L18-MDP at 37oC, 5% CO2. Media was removed and wells were rinsed once with ice-cold PBS.
Each well received 100 µl of lysis buffer (Cell Signaling Technologies, Danvers, MA, USA)
containing protease and phosphatase inhibitors (Complete Mini/PhosphoSTOP; Roche
LifeSciences, Guelph, Ontario, Canada). Cells were collected, sonicated on ice (10 sec, Power
3), and centrifuged (5 min, 13,000 x g, 4oC). Protein concentrations were measured using the
Bradford protein method and the expression levels of phospho-p38 MAPK and total p38 MAPK
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(1:1000, Cell Signaling Technologies, Danvers, MA, USA) were analyzed by Western blotting
on a polyvinylidene fluoride (PVDF) membrane. BioRad Chemidoc XRS documentation
apparatus was used to record the chemiluminescence signal and the signal intensity was
measured using the QuantityOne program. Densitometry was used to analyze band intensity to
compare phosphorylated p38 MAPK and total p38 MAPK protein expression between
treatments.
To detect the NOD2 protein in NCI-H716 cells, cells were grown as previously described and
treated after 48 hours with RPMI 1640 secretion media for 2 hours. Following the protocol
described above, the NOD2 primary antibody (Novus Biologicals, Colorado, USA) was diluted
1:1000 and the PVDF membrane was treated as defined above.

2.5.10

Statistical Analyses

Values are reported as mean ± SEM. Experiments comparing two groups were analyzed using
Student’s t-test. Experiments using several doses of a treatment were analyzed by one-way
ANOVA followed by Dunnett’s post hoc test. Studies with two independent variables were
analyzed by two-way ANOVA followed by a Sidak post hoc test. Statistical analysis was done
using GraphPad Prism software. Values of n for each experiment are reported in the figure
legends. P < 0.05 was considered significant.
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3

Additional Findings on MDP-NOD2

This section describes the methods and results of several experiments which were not included in
Chapter 2’s manuscript.

3.1

Additional Methods

The methods outlined below explain experiments that were not described in Chapter 2.

3.1.1 16-hour GLP-1 Secretion Experiment
GLUTag cells were grown for 24 hours (37oC, 5% CO2) in six-well plates (1,000,000 cells per
well) in low glucose DMEM (10% FBS, 1% P/S). After the growth period, media was removed
and fresh media also containing vehicle, 5 μg/ml, or 10 μg/ml MDP (InvivoGen, San Diego,
USA) was added for a 16-hour incubation period (37oC, 5% CO2). Media was collected and
acidified using trifluoroacetic acid (TFA) to a final concentration of 0.1% and stored at -20oC
until GLP-1 content was analyzed. GLP-1 was quantified using a multi-species enzyme-linked
immunosorbent assay (ELISA) (BMS2194, Invitrogen, Thermo Fisher Scientific, Whitby, ON)
as per the manufacturer’s guidelines. Briefly, GLUTag media samples were diluted 1:10 in assay
buffer. Results for various treatments are presented as percent secretion relative to vehicle
control.
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3.1.2 Fluorescent Immunocytochemistry
GLUTag cells were seeded (500,000 cells per well) on a four-well chamber slide (Lab-Tek,
MilliporeSigma, Oakville, Ontario, Canada) and grown in low glucose DMEM (10% FBS, 1%
P/S) for 48 hours. Wells were rinsed three times with TBS and cells were fixed for 20 minutes
with 4% paraformaldehyde. Wells were rinsed and cells were blocked at RT for 30 minutes in
1:20 Normal Donkey Serum (NDS) in TBST (contains 1:1000 Triton-X-100). Immediately after
blocking, cells were incubated with primary antibodies 1:100 NOD2 (Novus Biologicals,
Colorado, USA) and/or 1:250 GLP-1 (Abcam, Toronto, Canada) and/or only blocking buffer
overnight at 4oC. After 3 x 5 minute washes with TBS, the tissue samples were incubated for 45
minutes in the dark at RT with secondary antibodies 1:200 Donkey-anti-mouse 488nm (Abcam,
Toronto, Canada) and 1:150 Goat-anti-rabbit 594nm (Abcam, Toronto, Canada) in blocking
buffer. After 3 x 5 minute washes with TBS, the samples were coated with Fluoroshield
Mounting Medium with DAPI (Abcam, Toronto, Canada) and a coverslip was fixed using clear
nail polish. The chamber slide was observed in a dark room using an inverted Zeiss Axioplan
fluorescent microscope and images were taken using Zeiss AxioVison software (Zeiss,
Oberkochen, Germany).

3.1.3 NOD2 Western Blot
GLUTag cells were seeded into 6-well plates (1,000,000 cells per well) and grown for 48h as
indicated previously. Media was removed and wells were rinsed once with PBS. Each well
received 100 µl of lysis buffer (Cell Signaling Technologies, Danvers, MA, USA) containing
protease and phosphatase inhibitors (Complete Mini/PhosphoSTOP; Roche LifeSciences,
Guelph, Ontario, Canada). Cells were collected, sonicated on ice (10 sec, Power 4), and
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centrifuged (5 min, 13,000 x g, 4oC). Protein concentration was measured using the Bradford
protein method and NOD2 protein expression was analyzed by Western blotting. 25 µg of
protein was loaded per lane on a 4-12% acrylamide sodium dodecyl sulfate-polyacrylamide gel
and run at 180V. The protein was then transferred for 1.5 hours at 200 V onto a polyvinylidene
fluoride (PVDF) membrane, blocked in 5% w/v milk powder and 0.1% Tween 20 TRIS buffered
saline (TBST) for 30 minutes, then incubated at 4oC overnight with 1:1000 NOD2 primary
antibodies (Novus Biologicals, Colorado, USA) in TBST containing 5% BSA. After 3 x 5
minute washes in TBST the membrane was incubated with a goat-anti-mouse horseradish
peroxidase conjugated secondary antibody at a concentration of 1:2000 for 1 hour at RT (Abcam,
Toronto, Canada). The membrane was washed 3 x 5 minutes after which the signal was
developed by exposing the membrane to Luminata Forte Western HRP Substrate
(MilliporeSigma, Oakville, Ontario, Canada) for 2 minutes. The BioRad Chemidoc XRS
documentation apparatus was used to record the chemiluminescence signal and the signal
intensity was measured using the QuantityOne program.

3.1.4 In vivo Mifamurtide Experiment
Briefly, male mice, 6-7 weeks old were place on the Western Diet (D12079B, Research Diets
Inc., New Brunswick, New Jersey) for 18 weeks. Mice received two intraperitoneal injections of
mifamurtide (MTP-PE) (50 µg/mouse; MilliporeSigma, USA) or PBS at time of fasting (16
hours prior to oral glucose gavage) and 30 minutes prior to oral glucose gavage. Blood glucose
was measured as previously described at 0, 5, 30, 60, and 90 minutes after oral gavage.
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3.2

Results

3.2.1 The effects of 16-hour incubation of MDP on GLP-1 secretion
As we had previously only examined a 2-hour incubation time with MDP, we decided to
examine an extended incubation time to see if that had any effects on GLP-1 secretion. We found
that MDP at both 5 µg/ml and 10 µg/ml had no GLP-1 stimulatory effects on GLUTag cells (Fig.
11).

Figure 11. MDP does not stimulate GLP-1 secretion. GLUTag cells were incubated for 16 hours
in secretion media with vehicle, 5 μg/ml, or 10 μg/ml MDP, n = 3. Results were analyzed by
one-way ANOVA and values are shown as mean ± SEM.

3.2.2 NOD2 expression in GLUTag cells
To explore the presence of NOD2 in our GLUTag cell model we performed double fluorescent
immunocytochemistry of these cells. Here we observed that the NOD2 protein was colocalized
within these murine L-cells (Fig. 12A). In order to ensure the specificity of the NOD2 antibody,
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a Western Blot was performed using GLUTag cell lysate. We observed a band around 45 kDa
contrary to the predicted size of 97 kDa (Fig. 12B).

Figure 12. NOD2 expression in GLUTag cells. GLUTag cells were examined by fluorescent
immunocytochemistry for NOD2 (green), GLP-1 (red) and nuclei (blue, in merge and 2oAb only)
(A). NOD2 protein expression was investigated in GLUTag cells using a Western Blot (B).
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3.2.3 GLP-1 and insulin secretion responses are not improved in MDPtreated mice
As stated in Chapter 2, GLP-1 and insulin responses were examined in mice at 0, 30, 60, and 100
days on the 45% HFD. Blood samples were taken at 0, 15, and 60 minutes after OGTT. We did
not observe any differences in GLP-1 (Fig. 13A-D) nor insulin responses (Fig. 13E-H) between
MDP-treated and control animals.
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Figure 13. MDP has no effect on GLP-1 and insulin responses. An oral glucose tolerance test (2
g/kg) was performed at 0, 30, 60 and 100 days on 45% HFD after mice received two IP
injections of MDP (5 mg/kg) or saline. GLP-1 response (A-D), and the change in insulin (E-H)
were analyzed at 0, 15, and 60 minutes post OGTT, n = 7-10. Bar graphs were analyzed by
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unpaired t-test and line graphs were analyzed by one-way ANOVA. Values are shown as mean ±
SEM.

3.2.4 The effects of NOD2 agonist drug Mifamurtide on glucose tolerance
in vivo
As a final effort to examine the effects of a NOD2 agonist on glycemic control, we treated
hyperglycemic mice with two IP injection of mifamurtide (50 µg/mouse) at time of fasting and
30 minutes prior to OGTT. Once again, we did not observe any improvements in glucose
clearance (Fig. 14).

Figure 14. Mifamurtide has no effect on glucose clearance in male mice. Oral glucose tolerance
test (2 g/kg) on WD-fed male mice after two IP injections of mifamurtide (50 μg) or saline, n =23. Results were analyzed by one-way ANOVA and values are shown as mean ± SEM.
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4

Extended Discussion

In Chapter 2 we described that within a two-hour incubation period with MDP, there were no
effects on GLP-1 secretion in GLUTag cells. To account for a potential change in peptide
transporter expression allowing for the internalization of MDP, we increased the exposure time
to 16 hours. However, even with this prolonged treatment, we did not observe any difference in
GLP-1 secretion between control and MDP doses. Previous studies have demonstrated MDP
transportation by PepT1 to activate the inflammatory NOD2-RIP2-NF-κB signaling pathway in
intestinal epithelial cells (Ma et al., 2015). Moreover, in rat small intestine, PepT1 was required
for peptone-induced GLP-1 secretion (Modvig et al., 2019). Future studies should explore if
PepT1 is present in GLUTag cells and determine the mechanism by which MDP is being taken
up by GLUTag cells (if there is any uptake at all).
As MDP had no effect on GLP-1 secretion, we continued our in vitro experiments using stearoyl
acid-modified MDP as this derivative has previously been demonstrated to enhance MDP’s
activity (Matsumoto et al., 1981). As L18-MDP is amphipathic, it is known to form micelles
which facilitates crossing the cell membrane (Matsumoto et al., 1981). L18-MDP stimulated
GLP-1 secretion in both GLUTag and NCI-H716 cells and we suggested that the MAPK
pathway is involved in the stimulation of GLP-1 as we observed a slight increase in
phosphorylated p38 MAPK during the first 10 minutes of treatment. In Chapter 2 we
recommended looking at ERK and JNK signaling pathways however, future experiments should
also examine if Ca2+ and membrane depolarization are at all triggered upon L18-MDP treatment
as this is the most common mechanism resulting in the exocytosis of GLP-1 granules (Lim and
Brubaker, 2006).
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MDP and L18-MDP are both known ligands for NOD2. As discussed in Chapter 2, we identified
NOD2 colocalization within L-cells in mouse ileum, NCI-H716 cells, and identified NOD2
mRNA expression in GLUTag cells. Furthermore, by performing a fluorescent
immunocytochemistry experiment we were also able to locate the NOD2 protein in GLUTag
cells. However, using GLUTag cell lysate for a western blot with the same antibody yielded a
band at 45 kDa rather than at the predicted size of 97 kDa. It is possible that this antibody
recognizes the protein in its native form and by denaturing NOD2, this causes significant
conformational changes to this protein leading to this result. It would be important to run a native
polyacrylamide gel electrophoresis gel to confirm this hypothesis.
As explained in Chapter 2, we treated mice with MDP to understand the mechanism resulting in
improved glycemia in diet-induced hyperglycemic animals as described by Cavallari et al.,
(2017). However, we only observed an increase in fasting GLP-1 in chow-fed animals, with no
effects on insulin or glucose clearance in euglycemic and hyperglycemic animals. As we were
unable to replicate that group’s findings using MDP as the NOD2 agonist, we tested the effects
of another NOD2 agonist which had similarly improved glycemia, mifamurtide (Cavallari et al.,
2017). Consistent with our previous results, mifamurtide had no effects on glucose tolerance in
diet-induced hyperglycemic mice. Taken together, NOD2 agonists have no effects on glycemia
under two- and three-day injection protocols which contradicts previous results outlined by
Cavallari et al., (2017). Although many variables were accounted for: strain of mice, level of
hyperglycemia, co-housing, HFD, and dose and route of MDP administration, we were unable to
reach the same level of hyperglycemia within the same time frame and observed no
improvements in glycemia. Even though we did our best to control as many variables as
possible, differences in protocols include blood sampling technique, animal handling, the time of
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year, and facility factors. In our experiments, blood was collected from the saphenous vein as it
is deemed a more appropriate sampling technique compared to the tail vein for repeated blood
collection. Interestingly, a study comparing the two techniques observed significantly higher
blood glucose levels in tail vein samples likely attributed to animal stress (Aasland et al., 2010).
Thus, the differences between blood sampling techniques could explain discrepancies between
fasting blood glucose levels.
Future studies should investigate the mechanism of MDP uptake by intestinal L-cells. There are
several mechanisms for how MDP may be internalized from the apical side of enterocytes
however, as we administered MDP intraperitoneally, MDP would act through the vascularized
basement membrane of the L-cell (Salem et al., 2013). To date, the mechanisms for glycopeptide
uptake from basolateral sensors of L-cells are ill defined. Lipinski et al., (2012) have proposed
that upon basolateral MDP stimulation, FRMPD2 (PERM and PDZ domain protein-containing 2)
controls NOD2-mediated MDP recognition and subsequent signaling cascade from the basement
membrane of intestinal epithelial cells. However, the exact mechanism for basolateral
internalization of MDP remains unknown. As MDP is naturally located within the intestinal
lumen, future studies should explore the effects of orally administered MDP on glucose
homeostasis. Moreover, the mechanisms of MDP internalization from the brush border are better
defined. As mentioned previously, PepT1 is one apical transmembrane transporter which has
been shown to selectively transport MDP but no other NOD2 or NOD1 agonists (including L18MDP) (Ismair et al., 2006). In addition, PepT1 is required for the luminal peptone-mediated
GLP-1 secretion and subsequent basolateral activation of the amino acid sensing receptor,
calcium-sensing receptor (CaSR) (Modvig et al., 2019). However, PepT1 expression was found
to be significantly decreased in mice fed HFD (Wiśniewski et al., 2015) indicating that there
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could be issues with MDP uptake in HFD-fed mice. Future work should explore administering
MDP orally in chow-fed, diet-induced hyperglycemic, and in microbiota-depleted mice.
Although MDP is commonly administered intraperitoneally, this molecule is readily excreted –
more than 50% is recovered in the urine after 30 minutes and more than 90% after 2 hours
(Cavallari et al., 2017; Fosset et al., 2003; Matsumoto et al., 1981; Parant et al., 1979). We
suggested in Chapter 2 that two injections of MDP increased GLP-1 in euglycemic mice as the
initial injection would be priming GLP-1 vesicles for release while the second dose would result
in GLP-1 secretion. Previous studies have shown that after oral administration of MDP, the
majority of MDP remains in the intestines as very low concentrations of this molecule are found
in the blood post gavage (Fosset et al., 2003). This would allow for MDP to act in a similar
fashion as the endogenous luminal molecule and restrict interaction with other tissues.
In chow-fed animals, it would be interesting to analyze the effects of supplementing luminal
MDP to observe if the elevated fasting GLP-1 as we have shown is conserved through this route
of administration and if there are effects on GLP-1, insulin secretion, and glucose tolerance.
Should improvements in glycemic parameters be observed, repeating the oral administration of
MDP in hyperglycemic animals would be the next step to determine the effects of MDP on
glycemia. In microbiota-depleted mice such as germ-free (GF) or antibiotic-induced microbiome
depleted (AIMD) animals, gut homeostasis, luminal signaling, and metabolism are all altered
(Selwyn et al., 2015; Zarrinpar et al., 2018). Furthermore, fasting GLP-1 is already elevated due
to elevated undigested bile acids and altered bile acid metabolism (Selwyn et al., 2015; Zarrinpar
et al., 2018), thus it would be interesting to see if supplementing GF or AIMD mice with MDP
further increases GLP-1 secretion. However, studies using these mouse models need to interpret
their findings cautiously as without the symbiotic actions of gut bacteria, this perturbation results
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in significant metabolic alterations which may mask treatment effects on glycemic control
(Zarrinpar et al., 2018).
Equally important would be to examine the effects of L18-MDP on GLP-1, insulin, and glucose
tolerance in vivo. As we were unsuccessful in stimulating murine L-cells with MDP but did
observe GLP-1 stimulation in GLUTag and NCI-H716 cells using L18-MDP, this molecule
should be further examined in a similar fashion in chow-fed and hyperglycemic mice. L18-MDP
has previously been shown to have the highest protective activity and survival rate among mice
during bacterial infection out of a collection of 32 synthetic glycopeptide analogues (Matsumoto
et al., 1981; Osada et al., 1982) meaning it plays an important role in homeostasis. Importantly,
to observe the protective effects of L18-MDP via oral administration, it would have to be
administered at ten times the dose of IP injections (Osada et al., 1982).
Although testing NOD2 agonists in diet-induced hyperglycemic mice is crucial to determine the
effectiveness of these molecules in glucose control, our findings show that under hyperglycemic
conditions, both NOD2 and GCG mRNA expression are reduced in GLUTag cells. It would be
important to evaluate NOD2 and GCG mRNA expression in ileum tissue from hyperglycemic
mice to verify these results in vivo. As NOD2 is required for the regulation of commensal
bacteria in the intestines, a down regulation of NOD2 may be contributing to the gut dysbiosis
often seen in individuals with obesity and T2D (Al Nabhani et al., 2016; Petnicki-Ocwieja et al.,
2009; Thingholm et al., 2019a). However, MDP treatment of HCT116 (colonic epithelial cells)
and intestinal stem cells promoted NOD2 mRNA expression (Chuang et al., 2014; Levy et al.,
2020) as well as contributed to NOD2-mediated cytoprotection (Levy et al., 2020), indicating
that MDP may be able to rescue its receptor and restore intestinal homeostasis. Future studies
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need to determine if this mechanism is also conserved within L-cells by treating L-cells in a
hyperglycemic environment with L18-MDP and analyzing NOD2 and GCG expressions.

4.1

Conclusion and Significance

Humans are colonized by trillions of microorganisms, the largest numbers of which reside in the
distal gut. The constant exposure of the intestinal tissue to gut microorganisms maintains the
mucosa in a state of physiological inflammation. As there are many gastrointestinal hormones
produced throughout the intestines, a growing number of studies suggest that the intestinal
microbiota and gut hormones play important roles at the interface of health and disease of the
host. Clarifying the roles of each individual microbial species on metabolism would be a
daunting task so beginning with understanding the metabolic roles of homologous motifs found
in all bacteria is a better approach. MDP is the smallest bioactive moiety composing the cell wall
of all bacteria and naturally arises in the intestinal lumen. Although MDP has been primarily
studied as an activator of the innate immune system, recent research has demonstrated that MDP
injections promote improved glucose tolerance in obesogenic mice.
In this study we demonstrated that L18-MDP but not MDP is capable of stimulating GLP-1
secretion in vitro. Next, we located MDP’s receptor, NOD2, in our L-cell models. In euglycemic
mice, two IP injections of MDP resulted in elevated fasting GLP-1 levels however, this did not
result in insulin or oral glucose tolerance improvements. When mice were exposed to a HFD,
they eventually lost this MDP-induced GLP-1 release and no improvements in oral glucose
tolerance were observed. Finally, we demonstrated that under hyperglycemic conditions, NOD2
and GCG mRNA is reduced in L-cells. Further examining the route of MDP administration as
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well as NOD2 agonists will be useful in order to determine if there is truly a link between
microbial MDP and glucose homeostasis.
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